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PREFACE

Recently, microwave telecommunication has been developed for a wide
range of applications, such as mobile phone, wireless LAN and Intelligent
Transport System (ITS). Utilized microwave frequency has also increased from
microwave to millimeter range in order to transmit large quantity of
information with high speed. Microwave dielectric materials are continuing to
play a very important role in the microwave communication systems. As a
result, a large number of ceramic dielectric materials have been developed for
use as dielectric resonators, capacitors, substrates and electronic packages. The
key material requirements for microwave dielectric materials to be used for
high frequency applications are: optimum relative permittivity, high quality
factor and near-zero temperature coefficient of resonant frequency. The
development of low-temperature co-fired ceramics (LTCC) has been stimulated
by the benefits offered for the fabrication of miniature multilayer devices and
for high level of passive integration involving the co-firing of dielectric and
highly conductive metals, such as silver and copper. The present thesis entitled
“SILICATE AND ALUMINATE BASED DIELECTRIC CERAMICS FOR MICROWAVE
COMMUNICATION? is the outcome of a detailed investigation performed on the
synthesis, characterization and microwave dielectric properties of some novel
rare earth based silicates and aluminate. Accordingly the thesis is divided into

seven chapters.

The first chapter gives a general introduction on low loss microwave
dielectric ceramics and its importance in various areas of interest such as
dielectric resonators, low temperature cofired ceramics, substrates and
electronic packaging. A brief discussion about the relevance of polymer ceramic
composites in microelectronic industry is also included. The major scientific and
technological aspects, material requirements and applications of the dielectric

ceramics are also given.
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Chapter 2 presents the details of the preparation techniques adopted for

the synthesis of dielectric resonators, LTCC materials and polymer ceramic
composites. A brief description about the various characterization techniques
used for the structural, microstructural and dielectric characterization in the

purview of this thesis is also presented.

Chapter 3 gives a general idea on the importance of silicate materials for
microwave applications and throws light into a new group of materials
ARE,Si3013 [A=Ca, Sr and Ba; RE=rare earths] belonging to the ‘apatite’ family
for high frequency applications. The synthesizing conditions of these materials
are optimized for the best properties. The structural investigations using XRD
refinements and TEM revealed that they belong to P6;/m space group with
hexagonal symmetry. The materials exhibited a relative density less than 94 %

which was improved to certain extent by the addition of a small amount of
glass. The microwave dielectric properties of these materials are reported for

the first time. The sintered ceramics has a relative permittivity (er) less than

about 20 and quality factor Qu x f up to 30000 GHz. The high 1 value (-46
ppm/°C) of SrLasSi3013 is tuned to a near zero value by the addition of suitable

amount of TiO-. The mixture rules are used to calculate the density, e- and 1 of

these ceramics and the theoretical values agree well with the experimental ones.

Chapter 4 highlights the synthesis, characterization and microwave
dielectric properties of two novel rare earth based silicates [Sm,Si,O7 and
RE,Ti,Si09 (RE=La, Pr and Nd)] ceramics. The SmySi,0O; ceramics has a
tetragonal symmetry whereas RE,Ti,SiOg (RE=La, Pr and Nd) dielectric
ceramics possess a monoclinic symmetry. The Sm,Si,0; ceramics sintered at
1375°C/2h exhibit excellent dielectric properties: ¢ = 10 and tan 6 = 0.006
measured at 9 GHz. The effect of various low loss glass addition on the

sintering, densification and microwave dielectric properties of Sm;Si,O7 is
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studied. The Sm,Si,O7 ceramics mixed with 15 wt% LBS glass lowered the
sintering temperature to 975°C, whereas the 15 wt% LMZBS glass addition
lowered sintering temperature of 950°C. The pure Sm,Si,0; ceramics and that
mixed with 15 wt% LMZBS glass did not show much variation in relative
permittivity with temperature. The RE,Ti,SiOg (RE=La, Pr and Nd) ceramics
exhibited a relative permittivity less than 20 and relatively low tr value. A

maximum value of Qu x f of 33500 GHz is shown by Pr,Ti,SiOg ceramics. It is

seen that Pr substitution for La favored the formation of solid solution in the
whole range obeying Vegard’s law while Nd substitution resulted in the
formation of additional phases. As the Pr content increases, an improvement in

the quality factor is noted whereas the trvalue is not much affected.

Chapter 5 discusses in detail the synthesis and characterization of
various polymer ceramic composite using SmySi,0O; ceramics as filler for
electronic packaging applications. The polymers used in the investigation are
PTFE, Polyethylene and Polystyrene. The dielectric, thermal and mechanical
properties of these polymer-ceramic composites has been investigated. The
effects of coupling agent and filler particle size on the above properties of
PTFE/Sm,Si,0;composites are also studied. For a filler loading of 0.5 vy, PTFE
composite has e = 3.82 and tan 6 = 0.0136 (at 9 GHz), k. = 1.76 W/m°C, a. =
36 ppm/°C, Vickers’ microhardness of 13 kgf/mm2; PE composite has &, = 5.28
and tan § = 0.0091 (at 9 GHz), k. = 2.97 W/m°C, a. = 60 ppm/°C, Vickers’
microhardness of 17 kgf/mm2 and PS composite has e = 4.60 and tan § =
0.0110 (at 9 GHz), k. = 0.29 W/m°C, a. = 36 ppm/°C, Vickers’ microhardness of
56 kgf/mmsz. Several theoretical model approaches have been employed to

predict the relative permittivity, thermal conductivity and coefficient of linear

expansion of the composite systems and the results were compared with that of



experimental data. All theoretical predictions were found to be valid for low

filler contents.

Chapter 6 outlines the applicability of 0.83 ZnAl,04-0.17 TiO, (ZAT)
dielectric ceramic based glass and polymer composites for LTCC substrate and
electronic packaging applications respectively. The ZAT dielectric ceramic
possess excellent thermal and microwave dielectric properties but with a high
sintering temperature of 1450°C. The first section of the Chapter 6 discusses the
efforts taken to reduce the sintering temperature by glass addition for use as
LTCC substrate material. Among the various glasses added, BBSZ is found to
lower the sintering temperature without much affecting the microwave
dielectric properties. The XRD and SEM of BBSZ glass added ZAT composites
suggested the existence of no additional secondary phases. The addition of 10
wt% BBSZ glass reduced the sintering temperature to 950°C with reasonably
good microwave dielectric properties. The composites also possessed high
chemical compatibility with silver. The results bring out the possibility of using
ZAT/10 wt% BBSZ composites for LTCC substrate applications. The second
section of this chapter compares the physical, dielectric and thermal properties
of ZAT loaded PTFE and PE composites. The PE/ZAT composites possessed a
high relative density when compared with the PTFE/ZAT composites. For lower
filler content the fillers are uniformly dispersed in the matrix and as the filler
content increased the agglomeration also increased and resulted in porosity.
The dielectric properties of both the composites showed that ZAT loaded with PE

composites exhibited good dielectric properties and also a very low water
absorption value of less than 0.1 %. The results show that ZAT filler loaded
composites have better properties than that loaded with Sm,Si,0y filler and can

be used for electronic packaging applications.

The seventh chapter gives the conclusion of the thesis and scope for future

work.
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INTRODUCTION

@

This chapter gives an introduction and overview of
progress of research in dielectric resonators (DR) and low
temperature co-fired ceramics (LTCC). The various scientific and
technological features of polymer-ceramic composites for
substrate and electronic packaging applications are also
discussed. The fundamental physical aspects, working principle
and some of the practical applications of DR’s are briefly
depicted. The chapter also cites the important characteristics
required for a material for LTCC, electronic packaging and

substrate applications.




CHAPTER 1

1.1 INTRODUCTION

Communication is the fundamental aspect of social interaction. The phenomenal
technological advances of the 19th century brought profound changes in communication,
which were previously limited to primitive hand-delivery of messages or the
‘Semaphore’. The introduction of electricity led to the development of the telegraph and
the birth of the telecommunication industry. It was since 1895, when Guglielmo Marconi
opened the way for modern wireless communication by transmitting the three-dot Morse
code for the letter ‘S’ over a distance of three kilometers using electromagnetic waves
that the wireless communication developed into a key element of modern society. The
last few decades have witnessed a proliferation of interpersonal communication
technologies. Demand within the electronics and telecommunication industry is moving
rapidly with continual requirements for lower cost and better performance systems from
the end user. The wireless technology has been the fastest-growing industry in the whole
world until now. A prime example is mobile technology, which has seen a massive
expansion over the last ten years, and with reduction in cost of systems, the technology is
readily available to all. Even our country have witnessed the rapid growth of this wireless
wizard than any other new technological innovations, both in rural and urban areas
attracting people by the affordability and many other relevant facilities. According to a
recent survey, the Indian telecommunication industry is one of the world’s fastest
growing industries and the second largest telecommunication network in the world (first
being China) with about 654 million telephone subscribers and about 620 million mobile
phone connections. It is projected that India will have nearly 1.16 billion mobile
subscribers by 2013 [1]. Mobile phone networks allow communication from cell to cell
via antennas located on masts and associated base stations.

Today, microwaves are employed by telecommunication industries in the form of
both terrestrial relays and satellite communications. The technology used for microwave
communication was developed in the early 1940°’s by Western Union. The first
microwave message was sent in 1945 from towers located in New York and Philadelphia.
Following this successful attempt, microwave communication became the most

commonly used data transmission method for telecommunications service providers.

2



CHAPTER 1

Frequencies ranging from 300 MHz-30 GHz are usually called "microwaves".
Frequencies above about 30 MHz can pass through the ionosphere and so are available
for communicating with satellites and other extra-terrestrial sources. Because of their
high frequencies, microwaves have the advantage of being able to carry more information
than ordinary radio waves and are capable of being beamed directly from one point to
another. Fig. 1.1 shows the microwave frequency spectrum and the application areas of
various frequency bands [2]. With continuing advances in microwave devices, more

systems are being developed for millimeter portion of the microwave band.
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Fig. 1.1 Microwave spectra and its applications.

The demand for ceramics in electronic equipments is growing rapidly as a result
of their superior physical properties and immense technological applications. During the
past five years, ceramics have undergone a revolution almost as dramatic as the more
familiar one in electronics. Novel approaches for preparing and processing ceramic solids
have been developed. Today’s advanced ceramics represent developments well beyond

3



CHAPTER 1

the imagination of even the few farsighted scientists of 25 years ago who first perceived
the remarkable potential of ceramic solids and established ductile engineering ceramics
as a suitable objective for materials researchers to pursue. Designers are increasingly
using ceramic solutions in electrical systems, and the material often provides an
affordable solution to many of the issues that need to be overcome. The word ceramics,
originated from the Greek word ‘keramos’ can be defined as typically oxides of metals,
but may be other inorganic elements in combination with well-defined crystal lattice
structures. They are generally hard, brittle and have very high melting points [3].
Dielectric ceramic materials have been studied for decades due to both their application
in important technologies and the fundamentally interesting relationships among their
crystal chemistry, crystal structures and physical properties. The fabrication of high
performance microelectronic devices depends increasingly on a sophisticated technology
in which individual components are located on complex substrates containing the
necessary power distribution lines and interconnects. These substrates comprise multiple
layers of ceramic, metal and thin film organic insulators. The fabrication of these
substrates is made difficult by a number of problems, prominent among which is that of
ensuring adhesion between the different components. The most commonly used ceramic
in microelectronics is alumina. It has a high relative permittivity which reduces the speed
of the electrical signal transmission. Ceramics with lower relative permittivity would be
preferable but none of the present alternatives is as easily processed as alumina. The
microelectronic packaging requirements for low temperature sintering, low relative
permittivity and controlled thermal expansion cannot be met by conventional ceramic
materials such as alumina. New multiphase composites offer many of the needed
properties, but the relationships between structure and property are highly empirical.
Thus the electronic ceramic industry is moving towards chemically synthesized ceramic
powders in which sol-gel and other innovative techniques yield materials that disperse,
form and sinter more readily and yield more acceptable physical properties.
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1.2 MICROWAVE DIELECTRIC CERAMICS

1.2.1 Introduction

The revolution in wireless communications and information access is one of the
most dramatic changes in technology in the past decade. As in all technological systems,
the basis of these revolutionary changes is advances in materials. With each new
generation of microelectronic devices new and more stringent demands are set for the
materials being used. Among the various branches of functional ceramics, the electronic
ceramic industry is of primary interest characterized by rapid innovations and
technological advances. One of the major achievements of electronic ceramics is the
recognition of potential usefulness of dielectric materials as energy storage devices, in
oscillators and filters for the microwaves carrying the desired information. Electronic
applications now constitute the major market for advanced ceramics used as resonators,
substrates, capacitors, piezoelectrics and resistors. These materials are presently
employed as bulk ceramics in microwave communication devices; they are not integrated
into the microelectronics but are found as discrete components. Some of the major uses

of electronic ceramics in telecommunication industry are discussed below.

1.2.2 Microwave Dielectric Resonators

The need for communication systems using microwaves are increasing with the
increase in demand for exchange of information via wireless communication. Resonators
are important components in microwave communication circuits. They form an integral
part of radio receivers and cell phones. A microwave circuit works when a part of it
vibrates or “resonates” at a specific frequency. Typically made of quartz crystals, these
devices perform the critical function of picking out the frequency of the relevant radio
signal from the cacophony of transmissions in the airwaves. However, quartz resonators
are unattractive at microwave frequencies due to the small signal to noise ratio with
frequency multiplication and their bulky nature. One can no longer rely on traditional
choices but has to search for alternatives. Thus the metallic cavity resonators were
developed, which also proved to be bulky and non-integrable for Microwave Integrated

Circuits (MIC). Later on microstrip resonators emerged which had poor thermal stability
5
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and high dielectric loss. Thus the miniaturization was possible in communication circuits
by compromising on the quality factor and temperature stability. Next attempt was the
use of ceramic pieces which are designed to be dielectric resonators, resonating at the
frequency of the carrier signal to allow that signal to be efficiently separated from other
signals in the microwave band. This led to a booming development of novel ceramic
microwave dielectric resonators. A Dielectric Resonator (DR) can be defined as “an
electromagnetic component, which is a ceramic puck that exhibits resonance with useful
properties for a narrow range of frequencies.” The resonant frequency of the dielectric
component depends on the relative permittivity of the dielectric and the size of the
resonator [4]. Ceramic dielectric materials are used to form thermally stable dielectric
resonators as key components in a number of microwave subsystems which are used in a
range of consumer and commercial market products. The size of the resonator at any
particular frequency depends on the inverse of the square root of the relative permittivity
(er) of the material. Thus dielectric ceramic materials are generally required to have high
relative permittivity to meet a demand for size reduction of devices, a small dielectric
loss in high frequency regions and a small change in resonant frequency with respect to a
temperature change. Until recently, the oxide and nitride of silicon have been used almost
exclusively for dielectric applications. Now, both low and high permittivity replacements
are needed for different applications.

1.2.2.1 Historical Development of Dielectric Resonators

The term “Dielectric Resonator” was first used in 1939 by Richtmeyer [5] of
Standford University who suggested the possibility of using unmetallized dielectrics as
resonators. He investigated theoretically the resonant properties of toroidal, spherical and
ring shaped dielectric materials. However, his theoretical investigations failed to generate
significant interest and practically nothing happened in this area for over 25 years. In
1953, Schlicke [6] reported the application of super-high relative permittivity materials
(& [1000) as capacitors in low radio frequencies. In the 1960’s, several workers
investigated the behavior of dielectrics at microwave frequencies and tried to apply them

to the microwave devices. For example, the dielectric loss of SrTiO3 crystal at microwave
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frequency was measured and its mechanism was discussed by Silverman et al. [7] and the
far infrared dispersion was investigated by Spitzer et al. [8]. Okaya and Barash reported
X-band unloaded Q’s of 9000 at room temperature for rutile resonators. The earliest
studies of resonator materials commenced with the work of Cohn [9] in the 1960’s on
rutile (TiOy) crystals which exhibited relative permittivity of ~100 and high Q value.
However, the filter using TiO, was not put into practical use because of its large
temperature variation of resonant frequency of about 450 ppm/°C. Later, the pioneering
investigations by Bolton [10] on high permittivity tungsten bronze-structured BaTiOs;—
Ln,O3-TiO, achieved temperature stability and relative permittivities of 60-80. Negas et
al. [11] noted that the work of Bolton was rarely acknowledged in subsequent literature,
but provided the technical foundation for the investigations of tungsten bronze structure
type materials.

By the late 1970’s and early 1980’s there was interest in a range of materials
including MgTiOs;—CaTiOs, (Zr,Sn)TiO, and BaTisO9 [12]. Temperature stable
microwave DRs were developed by Konishi [13] and Ploudre [14] utilizing the composite
structure of positive and negative temperature coefficients. However, this type of
resonator was not used in practice, because of too precise and care needed during
material preparation process, machining and assembling. Plourde and Ren [15] in 1981
reported that the maximum quality factor (Qxf,) available was around 36,000 GHz, with
maximum &, of 40. Later, a modified barium tetratitanate with improved performance was
reported from Bell Laboratories [16]. The next major breakthrough came from Japan
when the Murata Manufacturing Company [17] produced (Zr, Sn)TiO, ceramics. They
offered adjustable compositions so that the temperature coefficient could be varied
between +10 and -22 ppm/°C. These components became commercially available at
reasonable prices. Afterwards, the experimental and theoretical work as well as the use of
DRs expanded rapidly.

The growth of the mobile communications market in the 1990°s stimulated
research in microwave dielectrics, particularly for high relative permittivity materials (e,
~75-90) for mobile telephone handset applications, and very high Q materials (Q ~ 3000
at 3 GHz) for base station applications. For the former group, the high &, tungsten bronze-
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structured materials (for example BaTiO3;—Nd,03-TiO,) remained the primary choice,
whilst complex perovskites (for example BaMgisTas0s, & ~ 24-29) provided the
highest Q values for the base stations. A striking feature is the gap in the available
materials with & in the range 45-75. Reaney and lddles [18] highlighted the fact that
materials with ¢ of 45-75, with high Q value and zero z: do not currently exist. Today
about more than 1500 microwave dielectric ceramics have been investigated for resonator
applications [2]. Currently available materials for practical purposes which posses
excellent dielectric properties include, MgTiO3-CaTiO3 [14], Ba[(Sn, Mg)1;s Tazs]O3
[19], Ba(Mgu3,Taz3)0z3 [20], (Zr,Sn)TiO4 [21], Ba,TigOz [22], (Ba,Sr)O-RE,03-TiO,
[23], Ba[(Zno7C003)1/3Nb23]O3 etc. It is noteworthy that still DR materials are needed
with a wide variety of dielectric properties to meet the ever-growing demand in various
wireless devices. Hence search is continuing to find new materials as well as tailoring the
properties of existing materials.

As a result of the vast development in the telecommunication industry, the
utilized frequency has also increased from microwave to millimeter-wave range because
large quantity of information must be transported with high speed. Dielectric resonator
materials for millimeter-wave use are required to have high quality factor (Qy x f), low
relative permittivity (e <15) and small temperature coefficient of resonant frequency (zs).
Hence new materials with low relative permittivity need to be explored. In this
perspective many aluminate and silicate based dielectric ceramics have attracted much
attention. ZnAl,O4 [24], MgAl,O4 [25], MQ,SiO4 [26], Zn,Si0,4 [27-28], Al,O5 [29-30],
MgsNb,Og [31-32] and Sms;GasOi, [33] garnet ceramics have been investigated as
potential candidate materials for millimeter-wave devices. The next generation designs,
spectral crowding and commercial realities create a continuous need to reduce the
dielectric loss and lower the cost of ceramic resonators and filters. This presents
important challenges to materials scientists because the fundamental physics that give
rise to the desired properties, especially dielectric loss, is not well understood.
Furthermore, the dielectric loss of a material, which limits frequency selectivity, is

heavily influenced by extrinsic factors such as microstructure, defects and porosity.
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Fundamental understanding of microwave ceramics is needed to improve existing

materials and discover new materials for advanced applications.

1.3 PHYSICS OF DIELECTRIC RESONATORS

1.3.1 Polarization Mechanisms in Dielectrics

Dielectric properties are of special importance when ceramics or glasses are used
either as a capacitive element in electronic applications or as insulation. The relative
permittivity, dielectric loss and dielectric strength usually determine the suitability of a
particular material for such applications. Variation of dielectric properties with
frequency, field strength and other circuit variables influence the device performance.
These dielectric properties are mainly contributed by the polarization mechanisms arising
from the electrical response of individual molecules of a medium. There are essentially
four basic kinds of polarization mechanisms viz. interfacial, dipolar, ionic and electronic.
Each dielectric mechanism has a characteristic “cutoff frequency.” As frequency
increases, the slow mechanisms drop out in turn, leaving the faster ones to contribute to
er. The loss factor (tan ¢) will correspondingly peak at each critical frequency. The
magnitude and “cut off frequency” of each mechanism is unique for different materials.

(i) Space charge/Interfacial polarization: In electrically heterogeneous materials the
motion of charge carriers may occur more easily through one phase and therefore are
constricted at the phase boundaries. Space charge or interfacial polarization occurs when
charge carriers are impeded by physical barriers such as grain boundary, interphase
boundary etc. that inhibits charge migration leading to piling up of charges at these
barriers. When an ac field of sufficiently low frequency (<10® Hz) is applied, a net
oscillation of charge is produced between the barriers as far apart as 1 cm, producing a
very large capacitance and relative permittivity. This type involves a longer-range ion

movement and may extend to 10° Hz.

(i1) Orientational/dipolar polarization: This type of polarization occurs only in polar
substances. The dipolar polarization, otherwise known as orientational polarization
contributes to the dielectric properties in the sub-infrared range of frequencies. In zero
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electric field, the dipoles will be randomly oriented and thus carry no net polarization.
When an electric field is applied, the dipoles will tend to align in the direction of the
applied field and the materials will acquire a net moment. In other words, the perturbation
of thermal motion of the ionic or molecular dipoles, produces a net dipolar orientation in
the direction of the applied field. Two mechanisms can be operative in this case. (a) In
linear dielectrics (non-ferroelectrics) dipolar polarization results from the motion of the
charged ions between the interstitial positions in ionic structures parallel to the applied
field direction. The mechanism is active in the 10°-10° Hz range. (b) Molecules having
permanent dipole moment may be rotated about an equilibrium position against an elastic
restoring position. Its frequency of relaxation is very high of the order of ~10'! Hz. Due
to the randomizing effect of the thermal vibrations, orientational polarization is more
effective as the temperature is decreased and it gives rise to a temperature-dependent

relative permittivity.

(i1i) lonic polarization: lonic polarization is due to a relative displacement of positive
and negative ions in a material with respect to each other, in the presence of an electric
field. In this case the material should have an ionic character. The built in internal dipoles
cancel each other and are unable to rotate. The applied external field displaces the ions
slightly from their rest positions and thereby inducing net dipoles. The mechanism
contributes to the relative permittivity at infrared frequency range (~10'2-10" Hz).

(iv) Electronic polarization: Electronic polarization is present in all materials and, it
does not contribute to conductivity or dielectric loss in most dielectrics. This mechanism
arises from a shift of the centre of mass of the negative electron charge cloud surrounding
the positive atomic nucleus under the influence of an electric field. This occurs at high
frequencies of about 10" Hz. The relative permittivity at optical frequencies arises
almost entirely from the electronic polarizability.

Figure 1.2 shows the variation of dielectric loss and permittivity with frequency.
At microwave frequencies the mechanisms due to ionic and electronic polarization
contribute to the dielectric properties. The dielectric properties of a material are affected
by the temperature. This dependence is due to the effect of temperature upon the various
polarization mechanisms. Electronic polarization is relatively unaffected by temperature.

10
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However, atomic polarization is affected since the binding forces between ions or atoms
changes with temperature. It is found to increase with temperature due to an increase in
the charge carriers and ion mobility. The ability of a dipole to rotate in an applied field is
also temperature dependent and so orientational polarization will be affected. The
orientational polarization is opposed by thermal agitation, so the relative permittivity
goes down as the temperature increases. Finally, since charge mobility is temperature
dependent, the interfacial mechanism will also be temperature dependent.

&r
tan o
Frequency — »
Fig. 1.2 Frequency response of dielectric mechanisms. Fig. 1.3 Sketch of multiple total
(en.wikipedia.org/wiki/Dielectric_spectroscopy) internal reflections in DR.

1.3.2 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 [34]

E-1_(4rm\ a,
L =l |l = 11
£ +2 ( 3 ](Vm] ¢
, _ 3V, +8may,
Rearranging  we  get, &= m (1.2)
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where Vi, is the molar volume and ap is the sum of the dielectric polarizabilities of
individual ions. The Vi, of the dielectric material can be obtained from X-ray diffraction
studies. The & depends on the dielectric polarizability of the constituent ions and the
crystal structure. Based on the additivity rule, Shannon states that the molecular
polarizabilities ap of a complex material can be broken up into the molecular

polarizabilities of simpler compounds by [35]
a,(A,AOQ,) = 2a,(AO) + a,(AO,) (1.3)

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,AQ,) = 2a(A*") + a(A™) + 4a(0%) (1.4)

The dielectric polarizabilities of several ions are reported by Shannon [35]. The
calculated ¢, usually agree well with porosity-corrected experimental values for well-
behaved ceramics. It may be noted that deviations from calculated values can occur due
to deviations from cubic symmetry, presence of ionic or electronic conductivity, H,O or
CO; in channels, rattling of ions, presence of dipolar impurities or ferroelectric behavior
and also the fact that the sample is ceramic and not a single crystal. The deviations in the
reported values of dielectric polarizability and even a small error in determining the cell
volume can significantly affect the calculated value of the permittivity.

1.3.3 Working Principle of Dielectric Resonators

A piece of dielectric with high relative permittivity can confine microwave energy
at a few discrete frequencies through total multiple internal reflections at the dielectric-air
interface, provided that the energy is fed in the appropriate direction (see Fig. 1.3). The
electromagnetic wave moving from the electrically dense high dielectric region to the
electrically thin air meets very high impedance at the dielectric-air interface and reflects
back to the dielectric itself. As the relative permittivity increases the impedance offered
by the boundary also increases to allow better confinement of energy within the dielectric

body.
12
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The reflection coefficient approaches unity when the relative permittivity
approaches infinity. The trapped electromagnetic waves will form standing waves to
generate resonance. A high relative permittivity material can confine most of the standing
electromagnetic wave within its volume. If the transverse dimensions of the dielectric are
comparable to the wave length of the microwave, then certain field distributions or modes
will satisfy Maxwell’s equations and boundary conditions [36] and only those modes
satisfying this condition will be excited. The frequency of the generated resonating
modes depends on the dimensions and relative permittivity of the dielectric specimen.
For microwaves, the free space wavelength (A,) is of the order of a few centimeters and
on entering the material with & in the range 20-100, the wavelength (Aq) inside the
dielectric will be in millimeters. The electromagnetic fields outside the dielectric sample
decay rapidly. One can prevent radiation losses by placing the DR in a small metallic
enclosure. Since only a small radiation field sees the metallic surface, the resulting
conduction loss will be too small and can be neglected [37].

1.3.4 Resonance

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. All the three components, capacitor (C),

inductor (L) and ohmic resistance (R) in the circuit have a common voltage v(t) = [\/|

coswt. From the fundamental rules of resonant electrical circuits, the electric energy
stored in the capacitor is given as [38]

We(t) = % CVOT = %C[\/|2cosz(wt) (15)

and magnetic energy stored in the inductor is

Wm(t)— L [i()]2= M sin(at) (1.6)
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The stored electric energy is thus proportional to cos? function and the stored magnetic
energy is proportional to sin’ function of time. As functions of time, the stored energies
We(t) and W (t) fluctuate between zero and their maximum values We max and Wi, max. The
average values W, and W, are equal to one half of the corresponding maximum values.
At resonance, capacitive and inductive reactances 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,

1

W = Wres = —E

(1.7)

The maximum stored energy Wmax Will be the sum of the stored energy in capacitor (W)
and inductor (Wp). Since the average energy values are equal to one half of their peak

values,
Wiax = 2We = 2Wp, = We + W, (1.8)

In terms of the average stored energies, definition of Q at resonance becomes [39]

Q= {w} (19)

res

where Py is the average power dissipated in the resonator. 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 magnetic energy. Therefore the definition of Q is not unique at any
frequency other than wes.

1.3.5 Modes and Mode Nomenclature

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:

14
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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. According to the mode nomenclature described by Kobayashi et al. [40], 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 TEnmp+s TMnmp+a HEnmp+4,
and EHnmp+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 field along the radial direction and the index p+J (p =0, 1, 2...... )

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

Fig. 1.5 Magnetic field distribution of TEy,5in the meridian plane.

The resonant mode most often used in shielded microwave circuits is TEp s It is a
transverse electrical mode having azimuthal symmetry 6/0p = 0, and less than a half

cycle variation in field in the z-direction. Here, the third index, denotes the fact that the
15
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dielectric resonator is shorter than one-half wavelength. The actual value of J depends on
the relative permittivity of the resonator and the substrate, and on the proximity to the top
and bottom conductor plates. Figs. 1.4 and 1.5 respectively shows the typical field
distributions for TEg;s of a cylindrical dielectric resonator [39]. The magnitude of the
electrical field component is zero at the centre of the resonator and has a maximum value
at around x = 2r/3 where r is the radius of the disk. Outside the resonator, the field decays
exponentially. The field variation as a function of radial distance remains the same in

different planes parallel to the equatorial plane [41].

1.4 MATERIAL REQUIREMENTS FOR DR APPLICATIONS

As in all technological systems, the basis of the revolutionary changes in wireless
communication is advances in materials. These unique technologies demand materials
which have their own specialized requirements and functions. The importance of
miniaturization cannot be overemphasized in any hand-held communication applications,
and can be seen in the dramatic decrease in the size and weight of devices. This constant
need for miniaturization provides a continuing driving force for the discovery and the
development of increasingly sophisticated materials to perform the same or improved
function with decreased size and weight. There are three key properties that characterize

the dielectric resonators and they are discussed in detail in the following sections.

1.4.1 Relative Permittivity (&)

The relative permittivity characterizes the ability of a material to store charge. A
Dielectric Resonator (DR) can confine electromagnetic waves through total multiple
internal reflections at the dielectric-air interface. If the DR is resonating at a frequency f,,
then the maximum wavelength it can have is related to the relative permittivity of the

material by the following equation;

o = IDJe, Dy, (1.10)
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where c is the velocity of light in vacuum and 2 is the wavelength of the standing wave
along the diameter (D) of a resonator. Consequently, if the permittivity is increased, the
size of the resonator may be decreased while still maintaining a specific resonant
frequency. In the microwave frequency range, ionic polarization is the main factor
contributing towards the relative permittivity. Hence materials containing ions with large
ionic polarizabilities are needed for sufficiently high &. According to classical dispersion
theory, the crystal is approximated as a system of damped oscillators having an
appropriate frequency and dipole moment. The real and imaginary parts of the complex

relative permittivity (£',£”) as functions of w(where w= 27v) are given by

. A0 (w2 - ) w.?
£(w)=¢€,+) Py )%

> 5 (1.11)
i (a)j_a)) +(ij)

where 47p; is the oscillator strength, «; is the resonant angular frequency of the i

oscillator, £, is the relative permittivity caused by electronic polarization at higher

frequencies and ) is the damping constant which is given by the width of the peak. The
summation is over the j resonances in the spectrum. Each resonance is characterized by

its dispersion parameters. For ¢} >> ),

cw) =€, + 2477,0]. (1.12)

The above equation shows that relative permittivity is independent of frequency in the
microwave frequency region. For an ideal dielectric resonator to be used in the
microwave frequency range, the relative permittivity must be high in order to favour
miniaturization. However, due to the crowding of channels, the applications are extended
to higher frequencies. Thus low relative permittivity is essential for millimeter wave

applications.
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1.4.2 High Quality Factor (Q, x f)

One of the most persistent problems in materials is the dielectric loss. The
dielectric loss was first measured by Rubens and Hertz [42] in 1912 and, ten years later,
Ewald [43] suggested that its origin was the anharmonic interaction between the radiation
and the thermal lattice vibrations. When the electromagnetic field is coupled with the
lattice vibrations, a mutual perturbation results as in the coupling of any two oscillatory
systems. At microwave frequencies, the coupling of the field with the lattice vibrations is
far from resonance. However, the mutual perturbation is still noticeable in the fact that
some mechanical lattice vibrations acquire a small fraction of the energy of the
electromagnetic field. Then, due to the third and higher order terms in the potential
energy of the lattice, this small fraction of extra energy gradually diffuses into the rest of
the modes in the lattice and ultimately appears as heat.

The figure of merit for assessing the performance or quality of a resonator is Q -
factor. It is the efficiency of a resonant circuit to confine electromagnetic energy. Fields
inside a resonator store energy at the resonant frequency where equal storage of electric
and magnetic energies occur. Thus quality factor is a measure of energy loss or
dissipation per cycle as compared to the energy stored in the fields inside the resonator. Q

factor is defined by [44]

_ Maximum Energy Stored per cycle
Average Energy Dissipated per cycle

_ 2, _ W)W,

Q= pr P

(1.13)

where W is the stored energy, P is power dissipation, w, is resonant radian frequency and

2m
W,

period T = . In the case of bulk ceramics energized by electromagnetic wave, quality

factor is roughly the inverse of dielectric loss of the material. For an electrically resonant
system, the Q factor represents the effect of electrical resistance and, for
electromechanical resonators such as quartz crystals it represents the mechanical friction.

In microwave communications, Quality factor is determined as the resonant frequency
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(f,) divided by the bandwidth, Af, measured at 3 dB below the maximum height at

resonance.

f
=0 = o 1.14
Q= a0 af (1.14)

It is therefore a direct measure of the ability of the resonating body to select a given
frequency. The dielectric Q factor Qq for homogeneous dielectric material is given by

Qi =—< (1.15)

When a resonant circuit or cavity is used as a load in a microwave circuit, several
different Q factors can be defined. First Q accounts for internal losses, which is the
unloaded Q factor (Qu). Next external quality factor (Q.), accounts for external losses.
When the resonator is used or attached to some external circuit there arises the loaded Q
factor (Q.) which is the overall Q factor and includes both internal and external losses.
For cavity resonators, power loss by conductors, dielectric fills and radiation can
contribute to unloaded 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.

1 1 1 1
e e R

Q, _Qc Q, O (1.16)

where Q. is the conduction Q factor, Qq is the dielectric Q factor and Q; the radiation Q
factor. When the resonator is connected to load

P e (1.17)

where Q, is the loaded Q factor, Q. the external Q factor and Q, the unloaded Q factor. It
should also be noted that in the case of an isolated DR, Qq = Qy as a general convention.

However, the quality factor of a DR can only be measured as the loaded value (Q.) by
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keeping in an external circuit. Hence it is necessary to have a relation between the two
forms of quality factor (Qu and Q) and is represented as

Q =Q.[+p) (1.18)

where Sis termed as the coupling coefficient given by

B=-= (1.19)

Pe is the power loss due to external factors and P, is the sum of that due to conductor,
dielectric and radiation.
Classical dispersion theory [45] predicts that at microwave frequencies, relative

permittivity is independent of frequency and tan Jis proportional to frequency (f), since

tan o = (y/a? )t (1.20)

where y is the damping factor and cr is the resonant frequency of the optical mode of the
lattice vibration. Thus Q, decreases with increasing frequency and therefore Qu x f is

often quoted while comparing ceramics.

1.4.3 Small Temperature Coefficient of Resonant Frequency (Tf)

The temperature coefficient of resonant frequency is a measure of the thermal
stability of the resonator. It indicates the “drift” of resonant frequency with respect to the
temperature. The frequency of standing wave within the resonator is given by Eqn.
(1.10). When temperature changes, then the resonant frequency f, changes due to the
variation in ¢ and L length of the dielectric material. Differentiating this equation with

respect to temperature gives

i (1.21)
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where —— —— s the temperature coefficient of resonant frequency (=), liis the linear
foT L oT

expansion coefficient (o) and —.% is the temperature coefficient of permittivity (z.).
£

r

Substituting these values in the above equation, the expression for z; becomes

7, = —[aL ¥ %j (1.22)

The T¢ can be defined mathematically in terms of resonant frequency and temperature as,

T, = %X% (1.23)
where f, is the resonant frequency and Af is the variation of resonant frequency with a
change in temperature AT. # is usually expressed in parts per million per degree Celsius
(ppm/°C).

The value of 7 should be near to zero for practical applications. It is self-evident
that a material with a significantly non-zero 7 is useless in a microwave circuit as it
cannot maintain its resonant frequency as the base station operating temperature changes.
However, in reality, a small non-zero value of # is required to compensate for thermal

expansion of the microwave cavity and other components in the circuit.

1.5 FACTORS AFFECTING MICROWAVE DIELECTRIC
PROPERTIES

Microwave dielectric properties are influenced by a number of factors, such as
permittivity [46], onset of phase transitions [47-48], processing conditions, raw material
impurities [49] and order/disorder behavior and porosity [50]. The dielectric loss is the
result of a combined contribution of the degree of crystal structure imperfection,
microstructural inhomogenity and interaction of phonons. Both a high purity and correct
processing and thus good microstructure are required for a low loss. Ceramics with

microstructural inhomogenities such as space charges or dipoles which lie either between
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matrix grains and inclusions or at grain boundaries have higher losses. Such
inhomogenities may arise due to secondary phases, impurity segregation, incomplete
densification etc. It is found that the quality factor of a ceramic is increased with increase
in bulk density, provided the densification is promoted by solid state diffusion
mechanism. Hence glassy phase formation should be avoided during sintering to get high
quality factor. 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.

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 ) 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 is also considered to be a kind of
imperfection. 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 to dielectric 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.

1.5.1 Effect of Porosity
(a) Relative permittivity

The variation of relative permittivity with porosity has been considered by using a
number of approximations [51]. The models consider the dielectrics as a composite
system of two phases (dielectric material and porosity) with different relative
permittivities. The simplest model is to consider the dielectric as parallel layers of two
dielectrics having volume fractions V; and V., and relative permittivities

&, (&, = €, dielectric phase) ande, (£, =1, porosity) respectively. Then there are two
possible configurations
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(a) Electric field is perpendicular to the plane of the plates [51]. Then
£=¢ -Pe, -1 (1.24)

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

g=—m (1.25)
P(e, -1)+1

Maxwell derived a realistic model of spherical particles of relative permittivity &, in a

dielectric matrix &,,. The relative permittivity of the mixture is given by

Vm‘gm(g + ?’Edj +Vd £d

£ = (1.26)

If the spheres are pores and applying a linearized approximation [52] fore, - (€, ,

then the above equation becomes

£=¢ (1— mj (1.27)

2¢,, +1

(b) Dielectric loss (tan 6)
The complex permittivity of a material is given by

£=¢ -ig (1.28)

Real component £'is relative permittivity and imaginary component & describes the

dissipation of the electric field.

Dielectric loss tangent,  tand = - (1.29)
£

Quality factor, Q=—— (2.30)
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The loss increases with porosity and therefore an additional term is introduced. Plot of
tan & against porosity on a log-log plot suggested a straight line which would give a
dependence of the form,

tand = (1- P)tand, + AP" (1.31)

tan o, Is the loss tangent of fully dense material which depends on the amount of material
present ie., it should depend on the porosity. The above equation can be put in the form of

law of mixtures as

tand = (1- P)tand, + P(AP"™) (1.32)
The loss may be related to the surface area of the pore volume, S

tand = (1- P)tand, + P(AS) (1.33)
As per the sintering theory, surface area of the pores varies with porosity as

P 2/3
S 1.34
1- Pj (1.34)

Substituting the above equation in Eq. (1.33), we get [53]

P 2/3
tand = (L- P)tand, + AP| —— (1.35)
° 1-P

1.5.2 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 [54]. Jonscher [55] identified low frequency loss mechanism in porous
materials in the presence of moisture, and Tinga et al. [56] 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
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materials have been associated to 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. Charge carriers could also be produced by an electrochemical
process of dissociation of water into a proton and a hydroxyl ion [57].

1.6 APPLICATIONS OF DIELECTRIC RESONATORS

With the advent of temperature stable materials, the dielectric resonators have
emerged as a high Q, conveniently sized element for applications in various microwave
integrated circuits (MICs) for the entire microwave frequency range. They can be used to
form filters, oscillators, triplexers, and other circuits due to their relatively high quality
factor (Q) values and good frequency stability. Some of the major applications of

microwave dielectric resonators are briefly discussed below.

1.6.1 Dielectric Resonator Oscillators

Fig. 1.6 Tuneable dielectric resonator Fig. 1.7 A typical dielectric resonator
oscillator. filter. (BL microwave Ltd.)
(www.londonmet.ac.uk/londonmet/library)

Oscillators represent the basic microwave energy source for all microwave
systems such as radars, communications, navigation or electronic warfare. A typical
microwave oscillator consists of an active device (a diode or transistor) and a passive
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frequency determining resonant element. With the rapid advancement of technology,
there has been an increasing need for better performance. The emphasis has been on low
noise, small size, low cost, high efficiency, high temperature stability and reliability.
Dielectric resonator oscillators (DRO) offer the system designer a viable alternative in an
effort to meet these challenges. The applications of DRO’s include local oscillators for
communication systems, the largest application of which may be in direct TV by satellite.
The application of DR as oscillator element was first proposed by Day in 1970 [58].
Subsequently, in 1977, a 4 GHz Ba,TigOy resonator integrated with Si bipolar transistor
was used as a fixed frequency oscillator. These fundamental fixed frequency oscillators
are significantly simpler and efficient with 10-20 dB lower phase noise than conventional
electronic oscillators [59]. Fig. 1.6 shows a typical tunable DRO.

1.6.2 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 communication systems. A typical dielectric resonator filter
(see Fig. 1.7) consists of ceramic resonator discs 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. Unlike metallic resonators, dielectric resonators yield little external high
impedance electric fields when they are operated in desired operating modes. Dielectric
resonators employed in filters could be utilized in a variety of modes, such as TE, TM,
and HEM (hybrid electromagnetic) modes. At the present time, dielectric resonator filters
are emerging as the baseline designs for the majority of RF filters used in wireless and

satellite applications. They offer high Q values with a relatively high Q/volume ratio in
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comparison with any other known filter technology. If reconfigurable RF filters are ever
employed in wireless base stations and satellite systems, tunable dielectric resonator
filters stand to be the optimum solution.

1.6.3 Dielectric Resonator Antennas

Dielectric resonator antennas (DRAS) are miniaturized antennas of ceramics or
another dielectric medium for microwave frequencies. 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 bandwidth can be controlled over a wide range by the choice of relative
permittivity and the geometric parameters of the resonator. Dielectric resonator antennas
can also be made in low profile configurations, making them more aesthetically pleasing
than standard whip, helical, or other upright antennas.

Fig. 1.8 A dielectric resonator antenna with a cap for measuring the radiation efficiency.
(www.ee.olemiss.edu/researchbriefs/resonator.bmp)

1.7 SUBSTRATES

Substrates provide the mechanical base and electrical insulating material on which
thick-film materials are fabricated. They may function as a simple passive carrier
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providing strength as in many hybrid microelectronic applications or may be a key active
component of the circuit as in silicon solar cells. All thick-film substrates should have the
ability to withstand high temperatures and have high electrical resistivity, mechanical
strength, dielectric breakdown voltage and thermal shock resistance. In addition to these
general requirements, other important properties that depend on the application include
thermal conductivity, thermal expansion, surface smoothness, relative permittivity and
dielectric loss. Table 1.1 lists the key physical and dielectric properties of various

substrates.
Table 1.1 Physical properties of selected substrate materials.
Property Al,O3 BeO AIN Silicon Borosilicate
glass
CTE 6.6 7.2-8.0 3.8-4.4 3.5 3.3
(ppm/°C)
Thermal conductivity 29-37 260-290 140-260 125 1.2
(Wm'K™)
& 9.7-10.5 6.5-7.0 8.0-9.2 11.8 4
(at 1 MHz)
tan 6 0.0002 0.0004 0.0005 0.005 0.0004
(at 1 MHz)

Ceramic substrates are the preferred substrate for most thick-film applications due
to dimension stability and inertness at typical thick-film firing temperatures. They have
high electrical resistivities in the order of 10** Q-cm and dielectric breakdown voltages in
excess of 500 V/mil, making them ideal for high-voltage circuitry. Among the various
commercially available substrate materials, alumina has become the most widely used
one because it combines electrical, mechanical and economical advantages. However,
alumina in its pure form has a very high sintering temperature above 1700°C. Berylia
possess a high thermal conductivity value (an order of magnitude higher than alumina).
The combination of high strength and thermal conductivity give BeO a good thermal
shock resistance. The CTE value is slightly higher than alumina and relative permittivity
is slightly lower. The disadvantages with berylia are the high cost and potential toxicity
problem associated with its use. The high thermal conductivity of AIN can also be

utilized for substrate applications, however, they also possess a high processing
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temperature. Also, they are reactive to some conventional glass binders thus causing
difficulties in cofiring process. Thus search for new materials with good thermal and

dielectric properties and also having good cofiring properties are still in progress.

1.8 LOW TEMPERATURE CO-FIRED CERAMICS

1.8.1 Introduction

The current trend in the microelectronics industry is to reduce the overall size of
electronic packages. This means that more complex packages have to be made with
higher interconnect density, smaller components but with same or greater reliability.
Among the various fabrication methods of electronic devices, Low Temperature Co-fired
Ceramic (LTCC) technology has become an attractive manufacturing platform with high
speed and good functionality for compact, light weight and integrated electronic
components, modules, substrates and devices [60-61]. Next to RF laminates and passive
integration on high ohmic silicon, LTCC is an established technology for the realization
of highly integrated modules for mobile communication devices. To realize extremely
miniaturized RF modules, one technology trend is to decrease the linewidth and spacing
of metal lines to reach a higher wiring density. Another trend is to increase the precision
of the processes in order to enable the substrate integration of functions with a higher
demand of accuracy. Next to these processing trends LTCC technology offers the ability
to combine different types of ceramic materials into one multilayer board. The LTCC
technology has the ability to integrate passive components such as resistors, capacitors
and inductors into a monolithic package [62-64], thereby freeing valuable circuit surface
areas for active components. For the miniaturization of these functions a dielectric
material with a reasonably high relative permittivity, inherent low losses at GHz
frequencies and excellent temperature stability is required. New low firing ceramic
materials have to be compatible with respect to firing, dielectric, magnetic and thermo-
mechanical properties with the commercial glass ceramic LTCC tapes and metal plates so
that mechanically reliable multilayer structures with the desired electrical performance
can be manufactured. The target firing temperature is in the range 850-940°C because this

is the most suitable range for commercial LTCC metal pastes and tapes.
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Printed
resistor

Burried resistor RF filter structure RF decoupling capacitor Vias

Fig. 1.9 LTCC multilayer module for telecommunication.

The size, cost and performance of integration, packaging and interconnection
technologies are critical factors for the success of a microwave product [65]. In both
military and commercial applications, lower weight and smaller size requirements are
necessitating increased density in electronics packaging. Cross-talk noise between lines
and electric signal delay are suppressed by positioning the electric-signal wiring on low-
& material layers. Downsizing or lowering the profile of substrates (eg. decrease number
of capacitance layers) can be achieved by forming internal capacitors on high-& material
layers. One way to achieve greater density is through integration of numerous
components within a single package Fig. 1.9 shows the structure of an LTCC multilayer
module. LTCC has the unique ability to integrate a broad variety of components such as
inductors, capacitors and filters into a very compact arrangement.

1.8.2 Historical Developments in LTCC Technology

The development of Multi Chip Integrated Circuit (MCIC) was driven by the need
for increased interconnect density, higher signal transmission and clock rates for digital

and microwave electronics in the early 1990’s. Although MCIC, in general, was used in
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military, space applications etc., LTCC-based MCIC technology made its own
breakthrough in the telecommunication field, which is one of the fastest growing segment
in the consumer electronics industry. The history of LTCC technology actually dates
back to early 80’s, when it was first developed by Hughes and Dupont for military
systems. The origin of multilayer ceramic substrate technology is at RCA Corporation in
the late 1950°s and the bases of current process technologies were discovered at this time
[66-68]. 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 [69-70]. 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 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 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 electronic and ceramic
manufacturers had developed multilayer boards that met these requirements [71]. Among
them, Fujitsu and IBM were the first to succeed with commercial applications of
multilayer substrates using copper as 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
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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.

(@)

Fig. 1.10 (a) Schematic representation
of LTCC tape casting process
(www.esiee.fr/~vasseurc/images/techno-
LTCC.gif), (b) typical LTCC
component (www.ltcc.de).

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 now 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. For details of the LTCC materials,

the reader is referred to the recent review by Sebastian and Jantunen [61]. Next-
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generation electronics systems will demand the performance, reliability, lighter weight
and affordability that LTCC technology can provide.

1.8.3 Material Selection and Requirements

In the development of LTCC applications, several material properties need to be
taken into account. The electrical properties of the dielectric and the conductor materials
are the basic issue, but designers should also be aware of the effects of the
thermomechanical properties, production costs and variation range of each parameter
[65]. The important characteristics required for an ideal LTCC material are discussed

below.

1.8.3.1 Densification Temperature Less than 950°C

As the name itself suggests, LTCC is a ceramic cofired with metal wiring at low
temperature, and its constituent materials are metal and ceramic. The typical metals for
LTCCs are those with high electrical conductivity such as Ag, Au, Cu and their alloys
and they all possess a melting point close to 1000°C. Since it is necessary to cofire the
ceramics material with these metals, extreme precision is required to keep temperatures
below their melting point (900 — 1000°C). In order to lower the sintering temperature
several methods can be adopted such as addition of low melting, low loss glasses [72-73],
chemical synthesis of the ceramics [74] and using starting materials with small particle
size. Among these methods, low loss glass addition seems to be much effective and
attractive due to their ease of preparation and relatively low cost [60, 75-76]. 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 [60, 77]. Any residual carbon that may form during
binder decomposition if left in the LTCC would adversely affect the dielectric properties.
Thus the densification of the ceramic should start above this temperature.

33



CHAPTER 1

1.8.3.2 Glass-Ceramic Composites

In the fabrication of desirable LTCC substrates, a complete densification and
sufficient crystallization are generally necessary to achieve the required mechanical and
dielectric properties. Porosity and low degree of crystallinity would lead to relatively
poor mechanical properties and residual glass would decrease the Q value at microwave
frequency. Attempts to achieve the above requirements are the use of glass systems
including a high softening glass, nucleating agents, sintering aids and properties and
structure modifiers [78-81]. Three approaches have been used to obtain glass-ceramic
compositions suitable for fabricating self-supporting LTCC substrates. In the first type,
the glass-ceramics (GC), fine powder of a suitable glass composition is used that has the
ability to sinter well to full density in the glassy state and simultaneously crystallize to
become glass-ceramic. The crystalline phases make the glass-ceramic very stable against
further temperature treatments such as post firing processes. A typical example of this
type is the glass system MgO-Al,O3-SiO, having cordierite as the principal crystalline
phase [82].

The second type, the glass-ceramic composites (GCC), consists of a mixture of a
suitable glass and one or few ceramic powders, such as alumina in nearly equal
proportions [83]. Usually a volume content of more than 50% of a glass with a soften
temperature of 20-50°C below the sintering temperature of the composite is used. The
glass serves as a flow medium, ie., sintering or densification is caused by a viscous flow,
dispersing and rearranging of the crystalline particles in the glass melt. Although reactive
processes such as dissolution and precipitation occur at the glass ceramic interfaces, these
are not essential for the densification process, ie., densification is due to nonreactive
liquid phase sintering. In most cases, the reaction between the glass and the ceramic lead
to the formation of new crystalline phases which affects the properties of the composites
adversely. In the third type, the glass bonded ceramics (GBC), only a very low volume
content (5-15%) of a glass with a very low softening temperature (< 400°C) is used to
densely sinter the composite. In this case, it is necessary that the particle size of the
crystalline phases be very low. Compared to the second case, the glass requirements
which must be met to achieve full densification are very sophisticated. Therefore, a
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special development of suitable glasses for this type of glass bonded ceramics is always

necessary. Some of the LTCC materials belonging to the above mentioned categories and

their properties are given in Table 1.2.

Table 1.2 Some of the common LTCC dielectric and their main properties.

LTCC dielectric & CTE | Bending | T,(°C) Cond. Company
material (1 (ppm/° | strength material
MH?z) C) (MPa)
Glass-ceramics
MgO-Al,05-SiO; 5.3-5.7 | 2.4-55 | 180-230 | 850-950 Cu IBM
Ca0-Al;03-Si02-B;03 6.7 4.8 250 950 Cu, Ni Taiyo Yuden
Glass-ceramic
composites
Si0,-B,0; + Al,O3 .
5.6 4.0 240 1000 Cu Fujitsu
MgO-AIQO;g'SiOQ-BQOg . .
+silica 4.3-5.0 3-8 150 850-950 | Ag, Ag/Pd Hitachi
Glass-bonded ceramic
BaNdTi,01 + BIOs- | 4 9-10 | 300 900 | Ag Au, | Siemens
BgOg-SIOg-ZnO Ag/Pd/Pt

The effectiveness of sintering aids depends on several factors such as sintering

temperature, viscosity, solubility and glass wettability [84]. In all these glass-ceramic

composites, the densification is achieved by the process of liquid phase sintering. The

main requirement for liquid phase sintering is that the liquid phase should wet the grains

of the ceramics. Generally the chemical reaction between sintering aids and the ceramics

can provide the best wetting condition [85]. However, a chemical reaction results in the

formation of the secondary phase. It was shown that one can exploit different

mechanisms of liquid phase sintering depending on the amount of the glass powder in the

composite mixture. To obtain full density in the ceramic glass composite, a sufficient

quantity of glass (20-50 %) is required. Too little glass can result in poor densification
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which produces low mechanical strength and poor hermeticity of the final products. Too
much glass (> 50%) is also undesirable, because it cause shape distortion during firing
and also deteriorates the microwave dielectric properties.

It has been reported that the glass materials form particle-particle bridges and
disintegrate the solid particles into smaller grains by the liquid penetration [84]. Though
the interaction and resultant liquid-solid interface properties are known to be strongly
dependent upon chemical composition of the liquid phase, it is still difficult to make
precise predictions about the liquid phase sintering mechanism. Low melting glasses such
as B,03-Zn0O glass and B,03-Ba0O-SiO; glass have been considered based on several
attributes related to sintering temperature, viscosity, solubility and wetting behavior to
form cofired ceramics. The constituent oxides in glass composition are broadly classified
into oxides that make networks, modifier oxides that break network and intermediate
oxides that can become oxides of either type. Since modifier oxides break network, they
lower the softening point of the glass and increases its fluidity. B,Os, SiO2, GeO,, P,Os
and a few others are the common network formers. Glasses made solely from network
formers often have limited utility. For example, pure B,Oj3 glass (T4 ~ 450°C) is not water
resistant and pure SiO, glass while valued for its chemical durability and thermal shock
resistance, possess high processing temperatures (above 1750°C). Thus majority of useful
glasses contain additives that serve to alter the processing and properties. These are
commonly termed as network modifiers and intermediates. Network modifiers provide
extra oxygen ions but do not participate in the network, thereby raising the O/Si ratio of
the glass. The extra oxygen allows the bridging oxygen between two tetrahedral to be
disrupted and two non-bridging oxygen to terminate each tetrahedron. The effects of
modifiers are directly analogous to the decreasing SiO, interconnectivity observed in
crystalline silicates with increasing O/Si ratio. In glasses the loss of connectivity results
in greatly decreased viscosities and Tg’s for modified silicates and reduces the processing
temperatures of silicate glasses into more practical ranges. While alkaline oxides (Na;O,
Li,O, K;0) are very effective modifiers, they result in glasses that are not chemically

durable.
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1.8.3.3 Dielectric properties
1.8.3.3.1 Relative Permittivity (&)

LTCCs are basically composite structures of glass and ceramics and therefore,
controlling their relative permittivity depends largely on the combination of constituent
materials of the composite and its material composition. Generally, low relative
permittivity materials with & = 4 -14 are used for substrate layers while high permittivity
materials are opted to enable miniaturised, embedded capacitors, inductors, filters and
antennas [72, 86]. In the case of ceramic packages, the relative permittivity of the
ceramic over and within the metal lines governs the propagation delay (t4), which is given
by [69]

t, = £ (1.36)

c

where | is the line length, & is the relative relative permittivity of the substrate and c is the
speed of light. Thus substrates with low relative permittivity are required to increase the
speed of the signal.

1.8.3.3.2 Dielectric Loss (tan 9)

In order to reduce the dielectric loss of LTCC composites, it is effective to
construct them with low dielectric loss materials. The dielectric loss value of common
LTCC materials, as expressed with the Q value (= 1/tan 6) multiplied by the
measurement frequency, which should be greater than 1000. Since the dielectric loss in
glasses is a major concern in these composites, at least three types of dielectric loss for
glasses have been distinguished: resonance type vibrational losses at very high frequency,
migration losses caused by the movement of mobile ions and deformation losses by
defect or deformation of the basic silicon oxide network [87]. Resonance type vibrational
losses are particularly important in the microwave region. Among the glasses, silica glass
has the lowest dielectric loss in the microwave region [87-88]. The dielectric loss of
fused quartz is less than 0.001 in the frequency range from 10% to 2.5 x 10*° Hz. Although
the loss level is attractive, silica is not an effective flux for microwave dielectrics if used
alone. To lower the melting point, the rigid bonds in SiO, may be broken by modifiers,
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particularly alkali ions, but this results in higher losses [89-90]. For binary glasses based
on SiO,, tan ¢ for borosilicate is about 0.001 at 3 GHz. Ternary glasses based on
borosilicates also shows low loss in the microwave region. Some of the alumina silicate
based glasses such as cordierite and celsian also show low loss factors in the microwave
region. The magnitude of tan ¢ for cordierite glass ceramics at 10 GHz increases with the
degree of reduction of the glass-ceramic. Also tan ¢ for the mineral celsian which
contains TiO, decreased at 10 GHz with increasing crystallization temperature. This was
probably due to a decrease in the residual glassy phase which contributes to the
interfacial polarization [91]. Table 1.3 gives the physical and dielectric properties of

various glasses used in the present investigation.
1.8.3.3.3 Temperature Stability of Dielectric Properties (zs and ;)

The temperature dependence of the resonance frequency is important for LTCC’s
because the various components based on non-compensated dielectric materials need
additional mechanical and electrical design to ensure satisfactory electrical performance
of the device over its operating temperature [92-93]. The coefficient of temperature
variation of the resonant frequency () value of 10 ppm/°C causes a 0.11 % shift of the
resonant frequency (5.5 MHz at 5.2 GHz) within the temperature range -30 °C to +80 °C.
Though novel LTCC materials with zero % (e.g. Heraeus CT2000, % < 10 ppm/°C) have
been developed, the component designer must be aware that the structure itself may

affect its z.

1.8.3.4 Thermal Properties

The circuit boards and packages undergo heat stress during assembly processes
such as in solder reflow when LSI components and other electronic parts are mounted on
them and when reliability tests are performed before product shipment and also during
device operation. Thus in addition to the dielectric properties, designers must also
consider the thermal properties of the LTCC composites.
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1.8.3.4.1 Thermal Conductivity

The thermal conductivity of LTCC materials should be moderately good. 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. Advancement in
technology and the continuing trends toward miniaturization of devices in the future will
place even more stringent requirements on heat dissipation characteristics of the
packaging LTCC. The thermal conductivity of an LTCC is 2 W/mK, versus 0.5 W/mK
for organic materials. 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 (thermal conductivity 50 W/mK) under high power components [94].

1.8.3.4.2 Thermal Expansion

The coefficient of thermal expansion (CTE) of a material is a measure of the
characteristic change in its dimension for each degree change in temperature, as the
material is uniformly heated or cooled. Thus, CTE can be written as:

Al

a=—— 1.
I, AT (1.37)

where Al represents the change in length over a temperature span AT, starting from an
initial length l,. It is strongly temperature dependent property, but for most ceramic
insulators a near linear range can be defined between approximately 25°C-300°C, within
which the expansion coefficient varies little. The CTE is an important parameter as it
affects the Si based ICs attached. Therefore, the substrate is expected to exhibit CTE
values close to that of Si in order to avoid deformations such as crack, delaminations etc.
between the substrate and the attached components due to shrinkage mismatch. Thermal
expansion coefficient is a directional or anisotropic factor because of its strong

dependence on the crystal structure, bond strength and density.
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1.8.3.5 Chemical Compatibility with Electrode Material

The LTCC should not react with the conductive material used. The formation of
additional phases in the ceramic should be minimised since the reaction of the composites
with the conducting electrode, degrades the performance of the microwave modules. A
critical issue in manufacturing LTCC microelectronics is the precise and reproductive
control of shrinkage on sintering. In the screen-printing of the conductive patterns,
instead of pure metals, pastes containing conductive particles in glassy or fritless
additives are used. 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.

Table 1.3 Common LTCC glasses and their physical and dielectric properties.

Glass Glass Densitsy ;I's & tan g Ref.
Code (g/cm’) | (°C) (1 MHz)

B B,0; 2.46 450 2.5 | 0.00550 [95]
ZB1 Zn0:B,03(50:50) 3.65 582 6.9 | 0.00012 [96]
ZB2 Zn0:B,03(71:29) 2.19 567 4.2 | 0.00330 [97]
AS Al,03:Si0, (50:50) 2.60 850 8.1 | 0.00970 [97]

MAS | MgO-AL,Os-SiO, (22:22:66) | 2.30 | 1350 | 4.5 | 0.00074 | [97]

MBS MgO-B,03-SiO, (40:40:20) 318 | 950 | 5.0 | 0.00230 | [97]

BBS BaO-B,0;-Si0; (30:60:10) 340 | 627 | 7.2 | 0.00440 | [97]

ZBS Zn0-B,05-Si0; (50:40:10) 355 | 611 | 6.9 | 0.00950 | [97]

LBS Li,O-B,03-SiO,
2.34 513 | 6.4 | 0.00360 [75]
(35.14:31.66:33.2)
BBSZ B,0;-Bi,03-Si0-ZnO 4.30 950 | 8.8 | 0.00130 [98]
(27:35:6:32)

LMZBS Li,0-Mg0O-Zn0-B,03-SiO; 2.75 900 | 6.9 | 0.00200 [99]
(20:20:20:20:20)
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1.8.4 Applications of LTCC Technology

Nowadays there are many new microelectronics and non microelectronics meso
scale applications of the LTCC technology. LTCC is very good for high voltage [100],
high pressure or vacuum applications. The technology is applied to build Microsystems
for miniature fuel cell energy conversion systems, drug delivery, biological parameter
monitoring, gas or liquid chromatographs, cooling and heat exchangers, particle
separators, polymerase chain reaction (PCR) [101], Micro Total Analysis Systems
(LUTAS), photonic devices;, MOEMS and MEMS packaging [102]. Important new
applications of LTCC are microfluidic systems [103] used mostly for chemical analysis.
Micro-high performance liquid chromatography (u- HPLC) made in LTCC demonstrates
very good properties of ceramics at high pressures. The properties of LTCC/chemiresistor
smart channels are comparable to the performance of silicon-based ones. An LTCC
microdischarge device has been developed and operated in Ne gas [104]. The device can
be used as UV source in biomolecule assay operations where the target molecule is
fluoresced in the UV light. LTCC structure can be used as a focusing electrode in the
field emitter arrays [105]. LTCC materials are applied for fiber optic and electro-optic
packages [106]. Silicon MEMS packaging is another very wide field of LTCC
application [107]. Another interesting application of LTCC is three-dimensional shells

used for example in spherical stepper motor [108] or radar sensor.

1.9 COMPOSITES

1.9.1 Introduction

The trend for microelectronic devices historically has been, and will continue to
be, towards smaller feature size, faster speeds, more complexity, higher power, and lower
cost. The motivating force behind these advances traditionally has been microprocessors.
With the tremendous growth of wireless telecommunication, RF applications are
beginning to drive many areas of microelectronics traditionally led by the development of
the microprocessor. An increasingly dominant factor in RF microelectronics is electronic
packaging and the materials needed to create the package, because the packaging
materials strongly affect the performance of the RF electronics. The continuing increase
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in electronic packaging density has resulted in a need for materials with high thermal
conductivities. In addition, to minimize thermal stresses that can cause component or
solder failure, packaging materials must have coefficient of thermal expansion matching
with those of ceramic substrates and semiconductors. Further, low density is desirable in
many applications, including portable systems such as lap-top computers, hand-held
telephones and avionics. Reducing weight also minimizes potentially damaging stresses
resulting from shock loads that can occur during shipping and from other causes. Low
cost is also a key consideration. As traditional materials used in electronic packaging do
not meet all of these requirements, new composite materials have been and are continuing
to be developed.

The term ‘composites’ describes a mixture of two or more materials, each being
present in significant quantities and each imparting a unique property to the mixture. The
use and potential for composites in electronic packaging is very broad. By combining two
or more constituents, it is possible to create materials with unique combinations of
properties that cannot be achieved in another way. The best example is printed circuit
boards (PCBs), for which dielectric properties and the CTE are critical. Polymer-matrix
composites in the form of E-glass fiber-reinforced polymer PCBs are well established
packaging materials. Similarly, a variety of particles are added to polymers to reduce the
CTE and increase the thermal conductivity, or both. These materials are usually referred

to as particle-reinforced polymer-matrix composites.

1.9.2 Polymer-Ceramic Composites

The importance of polymers in electronic applications lies in the fact that, though
they are not intrinsically functional, they can be doped and made functional and their soft
or pliable nature enables flexible free-standing substrates in a variety of different shapes.
Until now, the needs of substrate materials were covered by soft thermoplastics based on
polytetrafluoroethylene (PTFE) or ceramic substrates, but neither satisfies both the
required dielectric and mechanical characteristics. The presence of Teflon in the
formulation of such polymeric substrates makes the metallization process during the
manufacture of large sized boards difficult. In addition, there is a polymeric transition at
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room temperature, so the variation of the relative permittivity with temperature is not
linear. Recently, there has been a huge interest in polymer ceramic composites because
they enable inexpensive industrial level realization of 3-D microwave devices and
packages with advanced electric and mechanical properties. Particularly, composites
using thermoplastic polymers such as PTFE, polyethylene, polystyrene, silicone rubber
etc have drawn much industrial and academic interest because they have the additional
advantage of a simple, 3-D fabrication process such as injection moulding of electronic
components.

The almost limitless possibilities to combine two or more materials at the micro
or nanoscopic level lead to a large range of properties. Polymer — ceramic composites
consisting of ceramic particles filled in a polymer matrix are now widely used in the
electronic industry as substrates for high frequency uses, since they combine the
electrical properties of ceramics and the mechanical flexibility, chemical stability and
processing possibility of polymers [109]. The presence of filler in a semicrystalline
polymer can cause many changes to the physical properties of the polymer. Several
reports are available which investigates the use of silica filled polymer composites for
packaging applications. However, because of the low thermal conductivity of silica filler,
researchers are extending their work to develop new fillers with high thermal and
electrical performance [110]. There are many possible candidates for ceramic fillers
having both high thermal conductivity and high electrical resistivity such as diamond,
beryllia, boron nitride, aluminum nitride etc. The thermal properties of the polymers can
be improved with a sufficiently high (> 40%) volume percentage of filler [111].
However, higher filler content results in low strength, poor fluidity, poor flexibility and
defects in the composite and have adverse effect on the dielectric properties. Hence by
the proper design of these composites, we can utilize the ease of processing and low
relative permittivity of polymers and high thermal conductivity, low thermal expansion

coefficient and thermal stability of ceramics.
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1.9.3 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. [112]. 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 connections are made [113]. 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.
1.11 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 [114].

Fig. 1.11 Connectivity patterns in a di-phasic composites systems [112].
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1.9.4 Material Requirements for Electronic Packaging And
Substrate Applications

The selection of a proper RF substrate will be guided by the material
characteristics, particularly its dielectric properties, since they should match with those of
the other components. In commercially high-frequency substrates, based on complex
composites of ceramic or woven quartz fillers and hydrocarbon resins and/or glass
microfibers matrices, it is difficult to find temperature-compensating materials with
permittivities around 10 and low dielectric losses [115].

1.9.4.1 Dielectric Properties

Dielectric properties of packaging materials significantly influence the
performance of high speed microelectronic devices. Electrical characteristics of
microelectronic devices, such as signal attenuation, propagation velocity and cross talk
are influenced by the dielectric properties of the package substrate and encapsulation
material. The electrical properties in material selection include relative permittivity, loss
tangent, frequency and temperature stability of dielectric properties, dielectric strength
and electrical resistivity. An important role of packaging materials is to ensure the
electrical insulation of the silicon chip and of circuit pins. Ideally, a low conductivity is
needed to avoid current leakage, a low relative permittivity to minimize the capacitive
coupling effects and reduce signal delay and a low loss factor to reduce electrical loss
[116]. The temperature coefficient of the relative permittivity of microwave substrates are
very important in many outdoor wireless applications for the reduction or control of
temperature-induced drift in circuit operating characteristics [117]. High electrical
resistivity and dielectric strength are also required for microelectronic applications [118].

1.9.4.2 Thermal and Thermo-mechanical Properties

An electronic material experiences a range of steady-state temperatures,
temperature gradients, rates of temperature change, temperature cycles and thermal
shocks through manufacturing, storage and operation. Thermal properties that are
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significant in enduring such life cycle profiles include thermal conductivity/diffusivity,
specific heat capacity and coefficient of thermal expansion.

1.9.4.3 Mechanical Properties

The mechanical properties affect the material’s ability to sustain loads due to
vibrations, shock and thermomechanical stresses during manufacture, assembly, storage
and operation. Key properties that are of importance for electronic packaging applications
include the modulus of elasticity, tensile strength, Poisson’s ratio, flexural modulus,
fracture toughness, creep resistance and fatigue strength.

1.9.4.4 Chemical Properties

Chemical properties of the substrate materials are important because of the need
to survive manufacturing, storage, handling and operating environments. The chemical
properties of significance are water absorption, flammability and corrosion resistance.
The electrical properties of electronic materials often change as a result of water
absorption, swelling and other dimensional instabilities. The corrosion leads to the
formation of more stable compounds and can degrade the physical properties of the
materials.

The key properties of the composite material viz. the relative permittivity, thermal
conductivity and coefficient of thermal expansion are dependent on various factors such
as the number of components or phases, volume fraction of the filler, the individual
properties of the phases, preparation method and the interaction between the filler and the
matrix. However, a limitation for ceramic loading exists for polymer-ceramic composite,
which is one of the biggest constraints to improve its thermal, mechanical and dielectric
properties. Based on the present technology, a ceramic loading of above 80% seem to be
impracticable. Hence by the proper design of these composites, we can utilize the ease of
processing and low relative permittivity of polymers and high thermal conductivity, low
thermal expansion coefficient and thermal stability of ceramics. Various particle sizes
and distributions can offer different surface energies that may facilitate crystallization of
the polymer chains [60, 119]. The coupling agents promote a change of interfacial

46



CHAPTER 1

properties of the filler particles, giving rise to better wetting between the filler and the
polymer binder and ultimately to the increased physical strength of the composite [120-
121].

1.9.5 Advantages of Polymer/Ceramic Composites

Composite materials are traditionally designed for use as structural materials.
With the rapid growth of the electronics industry, composite materials are finding more
and more electronic applications. The design criteria for these group of composites are
different because of the vast difference in property requirements between structural
composites and electronic composites. While structural composites emphasize high
strength and high modulus, electronic composites emphasize high thermal conductivity,
low thermal expansion, low relative permittivity, high/low electrical conductivity, and/or
electromagnetic interference (EMI) shielding effectiveness, depending on the particular
electronic application. The applications of polymer-ceramic composites in
microelectronics include interconnections, printed circuit boards, substrates,
encapsulations, interlayer dielectrics, die attach, electrical contacts, connectors, thermal
interface materials, heat sinks, lids and housings. The applications of printed circuit
boards can be divided into two areas: information technology and communication
industries. Both applications have identical technical demands for the future evolution to
high-frequency appliances. As the working frequency of electronic appliances increases,
signal intensity losses become more sensitive. Circuit substrates with poor dielectric
properties will maintain an unfavourable signal conveying efficiency. Therefore, demand
is high in high frequency appliance markets for small relative permittivity and low
dissipation energy substrates. Polymer-ceramic composites also offer excellent material
characteristics including low temperature processability, flexibility, high temperature

resistance, outstanding solvent resistance etc.
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SYNTHESIS AND
CHARACTERISATION

(@

This chapter emphasizes the various steps involved in
the synthesis of dielectric ceramics and its composites. A brief
description of the instrumentation techniques used for
studying the structural, microstructural, microwave
dielectric properties and thermal characteristics of low loss

materials is also presented.




CHAPTER 2

2.1 CERAMIC PROCESSING

2.1.1 Introduction

Remarkable progress in synthetic chemistry and related fields has led to epochal
advances in material science. During the past 100 years scientists and engineers have
acquired a much better understanding of ceramic materials and their processing and have
found that naturally occurring minerals could be refined or new compositions synthesized
to achieve unique properties. Highly homogeneous and stable industrial materials not
existing in nature have been commercially produced by the use of artificially synthesized
starting materials. The creation of these artificial materials required the development of
ceramic processing from a technology to a science. This development has supported the
basis of so-called “fine or advanced ceramics’. Fine ceramics includes inorganic and non-
metallic solid materials of polycrystalline sintered bodies, fine powders, single crystals,
noncrystalline materials, thick or thin films and fibers with various morphologies. The
functions of these materials depend on their morphology, over which control has been
gained through advances in production processes. Ceramic fabrication is the combination
of various process technologies to produce monolithic or composite ceramic components
within a given shape, size and microstructure property bounds for a given composition
[1]. The ceramics are in general compounds of the electropositive and electronegative
elements of the periodic table. They are polycrystalline materials, which contain fine
crystalline grains, grain boundaries, impurities segregated in the grain boundaries as well
as the grains, pores in the grains, grain boundaries and imperfections.

Most of the synthesis methods of organic and metallic counterparts are generally
not suitable for ceramics, due to the brittleness and the refractory nature of ceramic
materials. The processing of ceramics into useful products requires the transformation of
powdered raw materials to a dense, uniform body through the application of
consolidation techniques and subsequent thermal processing or sintering. With exception
of glass technology, ceramic forming techniques are generally based on powder
processing with powder synthesis, forming and sintering. The synthesis of specific

powders and better control of chemical and physical characteristics of ceramic powders
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allow obtaining improved and/or reproducible properties. Several methods [2] can be
used for the preparation of ceramic powders. The methods can be divided into three
categories: (a) mechanical methods and (b) solid state reaction methods and (c) chemical
methods. In the mechanical methods, small particles are produced from larger ones by
mechanical forces, a process referred to as comminution. The process of comminution
involves operations such as crushing, grinding and milling. Powders of traditional
ceramics are generally prepared by mechanical methods from naturally occurring raw

materials.

2.1.2 Solid State Synthesis of Ceramics

The solid state oxide route is considered to be one of the oldest and easiest
materials synthesizing techniques for the synthesis of complex oxide materials. Metal
oxides containing more than one type of cation are of interest from both an academic and
commercial point of view. This is because complex metal oxides exhibit a number of
features that are not found in simple oxides. For example, mixed metal oxides can
stabilize both high and mixed volume states of transition metal elements [3].

The conventional ceramic approach involves basically three steps (a) intimate
mixing of the stoichiometric oxides, (b) high temperature firing and (c) intermediate

grinding.

Fig. 2. 1 Reaction between two kinds of particles to form a product at the points of contact.
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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 two grains and thus
impeding further grain to grain material transport. This demands the need of new points
of contact 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.

The reactant particles are schematically illustrated to emphasize the fact that no
matter what the particle size is, each reactant particle contains only one type of cation.
The severe reaction conditions are necessary to obtain single phase product because of
the diffusional limitations of the solid state reactions. Initial reaction is rapid but further
reaction goes slower and slower as the product layer builds up and the diffusion paths
become longer. A fine powder of approximately 10 um (or 100,000 A) particle size still
represents diffusion distances of the order of 10,000 unit cell dimensions [4]. The use of
solution synthesis improves the reactivity of the component oxides or salts because these
methods can give initial crystallites of the order of only several hundred A in diameter.
This means that diffusion must occur across 10 to 50 unit cell dimensions in chemical
synthesis techniques. Cost effectiveness and simplicity of synthesis are the major
advantages of the solid state reaction procedure. The main disadvantage of solid state
synthesis is obviously the high temperature needed to form the product which leads to
agglomerated particles with poor surface area [5].

The solid-state reaction method, which is employed in the present work, involves

the following steps:

2.1.2.1 Selection and Weighing of Raw Materials

To select a ceramic raw material, it is necessary to know the final material
properties demanded of the ceramic product. In order to prevent segregation in the
ceramics green body, raw materials with similar particle morphology and size
distributions should be used. The next step in the solid-state reaction method is to weigh
the different powders which act as reactants, according to the stoichiometry. The
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presence of impurities in the raw materials can affect reactivity as well as dielectric
properties of the fired ceramics. The raw material purity of greater than 99.9 % is
essential for obtaining phase pure compounds. Electronic Balance is used to obtain

accuracy up to four decimal places.

2.1.2.2 Stoichiometric Mixing

The raw materials need to be intimately mixed to increase the points of contact
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 they densify more rapidly 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 distilled water or acetone. Ball mills are used for the mixing purpose. In the present
investigation, the mixture of constituent powders taken in polythene bottles were ball
milled for sufficient duration in distilled water medium using Yttria Stabilized Zirconia
(YSZ) balls. 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 [6]. 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 surfaces but also
to produce other physical changes in the particle [7]. The rate of milling is determined by
the relative size, specific gravity and hardness of the media and particles. The shape of
the milling media (balls) is an important factor in ball milling as it determines the product
size distribution. Using spherical ball the size distribution is broad since two balls have
only one point of contact between them. On the other hand using cylindrical balls with
‘dome ends’ the particle size distribution is more uniform with narrow distribution curves

[8]. This is due to the fact that cylindrical balls offer a line of contact between them.
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2.1.2.3 Calcination

Calcination is the intermediate heat treatment at a lower temperature prior to
sintering. Calcination processes are endothermic decomposition reactions in which an
oxysalt, such as a carbonate or hydroxide, decomposes, leaving an oxide as a solid
product and liberating a gas. The kinetics of solid state reactions occurring during
calcination may be controlled by any one of the 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

The calcined powders are invariably agglomerated which need to be ground to
fine powder. Grinding can be accomplished by any suitable means. It prepares the reacted
material for ceramic forming. The grinding also helps to homogenise the compositional
variations that may still exist or that may arise during calcination. Generally, grinding
down to somewhere around 1 to 10 um is advisable. If the grind 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 [9]. Generally for
grinding purpose ball mill or mortar with pestle is used. The milling process can
dramatically improve the quality of the powder, improving the bulk and green density
and enhancing sintering. In large scale operation a grinding medium is chosen that suffers

very little wear.

2.1.2.5 Addition of Polymeric Binder

The principal functions of a ceramic binder are to impart sufficient strength and
appropriate elastic properties for handling and shaping during the post forming stage.
They coat the ceramic particles and provide lubrication during pressing and a temporary
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bond after pressing. The selection of binder and other additives must be compatible with
the chemistry of the ceramic and the purity requirements of the application. In modern
ceramics technology, in die pressing, a narrow range of water-soluble organic binders,
such as poly vinyl alcohol is most often applied to improve the rheological properties of
the powder compact [10]. 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 [11]. The commonly used
polymers for ceramic binding purpose are poly vinyl alcohol (PVA), poly ethylene glycol
(PEG), carboxymethyl cellulose etc. most of which are water thinnable polymeric
dispersions. The amount of organic binder required for pressing is quite low, typically
ranging from 0.5 to 5 wt%. The binder concentration for each process is about 3 % in dry
process, 3-17 % in wet processing and 7-20 % in plastic forming [12]. The recent
research trends suggest that the PVA and PEG are ideal binder additives for fabrication of
microwave dielectric ceramics [13].

The binder must be removed prior to densification of the ceramic. Organic
binders can be removed by thermal decomposition. For example, PVA burn out on
heating above 400°C. If reaction between the binder and the ceramic occurs below the
binder decomposition temperature or if the ceramic densifies below this temperature, the
final part will be contaminated or may even be cracked or bloated. If the temperature is
raised too rapidly or if the atmosphere in the furnace is reducing, the binder may char
rather than decompose, leaving carbon.

2.1.2.6 Powder Compaction (Uniaxial Pressing)

Most ceramic-forming processes start with a powder and consist of compaction of
the powder into a desired shape. The main objective is usually to achieve the greatest
degree of particle packing and a high degree of homogeneity. A typical pressing
operation has three basic steps: (i) filling the mould or die with powder (ii) compacting
the powder to a specific size and shape and (iii) ejecting the compact from the die [14].
The most common and widely used method of powder compaction is uniaxial pressing. It

involves the compaction of powder into a rigid die by applying pressure in a single axial
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direction through a rigid punch or piston [15-16]. Compaction is done slowly to facilitate
the escape of the entrapped air.
The pressure gradient in powder compact as a function of the distance from the

upper punch is given by the formula
P, =P, exp[— 4K H (2.1)

where p is the coefficient of friction, P, is the applied pressure, L is the length and D is
the diameter of the powder compact. It is evident that the pressure distribution of a
powder compact is more uniform when the length to diameter ratio is smaller [17]. In the
microwave dielectric measurements we prepare samples with D/L ratio = 2.0 and hence
the pressure distribution is more or less uniform in the powder compacts. Pressure of 50-
150 MPa is ideal in ceramic forming.

Friction between the powder and die wall decreases the pressure available for
compaction with increasing distance from the pressing punch. Since compact density is
directly related to forming pressure, a forming pressure gradient becomes a density
gradient in the compact. Friction is influenced by the die material and its surface finish,
nature of the powder and the organic additives used. Internal lubricants such as Stearic
Acid dissolved in Propane 2-ol, can aid processing.

2.1.2.7 Sintering

The firing process or sintering is usually the final stage in ceramic manufacturing.
Sintering refers to the densification of a particulate ceramic compact by the removal of
pores between the starting particles (accompanied by shrinkage of the component),
combined with growth together and strong bonding between adjacent particles when
subjected to high temperatures [18]. It involves heat treatment of powder compacts at
elevated temperatures, where diffusional mass transport is appreciable which results in a
dense polycrystalline solid [19]. The criteria that should be met before sintering can occur
are (i) a mechanism for material transport must be present (ii) a source of energy to
activate and sustain this material transport must be present. The primary mechanisms for

transport are diffusion and viscous flow. Heat is the primary source of energy, in
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conjunction with energy gradients due to particle-particle contact and surface tension.
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. 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 [20]. They
are (i) evaporation/condensation (ii) solution/precipitation (iii) lattice diffusion and (iv)
surface diffusion or grain boundary diffusion. Several variables influence the rate of
sintering. Some of them are initial density, material, particle size, sintering atmosphere,
temperature, time and heating rate. 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 involves material transport by volume diffusion. Diffusion
may consist of movement of atoms or vacancies along a surface or grain boundary or
through the volume of the material. Surface diffusion (vapour —phase transport) does not
result in shrinkage whereas, volume diffusion along grain boundaries or through lattice
dislocations result in shrinkage [20]. The driving force for solid-state sintering is the
difference in free energy or chemical potential between the free surfaces of particles and
the points of contact between adjacent particles. The linear shrinkage of the material
caused by the lattice diffusion from line of contact between two particles to the neck

region can be expressed as:

L kTd"

0

AL (_KVaSDtj 2.2)

where AL/L, = linear shrinkage (equivalent to the sintering rate); y = surface energy; a°
= atomic volume of the diffusing vacancy; D = self-diffusion coefficient; k = Boltzmann
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constant; T = temperature; d = particle diameter; t = time and K = constant dependent on
geometry. The exponent n is close to 3 and m is generally in the range of 0.3 to 0.5.

From Eq. (2.2) it can be clearly understood that the particle diameter has a major effect
on the rate of sintering. The smaller the particles, the greater the sintering rate. Fine
particle size powder can be sintered more rapidly at a lower temperature than coarser
powder. The various stages involved in the sintering process are as follows:

Fig. 2.2 (a) & (b) Initial stage, (c) Intermediate stage and (d) Final stage of sintering (e) Neck
formation during first stage and (f) SEM picture of neck formation in sintered alumina.

(a) Initial stage of sintering:

It involves rearrangement of particles and initial neck formation at the contact point
between each particle. The rearrangement consists of slight movement or rotation of
adjacent particles to increase the number of points of contact. Bonding occurs at the
points of contact where material transport can occur and where surface energy is highest.
After the initial stage, the densification of the sintering component increases by ~10%
and it is reached very quickly (seconds or minutes) after exposing powder to high
temperature because of the large surface area and the high driving force for sintering
[21].
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(b) Intermediate stage of sintering:

The second stage of sintering is referred to as intermediate sintering. The physical
changes that occur at this stage are: the size of the necks between the particles grow,
porosity decreases and the centers of the original particles move closer together. The
grain boundaries begin to move so that one grain begins to grow while the adjacent grain
is consumed. This allows geometry changes that are necessary to accommodate further
neck growth and removal of porosity. Intermediate sintering continues as long as pore
channels are interconnected and ends when pores become isolated. Most of the shrinkage
during sintering occurs during this stage. The shrinkage in the intermediate stage can
result in additional densification by as much as 25%, or to a total of about 95% of the TD
(theoretical density) [22].

(c) Final stage of sintering:

It involves the final removal of porosity by vacancy diffusion along the grain
boundaries. Therefore the pores must remain close to the grain boundaries. Pore removal
and vacancy diffusion are aided by the movement of grain boundaries and controlled
grain growth. However, if grain growth is too rapid, the grain boundaries can move faster
than the pores and leave them isolated inside the grain. As the grain continues to grow,
the pore becomes further separated from the grain boundary and has decreased chance of
being eliminated. Therefore, grain growth must be controlled to achieve maximum
removal of porosity.

The final sintering stage begins at about 93-95% of theoretical density, when
porosity is already isolated [23]. Ideally, at the end of this stage all porosity is eliminated.
The complete elimination of porosity in the final stage of sintering can only happen when
all pores are connected to fast, short diffusion paths along grain boundaries (or,
equivalently, if the grain boundaries remain attached to the pores).

Other factors which affect the rate of sintering are particle packing, particle shape
and particle size distribution. If particle packing is not uniform in the greenware, it will
be difficult to eliminate all the porosity during sintering. If the concentration of elongated
particles is high, it can result in bridging during the forming process producing large
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irregularly shaped pores that are difficult to remove after sintering. Particles of same size
are difficult to pack efficiently and they form compacts with large pores and a high
volume percentage of porosity. However, commonly available powder has a range of
particle sizes from submicron upward. Better overall packing can be achieved during
compaction, but isolated pores due to bridging and agglomeration are usually quite large
and result either in porosity or large grain size after sintering.

2.1.2.7.2 Liquid Phase Sintering

Liquid-phase sintering (LPS) is an important means of manufacturing dense
ceramic components from powder compacts. It involves the presence of a viscous liquid
at the sintering temperature and is the primary densification mechanism for most silicate
systems. In two phase systems involving mixed powders, liquid formation is possible
because of different melting ranges for the components or the formation of low melting
phase, including a glassy phase. The major advantages of LPS are enhanced sintering
kinetics and tailored properties. However, apart from these merits, the ceramics sintered
by LPS are susceptible to shape deformation. In order to attain densification by LPS
certain criteria must be satisfied. They are (i) a liquid must be present at the sintering
temperature, (ii) there must be good wetting of the liquid on solid or the contact angle
must be low and (iii) there must be appreciable solubility of solid in liquid. Commercial
ceramics tend to have a small amount of reactive liquid that accelerates the densification
rather than facilitate viscous flow. When the liquid coats each grain, the material can
often be sintered to a higher density at a lower temperature with less of a tendency for
exaggerated grain growth. 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 1um. Secondly,
the liquid must have a solubility for the solid. Finally, the diffusive transport for the solid
atoms dissolved in the liquid should be high enough to ensure rapid sintering. The
wetting liquid concentrates at the particle contacts and forms a meniscus; this exerts an
effective compressive pressure on the compact resulting in a rapid rearrangement of

particles into a higher density configuration.
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Densification during LPS can be achieved by the following three rate-controlling
mechanisms:

Particle rearrangement:- In the initial stages of liquid phase sintering, a number of
consecutive and simultaneous processes such as melting, wetting, spreading, liquid
redistribution etc. may occur. Both solid and liquid are subjected to rearrangement
because of the unbalanced capillary forces. Liquid films between the particles act as a
lubricant and the particle rearrangement takes place in the direction of reducing porosity.
The driving force for the rearrangement arises due to the 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. As the density increases,
particles experience increasing resistance to further rearrangement due to crowding by
neighboring particles until the formation of a close packed structure.

Solution-Precipitation:- When the 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 main driving force for this process is
capillary forces. The dissolved solute transfers to the uncompressed part of the grain
structure by diffusion through a liquid phase. This mass transfer results in contact-point
flattening and corresponding linear shrinkage in the powder compact. The dissolution rate
of the solid decreases as the contact area increases due to simultaneous reduction of
effective stress at the contact area. At the later stage of solution precipitation, the
interconnected pore structures pinch off to form isolated or closed pores.

Pore removal:- This is the final stage of LPS which starts after pore closure. During
this stage a maximum relative density upto 95% is attained. The closed pores usually
contain gaseous species from sintering atmosphere, vaporized liquid and decomposed
solid. Several processes can occur simultaneously during the final stage LPS which
includes growth and coalescence of grains and pores, dissolution of liquid into solid,
phase transformations and formation of reaction products between liquid and solid.
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2.2 PREPARATION OF GLASS

Most of the ceramics possess high sintering temperatures (above 1200°C). As
discussed in chapter 1, the most effective method to lower the processing temperature of
the ceramic is to add low melting, low loss glasses. Traditionally, glasses are produced by
cooling a liquid fast enough to prevent detectable crystallization. From this kinetic point
of view, glass formation can be considered as the avoidance of crystallization. In the
present investigation, multi component glasses such as ZBS, BBSZ, LBS, BBS, MBS,
LMZBS etc. are selected. Initially high purity oxides such as B;Os3, Li,COs3, SiO;, ZnO,
BaCO3, Bi,03 and (MgCO3)s Mg(OH), 5H,0 (99.9 % Aldrich chemical company, U.S.A)
are accurately weighed and thoroughly mixed. After mixing they are dried and melted in
platinum crucibles above their melting points. The high temperature favours the materials
to react with one another and also encourages the escape of gas bubbles from the melt
which is usually referred to as refining the glass. Upon completion of the refining
process, the glass is suddenly cooled from the melting temperature to room temperature
(process known as quenching) where the glass has higher viscosity. Finally the so formed

glass is powdered for further mixing with ceramics.

2.3 SYNTHESIS OF POLYMER-CERAMIC COMPOSITES
2.3.1 Powder Processing Method

In the present study, PTFE/ceramic composites were prepared by powder
processing technology. Different volume fractions (0 to 0.5) of ceramics and PTFE
powders were dispersed in ethyl alcohol using ultrasonic mixer for about 30 minutes. A
dry powder mixture was obtained by removing the solvent at 70°C under stirring. These
homogeneously mixed PTFE/ceramic composite powders were then compacted under
uniaxial pressure of 50 MPa for 1 minute. The cylindrical and rectangular pellets thus
obtained were kept at 310°C for 2hrs.
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2.3.2 Sigma Blend Method

This method is wused for low melting, low viscous polymers such
polyethylene/polystyrene. The polymer and ceramic were mixed thoroughly in a
kneading machine. The kneading machine consists of variable speed mixer having two
counter rotating sigma blades with a gear ratio of 1:1.2 and heating facility up to 350°C.
The counter rotating sigma blades ensure fine mixing by applying high shear force on the
dough-like mixture. Initially the desired amount of polymer is melted at its melting
point. Different volume fractions ceramics were added to the melted polymer and
blended at suitable temperature for 30 minutes. Thus obtained composites were thermo
laminated under a pressure of 200 MPa and optimized temperature for 15 min. After
thermolamination, the composites with desired shapes were polished for dielectric
measurements. Fig. 2.3 shows the picture of the kneading machine and the sigma blades

used for mixing.

Fig. 2.3 Kneading machine used in melt mixing technique. Inset
figure shows the sigma blades.
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2.4 STRUCTURAL AND MICROSTRUCTURAL
CHARACTERIZATION

2.4.1 X-Ray Diffractometer

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals
detailed information about the chemical composition and crystallographic structure of
materials. An X-ray incident upon a sample will either be transmitted, in which case it
will continue along its original direction, or it will be scattered by the electrons of the
atoms in the material. All the atoms in the path of the X-ray beam scatter X-rays. In
general, the scattered waves destructively interfere with each other, with the exception of
special orientations at which Bragg's law is satisfied. The phenomenon of diffraction
occurs when penetrating radiation, such as X-rays, enters a crystalline substance and is
scattered. The direction and intensity of the scattered (diffracted) beams depends on the
orientation of the crystal lattice with respect to the incident beam [24]. Any face of a
crystal lattice consists of parallel rows of atoms separated by a unique distance (d-
spacing), which are capable of diffracting X-rays. In order for a beam to be 100 %
diffracted, the distance it travels between rows of atoms at the angle of incidence must be
equal to an integral multiple of the wavelength of the incident beam [25].

Fig. 2.4 Schematic diagram of an X-ray diffractometer.
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An X-ray diffractometer utilizes a powdered sample, a goniometer, and a fixed-
position detector to measure the diffraction patterns of unknowns (see Fig. 2.4). 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 % 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
[26]. The X-Ray diffraction method is most useful for qualitative, rather than
guantitative, analysis (although it can be used for both). The monochromator is used to
ensure that a specific wavelength reaches the detector, eliminating fluorescent radiation.
The resulting trace consists of recording the intensity vs. counter angle (26). 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 (JCPDS
File). Matching the observed data in the PDF allows the phases in the sample to be
identified [27-28].

2.4.2 Scanning Electron Microscope

The Scanning Electron Microscope (SEM) is the most widely used form of
electron microscope in the field of material science. In light microscopy, a specimen is
viewed through a series of lenses that magnify the visible-light image. However, the
scanning electron microscope does not actually view a true image of the specimen, but
rather produces an electronic map of the specimen that is displayed on a cathode ray tube.
The SEM is a microscope that uses electrons instead of visible light to form an image.
The scanning electron microscope has many advantages over traditional
microscopes. The SEM has a large depth of field, which allows more of a specimen to be
in focus at one time [29]. The SEM also has much higher resolution, so closely spaced
specimens can be magnified at much higher levels. Because the SEM uses
electromagnets rather than lenses, the researcher has much more control in the degree of

magnification.
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Fig. 2.5 Schematic diagram of (a) SEM (www.purdue.edu/REM/rs/sem.htm) (b) TEM (www.
britannica.com)

A beam of electrons is produced at the top of the microscope by an electron
gun. The electron beam follows a vertical path through the microscope, which is held
within a vacuum. The beam travels through electromagnetic fields and lenses, which
focus the beam down toward the sample. Once the beam hits the sample, electrons and X-
rays are ejected from the sample (see Fig. 2.5 (a)). Detectors collect these X-rays,
backscattered electrons, and secondary electrons and convert them into a signal that is
sent to a screen similar to a television screen. This produces the final image. All metals
are conductive and require no preparation before being used. All non-metals need to be
made conductive by covering the sample with a thin layer of conductive material like
gold [30].

2.4.3 Transmission Electron Microscopy

In transmission electron microscopy (TEM) a thin slice of the material to be
studied (0.1 to 0.5 um thick) is used and an energetic electron beam is passed directly
through the sample. On the exit side of the specimen several diffracted beams are present
in addition to the transmitted beam and are focused by an objective lens to form a spot in
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its back focal plane. This diffraction pattern is also magnified by other two lenses. The
electron diffraction pattern can be used to gain quantitative information regarding identity
of phases and their orientation, space groups, order/disorder, magnetic domains, etc. [30].
Fig. 2.5 (b) shows the schematic diagram of TEM. One of the disadvantages of the
electron diffraction is the secondary diffraction which occurs commonly. Secondary
diffraction occurs when the diffracted beams becomes incident beam and diffracted by
another set of planes. The two undesirable consequences of secondary diffraction are
occurrence of extra spots in the diffraction pattern and the intensities of the diffracted
beam are unreliable and cannot be used for crystal structure determination [31].

Selected area (electron) diffraction, abbreviated as SAD (SAED), is a
crystallographic experimental technique that can be performed inside a transmission
electron microscope. In a TEM, a thin crystalline specimen is subjected to a parallel beam
of high-energy electrons. As TEM specimens are typically ~100 nm thick, and the
electrons typically have energy of 100-400 kiloelectron volts, the electrons pass through
the sample easily. The wavelength of high-energy electrons is a fraction of a nanometer,
and the spacings between atoms in a solid is only slightly larger, the atoms act as a
diffraction grating to the electrons. That is, some fraction of them will be scattered to
particular angles, determined by the crystal structure of the sample, while others continue
to pass through the sample without deflection. As a result, the image on the screen of the
TEM will be a series of spots, the selected area diffraction pattern, SADP, each spot
corresponding to a satisfied diffraction condition of the sample's crystal structure. If the
sample is tilted, the same crystal will stay under illumination, but different diffraction
conditions will be activated, and different diffraction spots will appear or disappear. In
the present investigation selected area diffraction pattern has been employed to identify
the correct space group of the ceramics. Samples for TEM in the present thesis were
prepared by thinning pellets to electron transparency by conventional ceramographic
techniques followed by ion thinning (model 600, Gatan, Pleasanton, California, USA) to
electron transparency for observation in the TEM (JEM-2100 HR, JEOL, Japan).
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2.5 MICROWAVE CHARACTERIZATION

2.5.1 Introduction

Microwave measurements and the dielectric properties of materials are finding
increasing application in many areas of solid-state physics, materials science and
electronic engineering. The increasing demand for the development of high-speed, high-
frequency circuits and systems require a complete understanding of the properties of
materials functioning at microwave frequencies. In general, the microwave methods for
materials characterization fall into two categories: non-resonant methods and resonant
methods. Non-resonant methods are often used to get a general knowledge of
electromagnetic properties over a frequency range, while resonant methods are used to
get accurate knowledge of dielectric properties at a single frequency or at several discrete
frequencies. The generally adopted methods for measuring the microwave dielectric
properties of materials are (i) perturbation methods, (ii) optical methods, (iii)
transmission line methods, (iv) reflection methods and (v) exact resonance methods. The
choice of method or combination of methods will depend on the value of & and loss
factor, the amount of material available, the accuracy required and whether the technique
is required for research or routine measurements.

Perturbation Technique: 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 permittivities less than 10,
although this range can be extended by an exact solution of the resonator containing the
specimen [32]. Hence this technique is not commonly used for DR characterisation.

Optical Methods: Optical methods are applicable for wavelength below one
centimetre. Since this method requires large amount of material it is not suitable for DRs
[33].

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
[34]. More over imperfections in the sample dimensions produce errors in the
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measurement. It was reported that the accuracy of transmission mode measurements of
the dielectric properties is more in weak coupling conditions [35].

Reflection methods: In reflection methods, waves reflected from the dielectric
are studied. When the relative permittivity becomes large, there occurs considerable error
in the measurement of complex voltage reflection coefficient [36].

Resonance methods: Exact resonance method is the most accurate method as
compared to the above-mentioned methods for the measurement of DRs. In this method,
the exact resonant frequency of the resonator is measured using different techniques [37].
From the resonant characteristics, parameters like &, Q etc are determined. Special
techniques of exact resonance methods are used in the present study, which are described
in detail in the following sections.

2.5.2 Network Analyzer

In microwave engineering, network analyzers are the basic instrument used to
analyze a wide variety of materials, components, circuits and systems. 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 devices, from
active devices such as amplifiers and transistors, to passive devices such as capacitors

and filters.
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Fig. 2.6 Picture of HP 8753 ET Vector Network Analyzer.

A Dbasic 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
behaviour. A network analyzer consists of a swept frequency source that drives the
network under test and two receivers. The first receiver is used to accurately measure the
Reflection or input voltage to the network. The second receiver is called the Transmission
channel and is used to measure the output of the network under test. The ratio of the
output to the input level is displayed as dB and is the voltage gain or loss of the network.

The network analyzer used in the present study is shown in Fig. 2.6.

2.5.3 Measurement of Relative Permittivity (g,)

In this method developed by Hakki and Coleman [38] a circular disc of material
to be measured is inserted between two mathematically infinite conducting plates, as
shown in Fig 2.7. If the dielectric material is isotropic then the characteristic equation for

this resonant structure operating in the TEq, mode is written as

3@ _ Ko(B) -
L@ PR &9
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Fig. 2. 7 A dielectric rod kept end shorted
between two mathematically infinite
conducting plates

Fig. 2.8 Mode charts of Hakki and
Coleman giving a; as functions of B.

where Jo(a) and Ji(a) are Bessel functions of the first kind of orders zero and one
respectively. The Ko(f) and K(f) are the modified Bessel functions of the second kind of
order zero and one respectively. The parameter a and S depend on the geometry, the

resonant wavelength inside and outside the DR respectively and dielectric properties.

Thus,
”D |A 2 1/2
a=— |€& —[ °J (2.4)
A 2L
”D |A 2 1/2
= — °l -1 2.5
B=3 {[ZLJ } (25)
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
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The characteristic equation is a transcendental equation and hence a graphical
solution is necessary. Corresponding to each value of £ there are infinite number of (an)
that solves the characteristic equation. Hakki and Coleman obtained a mode chart
showing the variation of a values as a function of £ and are shown in Fig. 2.7. The
relative permittivity of the resonator can be calculated using the mode chart parameters
(awand 1), the resonant frequency (f;) and the dimensions of the dielectric puck using the

equation

2
&= 1{”&} (o + 5?) (2.6)

The horizontally oriented E-field probes for coupling microwaves to the DRs, was
proposed by Courtney [39] which enabled to span a wide range of frequencies, since
there is no cut-off frequency for coaxial lines. The TEp; mode is used for the
measurements since this mode propagates inside the sample but is evanescent outside it.
Therefore a large amount of electrical energy can be stored in the high Q dielectric
resonators [40]. However, in the open space post resonators setup, a part of electrical
energy is radiated out as evanescent field and hence the axial mode number is usually
expressed as 6 since it is less than 1 (ie., TEqss). In the end shorted condition the E field
becomes zero close to the metal wall and electric energy vanishes in the air gap [41].

In the experimental setup, a Vector Network Analyzer (Model 8753 ET, Agilent
Technologies, Hewlett-Packard, Palo Alto, CA) is used for taking measurements at
microwave frequencies. The HP 9000, 300 series instrumentation computer, interfaced
with network analyser makes the measurement quicker and accurate. The specimen is
placed approximately symmetrical with the two probes. The resonant modes are
visualised by giving a wide frequency range by adjusting the Network Analyzer. To
select the TEp 1 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 TEp1; mode remains almost
stationary. It is well known that in exact resonance technique, TEoa; is least perturbed by

the surroundings. After identifying the TEg;1 resonant frequency or central frequency (f,),
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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 S is calculated using Eq. (2.5). From the mode chart the
value of a1 corresponding to £ value is noted. The relative permittivity & is calculated
using Eq. (2.6).

2.5.4 Measurement of Unloaded Quality Factor (Q,)

There are various methods which enables measurement of the Q-factors of
microwave resonators [42-45]. However, not all of them take into account practical
effects introduced by a real measurement system such as noise, crosstalk, coupling losses,
transmission line delay, and impedance mismatch. Inadequate accounting of these effects
may lead to significant uncertainty in the Q-factor obtained.

For a DR, the quality factor measured for the TEq;; mode using the parallel plate
rod resonator is very low since there occurs losses due to conducting plates, radiation etc.
under end shorted condition. In order to reduce these effects, in the present study the
unloaded quality factor (Q,) of the DRs is measured using a transmission mode cavity
proposed by Krupka et al. [46]. The specimen was placed on a low loss quartz spacer of
height 8 mm inside a copper cavity of inner diameter 40 mm and height 22 mm whose
inner side was finely polished and silver plated to reduce radiation loss. The use of low
loss single crystal quartz spacer reduces the effect of losses due to the surface resistivity
of the cavity. 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. Also the electric
field is symmetric with the geometry of the sample and the cavity, which helps to reduce
the sources of loss due to cavity. As seen in Fig. 2.9 (A), the sample is isolated using a
quartz spacer, from the effects of losses due to the finite resistivity of the cavity end-
plates. Microwaves are fed into the sample using two loop coaxial antennas, which

provides a magnetic coupling to excite the transmission mode resonance spectrum of
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dielectric cylinder. The coupling is adjusted to be optimum (weak coupling for high Q,
and strong coupling for lossy samples). Observe Sj,1 versus frequency spectrum. In
principle the cavity has infinite number of modes, when excited with microwave
spectrum of frequencies. TEqp1s 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 TEp s and any nearby
cavity modes, to attain maximum possible accuracy in the Q, measurement. Measure
TEo1s mode frequency and the 3 dB bandwidth from the resonance spectrum (Fig. 2.9

(B)) to calculate the Q factor using the Eq. 1.14.

f,
7
/A ; A= Af
g
- - )
FREQUENCY
A B

Fig. 2. 9 (A) The cavity set up for the measurement of Q factor and (B) the method of
calculating from resonant mode using Eq. 1.14.

2.5.5 Measurement of Temperature Coefficient of Resonant

Frequency (Ty)

The temperature coefficient of resonant frequency (7) is an important parameter
that determines the performance of the device. Since resonators are used in
communication systems temperature stability is an important factor and should be near to

Zero.
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The 7 can be measured by the cavity method used for measuring the quality
factor. The use of invar cavity can minimize the inaccuracy caused due to the thermal
expansion of the cavity while heating. The cavity is kept on a hot plate and the entire
system is insulated in an isothermal enclosure. The set up is then slowly heated
(~1°C/minute) in the range 25 to 80°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
resonant frequency of TEqis mode is noted at every 2°C increment in temperature. The
variation of resonant frequency is plotted as function of temperature and the z is
calculated from the slope of the curve using the Eq. (2.7).

_1at

T, = 2.7
" AT @7

2.5.6 Cavity Perturbation Method

It is known that the complex permittivity of materials usually changes depending
on the frequency, temperature and compositions. Therefore, in designing or developing
microwave devices, it is very important to study the temperature dependence of complex
permittivity of materials over the wide temperature range. One of the usual techniques to
obtain complex permittivity of materials is the perturbation method using cavity
resonator. Cavity perturbation methods are widely used in the study of the
electromagnetic properties of dielectrics, semiconductors, magnetic materials and
composite materials. It works well for the determination of the dielectric characteristics
of thin sheet samples of low and medium dielectric loss [47]. When the perturbation
method is applied, it is necessary to satisfy two conditions. One of them is to use a small
dielectric material compared with the volume of the cavity resonator, and the other one is
that the electromagnetic field distribution is not changed after inserting the dielectric
material into the cavity. In a resonant perturbation method, the sample under test is
introduced to a resonant cavity, and the electromagnetic properties of the sample are
deduced from the change of resonant frequency and quality factor of the resonating
cavity.
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In the cavity perturbation technique, a small piece of the material usually in the
form of a disk or sheet is placed in a metallic resonant cavity operating in a known mode.
The material characteristics are estimated from the shift in the resonant frequency and
change in the Q of the system [48]. This technique was pioneered by Slater [49] and is a
suitable method for measuring the dielectric properties of materials with permittivity less
than 10. The cavity perturbation method is not a swept frequency measurement since the
measurement frequencies are determined by the cavity as well as the DR dimensions.
Hence it can be used only for discrete frequency measurements. In this method a
rectangular wave guide with a small slot at the broader wall at the middle is used. The
cavity is excited with optimum iris coupling and the resonant frequency and quality
factor of the empty cavity is determined for different cavity modes. Then the thin sheet
sample is inserted and positioned at the E-field antinode. If the sample is purely dielectric
the maximum electric field can be easily determined by simply moving the sample across
the slit. The mode will shift to low frequency side and retraces from there. The sample is
kept at the retracing position, this is the electric field maximum position. If it is slightly
magnetic the permittivity can be measured only for the odd modes by keeping it at the
middle of the cavity. The new resonant frequency and Q of the sample is again measured.
The complex relative permittivity of the sample is calculated [47, 50] using the following
Eg. (2.8 - 2.10) [51].

V(- )
S Y
& { AT } (2.8)
e -0) (2.9)
4VSQOQS
tano = - (2.10)
&

;
where f, = resonant frequency of the empty cavity, fs = resonant frequency of the cavity
with sample, V. = Volume of the cavity and Vs = VVolume of the sample, Q, is the quality
factor of the empty cavity and Qs is the quality factor of the cavity with sample. The
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experimental error was found to be less than 2 % in case of permittivity and 1.3 % in the
case of dielectric loss. The main advantage of this method is the easiness of determining
the permittivity and loss using simple device with moderate accuracy.

2.5.7 Split-Post Dielectric Resonator Method

Split- Resonator methods are suitable for the characterization of dielectric sheet
samples, including dielectric substrates for planar circuits [52]. The resonator mainly
consists of two dielectric discs in a metal enclosure. The dielectric discs are thin and the
height of metal enclosure is relatively small, so the evanescent electromagnetic field
character is strong not only in the air-gap region for radii greater than the radius of the
dielectric resonator. In a split-post dielectric resonator (SPDR) method [53], the
measurement fixture usually has a cylindrical structure working at a TE mode, and the
resonator is split into two parts at the electric current node along a plane perpendicular to
the cylinder axis. The sample under test is placed in the gap between the two parts of the
resonator, and usually the sample is at the place of maximum electric field. The loading
of a dielectric sheet sample changes the resonant properties of a split resonator, and the
dielectric properties of the sample can be derived from the resonant properties of the
resonator loaded with sample and the dimensions of the resonator and the sample.

L
Dialectriciresonator

Sample i

¥ A3 ]
J- Dialactric resonator
T

Coupling loop

Metal enclosure

Z

Fig. 2.10 Schematic representation of SPDR.
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The proposed geometry of a split-dielectric resonator fixture for the measurement
of the complex permittivity of dielectric sheet samples is shown in Fig. 2.10. Split-post
dielectric resonator usually operates with the TEy;5 mode, which has only azhimuthal
electric field component, so the electric field remains continuous on the dielectric
interfaces. The field distributions are affected by the introduction of the sample, which in
turn changes the resonant frequency, and the unloaded Q-factor of the sample. The
dielectric properties of the sample are derived from the changes of resonant frequency
and unloaded quality factor due to the insertion of the sample. For low-loss materials, the
influence of losses on the resonant frequencies is negligible, so the real part of
permittivity of the sample under test is related to the resonant frequencies and physical
dimensions of the cavity and sample only. In this method, calibration technique is used
and we compare the difference of resonant frequency of the split dielectric resonator
before and after the sample is inserted. The relative permittivity of the sample is an
iterative solution to the following equation [54]

£ =1 —hffK_(gf o (2.11)
where h is the thickness of the sample under test, f, is the resonant frequency of empty
resonant fixture, fs is the resonant frequency of the resonant fixture with dielectric
sample, K, is a function of & and h. The dielectric loss tangent of the sample can be

determined by

tand = i[i— ! —ij (2.12)
pes Q QDR Qc
with P = he K, (&,,h) (2.13)
Q. = QoK (&,h) (2.14)
f
Qor = Qurg-— 222 (2.15)
fs peDR

83



CHAPTER 2

where pes and pepr are the electric-energy filling factors for the sample and for the split
resonator respectively; peoro IS the electric-energy filling factor of the dielectric split
resonator for empty resonant fixture; Qg is the quality factor depending on metal
enclosure losses for empty resonant fixture; Qpro IS the quality factor depending on
dielectric losses in dielectric resonators for empty resonant fixture; and Q is the unloaded
quality factor of the resonant fixture containing the dielectric sample. The values of pepr,
Pes and Q. for a given resonant structure can be calculated using numerical techniques. In
terms of sample geometry, the 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 h can be estimated

as Ade =+ (0.0015+Ah/h) and uncertainty in loss tangent measurements Atan J= 2x10~.

2.6 RADIO FREQUENCY DIELECTRIC MEASUREMENTS

LCR meters are generally used for measurement of the capacitance and
dissipation factor of capacitors in the radio frequency region by the well-known parallel
plate capacitor method. This will give an approximate idea of & and tan ¢ which in turn
helps to calculate the approximate resonant frequency and size of the DR to measure the
Q-factor. 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
Eq. (2.16) [21].

_&EA
S d

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

C (2.16)

and free space respectively. In the present study, the dielectric properties at radio
frequency are measured using LCR meter (HIOKI 3532-50 LCR Hi TESTER, Japan).

84



CHAPTER 2

2.7 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. The error in & measurement is less than + 0.01.
The possible errors in the measured value of relative permittivity include the error
associated with the samples height (L), radius (r) and resonant frequency (f;) given by

2 2 2 1/2
Ae, = (agr ALJ +(a‘9r ArJ +[ %8 At 2.17)
oL or of,

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 (z;) were calculated
using RSS method by taking partial derivative of these parameters with respect to
independent variables.

2.8 THERMAL CHARACTERIZATION TOOLS

Thermal analysis incorporates those techniques in which some physical parameter
of the system is determined and recorded as a function of temperature. Some of the
thermal characterization methods adopted in the present investigation are discussed
below.

2.8.1 Thermo Gravimetric Analysis (TGA)

Thermo gravimetric analysis is a technique whereby the weight of a substance, in
an environment heated or cooled at a controlled rate, is recorded as a function of time or
temperature. Thus the basic requirements for the measurement are a heating/cooling set
up and a means of weighing. The TG curve gives information about
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(1) The thermal stability of the material.

(if) The procedural decomposition temperature ie., the lowest temperature at which
the cumulative mass change reaches a magnitude that the thermobalance can
detect.

(iii) The temperature at which the reaction is complete and the reaction interval.

2.8.2 Thermo Mechanical Analysis (TMA)

In this technique, 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. It is particularly suited to polymer materials but a wide range of materials
can be examined [56]. In the present study, TMA (TMA- 60 H, Shimadzu, Kyoto, Japan)
is used to determine the thermal expansion coefficient and softening temperature (by
application of load and hemisphere-plugs) of composites. TMA is also used to confirm
the softening and melting temperature of glass-ceramic composites used for low
temperature co-fired ceramic applications.

2.8.3 Thermal Conductivity Measurement

An improved photopyroelectric technique [57-58] was used to determine the
thermal conductivity of the polymer composites. A 70 mW He-Cd laser of wavelength
442 nm, intensity modulated by a mechanical chopper (model SR540) was used as the
optical heating source. A PVDF film of thickness 28 pm, with Ni-Cr Coating on both
sides, is used as pyroelectric detector. The output signal is measured using a lock in
amplifier (model SR 830). Modulation frequency is kept above 60 Hz to ensure that the
detector, the sample and backing medium are thermally thick during measurements. The
thermal thickness of the composites was verified by plotting photopyroelectric (PPE)
amplitude and phase with frequency at room temperature. Thermal diffusivity (y) and
thermal effusivity (e) were also measured from PPE signal phase and amplitude [59].
From the values of y and e the thermal conductivity and specific heat capacity of the
samples were obtained. In the present investigation thermal conductivity is measured for
polymer ceramic composites used for microwave substrates and electronic packaging
applications.
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STRUCTURE AND MICROWAVE DIELECTRIC
PROPERTIES OF ARE,Si;O,; [A=Sr, Ca, Ba;
RE=Rare Earths] CERAMICS

@

This chapter deals with the synthesis, characterization and
microwave dielectric properties of a series of rare earth silicate
based materials ARE,Si;0,5 [A=Ca, Sr and Ba; RE=rare earths]
with apatite structure. The structure and microstructure of these
compounds were confirmed using XRD and SEM analysis. All of
them belong to P6;/m with a hexagonal symmetry. A detailed
structural analysis was performed for SrRE,Si;0,; series using
refinement studies and TEM analysis. The microwave dielectric
properties of ARE,Si;0,; materials showed a relative permittivity
in the range 10-20, reasonably good quality factor and relatively
low value of t. The tr value of SrLa,Si;0,3 was tailored by the
addition of proper amount of TiO.. The microwave dielectric

properties of these compounds were investigated for the first time.




CHAPTER 3

3.1 INTRODUCTION

The rapid development in the microelectronic technologies such as wireless LAN,
intelligent transport system (ITS) and microwave integrated circuits (MIC) has led to an
increasing demand for novel ceramic materials for being used as dielectric resonators at
microwave frequencies. To meet this requirement materials with relative permittivity (g)
> 10 are preferred due to the small size of these materials at high frequencies, minimum
cross coupling effect as well as high signal propagation velocity [1-3]. With the fast
progress of microwave devices, the dielectric materials used for higher frequency regions
have attracted much attention. Many microwave ceramics with low dielectric loss, low
relative permittivity as well as low temperature coefficient of resonant frequency have
been extensively studied for specific applications [3-5]. However, the stringent
requirements on dielectric properties limit the number of materials available for high
frequency applications. The detailed research on fluorite and perovskite systems has
essentially reached the state of art that can be achieved in such structures. In search of
new high performance materials, silicates are catching much attention [4, 6-7]. Silicates
form the largest single group of minerals. It is common practice to classify silicates as
well as other minerals according to the kinds of their coordination polyhedra and the way
these polyhedra are linked. By contrast, [SiO,4] tetrahedra and [SiOg] octahedra are the
only [SiO,] polyhedra known to exist in silicates. Many studies were reported on the
microwave dielectric properties of various silicate based systems [8-11] for substrate and

millimeter wave applications.

3.2 APATITE STRUCTURE

Among the various silicates investigated so far, rare earth based oxyapatites [12]
received much attention due to the wide variety of properties possessed by them. Apatites
form a large family of isomorphous compound with general formula A1g(MO4)sO2, where
A represents a divalent cation, MO, a trivalent or tetravalent anion. One of the main
characteristics of the apatite structure is that it allows a large number of substitutions at
all the three sites. Some of these substitutions can be realized without any change of
cationic or anionic charge. It is possible to substitute the bivalent cation with a trivalent
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cation and trivalent anion (PO4>) with a tetravalent anion (SiOs*). An earlier report also
confirms that a solid solution exists between phosphate and silicate apatites [13].
Minerals of the apatite group are characterized by a high resistance to chemical corrosion
in neutral to alkaline environments and by their potential for restoring self-irradiation
damages. Fig. 3.1 shows a typical apatite structure. In the apatite structure, the A*
cations are located in two different sites: 4f with 9-fold coordination and 6h with 7-fold
coordination [14-15]. The large difference between these two sites is that the cation in 6h
position is coordinated to an O(4) oxygen ion that is present in the channel and is
sometimes called ‘free oxygen ion’. This oxygen atom does not belong to any silicate
group and the binding strength of the O(4) ion is not saturated. The nine oxygen ions
coordinated to the 4f site all belong to the silicate group. This difference results in the
increase of the average covalency of the 6h site. According to Felsche [15], for silicate
dioxyapatite Me,Lng(SiO4)sO-> [Me=Myg, Ca, Sr and Ba; Ln=lanthanides), the Mg**, Ca**
ions are assumed to be in 6h and Sr?*, Ba?* in 4f. On the other hand, Blasse [16] proposed
that the alkaline earth metals may be found in 4f except Ln** ions that are too large and
Me?* ions which are too small. Me®* ions are also expected to be found in 6h. He also
predicted that by doping these compounds with Eu*, the Eu®* ions enter the 6h sites in
Me;Lag(Si04)s0, and 4f sites in Me,Y5(Si04)s0, [Me=Mg, Ca] respectively. This is due
to the fact that the Eu®" is smaller than La** and larger than Y*'. In later reports, the
doping rare earth ions (Ce**, Pr**) have been found to occupy both the 4f and 6h sites in
MeYs(Si04)s0, [Me=Mg, Ca, Sr] by luminescence spectroscopy [17-18].
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Fig. 3.1 The crystal structure of apatite.
(www.cea.fr/.../Clefsd6/pagesg/clefs46_52.html)
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The areas of potential application for apatite materials are wide such as
bioceramics, luminescent host lattices, etc. In recent times, considerable attention is paid
to the rare earth containing silicate and germinate apatites due to their high oxide ion
conductivity. The apatite based silicates find much interest in technological applications
such as fuel cells, oxygen sensors and improved electrolytes for use in solid oxide fuel
cells [19-22]. The doped apatite compounds have been established as promising
candidates for use in fluorescent lamp phosphors and laser technology [17, 23-26].
Because of the numerous substitutions offered by the apatite structures, many studies
have already dealt with the oxyapatite materials. Some of them report the influence of
cationic substitutions with several lanthanides or divalent cations. These studies suggest
that the highest ionic conductivity values in oxyapatites are caused by the interstitial
oxygen migration along a non-linear pathway. However, no attempt has been made to
explore the microwave dielectric properties of this group of materials. In the present
study we focus our attention on the sinterability, structure and dielectric properties of
ARE,Si3013[A = Sr, Ca and Ba; RE = rare earths] ceramics.

3.3 EXPERIMENTAL

The ARE,Si3013[A = Sr, Ca and Ba; RE = rare earths] ceramics were prepared by
the conventional solid state ceramic route. High purity SrCO3;, CaCO3;, BaCOs, SiO;
(Aldrich Chemical Company Inc., Milwaukee, WI; 99.9%), TiO; (Sigma-Aldrich Inc., St.
Louis, MO; 99.9%), rare earth oxides: PrgO1;, Nd2O3, Eu,03, Gd,03, Th,03, Dy,0s3,
Er,0s, TmyO3, Th,O3 and Y,03 (Treibacher Industries AG-9330, Aithofen, Austria;
99.99%:;), La,03 and Sm,0;3 (IRE, 99.9 %) chemicals were mixed by ball milling for 24
hours in distilled water medium using zirconia balls. After drying the slurry at 100°C, the
powders were calcined at 1225°C/4 h and then ground well in an agate mortar. These
powders were then mixed with 4 wt % polyvinyl alcohol (PVA), dried and pressed
uniaxially under 150 MPa pressure into pellets of 20 mm diameter and 10 mm thickness
for microwave measurements. The sintering was done in the temperature range 1300-
1650°C for 4 hours. The bulk densities of the polished samples were measured using
dimensional method. In the case of those samples with poor sinterability, a small amount
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(0.5 wt %) of zinc borosilicate (50Zn0:40B,03:10S10,) glass was added to the calcined
powder and the pellets were prepared as before.

The sintered samples were powdered and used to analyze the crystal structure and
phase purity by X-ray diffraction method using CuKa radiation. Samples to be examined
via the transmission electron microscope (JEOL JEM-2100HR,) were prepared by
thinning pellets to electron transparency using conventional ceramographic techniques
followed by precision ion polishing (Gatan model 691). Rietveld structure refinement
was conducted using the Bruker DIFFRACplus TOPAS 4.2 program. Silicon 640d
standard powder from National Institute of Standards and Technology was used to refine
the instrument parameters using a simple axial model. Background was refined first by
using Chebychev function, followed by refinement on peak shifts, intensity corrections,
sample convolutions, cell parameters, crystal size and atomic positions. Thermal
parameters and site occupancies were fixed during the refinement process due to the lack
of sensitivity on oxygen sites for XRD data. The sintered samples were etched at a
temperature 25°C below the sintering temperature for 30 minutes and the surface
morphology was recorded using Scanning Electron Microscope. The sintered and
polished samples were used for microwave dielectric property measurements using an

Agilent Network Analyzer as described in chapter 2.

3.4 RESULTS AND DISCUSSION
3.4.1 Microwave Dielectric Properties of SrRE;Si;0,;3 [RE= La, Pr, Nd,
Sm, Eu, Gd, Th, Dy, Er, Tm, Yb and Y]

The calcination and sintering temperatures of the SrRE4Si;O13 dielectric ceramics
are optimized for the best densification and microwave dielectric properties. The
calcination temperature is optimized at 1225°C/4h. Fig. 3.2 shows the optimization of
sintering temperature of a representative material SrLa,SizO13. From Fig. 3.2 (a) it is seen
that as the sintering temperature increases, the density increases, reaches a maximum
value at 1325°C and thereafter decreases. At this temperature the relative density is 93 %.
It was reported earlier that apatite based materials are difficult to sinter [27]. The relative

permittivity variation with the sintering temperature also shows a similar trend since
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relative permittivity is dependent on the relative density. Thus a maximum relative
permittivity of 14.2 is exhibited at 1325°C. Fig. 3.2 (b) shows the dependence of quality
factor of SrLa;Si;O;3 ceramics with sintering temperature. It was reported by Iddles et al.
[28] that abnormal grain growth was more important factor than the pore to reduce the
quality factor of microwave ceramics over 90% relative density. The extrinsic loss,
caused by the defects in ceramics eg. crystal defects, pore, substitution or doping, grain
boundaries, secondary phases etc dominates in determining the change in Q, x f value as
a function of sintering temperature in the microwave region. When the temperature is
increased the Q, x f increases initially and then decreases. With the increase in the
sintering temperature, first the pores shrink and the grains grew larger resulting in an
increase in the quality factor. SrLas;SizO13 shows a maximum quality factor of nearly
26300 GHz at a sintering temperature of 1325°C. Thus the sintering temperature of
SrLasSisO13 is optimized at 1325°C. In a similar manner the sintering temperatures of
other materials in the series are also optimized. Table 3.1 gives the optimised sintering
temperatures of the SrRE4Si;O13 [RE = La, Pr, Nd, Sm, Eu, Gd, Th, Dy, Er, Tm, Yb and
Y] ceramics. The sintering temperatures are found to be in the range 1325 — 1650°C. It is
to be noted that for rare earth ions having lower ionic radius the materials exhibit higher

sintering temperature (> 1500°C).
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Fig. 3.2 The variation of (a) density, & and (b) Q.xf of SrLa,SisO,3 with sintering
temperature.
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Figure 3.3 shows the XRD pattern of SrRE4Si3O13 [RE = La, Pr, Nd, Sm, Eu, Gd,
Th, Dy, Er, Tm, Yb and Y] ceramics sintered at their respective optimized sintering
temperatures. The structural refinements for SrY;Si;O;3 and SrLa;SizO13 based on XRD
data have been reported [29-30], and they have hexagonal space group P6s/m (No. 176).
As such, a similar hexagonal unit cell was assumed here, and diffraction patterns are

indexed accordingly.
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Fig. 3.3 XRD patterns of SrRE,Si;O,; [RE Fig. 3.4 The variation of theoretical and
= La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, experimental density of SrRE;Si3O43 [RE = La,
Yb and Y] ceramics. Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb and

Y] ceramics with the RE*" ionic radius.

The lattice parameters calculated from the XRD patterns are tabulated in Table
3.1. It can be seen that the ‘a’ and ‘c’ values vary from 9.6752 A to 9.2875 A and 7.1983
A to 6.816 A respectively with no appreciable dependence on the ionic radius of the rare
earth ion. A gradual decrease in the lattice parameter with the ionic radius of rare earth
ion is expected. The variation in “c’ is seen to be much more regular than the “‘a’ values.
However, the results obtained in the present study are, to some extent, not in agreement
with the earlier reports on the dependence of the lattice parameters on the ionic radius of
the rare earth ions [15]. One of the reasons for this anomaly may be due to the variation
in the coordination number exhibited by the Sr** and RE®*" ions. The effective radius of

any ion depends on both the coordination numbers of the cation and anion. In the case of
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apatite based materials the ions can occupy different sites exhibiting different
coordination numbers [14-15]. However, more detailed structural studies are needed to

explain this phenomenon.

Table 3.1 The optimised sintering temperature, relative density and lattice parameters of
SrRE,Si;O3[RE = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb and Y] ceramics.

lonic Lattice parameters (A)
SrRE,SizOy3 | Sintering Radius | Relative
Temp. | of RE* | Density a c
(’C) (R) (%0)

SrLa,Siz0s3 | 1325°C/4h | 1.032 93 9.6752 7.1983
SrPr,Sis0y3 | 1325°C/4h | 0.990 94 9.5885 7.1072
SrNd,SisOy3 | 1400°C/4h | 0.983 92 9.4698 7.0207
SrSm,Si;Oy3 | 1375°C/4h | 0.958 93 9.4962 7.0071
SrEu,SisO13 | 1450°C/4h | 0.947 91 9.4073 6.9657
SrGd,Sis0y3 | 1525°C/4h | 0.938 73 9.5232 7.0087
SrTh,Sis013 | 1500°C/4h | 0.923 92 9.3327 6.8903
SrDy,SisO13 | 1475°C/4h | 0.912 81 9.4699 6.9551

SrY,Sis0y3 | 1575°C/4h | 0.900 85 9.2875 6.8160
Srer,Siz0;3 | 1500°C/4h | 0.890 74 9.3501 6.8493
SrTm,Siz0;3 | 1650°C/4h | 0.880 83 9.4544 6.8874
SrYb,Sis0y3 | 1525°C/4h | 0.868 92 9.4109 6.8057

Fig. 3.4 shows the variation of theoretical and experimental density with the ionic
radius of the rare earth ions. The theoretical and experimental densities decrease with
increase in the ionic radii due to (i) the replacement of the rare earth ion with lighter ones
and (i) the increase in the unit cell volume. The density of SrY,Si3O13 is lower than that
of other rare earth silicates. This is due to the fact that yttrium is lighter than the rest of
the rare earth elements and does not belong to the lanthanide group. From Table 3.1 it can
be seen that SrRE;SisO;3 [RE=La, Pr, Nd, Sm, Eu, Th, Yb] shows a relative density
above 90 % while SrRE;Si3013 [RE=Gd, Dy, Er, Tm, Y] shows low value of relative

density (< 85 %). Numerous reports are available based on the effect of glass addition on
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the sinterability of dielectric materials [31-32]. Addition of small amount (0.5 wt %) of
Zinc Borosilicate (ZBS) glass improved the density of these materials considerably.

| (b)

Fig. 3.5 SEM images of (a) SrLa,;Si;O13
sintered at 1325°C/2h, (b) SrDy,Si;Os;
Y sintered at 1475°C/2h  and (c)
. SrDy4Si3013 doped with 0.5 wt % ZBS
glass sintered at 1450°C/2h.

Figures 3.5 (a) and (b) show the SEM images of SrLas;SizO;3 and SrDy.Siz013
sintered at 1325°C and 1475°C respectively. Both the microstructures reveal the single
phase nature of the materials. SrLa,;SisO13 shows a dense microstructure with grain size
varying from 1 to 3 pm. The microstructure of SrDy,SisO13 shows a relatively porous
behaviour which is in agreement with the measured density. Fig. 3.5 (c) shows the SEM
image of 0.5 wt% Zinc Borosilicate (ZBS) glass added SrDy,SisO13 ceramics. It can be
seen that the pores have been eliminated by liquid phase sintering resulting in an increase
in the density. No secondary phases are observed while an increase in the grain size is
noted by the addition of glass frits.

Figure 3.6 shows the TEM images of SrY,SizO13 and SrPr,SizO13 ceramics. These
samples show large grains and clear grain boundaries, although there may be some
intergranular porosity (Fig. 3.6 (b)), which reflects a somewhat poor densification which
agrees well with the results in Table 3.1.
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Figure 3.6 TEM images of (a) SrY,Si;O.3 and (b) SrPr,Si;O;s.

Figure 3.7 shows selected area electron diffraction patterns (SADPs) of a
representative material SrY4SizO13 obtained with the beam parallel to (a) [110], (b) [011],
(c) [120] and (d) [001]. The diffraction patterns are identical for all the materials. The
six-fold symmetry shown in the [001] electron diffraction pattern suggests a trigonal or
hexagonal crystal system. Cubic space groups are not considered because of the lack of
fourfold symmetry in <100>. patterns. There are 25 trigonal space groups and 27
hexagonal ones. The diffraction patterns taken parallel to [100] and [120] show only one
consistent systematic absence:

00I: I =2n

The XRD of these samples indicates that the selection rule hhl: I=2n should be
excluded since {111} reflections are allowed and kinematically present, as shown in Fig.
3.7 (b). Moreover, the systematic presence of hh1 (I=2n+1) reflection [Fig. 3.7 (¢) & (d)]
leaves only the possible space group, all hexagonal: P63 (N0.173), P63/m (N0.176) or
P6522 (N0.182). Of these groups only P6s/m (No. 176) is centrosymmetric. As dielectric
loss measurements do not suggest piezoelectricity, a centrosymmetric space group is the
most probable solution. To further confirm the crystal structure, Rietveld structural
refinements were carried out on the powder X-ray diffraction data.
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(@) (b)

(c)

Fig. 3.7 Electron diffractions of SrY,Si;O,3 taken at (a) [110], (b) [011], (c) [120] and (d) [001].

The final refinement parameters and atomic coordinates for samples SrRE;SizO13
(RE =Y, La, Pr, Tb or Yb) are summarized in Tables 3.2 and 3.3. The corresponding
fitted diffraction profiles are shown in Fig. 3.8. The results suggest a hexagonal crystal
structure in P6s/m (No0.176) and are in good agreement with those of Masubuchi et al.
[33] and Shen et al. [29]. Both a and c lattice constants show a linear relationship with
the ionic radius of the rare-earth element (La®"=1.032 A, Pr*=0.99 A, Y*"=0.9 A [39)).
As such, the cell volume increases with increasing ionic radius. The summary of the bond
length and bond valence for A'-O, A"-O and Si-O polyhedra and bond angle of O-Si-O
tetrahedra from Rietveld refinement is given in Table 3.4. RE and Sr cations share the A
sites and form octahedra with 6 oxygen ions, including three O1 and three 02. The A"
site occupied entirely by RE ions is coordinated to seven oxygen ions, including one O1,
one O2, four O3 and one O4. The Si ion is coordinated to four oxygen ions, which form a
tetrahedron with two oxygen ions residing on O3 sites and the others at O1 and O2. The
detail of the crystal structure is shown in Fig. 3.9. Note that RE ions are all under-bonded

100



CHAPTER 3

(Table 3.4), whereas most Sr ions (except in the case of SrLa;SizO;3) and Si ions (except
in the case of SrYh,SisO,3) are over-bonded. These discrepancies might be attributed to
the lack of accuracy in the refinement of oxygen positions via XRD; however, the
refinements presented here are based on that of SrLa;SizO;3 obtained from neutron
diffraction data by Masubuchi et al. [33], and the results are in good agreement with that
model.
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Table 3.2 Refined structure parameters for SrRE;Si;Oy;3 (RE=La, Pr and Y)

at room temperature.

Compound SrLa48i3013 SrPr4Si3013 SrY4Si3013
Rup (%) 19.53 19.84 18.76
Reragg (%) 3.787 3.757 4.557
GOF 1.10 1.09 1.20
Space Group P6s/m P6s/m P6s/m
Cell Mass (g) 1870.98 1887.01 1470.98
Cell Volume (A% 590.12 (2) | 571.15(2) | 524.26 (2)
Crystallite Size (nm) 1741.9 1837.3 1624.8
Cry“?g/'éfn?)ens'ty 5.2648 (2) | 5.4863(2) | 4.6592 (2)
Lattice Parameters
a (A 9.7035 (2) | 9.6098 (2) | 9.3825 (1)
c (A) 7.2369 (2) | 7.1415(2) | 6.8767 (1)

Table 3.3 Refined atomic positions for SrRE,Si;O43 (RE=La, Pr and Y)

at room temperature.

Compound SrLa48i3013 SrPr4Si3013 SrY4Si3013
RE1/Sr1, 4f (1/3, 2/3, z)

X 0.3333 0.3333 0.3333

y 0.6667 0.6667 0.6667

z 0.0007 (9) 0.0012 (11) | -0.0008 (7)
Site Occupancies

(RE/ST) (0.5/0.5) (0.5/0.5) (0.5/0.5)
RE2, 6h (X, y, 1/4)

X 0.0135 (4) 0.0102 (4) | 0.0053 (4)
y 0.2445 (3) 0.2431 (3) | 0.2376 (3)
z 0.2500 0.2500 0.2500
Site Occupancies 1 1 1

Si, 6h (X, y, 1/4)

X 0.4033 (13) | 0.3987 (14) | 0.3953 (8)
y 0.3686 (14) | 0.3710 (15) | 0.3697 (8)
z 0.2500 0.2500 0.2500
Site Occupancies 1 1 1

01, 6h (x,y, 1/4)

X 0.3243 (29) | 0.3201 (30) | 0.3132 (16)
y 0.4773 (27) | 0.4788 (29) | 0.4839 (16)
z 0.2500 0.2500 0.2500
Site Occupancies 1 1 1

02, 6h (x,y, 1/4)

X 0.5973 (29) | 0.5871 (29) | 0.5926 (16)
y 0.4675 (29) | 0.4634 (30) | 0.4753 (16)
z 0.2500 0.2500 0.2500
Site Occupancies 1 1 1

03, 12i (x, Y, 2)
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Table 3.3 continued...

Compound SrLa48i3013 SrPr4Si3013 SrY4Si3013
X 0.3475 (18) | 0.3409 (19) | 0.3352 (11)
y 0.2587 (20) | 0.2555 (20) | 0.2466 (11)
z 0.0777 (20) | 0.0688 (21) | 0.0661 (11)
Site Occupancies 1 1 1

04, 2a (0, 0, 1/4)

X 0 0 0

y 0 0 0

z 0.2500 0.2500 0.2500

Site Occupancies 1 1 1

CHAPTER 3

Table 3.4 Selected bond lengths, bond valence and bond angles for SrRE;Si3O13
(RE=La, PrandY).

Compound SrLa48i3013 SrPr4Si3013 SrY4Si3013
Bond length (A) of A" (4f) -

0

A-01x3 2.545 (21) | 2.492 (22) | 2.372(12)
A-02x3 2.513 (24) | 2.510 (25) | 2.473(13)
Bond length (A) of A" (6h)

-0

A-01x1 2.718 (21) | 2.704 (22) | 2.648 (12)
A-02x1 2.535 (24) | 2.550 (24) | 2.386 (13)
A'-03x2 2.536 (15) | 2.426 (16) | 2.337(9)
A'-03x2 2.612 (17) | 2.569 (18) | 2.415 (10)
A-04x1 2.310 (3) 2.288 (4) 2.205 (3)
Bond length (A) of Si-O

Si-01 1.585 (37) | 1.555(38) | 1.602 (20)
Si-02 1.630 (27) | 1.557 (27) | 1.605 (20)
Si-03 x 2 1.551 (17) | 1.615(17) |1.612(9)
Bond angles (°) of O-Si-O

01-Si-02 114.1 (15) | 1155(16) |112.3(8)
01-Si-03 109.8 (11) | 110.1 (11) |111.5(8)
02-Si-03 107.9 (11) | 106.9 (11) | 108.9 (6)
03-Si-03 106.9 (14) | 107.1 (14) |103.3(7)
Bond valence of

RE-O on A'(4f) 1.144 1.125 1.018
Sr-O on A' (4f) 0.989 1.066 1.330
RE-O on A" (4f) 2.649 2.754 2.691
Si-O 4,531 4.453 4.180
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Fig. 3.9 The crystal structure of SrRE,Si;O4; showing (a) polyhedral and (b) cation-oxygen bonds.

Table 3.5 gives the microwave dielectric properties of SfRE4Si;013 [RE = La, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb and Y] ceramics. From the table it is seen that the
experimental relative permittivity varies from 9.6 to 15.6. The ceramic composed of rare
earths with higher ionic radius exhibited a higher relative permittivity than the smaller
one. At microwave frequency, the relative permittivity is dependent on the ionic
polarizability, density and presence of secondary phases. The & is maximum for
SrPrsSiz013 and minimum for SrDy,SizO13 ceramics. SrLasSisO;3 ceramic has a low
relative permittivity when compared to that of SrPr;SizO13 and SrNdsSi;O;3 due to the
high ionic polarizability value of Pr** and Nd*" with respect to La**. Vineis et al. reported
[34] that a more correct value of the dielectric polarizability of La is 4.82 instead of 6.12
reported by Shannon [35]. In order to nullify the effect of porosity on the relative
permittivity value, Penn et al. [36] proposed a correction factor which is given as:

_ |, 3pPle,-1)
£ —5{1 —ng 1 } (3.1)

where ¢’ is the relative permittivity of the composite which contains a porosity P and &n is
the actual relative permittivity of the dielectric. The relative permittivities of the materials
considered are corrected for porosity and are given in Table 3.5. The porosity corrected
relative permittivity of these materials varies from 12.9 to a maximum value of 18.2. The
relative permittivity is not only dependent on the ionic polarizabilities, but also on the
rattling effect which could be explained based on the bond valence of the materials. On
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the basis of the refined crystal structure parameters and bond valence theory, the bond
strength and covalence of the cation-oxygen bonds are determined using the following
equations [37]:

VELS, (32)
S,= ex;{(R” _d”)b} (3.3)
f=as’ (3.4)

where Rjj is the bond valence parameter, djj is the bond length and b = 0.37 A is the
universal constant, f; is the covalence, ‘a’ and ‘M’ are empirically determined parameters
and depend on the number of core electrons in the cation. Previously reported values of
bond valence parameter, ‘a’ and ‘M’ are used [37]. The average bond strength can be
calculated with the average bond valence sum divided by the average cation coordination
number. The average bond strength and covalence of SrLa;SizOi3, SrPrsSisO;3 and
SrY,Siz013 are shown in Table 3.6. It is clear from the table that the Si-O bond strength is
much larger when compared with the RE-O and Sr-O. The bond valence is not only a
measure of number of electrons associated with a bond, but also the degree of covalence.
The covalence of the various bonds are calculated by the method proposed by Brown and
Shannon [38]. From the table it is seen that the Si-O bond shows a covalence character of
about 59% for SrLasSi;O13 which decreases gradually as the RE®* ionic radius decreases.
Thus with the decrease in covalence an increase in relative permittivity is expected.
However, this is not satisfied by SrY,SisO13 even if we consider the porosity corrected
value. Thus it can be concluded that both the polarizability and bond valence are
contributing to the relative permittivity of these materials.
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Table 3.5 The optimised microwave dielectric properties of SrRE;Si;O3 [RE = La, Pr, Nd,

Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb and Y] ceramics.

SrRE,Si;Oq3 Quxf Relative Corrected T
(GHz) | permittivity | Relative (ppm/°C)
(&r) permittivity
(&rcorr)

SrLa,Siz0q3 26300 14.2 15.7 -46
SrPrySiz0s3 12200 15.6 17.0 -9
SrNd,;Si3043 21000 15.5 17.4 -29
SrSm,Siz0q3 20800 13.5 14.9 -28
SrEu,Si30q3 20700 14.8 17.8 -24
SrGd,;Siz0q3 8800 12.6 18.2 -20
SrTh,Siz0q3 19300 14.3 16.1 6
SrDy,Si3043 9200 9.6 12.9 28
SrY,Siz0g3 20500 12.6 15.8 -18
SrEr,Siz0q3 18100 104 16.1 -24
SrTm,Siz0q3 14400 11.2 145 -20
SrYb,Siz0q3 11400 13.1 14.7 -25

Table 3.6 The average bond strength and covalence of RE-O, Sr-O, Si-O bonds in SrRE;Si;013
[RE=La, Pr and Y] ceramics.

Material Average bond strength Covalence (v. u)*
<Ske. | <S"reo> | <Ssro> | <Ssio> | fc', reo | fc", reo | fC, sro fc, sio
o>

SrLa,Sis045 | 0.1271 0.3784 0.1099 | 1.1328 | 0.0192 | 0.1066 | 0.0153 | 0.6625
(15.1%) | (28.2%) | (13.9%) | (58.5%)

SrPr,Siz0y3 | 0.1250 0.3934 0.1184 | 1.1133 | 0.0187 | 0.1133 | 0.0172 | 0.6439
(15%) | (28.8%) | (14.5%) | (57.8%)

SrY,Si;Oy;3 | 0.1131 0.3844 0.1478 | 1.045 | 0.0160 | 0.1092 | 0.0244 | 0.5804
(14.2%) | (28.4%) | (16.5%) | (55.5%)

*The percentage covalencies are shown in parentheses.

SrRE4Si3013 (RE=La, Nd, Sm, Eu and Y) showed a reasonably good Q, x f (>
20000 GHz) with a maximum value of 26300 GHz for SrLasSisO;3 ceramic. The
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dielectric losses at microwave frequencies arise mainly from three mechanisms: (i) losses
due to anharmonic lattice forces in perfect crystal, (ii) extrinsic losses due to porosity,
secondary phases, grain boundaries and inclusions in real inhomogeneous ceramics and
(1ii) losses in real but homogeneous crystals caused by point defects such as dopants,
atoms and vacancies [39]. Among these the former is related to the crystal structure and
bonding character of the material. In general, stronger bond indicates a larger force
constant if the nature of bond is similar in the same series. A larger force constant in turn
implies a lower damping constant resulting in a lower dielectric loss. Also earlier report
by Schlomann [40] shows that the random distribution of divalent and trivalent ions over
equivalent site contributes to the dielectric losses even when electronic and ionic
conduction are completely suppressed. These materials with apatite structure have a
random distribution of ions in the 4f and 6h sites which may contribute to dielectric
losses. In the present case almost all materials except SrGd,;Siz;O;3 and SrDy,Siz0;3 show
a Qu x f of nearly 20000 GHz with a low relative density less than 94 %. However,
SrGd,Siz013 and SrDy,SisO13 exhibit low Q, x f of 8800 and 9200 GHz respectively. One
of the reasons may be due to the poor densification of these compounds (see Table 3.1).

It is well known that the temperature coefficient of resonant frequency relates to
temperature dependence of relative permittivity and thermal expansion coefficient [41-
42]. Low permittivity materials generally have a positive z. value and high permittivity
materials (> 20) have a more negative value. Wise et al. [40] proposed that the ion
coordination number and bonding character are the main sources of the differences in z;.
Additionally, Lufaso et al. [43] reported lower valence and more underbonded (smaller
bond valence sum) ions influence a more negative z; value in the perovskite system. From
Table 3.6 it is clear that SrPrsSizO13 ceramics exhibits a high value of bond valence sum
when compared to that of SrLa,SisO13 and SrY,Si3O;3 ceramics and it exhibits a low
value of -9 ppm/°C. As far as the dielectric ceramics are concerned, z; is mainly
dependent on the z, value owing to the negligible magnitude of thermal expansion
coefficient. According to Bosman and Havinga [44] and Colla et al. [45], three effects
contribute to the temperature dependence of relative permittivity. Among them the
volume-dependent contribution plays a dominating role. As cell volume increases, the
number of polarizable particles per unit volume decreases leading to the degradation of
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polarizability. Hence the relative permittivity and z. decreases. As a result, z shifts to
positive side.

304
201
104

-104
-204

15 (ppm/°C)

-30-
-40-
504

0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00 1.02 1.04
lonic radius of RE*"(A°)

Fig. 3.10 The variation of zs of STRE,SizOy3 with ionic radius of rare earth ions.

The temperature coefficient of resonant frequency of SrRE,SisO13 is plotted as a function
of the RE** ionic radius in Fig. 3.10. The 7 value increases to positive value (-25 to +28
ppm/°C) with the RE** ionic radii upto roy = 0.912 A and then increases to negative value
(+6 to -46 ppm/°C) upto r, = 1.032 A. This is in accordance with the variation observed
in Ca(B’12Tay2)O03 [B’=Lanthanides, Y and In] by Khalam et al. [45] where they noted
an intersubstitution between the Ca and the B’ ions. In the present case the divalent cation
can occupy different sites as mentioned earlier. The refinement studies also confirm an
intersubstitution between the Sr** and La**.

The densities of these samples by the addition of different (0.2, 0.5, 1, 3) wt% of
various glasses such as B,Os3, ZBS, LBS are measured. It was observed that the samples
showed a maximum densification and good dielectric property for 0.5 wt% ZBS glass
addition. Further increase in the amount of glass deteriorated the quality factor. The
addition of small weight % of ZBS glass improved the density of the materials to some
extent. The sintering temperature, relative density and microwave dielectric properties of
glass added ceramics are given in Table 3.7. The sintering temperature lowers by 25 to
100°C by glass addition. A markable increase in density is noted for SrTm;SisO13 and
SrY,Siz013 which can be attributed to the liquid phase sintering occurring within the
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composites. However, only a marginal rise is obtained for SrRE;Si;O;3 (RE=La, Eu, Dy
and Er). The relative permittivity of the glass added composites also show a slight
increase due to the increase in relative density. In the case of SrNd;Si;O;3 a decrease in
relative permittivity is noted which may be due to the decrease in density. It may also be
noted that glasses in general has a low relative permittivity [47]. From the Table it is also
seen that the Q, x f for SrTh,Si3O13 increases from 19300 to 23500 GHz and that for
SrTm,Si30s3 increases from 14400 to 16500 GHz. It may be noted that in the case of
materials with only slight improvement in density, the quality factor is not much
improved. The relative density SrErsSisO13 increases from 74 to 77 % with an
improvement in Q, x f value from 18100 to 21000 GHz. However, the z; of the materials
are not much affected by the glass addition.

Table 3.7 The optimised sintering temperature, density and microwave dielectric properties of glass
added SrRE;Si;O4; [RE = La, Nd, Sm, Eu, Tb, Dy, Er, Tm, Yb and Y] ceramics.

SrRESi;O.3+ Sintering Relative Quxf Relative T
0.5 wt% ZBS Temp. Density (GHz) permittivity | (ppm/°C)
(’C) (%) (&r)
SrLa,Siz0q3 1300°C/4h 95 25800 14.7 -40
SrNd,;Si3043 1350°C/4h 90 20500 13.9 -33
SrSm,Siz0q3 1350°C/4h 92 21800 13.9 -28
SrEu,Si30q3 1425°C/4h 92 19800 14.2 -22
SrTh,Siz0q3 1425°C/4h 92 23500 14.3 10
SrDy,Si3043 1425°C/4h 86 9500 13.0 28
SrY,Siz0g3 1475°C/4h 90 21500 13.5 -18
SrEr,Siz0q3 1475°C/4h 77 21000 11.2 -20
SrTm,Siz0q3 1575°C/4h 92 16500 12.8 -26
SrYb,Siz0q3 1425°C/4h 92 12000 12.9 -27

3.4.1.1 Tailoring the 1 by TiO; addition

It is evident from Table 3.2 that SrLasSizO13 ceramics has a relatively high Q, x f
of 26300 GHz, &, of 14.2 and a high z; of -46 ppm/°C. It is possible to tune the 7 to zero
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by the addition of suitable amount of high positive 7z materials such as TiO,. The rutile
has & of 104, Qu x f of 26900 GHz and a z; of +411 ppm/°C [3]. Since TiO; is well known
as a sintering aid to improve the sinterability of the base ceramic material [4], the
sintering temperature of SrLa,SisO13 ceramic decreases from 1325-1225°C with increase
in TiO, content. The XRD patterns of SrLasSi;O13 mixed with 8 wt % TiO, and sintered
at 1225°C/4h is shown in Fig. 3.11. The figure indicates the non-reactivity of SrLa;SizO3
with TiO,. The TiO, phases are indexed based on the JCPDS File No. 76-1934. The

density of the mixture is calculated according to the equation:

pmixture = 1/01 +V2102 (35)

where pmixure 1S the calculated theoretical density of the mixture, Vi, p1 and Vi, p1 are the
volume fractions and densities of SrLasSizO13 and TiO; respectively. The variation of
theoretical and experimental densities of the mixture as a function of the amount of TiO;
is shown in Fig. 3.12. The theoretical density decreases with the TiO, addition due to the
lower density possessed by TiO, (4 g/lcm®) compared to that of SrLa,;SisO13 (5.32 glem®).
However, a small increase in the experimental density is found for 5 wt% TiO- addition.

The relative density reaches a maximum value of 95 % at this composition and thereafter

decreases.
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Fig. 3.11 XRD patterns of (a) SrLa,SizO13 Fig. 3.12 The variation of theoretical and
: : 0
ceramics sintered at 1325°C and (b) experimental densities of SrLa,SisO;3 with
SrLa,SisO;3 + 8 wt% TiO, sintered at TiO, addition.
1225°C.
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Figure 3.13 shows the variation of the microwave dielectric properties of
SrLasSi;013 as a function of the amount of TiO, addition. The relative permittivity of the
mixture shows a linear increase as the amount of TiO; content increases as shown in Fig.
3.13 (a). This is expected since the & of TiO, is much higher as compared with
SrLasSizO13. The & increases from 14.2 to 23.4 as the amount of TiO, increases and
reaches 10 wt%. The & of the mixture is calculated using the serial mixing rule [47]

given as:

=V, +V,8, (3.6)

gm ixture

where emixwre, €1 and ¢; are the relative permittivity of the mixture, SrLa;Si;0;3 and TiO;
respectively. Fig. 3.13 (a) also compares the calculated and measured relative
permittivities of the mixture as a function of TiO, addition. The calculated values are
found to deviate slightly from the experimental values. This is because the mixture rule
does not include the porosity in the composite. The unloaded quality factor of
SrLasSi;013 is plotted as a function of TiO; content in Fig. 3.13 (a). As the TiO; content
increases from 0 to 10 wt%, the Q. x f gradually decreases from 26000 to 12000 GHz. It
IS to be noted at this point of discussion that the Q. x f which depends on the synthesizing
conditions, purity of chemicals and densification of the samples during sintering, does not

follow any mixture rule.
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Fig. 3.13 The variation of (a) relative permittivity, Q,x fand (b) =; of SrLa,;SizO;3 with TiO, addition.
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The dependence of 7 on the amount of TiO, is shown in Fig. 3.13 (b). The 7 of
SrLasSi;0;13 becomes less negative with the increase in the TiO, content due to the high
positive 7; value of TiO, (~ 400ppm/°C). The 1+ of the mixture phases is computed using
the general mixing formula [48]:

=Vt +V,14, (3.7)

Tf ,mixture

where 7t mixwre, 71 and 7 are the temperature coefficient of resonant frequency of the
mixture, SrLas;SisO13 and TiO, respectively. The experimental and measured z’s are
compared in Fig. 3.13 (b). Both are found to be matching. The z of the mixture varies
from -46 ppm/°C to a maximum of +7.5 ppm/°C for 10 wt% TiO, addition. From the
curve it can be inferred that a near zero 7 is obtained for a TiO, content of 9 wt%.

3.4.2 Microwave Dielectric Properties of (Ca, Ba)RE4;Si;0O,3 [RE= rare
earths]

Figures 3.14 (A) and (B) respectively show the X-ray diffraction patterns of
CaRE,Siz013 [RE = La, Pr, Nd, Sm, Eu, Th, Dy, Tm, Yb and Y] and BaRE,;Si;O13 [RE =
La, Pr, Nd, Sm] ceramics. All the peaks are indexed comparing with that of the reported
peaks of CalLasSi;0;3 (JCPDS 71-1368) with hexagonal symmetry. It can be seen that all
the compounds in the series belong to the hexagonal symmetry with space group P6s/m
as seen in the case of SrRE4Si;013. However, it is interesting to note that as the ionic radii
of A-site ion decreases from Ba to Ca, definite changes are visible for the XRD of these
materials. The intensity of one of the reflections (110) in the XRD pattern decreases from
BaRE;Si3O13 series to Sr series and finally disappears for CaRE4SizO13. Eventhough the
present study reveals that single phase compounds are obtained in this system, further
studies are clearly needed to elucidate the exact crystal structure of these compositions.
The lattice parameters of CaRE4SizO13 [RE = La, Pr, Nd, Sm, Eu, Th, Dy, Tm, Yb and Y]
and BaRE;Siz0;3 [RE = La, Pr, Nd, Sm] ceramics are determined from the XRD patterns
and are given respectively in Tables 3.8 and 3.9. It is expected that as the ionic radius of
the rare earth decreases from La to Yb, the lattice parameters (a and c) also must

decrease. However, the ‘a’ values deviate considerably from the linear trend while ‘c’
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shows an almost regular decrease with the ionic radius. This can be due to the multiple
site occupancy of various ions which is found in apatite type structures as studied and

confirmed in SrRE4Si3O13 series in the previous section.
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Fig. 3.14 XRD patterns of (A) CaRE,Si;O4;3[RE = La, Pr, Nd, Sm, Eu, Th, Dy, Tm, Yb and Y] and
(B) BaRE,SizO3[RE = La, Pr, Nd, Sm] ceramics.

The density dependence of RE*" ionic radius is similar to that observed in the case
of SrRE4Si3013. As the ionic radius of the rare earth ion decreases, the theoretical as well
as the experimental densities increases. However, the relative densities of CaRE;Siz013
series exhibited a better value when compared with that of STRE4Si3013. All of them have
a relative density value greater than 90% except for CaThsSiz013, CaDysSizO13 and
CaTm,Siz013. A maximum value of relative density of about 94% is exhibited by
CaEusSiz013 and CaNdsSisO;13. A relatively lower relative density of about 87 % is
shown by CaTm;Si3O13. The attempts to improve the densification by glass addition
resulted in an increase in the dielectric loss and resulted in non-resonating compositions.
It is clear from the tables that the Ba-compositions exhibit higher density when compared
with that of Sr and Ca based compositions, which is due to the higher mass of barium ion.
Also a comparative study on the relative densities shows that BaREsSizOi3 ceramics

possess a higher relative density with a maximum of 98% except for BalLaySizO1s.
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Table 3.8 The optimized sintering temperature, physical and microwave dielectric properties of
CaRE,;SizOy; [RE = La, Pr, Nd, Sm, Eu, Tb, Dy, Tm, Yb and Y] ceramics.

CaRE,Si;O4; | Sintering | Lattice parameter Theo_r. Relat_ive Quxf & | &rcorr T

W e e GERY OV e
Cala,Siz0q3 1350/4h | 9.6481 | 7.1343 5.13 93.2 24800 | 149 | 164 | -20
CaPr,Si30q3 1375/4h | 9.5437 | 7.01473 5.38 93.0 17800 | 149 | 16.4 4
CaNd,;Si30q3 1325/4h | 9.5465 | 7.0337 5.44 94.0 21100 | 143 | 156 | -23
CaSm,Siz0q3 1350/4h | 9.4336 | 6.9303 5.81 93.5 22000 | 14.2 | 154 | -39
CaEusSiz0q3 1400/4h | 9.4646 | 6.9314 5.81 94.1 20000 | 14.2 | 154 | -35
CaThsSiz0q3 1625/4h | 9.3783 | 6.8645 6.15 89.6 20100 | 13.1 | 153 | -12
CaDy,Si3013 1550/4h | 9.3784 | 6.8483 6.25 89.8 13300 | 14.0 | 16.3 | 10
CaY,Si30q3 1625/4h | 9.3863 | 6.8329 4.38 91.8 30500 | 12.8 | 144 | -36
CaTm,Siz043 | 1550/4h | 9.3382 | 6.7511 6.57 87.4 17000 | 11.9 | 15.7 | -32
CaYb,Siz0q3 1625/4h | 9.3232 | 6.7249 6.72 91.2 23500 | 13.2 | 15.0| -13

Table 3.9 The optimized sintering temperature, physical and microwave dielectric properties of
BaRE,Si;Oy; [RE = La, Pr, Nd and Sm] ceramics.

BaRE,Si;Oq3 ST Lattice Theor. | Relative | Qux f Ercorr T
(°C) parameter Density | density | (GHz) (ppm/°
(g/e®) | (%) C)
a(d) | cA

BalLa,SisO;3 | 1325/4h | 9.6024 | 7.0888 5.78 87.4 26100 | 14.2 | 17.2 -38
BaPr,SizOy3 | 1325/4h | 9.7250 | 7.2466 5.56 98.7 19700 | 16.8 | 17.2 -8
BaNd,;Si;013 | 1250/4h | 9.6733 | 7.1779 5.77 96.5 16000 | 15.1 | 15.9 -19
BaSm,Si;O,3 | 1325/4h | 9.5768 | 7.0827 6.09 94.6 16200 | 15.5 | 16.7 -27

The relative density maxima of Ba compositions appear at a lower temperature than its Sr

and Ca counterparts. In the case of compounds of different RE** ions with the same A-

114




CHAPTER 3

site ion occupancies, the relative density maxima appeared at different temperatures. This
indicates that the sintering behaviour of these ceramics is significantly affected by the
rare earth ions. It is clear that similar to the SrRE4SisO13 series, as the rare earth ionic
radius increases, the sintering temperature decreases in the case of Ca-based
compositions. In the case of BaRE4Si;O13 the sintering temperature remains constant for
all the compositions except for BaNd,SizO13 where the best properties are attained at a
temperature of 1250°C.

Figures 3.15 (a) and (b) show the microstructure of CalLasSi;0;13 and CaY4SizO13
sintered at 1325°C and 1475°C respectively. Both of them revealed a uniform single
phase and a well packed microstructure. However, the presence of slight amount of
porosity is also noted. The CaLa,SisO13 ceramics has an average grain size less than 1
um whereas CaY4SizO13 shows a comparatively higher grain size (~ 2-3 um). Fig. 3.15
(c) shows the microstructure of BalLa,SizO13 sintered at 1325°C. From the SEM image it
can be inferred that the material posses a highly dense microstructure. However, the
relative density shows a low value of 87%. Also presence of some unidentified secondary
phase which is absent in the XRD pattern is also noted. The low value of densification
achieved may be due to the presence of this unexpected phase.

(@) (b) (©)

Fig. 3.15 SEM images of (a) Cala,SizO3 sintered at 1325°C/2 h, (b) CaY,Si;O,; sintered
at 1475°C/2 h and (c) Bala,Si;O3 sintered at 1325°C/2 h.

The microwave dielectric properties of CaRE4Si;O13 and BaRE4SizO;3 series are
shown in Table 3.8 and 3.9. No regular dependence of microwave dielectric properties
with ionic radius is noted for Ca based compositions. Generally, a decrease in lattice
parameters promotes shrinkage of the tetrahedra and decreases the ionic polarizabilities.
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This will in turn decrease the relative permittivity of the materials. A maximum relative
permittivity value of 14.9 is exhibited by CalLa,Si3O13 and a minimum value of 11.9 by
CaTm,Si3013. This can be well explained by the relative density values of these materials
as given in Table 3.8 since relative permittivity is very much dependent on the relative
density. In the case of Ba series only four of the rare earth based silicates are found to
exhibit resonance at microwave frequency. Very few reports are available on the
existence or formation of phase pure BaREsSi;O;3 apatites. It is seen from Table 3.9 that
BaRE,Si3013 possess a high value of relative permittivity (corrected for porosity) when
compared with that of the respective Ca and Sr based rare earth silicates. This is due to
the high ionic polarizability value of Ba** (ap = 6.4A%). A maximum value of relative
permittivity of about 16.8 is obtained for BaPr,Si;O13.

The quality factor of CaRE4SizO13 varies from 13000-31000 GHz as seen from
Table 3.8. It is a well known fact that apart from the intrinsic factors, quality factor is
affected by many extrinsic factors such as the concentration of defects, impurities, grain
size, porosity etc. It is clear from the table that the quality factor is not in direct relation
with the relative density for certain compositions. Eventhough CaEusSi;O;3 has the
maximum relative density, a maximum quality factor of nearly 30500 GHz is shown by
CaY4Siz013. From earlier reports it can be pointed out that a large grain size or a smaller
grain boundary indicates a reduction in lattice imperfections resulting in low dielectric
loss materials [49]. In the present case also one of the reasons for the high Q, x f value for
CaY,Siz013 may be the increase in grain size. Also the ionic radii difference between the
Ca’* and RE*" ions may reduce the lattice strain thereby increasing the quality factor.
However, the low quality factor value for CaTm,Si3O;3 and CaDy.SizO;3 can be purely
attributed to the low value of relative density. Considering the BaRE4SizO13 ceramics, it
IS quite surprising to note that BalLa;SisOi3 with low relative density exhibits the
maximum quality factor in the series. In both CaRE4Si;0;3 and BaRE4Si30;3 series as the
RE** ionic radii decreases, the quality factor is found to decrease gradually. This may be
due to the increasing ionic character as observed in the case of SrRE;SizOq3. It is clear
from the tables that CaRE4SizO13 shows z; value less than -40 ppm/°C. A maximum value
of -39 ppm/°C is shown by CaSmSizO13 and a low value of +4 ppm/°C by CaPr,SisOxs.
However, the attempt to tune the zz by TiO, and CaTiO3 addition resulted in a non-
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resonating or high dielectric loss composition which may be due to the formation of lossy

secondary phases. In the case of Ba-series also BaPr;SizO13 shows a minimum value of z;

of about -8 ppm/°C. The 7z of a material is very much dependent on the structure as

explained earlier. Since in the present case no phase transition is observed, more

structural studies are required for explaining the z; variation.

3.5 CONCLUSIONS

R/
A X4

The ARE,Si;013 [A=Ca, Sr and Ba; RE=rare earths] are synthesized by solid state
ceramic method. The phase and structural analysis using XRD and TEM
confirmed a hexagonal symmetry for these group of materials all belonging to the
P63/m space group. The lattice parameters show a decrease with decrease in ionic
radii of both A-site and RE-site ions.

The calcination and sintering temperatures are optimized and the microwave
dielectric properties are measured in the frequency range 5-6 GHz. The
SrRE4Si3O13 ceramics showed poor densification with a maximum for
SrLasSi;013. The densification of the materials is improved by the addition of
small weight percentage of ZBS glass. However, the microwave dielectric
properties are not improved much. The CaRE4Si3O;3 compositions also exhibit
relative density less than 94%, but better than the SrRE;Si3O13 series. The Ba
analogue shows a very high densification of greater than 95% except for
BalLa,SizO1s.

The SrRE4Si3013 exhibited relative permittivity in the range 10-19. A maximum
Qu x f of about 26000 GHz is exhibited by SrLa;SizO:3 with ¢ = 14.2 and a
relatively high 7; of -46 ppm/°C. The microwave dielectric properties of the
compositions are correlated with the bond valence and bond strength values. The
7t Of SrLasSiz0s3 is tuned by the addition of suitable amount of TiO,. Even though
the addition of nearly 8 wt% TiO, reduced the z value, the Q, x f is reduced to

13300 GHz with an increase in & to nearly 21.
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The bond valence, bond strength and covalence of refined SrRE;SizO;3
compositions are calculated and correlated with the microwave dielectric
properties. It is seen that as the bond strength decreases, the relative permittivity

and dielectric loss are found to increase.

The CaRE4Si;0;3 and BaRE4Si;O13 ceramics have a relative permittivity less than
20. The CaY,Siz0;3 ceramics shows a maximum quality factor of 30500 GHz
with & =12.8 and z; = -36 ppm/°C. The BaRE,Si3O13 series shows a relatively
high ¢ and a low Q, x f value. A maximum Q, x f of 26100 GHz is exhibited by
BalasSis013 With & =14.2 and 7 = -38 ppm/°C.
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CHAPTER 4

MICROWAVE DIELECTRIC PROPERTIES OF
NOVEL RARE EARTH SILICATE CERAMICS

@

The structure and microwave dielectric properties of two
novel rare earth silicate based ceramics: Sm,Si,0; and RE,Ti,Si0q
[RE=La, Pr and Nd] are presented in this chapter. The dielectric
properties of these materials are investigated for the first time. The
Sm,S1,0; exhibited a low relative permittivity and dielectric loss
which makes it suitable for substrate applications. The influence of
several low loss glasses on the sintering temperature, densification
and dielectric properties of Sm,S1,0; ceramics is discussed in
detail. Attempts are also made to synthesis and characterize
Sm,S1,0; ceramics by sol-gel method. The microwave dielectric
properties of RE,Ti,Si0y [RE=La, Pr and Nd] ceramics and the
effect of solid solution formation on the densification, lattice
parameters and microwave dielectric properties are also
presented. The results bring out its potential for dielectric

resonator applications.




CHAPTER 4

4.1 SYNTHESIS AND MICROWAVE DIELECTRIC PROPERTIES
OF Sm28i207

4.1.1 INTRODUCTION

Commercial interest in highly sophisticated, reliable and convenient electronic
devices has established a permanent need for complex, robust and miniaturized circuit
substrates. New packaging technology requires substrates with low permittivity,
interconnections made of high-conductivity metals, high wiring density and embedded
passive circuit elements. Important properties of substrate materials include low electrical
loss, high thermal conductance, low thermal expansion and high interfacial adhesion to
the metal surfaces or other films. In search of new high performance materials for
millimeter wave devices, silicates are proposed to be good candidates because of their
low &. Generally silicates are formed by SiO, tetrahedral framework with 45% ionic
bond and 55% covalent bond. The covalent bond reduces & because of large bond
strength due to which the atoms cannot rattle around. Recently Oshato et al. [1-2]
successfully developed forsterite and willemite ceramics for substrate applications.
However, the possibility of rare earth based silicates for use in microelectronic industry
has never been investigated.

Binary systems containing oxide and SiO, are important in various fields of
technology, including laser and optical fibre applications, microelectronics and catalysis.
The analysis of RE,03-SiO, phase diagrams by Felsche [3] showed that various binary
silicate compounds such as monosilicates RE,SiOs, apatite like compounds
RE, 33(S104)60- and disilicates RE,Si,O7; may form at normal pressure. Crystal chemistry
of disilicates is particularly complex, since several polymorphic structures have been
reported. The rare earth silicates [RE;SiOs and RE;Si,O7] are formed as the major
secondary phase in SisN4 and SiC high-performance ceramics sintered with rare earth
oxides as sintering additives [4]. Eleven different structure types (A-L) have been
reported for the single RE disilicates [5-7]. This diversity in structure type reflects both
the monotonic decrease in size of the RE®" cation through the lanthanide series and
crystal chemical response to change in temperature and pressure. In eight of these
structure types (A, B, C, D, E, F, G, H and K) the SiO, tetrahedra are associated into the
diorthosilicate [Si,07]% ions, and the structures essentially represent different ways of
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packing diorthosilicate anions and RE** cations present in the ratio 1:2. The ninth, tenth
and eleventh structure types are not diorthosilicates. Instead, linear trisilicate [SisO10]*
ions occur with orthosilicate [SiO4]* ions in the type B and L structures and a horseshoe-
shaped catena-tetrasilicate [Si;O13]'® ion occurs with two orthosilicate ions per formula
unit in the type I structure of La,Si,O;. The type B structure has been reported for the
disilicates of Eu, Gd, Th, Dy, Ho and Er at the lowest temperatures investigated (1000-
1450°C) at 1 bar and for Tm disilicate at 900°C and low pressure, as well as for the
disilicates of Yb and Lu at higher pressure (7 GPa). Loriers et al. [8] proposed that the
phase transition sequence C —»X—»B is accompanied by the closure of the dihedral (Si-
O-Si) bond angle with increase in pressure. This suggestion is supported by the report of
the high-pressure (10 GPa, 1600-1700°C) type K structure for the disilicates of Nd, Sm,
Eu and Gd [5], where compression is accomplished mainly by closure of the Si-O-Si
bond angle to 123-124°, through rigid body rotation of the two SiO, tetrehedra in the
diorthosilicate ion.

The phase relationships in the system Y,03-SiO, have been studied extensively
where the existence of two double oxides with compositions Y,Si,O; and Y,SiOs has
been proved. Y,Si,O; has been also investigated from a structural point of view due to its
complex high-T polymorphism [9]. So far six different modifications (a, B, v, 0, y and ()
have been reported. According to Ito and Johnson [10] the transition sequence of the

reconstructive transformations between the first four forms is as follows: o —225°C

14450C -, J5%0C 5§ These four modifications can be synthesized from

f—>
appropriate reagents by solid state reactions in the respective stability range [9]. Hong et
al. [11] made an attempt to improve the sintering behavior and strength retention in
silicon nitride (SisN4) using rare earth disilicates (RE,Si,O; where RE: Nd, Sm, Y and
Yb) as additives. With these in mind the attempt to synthesis RE,Si,O; ceramic paved
way for a new low loss dielectric material: Sm,Si,O7. All other members synthesized in
this family failed to form at ordinary conditions and exhibited poor dielectric properties.
In this section the synthesis and dielectric properties of Sm,Si,O; are described in
detail. A brief description on the sol-gel synthesis of nano Sm,Si,O; ceramics and its
properties are also described. Efforts are also made to lower the sintering temperature of

the ceramic by the addition of various low loss glasses.
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4.1.2 EXPERIMENTAL
4.1.2.1 Solid state synthesis of Sm,Si,O7; Ceramics

The Sm,Si,O; ceramics was prepared by conventional solid state ceramic route.
High purity Smy;0O; (IRE, 99.9%) and SiO, (Aldrich Chemical Company, 99.9%) were
used as starting materials for the synthesis of samarium silicate. The chemicals were
stoichiometrically weighed and ball milled in distilled water using ZrO, balls for 24
hours. The slurry was dried at 100°C in hot air oven and calcined at 1250°C/4h. The
calcined powder was ground well, mixed with polyvinyl alcohol (PVA), dried and
pressed into pellets of 14 mm diameter and 1-2 mm thickness for low frequency
measurements. To study the dielectric properties in the microwave frequency range,
rectangular sheets of dimensions (40x2x1 mm®) were made and were sintered in the
temperature range 1325-1400°C in air for 2h.

In order to study the effect of glass addition on the sintering and dielectric
properties of samarium silicate, various low loss glasses such as 50Zn0-50B,03; (ZB),
60Zn0-30B,05-10Si0; (ZBS), 27B,03-35Bi,03-6Si0,-32Zn0 (BBSZ), 22.2MgO-
22.2Al,05-55.5Si0, (MAS), 35.1Li,0-31.7B,03-33.2Si0; (LBS) and 20Li,0-20MgO-
20Zn0-20B,03-20Si0, (LMZBS) were selected. These glasses were prepared as
explained in Chapter 2 section 2.2. The calcined powder of Sm,Si,O; was subsequently
mixed with glass in different weight percentage ranging from 0.2 to 15. The resultant
powders were mixed with PVA, ground well and pressed to form pellets as described
earlier. The pellets were sintered at 950-1375°C in air with a heating rate of 5°C/min and
cooling rate of 2°C/min.

4.1.2.2 Chemical Synthesis of Sm,Si,O; Ceramics

Nano-crystalline samarium silicate powder was synthesized by sol-gel method.
The sol-gel process is an excellent technique for nano powder synthesis. It can provide
the possibility of controlling the stoichiometry and homogeneity of the resulting material.
Moreover, it offers the advantages of both obtaining fine grains and processing at low
temperatures, which can help to enhance the microwave dielectric properties of the
ceramics. Sm(CH3COQ)3.nH,O (Aldrich Chemicals, 99.9%), Tetra ethyl orthosilicate
(TEOS) (98%, Aldrich Chemicals) were used as starting materials along with acetic acid
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and ethyl alcohol (Merck Chemicals, India) as solvents. Initially, stoichiometric amount
of TEOS was refluxed in ethyl alcohol for 30 min to get a clear solution.
Sm(CH3C0O0)3.nH,0 separately dissolved in acetic acid was then mixed with the above
solution at room temperature under constant stirring to obtain a stable solution. The clear
homogeneous precursor was then transferred to a glass Petri dish and kept for gelation at
room temperature for one week. Transparent dry gel obtained was powdered and
subjected to calcination at 900°C/4hrs. The pellets were prepared and sintering was
carried out as explained above. The specific surface area of the samples was measured by
nitrogen adsorption measurement (BET) in micromeritics (Gemini 111 2375) surface area
analyzer.

Crystalline phases of the sintered ceramics were investigated from XRD patterns.
The microstructures of the sintered, etched samples were observed using scanning
electron microscope. The densification behavior of the ceramics was evaluated by
determining the bulk density by Archimedes method. The thin pellets were electroded by
uniformly coating with silver paste on both sides in the form of ceramic capacitors and
the low frequency (50 Hz - 5 MHz) dielectric measurements were made using an LCR
meter. The microwave dielectric properties of these ceramic composites were measured
at 9 GHz at room temperature using the cavity perturbation technique as explained in
Chapter 2 section 2.5.7. The temperature variation of relative permittivity z, of Sm,Si,O
at low frequency (1 MHz) was also measured in the temperature range 25°C - 70°C using

the equation:

T, = —Xx— (4.2)

where A€ is the variation in the relative permittivity from room temperature and AT is the

difference in temperature.

4.1.3 RESULTS AND DISCUSSION
4.1.3.1 Structure and Dielectric Properties of Sm,Si,O; Ceramic
The calcination and sintering temperatures of the material are optimized by noting

the temperature at which maximum density is attained. For this the material is calcined at
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a temperature range of 1200-1275°C/4h and sintered at an arbitrary temperature of
1375°C/2h. The density variation is as shown in Fig. 4.1 (a). It is seen that the density is
maximum at a calcination temperature of 1250°C. At low calcination temperatures the
compound formation may not be completed. It is also noted that the relative permittivity
has a maximum value and dielectric loss exhibited a minimum value (see Fig. 4.1 (b)) for
a calcination temperature 1250°C/4h. Thus the calcination temperature is optimized as
1250°C/4h. Now, in order to optimize the sintering temperature, the dry powder is
calcined at 1250°C/4h and sintered in the temperature range 1325-1400°C.

Fig. 4.1 The optimization of Fig. 4.2 The optimization of
calcination temperature. sintering temperature.

Figure 4.2 (a) shows the variation of relative density with sintering temperature for
Sm,Si,O; calcined at 1250°C. The density increases gradually with the sintering
temperature reaching a maximum at 1375°C and thereafter decreases. The Sm,Si,O7 has
a theoretical density 5.69 g/cm®. The relative density reaches to about 94 % (5.35 g/cm®)
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of the theoretical density at 1375°C. Generally silicates have low density. The increase in
density with the sintering temperature is due to the decrease in porosity of the sample and
also due to the enhanced grain growth. However, sintering at very high temperatures
would cause abnormal grain growth resulting in a decrease in the density. This may lead
to an increase in the closed porosity which adversely affects the density and microwave
dielectric properties. Moreover, increase in the sintering time would enhance the grain
growth resulting in an increase in the density. However, prolonged sintering may again
lead to abnormal grain growth thereby reducing the density and dielectric properties. In
the present case the sintering temperature is optimized as 1375°C/2h.

Fig. 44 The scanning electron
micrographs of pure Sm,Si,O; calcined
at 1250°C/4h and sintered at 1375°C/2h.

Fig. 4.3 XRD pattern of pure Sm,Si,O;
(CT: 1250°C/4h; ST: 1375°C/2h).

Figure 4.3 shows the XRD pattern of Sm,Si,O; ceramic calcined at 1250°C/4h
and sintered at 1375°C/2h. The diffraction peaks are indexed based on JCPDS File No.
24-711. Earlier reports shows that rare earth based disilicates are found to exhibit
polymorphism and are difficult to form under ordinary conditions [6]. Sm,Si,O7 has a
tetragonal crystal symmetry belonging to the P4, (76) space group. The lattice parameters
calculated from the XRD patterns are: a = 6.70 A and ¢ = 24.35 A. They are found to be
in good agreement with the reported values. The microstructure of polished and thermally
etched Sm,Si,O7 ceramic sintered at 1375°C for 2 hours is shown in Fig. 4.4. It indicates

that samarium silicate is single phase and has a relatively smaller grain size exhibiting an
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average of 1 um. The variations in the sintering conditions are considered to play an
important role in improving the grain-to-grain connectivity of the ceramics. No obvious
pores and abnormal grains are observed which confirms good densification and a
homogeneous microstructure.

The dielectric properties of the samples are defined by the crystalline components
which are in turn determined by the sintering temperature. From Fig. 4.2 it is seen that
the relationship between relative permittivity and sintering temperature shows almost the
same trend as that between density and sintering temperature. The highest density and
relative permittivity are found for samples sintered at 1375°C/2h. At this optimized
temperature the relative permittivity is 12.5 measured at 1 MHz. The variation of
dielectric loss measured at 1 MHz with sintering temperature is also shown in Fig. 4.2
(b). The dielectric loss is found to decrease with increase in the sintering temperature and
reaches a minimum value of 0.0008 at 1375°C. This may be due to the established fact
that high dielectric loss is mainly caused by the insufficient densification. The grain
growth and improvement of the grain connectivity of the ceramics with temperature are
expected to decrease the dielectric loss. A uniform grain morphology also results in low
dielectric loss value [12] which is evident from the SEM image.

Table 4.1 summarizes the microwave dielectric properties of Sm,Si,O; at
microwave frequency (9 GHz). Measurements at 1 MHz indicate that Sm,Si,O; has & =
12.5 and tan ¢ = 8x10™. At the microwave frequency the values are & = 10 and tan 6 =
6x107. It is seen that the relative permittivity has a low value when compared to that
measured at 1 MHz. This is due to the difference in the polarization mechanisms at both
frequencies which contributes to the relative permittivity. At low frequencies, the relative
permittivity is attributed to all the four polarizations which are active at low frequencies.
But in the microwave frequency range only electronic and ionic polarizations contribute
to the net relative permittivity and therefore a reduction in the relative permittivity value.
The loss tangent at 9 GHz is an order of magnitude higher than that measured at 1 MHz.
It may be noted that at low and microwave frequency range two different samples with
different shape and size were used for measurements by two different methods. The
samples for microwave measurements were large, thin rectangular strips and had a lower

density as compared to the small pellets made for radio frequency measurements.
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Moreover, it may be noted that the dielectric loss increases with increase in frequency in

the microwave regime [5].

Fig. 4.5 The variation of relative permittivity and dielectric loss (at 1 MHz) of Sm,Si,O; with
temperature.

The stability of dielectric properties with temperature is the main concern in any
of the practical circuits. Fig. 4.5 shows the variation of relative permittivity of Sm,Si,O;
with temperature in the range 25 °C-70 °C. It is clear from the figure that the relative
permittivity increases in a regular manner with rise in temperature. The relative
permittivity varies from about 12.57 to 12.62 showing a relative deviation of only 0.39%.
Sm,Si,O7 has a 7. of +63 ppm/°C in the measured temperature range. This is well in
agreement with the observations by Bosman and Havinga [13] where they noted that the
temperature dependence of relative permittivity is positive for materials with g less than
about 20 and negative for larger values of &. The variation of dielectric loss of the
ceramics with temperature is also shown in Fig. 4.5. The dielectric loss initially decreases
from 0.0008 at room temperature to nearly 0.0002 at about 50°C. With further rise in
temperature the dielectric loss almost remains constant at this value. It is evident from
Table 4.1 that the dielectric properties of Sm,Si,O; are comparable to the conventional

substrate materials and it is a promising material for electronic substrate applications.
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4.1.3.2 Properties of nano-Sm,Si,O7 ceramic

This section gives a brief description on the characteristics of sol-gel synthesized
Sm,Si,O7 ceramics. The typical TG curve of the Sm,Si,O7 dried gel is shown in Fig. 4.6.
The result indicates that the weight loss began at about 63°C and lasted until about 550°C
and all chemical reactions involving weight losses, such as decomposition of the organic
polymeric network with the evolution of CO, and H,O are completed below this
temperature. Beyond 550°C, the mass of the dried gel exhibited almost no change.
However, the formation temperature of sol-gel synthesized Sm,Si,O; ceramics is 900°C
which is confirmed from the XRD phase analysis shown in Fig. 4.7. Table 4.1 gives the
optimized calcination and sintering temperatures of Sm,Si,O7 prepared by solid state and

sol-gel route.

Fig. 4.6 TGA curve of sol-gel synthesized Fig. 4.7 XRD pattern of sol-gel synthesized
Sm,Si,0s. Sm,Si, O calcined at 900°C/4h.

Table 4.1 The physical and dielectric properties of Sm,Si,O7 ceramics synthesized
by different methods.

Synthesis CT ST Relative | BET Surface | Dielectric Properties
method Density area (1 MH2)
(%) (m°/g)
& tan o
Solid 1250°C/4h | 1375°C/2h 94.02 0.15 12.5 0.0008
state
Sol-gel 900°C/4h | 1325°C/2h 70.50 20.94 7.6 0.0010
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Figure 4.8 shows the TEM image of sol-gel derived Sm,Si,O; powder heated at
900°C/4h. The particle size varies from about 40-70 nm. Also the nano particles are
found to agglomerate and they seem to be indistinguishable. The lower calcination
temperature will result in a less aggregated powder. The specific surface area
measurements show that the micron size Sm,Si,O7 possess a very small average surface
area value (0.15 m?/g) as compared to the nano sized one (20.94 m?/g).This may increase
the sintering activity of the powder, which will in turn reduce the sintering temperature.
However, in the present case eventhough a reduction in calcination temperature is noted,
the sintering temperature is reduced by only 50°C. Similar results are observed in the case
of sol-gel synthesized Zn,SiO, ceramics where an additional reduction in the sintering
temperature is achieved with the addition of TiO; [14].

T

 —

Fig. 4.8 TEM image of Sm,Si,O; heated at
900°C/4h.

A comparison of the dielectric properties of both the samples measured at 1 MHz
show that sol-gel synthesized Sm,Si,O; ceramic exhibits a low relative permittivity and
high dielectric loss when compared to that prepared through solid state route. This may
be probably due to the very low relative density achieved by the former even at a high
temperature of 1325°C. Thus it can be concluded that Sm,Si,O; ceramic synthesized by
solid state method possess promising dielectric properties for substrate applications.
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4.1.3.3 Effect of glass addition on Sm,Si,O; ceramic

The pure Sm,Si,O; ceramics has a high sintering temperature of about 1375°C. It
is imperative to lower the sintering temperature of Sm,Si,O; for practical applications.
Addition of low melting point glasses, chemical processing and smaller particle size of
the starting materials are the three methods to reduce the processing temperature of the
dielectric as explained in Chapter 1. The present section deals with the effect of various
low melting glasses on the sintering and dielectric properties of Sm,Si,O7 ceramics.
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Fig. 4.9 The variation of (a) sintering temperature and (b) bulk density with the amount of
glass addition in Sm,Si,O; ceramics.

Figure 4.9 (a) shows the optimized sintering temperature of various glass added
Sm,Si,O7 ceramics. The sintering temperatures are optimized for the maximum density
and best dielectric properties. It may be noted that the addition of different weight
percentage of various glasses lowers the sintering temperature gradually. This is due to
the well known liquid phase sintering taking place in the ceramic-glass composites which
is well explained in Chapter 2 section 2.1.2.7.2. These glasses are having low melting
point as given in Table 1.3 in chapter 1.The borosilicate glasses are reported to be good
additive to lower the sintering temperature for many dielectric materials [15-16]. Among
the various glasses used in the present study, ZnO - B,O3 based glasses (ZB, ZBS, BBSZ,
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LMZBS) reduces the sintering temperature much effectively. This may be due to the fact
that ZnO in the respective glass composition act as a modifier oxide which breaks the
network structure of the glass thereby reducing the softening point of the glass and
increasing its fluidity [17]. Also, B,Os is recognized as a typical glass network former
that has a low glass transition temperature [18]. The sintering temperature is lowered
from 1375-1275°C with the addition of 3 wt% of the above glasses except for BBSZ.
However, it is interesting to note that addition of higher weight percentage (> 5 wt%) of
these glasses has no effect on the sintering temperature. Even with the addition of 15 wt%
of these glasses, the sintering temperature is lowered only to 1200°C. This may be due to
the formation of some high temperature stable secondary phases. A similar trend is also
observed for MAS glass which may be due to its high softening point as a result of the
absence of B,Os5. The lithium based borosilicate glasses is very effective in lowering the
sintering temperature. The lithium based glasses have a low melting point and is thus
effective in lowering the sintering temperature [19]. It is seen that with the increase in
both LBS and LMZBS glass content, there is a regular reduction in the sintering
temperature of the composite. However, the LMZBS glass is more efficient in lowering
the temperature.
The theoretical density of the glass added Sm,Si;Oy is calculated using Eq. (4.2)
[20]:
W, +W, (4.2)

D, D,
where W; and W, are the wt% of the Sm,Si,O; and glass with densities D; and D
respectively. Table 4.2 gives the densities and optimized sintering temperatures of
various glass added Sm,Si,O7. The theoretical density of the ceramic-glass composites
decreases with the increase in the amount of glass content. This is due to the low density
possessed by the glasses. Fig. 4.9 (b) shows the dependence of the bulk density of the
composite on the amount of various glasses added. It is found that addition of a very
small amount (0.2 wt%) of ZB, ZBS and LBS glasses improve densification. A maximum

relative density of about 99% is obtained with the addition of 0.2 wt% of ZB. Generally,

the effectiveness of sintering aids depends on several factors such as sintering
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temperature, viscosity, solubility and glass wettability [21]. The densification behavior of
the ceramic-glass composites is explained by the viscous flow of the glass during firing.
Earlier Jhou and Jean [22] noted that the wetting behavior is greatly improved with
increasing BaO content in the BaO-ZnO-B,05 glass since both the softening and melting
points decreases. A complete wetting between glass and ceramics is noted for zero
contact angle and it is very much dependent on the amount of sintering aid. For example,
in the case of MAS glass addition the relative density is found to increase for 5 wt%
which may be due to the above fact. The driving force for the densification is derived
from the capillary pressure of the liquid phase located between the fine solid particles.
When the liquid phase wets the solid particles, each inter-particle space becomes a
capillary, in which a substantial capillary pressure develops [23]. It should be noted that
densification may be retarded due to the insufficient amount of glass during liquid phase
sintering. The increase in addition of ZB glass decreases the density and the relative
density reaches 92% with 15 wt% addition of the glass. The ZBS glass also follows a
similar trend showing a maximum relative density of 96% with 0.2 wt% addition. But
there is a faster reduction in the density for higher wt% of ZBS glass as compared to ZB
glass. It has been reported earlier [24-25] that zinc borate glass improves the densification
of the glass/ceramic composites. For all other glasses the density shows a gradual
decrease with the glass content and they do not assist in densification of the ceramic. It is
to be noted that even though lithium based glasses lower the sintering temperature much
effectively, the densification is adversely affected. Addition of 15 wt% of LBS and
LMZBS glasses reduces the relative density to about 84% and 88% respectively at their
optimized sintering temperatures. This is due to the low density possessed by these
glasses when compared to others (see Table 1.3 in chapter 1).
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Fig. 4.10 XRD pattern of (a) pure Sm,Si,O; (ST: 1375 °C), (b) Sm,Si,O; + 3 wt% LBS (ST:
1300 °C), (c) SM,Si,0; + 3 Wt% LMZBS (ST: 1275 °C), (d) Sm,Si,O; + 15 wt% LBS (ST:
975 °C) and (e) Sm,Si,O; + 15 wt% LMZBS (ST: 950 °C). (* represents SmBO; phase).

Figure 4.10 (b)-(e) shows the XRD patterns of Sm,Si,O; sintered with different
weight percentage of LBS and LMZBS glasses. It is observed that with the addition of
small weight percentage of both the glasses no secondary phases are observed. Addition
of larger amount (upto 15 wt%) of LBS to Sm,Si,0O; did not produce any additional X-
ray diffraction peaks. This indicates the non — reactivity of LBS glass with Sm,Si,O;. The
absence of additional diffraction peaks in the XRD patterns of samples containing large
amount of glasses may be due to the fact that the glass is in the amorphous state.
Although, the samples are sintered at 975°C/2h and then slowly cooled at a rate of
2°C/minute, LBS liquid phase is not crystallized retaining its amorphous nature. Hence it
can be concluded that LBS glass existed during liquid phase sintering and assisted the
densification of Sm,Si,O; ceramic. However, addition of 15 wt% LMZBS glass results in
an additional peak of Sm(BOs) as seen in Fig. 4.10 (e).
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Table 4.2 Sintering, densification and microwave dielectric properties of pure Sm,Si,O; and

that treated with various glass additives.

Sm,Si,0O; | Wt % | Sintering | Theoretical | Relative At 9 GHz
+Glass of Temp. | Density Density & tan o
glass (°C) (g/cm?) (%)
Pure 0 1375 5.69 94.02 10 0.006
Sm28i207

/B 0.2 1350/2h 5.67 99.12 10.01 0.0034
0.5 1325/2h 5.64 99.29 9.70 0.0031

1 1275/2h 5.60 96.96 9.64 0.0030

3 1275/2h 5.43 95.95 9.05 0.0019

5 1200/2h 5.29 93.01 8.10 0.0019

10 1200/2h 4,97 90.95 8.03 0.0017

15 1200/2h 4,71 90.02 7.58 0.0023

ZBS 0.2 1350/2h 5.68 96.13 9.05 0.0039
0.5 1350/2h 5.67 97.53 9.07 0.0035

1 1275/2h 5.65 94.34 8.45 0.0029

3 1275/2h 5.59 89.62 8.37 0.0022

5 1250/2h 5.54 83.94 8.10 0.0028

10 1200/2h 541 84.10 8.09 0.0022

15 1200/2h 5.29 81.66 6.37 0.0016

LBS 0.2 1375/2h 5.67 94.18 9.58 0.0043
0.5 1375/2h 5.65 93.45 9.08 0.0040

1 1325/2h 5.61 92.69 8.99 0.0036

3 1300/2h 5.46 93.77 8.78 0.0032

5 1250/2h 5.33 93.80 8.35 0.0034

10 1150/2h 5.03 90.46 6.91 0.0022

15 975/2h 4,79 83.92 6.06 0.0025

MAS 0.2 1375/2h 5.67 93.12 9.14 0.0044
0.5 1375/2h 5.65 93.09 8.59 0.0037

1 1325/2h 5.61 90.02 8.58 0.0036

3 1300/2h 5.46 92.31 8.72 0.0034

5 1250/2h 5.32 94.55 8.28 0.0031

10 1200/2h 5.02 90.44 8.26 0.0026

15 1200/2h 4,77 86.79 7.07 0.0025

BBSZ 0.2 1375/2h 5.69 92.97 9.07 0.0029
0.5 1375/2h 5.68 92.78 9.07 0.0035

1 1300/2h 5.67 91.89 8.92 0.0037

3 1300/2h 5.64 90.60 8.53 0.0030

5 1250/2h 5.61 90.91 8.32 0.0026

10 1200/2h 5.55 86.31 7.79 0.0021

15 1150/2h 5.48 70.44 6.89 0.0022

LMZBS 0.2 1375/2h 5.68 93.84 12.17 0.0038
0.5 1350/2h 5.66 92.76 10.10 0.0030

1 1300/2h 5.63 92.72 9.47 0.0031

3 1275/2h 5.52 92.39 8.84 0.0025

5 1200/2h 5.41 92.79 7.75 0.0022

10 1150/2h 5.19 89.79 7.29 0.0033

15 950/2h 4,99 87.98 6.91 0.0026
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(@) (b)

(c) (d)

Fig. 4.11 The scanning electron micrographs of Sm,Si,O- (a) doped with 3wt% LBS sintered
at 1300°C, (b) doped with 3wt% LMZBS sintered at 1275°C, (c) treated with 15wt% LBS sintered at
975°C and (d) treated with 15wt% LMZBS sintered at 950°C.

The compositional dependence of microstructure with different amount of glass
for Sm,Si,O7 ceramic is shown in Fig. 4.11 (a)-(d). Fig. 4.11 (a) and (b) shows the SEM
pictures of Sm,Si,O; with 3 wt% of LBS and LMZBS glass respectively. The glass melts
and forms a liquid phase and the excess amount of glass can be clearly observed from the
SEM images. Both the glasses did not react with the ceramic but forms a glassy layer
over the grain leading to liquid phase formation. As the amount of glass is increased,
pores appear in the microstructure. Fig. 4.11 (c) and (d) illustrates the SEM pictures of
Sm,Si,O7 doped with 15 wt% of LBS and LMZBS glass respectively. It is found that the
addition of glass reduces the grain size of the composite indicating that a liquid phase
sintering process produces smaller grain size than solid state sintering. The reduction in
grain size and increase in porosity are due to the lowering of sintering temperature caused
by the increased glass content. The presence of traces of secondary phase are also noted
in the case of 15 wt% LMZBS glass added Sm,Si,O; (Fig. 4.11 (d)). B2Os-rich
compounds generally have low melting point and grow into abnormally large grains

during sintering. It is considered that excess B,Os; melts during sintering and interacts

138



CHAPTER 4

with other ions in the matrix phase. This suggest that although excessive B,O3 content
would improve the density of the samples, too much B,O3; would induce a large amount
of unwanted secondary phases which could degrade the physical properties of the
samples [26-28].

=

Fig. 412 Variation of dielectric Fig. 4.13 The variation of dielectric
S - : properties with sintering temperature for
g{;sr;e;;gisti%l:ﬂ'szSIzO7 as a function of Sm,Si,0; doped with (a) 15 wt% LBS glass

and (b) 15 wt% LMZBS.

According to Wu et al. [29] the microwave dielectric loss and the relative
permittivity of glass depend on the ionic size, ionic dielectric polarizability and
concentration of the cation in the network modifying oxide in the glass. Figure 4.12 (a)
shows the variation of relative permittivity measured at 1 MHz with weight percentage of
various glass added Sm,Si,O; ceramics. The & gradually decreases with increase in the

amount of glasses. Generally an increase in relative density results in an increase in the
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relative permittivity value. However, in the case of Sm,Si,O; treated with low weight
percentage of glass, even though an increase in the densification is noted, the relative
permittivity seems to decrease. This may be due to the low relative permittivity of
glasses. Thus the presence of excess glass in the matrix may contribute to the relative
permittivity of the composite. Fig. 4.12 (b) shows the variation of dielectric loss as a
function of different glass content. The tan & did not show much variation upto about 10
wt% of the glasses. However, further addition of glasses increases the tan J considerably.

In alkali borate glass [30], the oscillation of the alkali ion was limited by crystal
bonding while in the vitreous state they were loosely held in the interstices of the glassy
network which were relatively free to oscillate with external field, which may lead to
extensive dielectric losses. When such lossy amorphous material is incorporated into the
low loss material, the dielectric loss of the latter can increase. In order to realize
acceptable densification and dielectric properties at low temperatures, it is important to
design glass compositions with a low glass transition temperature and a low dielectric
loss. In the present investigation it is seen that Li,O - B,O3 are appropriate sintering aids
for Sm,Si,O7 dielectric ceramics. Fig. 4.13 shows the variation of relative permittivity
and dielectric loss with sintering temperature for Sm,Si,O; containing 15 wt% LBS and
LMZBS glasses. It is observed that for both the glasses the relative permittivity increases
with the sintering temperature up to a particular temperature and thereafter decreases.
The Sm,Si,0;+15 wt% LBS and Sm,Si,O;+15 wt % LMZBS composites have a
maximum relative density of 84% at 975°C and 88% at 950°C respectively. Beyond these
respective temperatures the density is found to decrease. The relative permittivities of
these compositions also follow a similar trend. It is well known [31] that the sintering
aids containing boron oxide and lithium oxide promotes densification by liquid phase
sintering up to a particular temperature and as the temperature increases evaporation of
these oxides may take place. This may lead to the formation of pores thereby decreasing
the density and the relative permittivity. Fig. 4.13 also compares the dielectric loss of
SmySi,O7 + 15 wt% LBS and Sm,Si;O; + 15 wt% LMZBS measured at 1 MHz as a
function of sintering temperature. From the figure it is noted that the dielectric loss for
LMZBS added Sm,Si,O7 is less than that for LBS added one. The LMZBS added sample

shows almost a steady variation in the dielectric loss exhibiting a relatively low value of
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0.009 at 950°C whereas the LBS added Sm,Si,O- has a high loss of 0.024 at 975°C. This
may be attributed to the fact that the additional phase formed (SmBO3) in the case of
Sm,Si,0,/LMZBS composite has a low dielectric loss in the range 10 and a relative
permittivity of 9 [32]. As the sintering temperature increases the dielectric loss decreases
reaching a minimum at their respective temperatures and then increases. This may be due
to the increased porosity produced due to the evaporation of the volatile oxides such as
B,0O3 and Li,O at higher temperatures.

Table 4.2 gives the microwave dielectric properties of various glass added
Sm,Si,O7 composites. A comparison of the dielectric properties of the composites at low
and microwave frequency points to the fact that the dielectric loss is higher in the
microwave region. One of the main reasons may be that the network formers contained in
the remaining glass can profoundly absorb the microwave power at high frequencies
which increases the dielectric loss of the composites [33]. The dielectric loss of the glass
is dependent on variety of factors which are explained in chapter 1 section1.8.3.3.2.

Fig. 4.14 The variation of relative permittivity with temperature of Sm,Si,O- treated with 15
wt% LBS glass and 15 wt% LMZBS.

Figure 4.14 shows the variation of relative permittivity with temperature for
Sm,Si,O7 treated with 15 wt% LMZBS and 15 wt% LBS. The relative permittivity of the
glass added Sm,Si,O; varies from 9 to 9.61 in the temperature range 25-70°C. The z,
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value increases to 79.3 ppm/°C with the addition of 15 wt% LMZBS glass showing a
percentage deviation of nearly 0.36%. However, a very high value of t. is noted in the
case of LBS glass where the relative permittivity varies from 6.78-7.24 in the measured
temperature range. The percentage deviation for the LBS glass is noted as 6.82%. Thus
the addition of glass increases the z. value. This is due to the high positive 7. value
possessed by the glasses. The results show that Sm,Si,O; treated with suitable amount of
glass can effectively lower the sintering temperature and can be exploited for practical

applications.

4.2 MICROWAVE DIELECTRIC PROPERTIES OF NOVEL RARE
EARTH BASED SILICATES: RE,Ti,SiOg [RE = La, Pr, Nd]
4.2.1 INTRODUCTION

The growing importance of ceramics dielectrics for applications as microwave
oscillators, filters etc has led to great advances in the material research and development
of new dielectric ceramic systems. Many microwave dielectric materials have been
developed and modified according to the needs of the specific applications [34]. With
respect to the specific microwave applications, they should possess a range of dielectric
properties, including appropriate relative permittivity, high quality factor and small
temperature coefficient of resonant frequency [34]. The need to produce these systems is
to get ceramic materials having high relative permittivity (>20), high quality factor and a
small z value. Recently available very high Q materials will extend commercial
applications of dielectric resonators to much higher frequencies, but further material
development is needed.

Now-a-days, considerable attention has been paid on many silicate materials for
use in microwave applications [2, 16, 35-36]. Silicates generally exhibit low relative
permittivity and also a negative value of temperature coefficient of resonant frequency.
Ceramic dielectric materials based on titanates are important for variety of components in
communication systems [37]. Several titanium based compositions were developed which
shows a low . Also for certain low loss dielectric materials suitable amount of TiO;
addition could tune the z; to near zero value. In general TiO, based compositions are

much effective for developing materials with temperature stable dielectric properties.
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Continuing the research on silicate based dielectric materials, a strong interest arose in a
new class of materials- rare earth titanosilicate [RE,Ti,SiOg] belong to the crystal
structure trimounsite with monoclinic symmetry. It includes a network of isolated SiO4
tetrahedra connected by two types of TiOg octahedra [38-39]. An ideal trimounsite
crystal structure is shown in Fig. 4.15.

Fig. 4.15 Crystal structure of trimounsite.

Unlike perovskite type structures where all octahedral are corner sharing, the
equivalent TiOg polyhedra in RE,Ti,SiOg share their edges. Two non-equivalent RE sites
existing in this structure are located between SiO, and TiOg units. Also, the lattice
comprises relatively large cavities between metal oxygen polyhedral, which can be
occupied by interstitial ions. Earlier reports by Wang et al. [40-41] suggested three mixed
valence La-titanosilicates. However, the dielectric properties of these compounds are still
unknown. The present study throws light into the microwave dielectric properties of
RE,Ti,SiOg [RE=La, Pr and Nd]. The effect of substitution in the RE-site on the structure

and properties are also investigated.

4.2.2 EXPERIMENTAL

The RE;TiSiOg [RE = La, Pr and Nd] (named as LTS, PTS and NTS
respectively) ceramics were prepared by the conventional solid state ceramic route as
explained in chapter 2, section 2.1.2. The starting materials were high purity SiO,
(Aldrich Chemical Company Inc., Milwaukee, WI; 99.9%), TiO; (Sigma-Aldrich Inc., St.
Louis, MO; 99.9%), rare earth oxides: La,Os3, PrsO11, Nd,O3 (IRE, 99.9 %) chemicals.

The mixed and dried powders were calcined at 1100°C/4 h and then ground well in an
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agate mortar. After pelletizing, sintering was done in the temperature range 1250-1350°C
for 2 hours. The bulk densities of the polished samples were measured using dimensional
method.

The sintered samples were powdered and used to analyze the crystal structure and
phase purity by X-ray diffraction method and the surface morphology of the sintered
samples was recorded using Scanning Electron Microscope. The dielectric properties &
Quxf and 7 of sintered and polished materials were measured in the microwave frequency
range using resonance technique [42-44] as described in Chapter 2, sections 2.5.3 to
2.5.5.

4.2.3 RESULTS AND DISCUSSION

The calcination and sintering temperatures of the RE;Ti,SiOg [RE=La, Pr and Nd]
dielectric ceramics are optimized at the maximum density point as described in the
previous section. The optimized sintering temperatures of the respective materials are
given in Table 4.3. Fig. 4.16 shows the X-ray diffraction patterns of RE;Ti,SiOg [RE=La,
Pr and Nd] sintered at their respective sintering temperatures. The diffraction peaks are
indexed based on the earlier reports on La,Ti,SiOg [JCPDS File No. 82-1490]. They
belong to the space group C2/m (12) with monoclinic symmetry. The crystal structure of
LTS has been reported by Pivak et al. [39]. Early reports by Kolitsch [38] points out that
it is difficult to synthesis Nd,Ti,SiOg. However, in the present case no secondary phases
are identified.

Figure 4.17 shows the XRD patterns of LaPrTi,SiOg [LPTS] and LaNdTi,;SiOg
[LNTS] ceramics sintered at 1275°C. It is noted that Lap.xPr«Ti;SiOg [x=0-2] forms
single phase composition in the whole range. No additional phases are detected from the
diffraction data. All the peaks can be indexed based on the parent material LTS. Thus it
can be concluded that these compositions form a solid solution. However, in the case of
Nd substitution for La, the presence of additional phase of Nd,Si,O- is noted.
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Fig. 4.16 XRD patterns of La,Ti,SiOq, Fig. 4.17 XRD patterns of (a) La,Ti,SiOs,
Pr,Ti,SiOg and Nd,Ti,SiOq. (b) LaPrTi,SiOy and (C) LaNdTi,SiOq
(* represents the Nd,Si,O; phase).

Table 4.3 The optimized sintering temperatures, lattice parameters and the microwave dielectric
properties of RE,Ti,SiOg [RE = La, Pr and Nd].

Material | Sint. Theo. Lattice parameters Microwave Dielectric
Temp | density Properties
3
@em) 2@ To®[c® bO | Quxf [ & | =
(GH2) (ppm/°
C)

LTS 1325°C | 5.21 16.998 | 5.745  7.625 | 111.19 29500 | 283 226

PTS 1325°C | 5.36 16.888 | 5.718 | 7.569 | 111.42 33700 | 29.2( 195

NTS 1275°C | 5.31 17.029 | 5.737 | 7.638 | 111.23 19600 | 30.1 9.6

The lattice parameters of LTS, PTS and NTS are calculated from the XRD
patterns using X’Pert Plus software package and the values obtained are listed in Table
4.3. Since the ionic radius decreases from La to Nd, it is expected that the lattice
parameters must show a regular variation ie., a decrease in the lattice parameter values.
However, in the present case even though a decrease is noted in the case of PTS, the
parameters show an increase for NTS. Fig. 4.18 shows the variation of the lattice
parameters of the La,xAxTi,SiOg [A=Pr, Nd; x=0, 0.5, 1, 1.5, 2] solid solutions as a
function of x. The lattice parameters vary linearly as the x value increases in the case of
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La,xPr«Ti2SiOg compositions which confirm that the Pr substituted solid solution
satisfies the Vegard’s law. It is seen that as Pr substitution for La increases, the lattice
parameters (a, b and c) decreases and [ increases in a linear fashion which is due to the
low value of ionic radius of Pr when compared with that of La [45-46]. However, in the
case of Nd containing solid solution, a linear variation in the lattice parameters are noted
in the range 0 < x < 1.5. Thus upto this composition (x = 1.5) Vegard’s law is obeyed and

beyond that an increase in the values are noted.

Fig. 4.19 The variation of (a) density of
RE,Ti,SiOy [RE=La, Pr and Nd] with
sintering temperature and (b) relative density
with composition x.

Fig. 4.18 \Variation of lattice
parameters of La, ATi,SiOq [A= Pr
and Nd] with x.

Figure 4.19 (a) shows the variation of the bulk density of RE,Ti,SiOg [RE=La, Pr

and Nd] ceramics with sintering temperature. It is seen that as the sintering temperature
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increases the density also increases, reaches a maximum and then decreases gradually.
This is due to the elimination of pores with increase in the sintering temperature. The
theoretical densities of the materials are given in Table 4.3. The sintering temperatures of
the respective compounds are optimized at their maximum density point. The relative
density increases to about 96%, 95% and 94% of the theoretical densities for LTS, PTS
and NTS ceramics respectively at their optimized sintering temperatures. From Fig. 4.19
(b) it is seen that the relative density increases gradually with increase in x for both A=Nd
and Pr. The relative density increases from 96 - 97.8 % in the case of both Pr and Nd
based solid solutions in the range 0 < x < 1.5. However, at x = 2, for PTS and NTS a

sudden decrease in the relative density is noted.

Fig. 4.20 The SEM pictures of (a) LTS, (b) PTS, (c) LNTS and (d) LPTS sintered at 1325°C.

Figures 4.20 (a) and (b) show the SEM images of the polished and thermally
etched LTS and PTS respectively sintered at 1325°C. Both the images show a well
packed system with grain size varying from 1-5um. No obvious pores and abnormal
grains are observed in the SEM images which confirm good densification. Fig. 4.20 (c)
and (d) respectively shows the microstructures of LNTS and LPTS sintered at 1275°C.
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The presence of secondary phase in LNTS is evident from the SEM image (Fig. 4.20 (c)).
It is also noted that the low melting Nd,Si,O; phase formed appeared as a liquid phase
which in turn improved the densification of the material. Fig. 4.20 (d) shows a well

packed arrangement of grains for the solid solution LPTS.

Fig. 4.21 The variation of (a) relative permittivity and (b) Q, x f of RE,Ti,SiOq [RE=La, Pr
and Nd] with sintering temperature.

Figure 4.21 shows the variation of the dielectric properties of RE;Ti,SiOg
[RE=La, Pr and Nd] ceramics with the sintering temperature. The relative permittivity of
the ceramics increases with increase in the sintering temperatures and saturates as seen
from Fig. 4.21 (a). The relationship between relative permittivity and sintering
temperatures reveal the same tendency with that between density values and the sintering
temperatures, because higher sintering temperatures will cause the grain growth and
minimum pores leading to higher values of &.. The relative permittivity is maximum at
the temperature where the bulk density showed a maximum or consistent value. The LTS,
PTS and NTS respectively show a relative permittivity of 28.3, 29.2 and 30.1 at their
optimized sintering temperatures. Since no additional secondary phases are noted in the
XRD, this is correlated with the decrease in density at higher temperatures. Fig. 4.21 (b)
shows the Qu x f values of LTS, PTS and NTS ceramics as a function of sintering
temperatures. As the sintering temperature increases, the quality factor also increases and
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reaches a maximum value and further increase in the sintering temperature decreases the
Q-factor. The microwave dielectric loss is affected by both intrinsic and extrinsic factors
[47]. The microwave dielectric loss increases drastically when the lattice defects generate
a disordered distribution of the charges which deviate from perfect lattice periodicity
[48]. A maximum Q, x f value of 33700 GHz is shown by PTS at a sintering temperature
of 1325°C. The NTS ceramics exhibited the lowest quality factor of 19600 GHz at
1275°C.

Figure 4.22 shows the variation of microwave dielectric properties of La,-
xAxT1,S1I09 [A=Pr, Nd; x=0, 0.5, 1, 1.5, 2] as a function of x. It is clear from Fig. 4.22 (a)
that the relative permittivity is linearly dependent on the x value ie., the relative
permittivity increases with increase in x for both Pr and Nd. The relative permittivity
increases from 28.3 to 29.2 and 28.3 to 30.1 respectively for Pr and Nd based solid
solutions. The relative permittivities of the ceramics depend on the relative density and
also on the ionic polarizability (o). According to the ionic polarizability value reported by
Vineis, the o of La®* ion (4.82 A% is smaller than that of Pr** ion (5.32 A®) and Nd** ion
(5.01 A% [49]. Thus with the substitution of Pr or Nd for La, an increase in the relative
permittivity is noted which is due to the increase in the ionic polarizability value. The
relative permittivity of a ceramic is very much affected by extrinsic factors such as
porosity. The relative permittivity is corrected for porosity using Eq. (3.3) given in
chapter 3. The porosity corrected relative permittivity ecorr calculated using the above
equation is plotted as a function of x in Fig. 4.22 (a). The &corr Varies from 30 - 31.7 in the
case of Lay«PrxTi,SiOg and from 30 - 32.8 for La,.xNdxTi,SiOg. The difference between
er and eqorr decreases with x upto x=1 and beyond this value the deviation increases,
showing the dominant effect of porosity on the relative permittivity of the ceramics.

Figure 4.22 (b) shows the compositional dependence of quality factor of Laj.
xAxT1,S109 [A=Pr, Nd; x=0, 0.5, 1, 1.5, 2] ceramics. It is to be noted that at x = 0.5, the
quality factor decreases for both A=Pr and Nd. In the case of LayxPryTi2SiOg [x > 0.5]
the quality factor gradually increases and reaches a maximum at x = 2 where it has a
value of 33700 GHz. It is interesting to note that the Q, x f value increased with x despite
the fact that a decrease in the density is noted at x = 2. However, the La,«NdxTi2SiOg

ceramics exhibit almost a constant Q, x f value in the range 0.5 < x < 2. In view of the
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crystal phases and microstructures, the variations of the dielectric properties with Nd
content may be attributed to the change of phase relations and microstructures caused by
the substitution of Nd for La. The dielectric loss of the perfect crystals at microwave
frequency is considered to originate from the anharmonic lattice forces that mediate the

interaction between crystal’s phonons.

Fig. 4.22 The compositional dependence of
(a) measured and porosity corrected
relative permittivity, (b Q,x fand (c) z: of
La, AcTi,SiOg [A= Pr and Nd; x=0-2].

Fig. 4.22 (c) shows the variation of z; with x for both Pr and Nd substitution for
La. In the case of Pr substituted compositions the 7 seem to remain almost constant with
x while for Nd substitution, a nonlinear reduction in z; is noted. In general, 7t is known to
be related with the temperature coefficient of relative permittivity z. and the thermal
expansion coefficient of which the value is approximately 10 ppm/°C in the microwave
dielectric ceramics. Lee et al. [51] have investigated the interrelationship between z, and
crystal structure in MNb,Og ceramics and suggested that z. of the ceramics varies linearly

as a function of unit cell volume. The z reaches a minimum value of about 9.6 ppm/°C
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for x = 2. Thus it can be concluded that while Pr based solid solution improved the

quality factor, the Nd substitution improved the z; value.

4.3 CONCLUSIONS

R/
A X4

The synthesis and microwave dielectric properties of two new rare earth based
silicates (Sm,Si2O; and RE;Ti,SiOg [RE=La, Pr and Nd]) are investigated in this
chapter. The dielectric ceramics are prepared by solid state ceramic route and the
structure and microstructure are determined using XRD and SEM techniques
respectively. The Sm,Si,O; ceramics is also synthesized by sol-gel technique to
obtain nano powders. The Sm,Si,O; ceramics revealed a tetragonal symmetry
whereas RE,Ti,SiOg has a monoclinic structure.

The dielectric properties of these two silicate based systems are investigated for
the first time. The Sm,Si,O; ceramic possess a relative permittivity of 12.5 and
dielectric loss of 0.0008 at 1 MHz at a sintering temperature of 1375°C. At
microwave frequency, a low relative permittivity of 10 and a loss factor of 0.006
IS obtained.

The sintering temperature of Sm,Si,Oy7 is lowered by the addition of several low
loss glasses. It is found that Li,O-B,Os; based glasses are more effective in
lowering the sintering temperature without affecting the dielectric properties.
Addition of 15 wt% LBS glass reduces the sintering temperature to 975°C with &
of 9.89 and tan ¢ of 0.024 whereas 15 wt% LMZBS glass addition decreases the
sintering temperature of Sm,Si,O7to 950°C with & = 9.09 and tan 6 = 0.009.

The sol-gel synthesized Sm,Si,O; ceramics resulted in nano powders whose
calcination temperature is much lowered to 900°C/4h. The dielectric properties of
nano Sm,Si,O; ceramics are not much promising which is due to the low

densification achieved.

The RE,Ti,SIOg [RE = La, Pr and Nd] ceramics have a relative permittivity less
than 20 and relatively low 7zt value. A maximum value of Q, x f of 33700 GHz is
shown by Pr,Ti,SiOg ceramics with & = 29.2 and = 19.5 ppm/°C. The

microwave dielectric properties of RE;Ti;SiOg9 [RE = La, Nd] ceramics are
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respectively, Qu x f = 29500 GHz and 19600 GHz, & = 28.3 and 30.1 and 7t = 22.6
and 9.6 ppm/°C.

It is seen that Pr substitution for La favored the formation of solid solution in the
whole range while Nd substitution resulted in the formation of additional phases.
As the Pr content increases, an improvement in the quality factor is noted whereas

the 77 value is not much affected.
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POLYMER-CERAMIC COMPOSITES FOR
MICROELECTRONIC APPLICATIONS

(@

This chapter describes in detail the synthesis and
characterization of various polymer-ceramic composites with
Sm,Si,0; as filler. The polymers used for the present study are
Polytetrafluoroethylene (PTFE), Polyethylene (PE) and
Polystyrene (PS). These composites are prepared by two different
methods:- powder processing and melt mixing methods. The
dielectric properties (at 1 MHz and 9 GHz), thermal and
mechanical properties of these composites are investigated. The
effect of coupling agent and the filler size on these properties are
also investigated for PTFE/Sm,;Si,0; composites. Various
theoretical models are used to calculate the effective relative

permittivities of the composites and are compared with the

experimentally observed results.




CHAPTER 5

5.1 INTRODUCTION

The ever increasing demand for high performance electronic devices necessitates
new materials to be used as circuit board laminates that possess superior properties when
compared to the conventionally used ones. These materials should satisfy certain diverse
requirements such as low relative permittivity to reduce the signal propagation delay, low
dielectric loss for better device performance, high thermal conductivity to dissipate the
heat generated, low or matching thermal expansion coefficient with that of silicon,
moisture absorption resistance, high dimensional stability and mechanical flexibility [1-
2]. In commercially high frequency substrates, based on complex composites of ceramic
or woven quartz fillers and hydrocarbon resins or glass microfibers matrices, it is difficult
to find temperature compensating materials with low relative permittivity around 10 and
low dielectric loss [3-4]. They are brittle and need to be sintered at high temperatures. For
these reasons, the application of an individual ceramic is greatly restricted in many
aspects. Polymeric materials play a vital role in electronic packages as a result of their
ease of processing, low cost, low relative permittivity, adhesive properties etc., but with
poor thermal and mechanical properties. Thus the polymer/ceramic composites in which
the ceramic fillers are dispersed in the polymer matrix provide a new route in combining
the merits of ceramics and the polymers. They utilize the thermal properties of ceramic
and processability of polymers.

Among the various polymers used commercially, Polytetrafluroethylene (PTFE)
holds a relevant position due to the superior dielectric properties and excellent chemical
inertness [2, 5]. PTFE has a high virgin crystalline melting point (342°C), and extremely
high shear viscosity (10'* Poise at 380°C) in the melt [6]. It has a low relative permittivity
of nearly 2.1 and extremely low dielectric loss of the order of 10 which is stable over a
wide range of frequencies [7]. The low loss tangent is a consequence of the symmetrical
conformation of the polymer backbone, which effectively neutralizes the dipole forces of
the C-F bonds yielding a net zero dipolemoment [8]. However, the high value of
coefficient of thermal expansion (CTE~100 ppm/°C), low thermal conductivity and poor
stress relief restrict the wider usage of PTFE as such for microelectronic packaging.
Many studies were conducted to improve both the mechanical and dielectric properties of
PTFE by suitable filler incorporation [6, 9-16]. Chen et al. reported that PTFE filled with
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60 wt% SiO; filler lowered the coefficient of thermal expansion with desirable dielectric
properties [17]. The addition of Bi,O3-Zn0O-Nb,Os fillers into the PTFE matrix showed
good frequency stability of relative permittivity over a wide range and a good agreement
with the percolation theory [14]. In order to develop suitable composites for packaging
applications, the prime requirement is a filler having low relative permittivity, low
dielectric loss, high thermal conductivity and good thermal stability.

Although the powder processing method for the synthesis of PTFE based
composites is simple, the final density of the composites is rather poor due to the high
amount of porosity. This can be improved by adopting new preparation method such as
melt mixing or sigma blending technique. However, in order to fabricate PTFE based
composites, high temperature (> 250 °C) is required, also PTFE has very high viscosity
compared to other thermoplastic polymers like polyethylene or polystyrene. Polystyrene
and polyethylene are non polar polymers with a low melting point of around 150°C.
These polymers possess a low relative permittivity of 2.6 and 3.2 respectively and a low
dielectric loss of 0.0006 and 0.0004 respectively at 1 MHz [18]. Eventhough studies were
reported on the ceramic filled polystyrene composites [19-21], only a few reports were
available which explore the applicability of polyethylene composites for electronic
packaging. Polyethylene is also a well known polymeric insulating material. It has got
high dielectric strength, low dielectric loss and good mechanical properties. There are a
number of reports [18, 22-24] showing the dielectric properties of both metal filled and
ceramic filled polyethylene composites. Various researchers have put considerable efforts
to improve the properties of polyethylene by varying the filler particle size, using
coupling agents etc. [25-27]. The effects of boron nitride content, particle size of HDPE
and temperature on the thermal conductivity of HDPE-boron nitride composites have
been investigated by Zhou et al. [28]. There are reports on the processing and mechanical
properties of multiwalled nanotube (MWNT)-HDPE composites [29]. The effect of
material parameters and processing conditions on the foam morphologies and mechanical
properties of HDPE-clay nanocomposites have been studied by Jo et al. [30]. Even
though the mechanical properties of HDPE composites are well studied [31-32], less
attention has been paid to its electrical and thermal properties.
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Due to the difference in the surface characteristics between the inorganic filler
and the organic matrix, it is difficult to disperse the filler homogeneously in the matrix
especially for higher volume fraction of filler which results in high porosity, high water
absorption leading to undesirable changes in the dielectric properties and also poor
mechanical integrity. In order to improve the properties of filled polymers various
coupling agents are developed [33-34]. Coupling agents possess special structure with
two different functional groups, one that is attached to the polymer matrix and the other
one attached to the inorganic filler. Various studies have been reported on the effect of
coupling agents on the thermal, mechanical and dielectric properties of polymer-ceramic
composites [16, 34-36]. Earlier Chen et al. [36] investigated the effect of phenyl
trimethoxy silane content on the thermal and dielectric properties of PTFE/SiO;
composites. The coupling agent changes the nature by which polymer interacts with the
filler leading to a decrease in the porosity and also the hydrophilicity of the filler surface.
They also prevent the formation of filler agglomeration thereby providing a
homogeneous dispersion of filler in the matrix. The dielectric properties of composites
are very much dependent on the size and shape of the fillers and the interaction between
the filler and the polymer matrix. Now-a-days polymer/nano composites are of high
technological interest due to their interesting electrical, mechanical and thermal
properties when compared with that of the conventional micrometer size filler polymer
composites. When the filler size reduces to nanometer level, the surface to volume ratio
increases thereby a significant enhancement in the electric and thermal properties of nano
composites is achieved even at lower filler content. During the last few years many
researchers have explored the optical, thermal, mechanical and dielectric properties of
polymer/nano composites [23, 35, 37-38]. Good amount of effort has been put in
developing high k polymer/nano composites for capacitor applications [35, 39-40].
However, a few reports are available which exploits the applicability of polymer/nano
composites for electronic packaging applications [37-38, 41-42].

The present chapter gives a detailed investigation on the thermo-mechanical and
dielectric properties of Sm,Si;O; loaded PTFE, Polyethylene and Polystyrene
composites. The effect of coupling agent and particle size of the filler on the properties of
PTFE/Sm,Si,O; composites is also studied. The experimental values obtained for relative
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permittivity, thermal conductivity and coefficient of thermal expansion are compared

with various theoretical models.

5.2 THEORETICAL MODELLING

5.2.1 Relative Permittivity

The precise prediction of relative permittivity of the composite from the relative
permittivity of the components and the volume fraction of the filler is very important for
the design of composites for electronic applications. Since the composites are statistical
mixtures of two or more components, the effective relative permittivity will be in
between the values of the individual components. The dielectric properties of the
composites are influenced not only by the relative permittivities of the components but
also by other factors such as the morphology, dispersion and the interaction between the
two phases and hence the prediction of relative permittivity is a difficult task. The
following equations are used to calculate the relative permittivity of the composites for

low filler content:

(a) Jayasundere-Smith equation [43]:

3 -
e Yo
1-v, +v{3gm} 1+[3Vf(gf_gm)J (5.1)

geff =
£ +2¢, & T 28,

(b) Lichtenecker equation [44] :
Ing, :(1—vf)ln£m +Vv, Ing, (5.2)

(c) Modified Lichtenecker equation [43]:

loge,, =loge, +v, (1—k)|ogC—fj (5.3)

m
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(d) Maxwell — Wagner equation [45] :

28, & +2v, (gf —em)
f ) (5.4)

Eq =&
R N T

m

(e) Effective Medium Theory [46]

Vf(gf _gm)
En ¥ n(l_vf )(gf _gm)

geff :gm 1+ (5.5)

where &g, &, &n are the relative permittivity of the composites, filler and matrix
respectively and v; is the volume fraction of the filler. k and n are empirically determined
parameters in the Modified Lichtenecker and EMT models respectively.

The relative permittivity of composites depends on the distribution of the filler,
shape and size of fillers and interface between ceramics and polymers. Recently, Rao et
al. [46] proposed an Effective Medium Theory (EMT) to predict the effective relative
permittivity of the composite by considering these factors. In this model, the dielectric
property of the composite is treated as an effective medium whose relative permittivity is
obtained by averaging the permittivities of the constituents. EMT model is a self-
consistent model which assumes a random unit cell consisting of each filler surrounded
by a concentric matrix layer. This random unit cell when embedded in the effective
medium must not be detected in an experiment using electromagnetic measurement. It
includes a morphology factor ‘n’ which is determined empirically. This correction factor
compensates for the shape of the filler used in the polymer-ceramic composites. A small
value of ‘n’ indicates a near spherical shape for the filler, while a high value of ‘n’ shows
a largely non-spherically shaped particle. Earlier reports [46] showed that for well

dispersed polymer ceramic composites, the value of ‘n’ is 0.35.

5.2.2 Coefficient of Thermal Expansion (CTE)
Thermal expansion coefficients of composites are very important in relation to the
dimensional stability and the mechanical compatibility when used with other materials. A
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considerable amount of work has been done to predict the thermal expansion coefficients
of composites [47-48]. The rule of mixtures serves as the first-order approximation to the
overall calculation of the co-efficient of thermal expansion of the composite. This can be

expressed as

a, =V, q; +(1—vf )am (5.6)

where a,, a, and a; are coefficient of thermal expansion of the composite, matrix and

filler respectively.

5.2.3 Thermal Conductivity

Materials for electronic packaging require high thermal conductivity in order to
dissipate the heat generated in the devices. Thus it is a need to model and predict the
thermal conductivity of the composites in a number of industrial processes. The
prediction of thermal conductivity of the composites comprises a significant portion of
the heat transfer literature. Many reports concerning the thermal conductivity of polymer
composites, associated with various models or equations for predicting the thermal
conductivity have been published [49-50]. They are either theoretically based or are
empirical which means to include one or more experimentally determined parameters.
For a two component composite, the simplest model would be with the materials
arranged in either parallel or series with respect to heat flow, which gives the upper or
lower bounds (also referred to as Weiner bounds) of effective thermal conductivity [51].
In the present study, following models are used to predict the thermal conductivity of the

composites:

1. Geometric Mean Model:
k — k Vf k 1—Vf
¢~ Mf m (5.7)

where ki, ki and k, are the thermal conductivities of composite, filler and matrix
respectively and v; is the volume fraction of the filler in the PTFE-Sm,Si,O; composite.
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2. Agari Model:

Agari developed a model based on the generalization of models of series and
parallel conduction in composites. The model proposed by Agari et al. [52-53]

considered the effect of dispersion state by introducing two factors C; and Ca:
logk, =v,C, logk, +(1-v,)log(Ck,) (5.8)

where k¢, kn and k; are the thermal conductivity of composites, polymer and filler
respectively, vt is the volume fraction of filler.

In composites, each phase cannot be restrictedly arranged in a block but only clusters or
discontinuous network of filler in the matrix. Then the constant C; is introduced to define
the ability of forming continuous network of filler in the matrix. Considering that the
preparation procedure of the composites can affect the crystallinity of the polymer and
thereby the thermal conductivity, the constant C; is introduced. According to Agari, the
values of C; and C, should be in between 0 and 1, the closer C, values are to 1, the more
easily conductive chains are formed in composites.

3. Maxwell - Eucken Model

Maxwell, using potential theory [54], obtained an exact solution for the
conductivity of randomly distributed and non interacting homogeneous spheres in a
homogeneous medium and is given by

K¢ 2K, +2v, (k¢ —kK)

k =k
oI K+ 2Ky — v, (K, —k) 59

4. Cheng - Vachon Model

Based on Tsao’s model which gives the thermal conductivity of two phase solid
mixture [55], Cheng and Vachon assumed a parabolic distribution of the discontinuous
phase in the continuous phase. The constants of this parabolic distribution were
determined by analysis and presented as a function of the discontinuous phase volume
fraction. Thus, the equivalent thermal conductivity of the two phase solid mixture was
derived in terms of the distribution function, and the thermal conductivity of the
constituents. For ki > kp,
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5. Nielson Model
Lewis and Nielson [56] modified Halpin-Tsai equation [57] to include the effect

(5.10)

of the shape of the particles and the orientation or type of packing for a two phase

system.
k., =k, ﬂ (5.11)
1-Bv,y
kf
where K‘l w=1+ 1_2vfm v,
B= k me
f
— + A
K

A(-3) is a function of geometry of the filler particles and vy, is the maximum filler

content.

5.3 EXPERIMENTAL

The Sm,Si,O; ceramics were prepared by conventional solid state ceramic route
as described in chapter 4, section 4.1.2.1. The powder calcined at 1275°C/4h was ground
well and sintered at 1375°C/2h. Again the powder was finely ground and sieved using 45-
um sieves. The PTFE/Sm,Si,O; composites were prepared by powder processing
technique as explained in chapter 2, section 2.3.1. Different volume fractions (0 to 0.5) of
Sm,Si,O7 ceramics and PTFE (Hindustan Fluorocarbons, Hyderabad, India) powders
were dispersed in ethyl alcohol using ultrasonic mixer for about 1 h. A dry powder
mixture was obtained by removing the solvent at 70°C under stirring. The homogenously
mixed PTFE/Sm,Si,O; powders were then hot pressed in the form of cylindrical and

rectangular pellets under a uniaxial pressure of 50 MPa at 310°C for 30 minutes.
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It is well known that generally the ceramic fillers are hydrophilic in nature and
this property of the filler may adversely affect the performance of the composites. Thus it
is recommended to use suitable coupling agent to coat the filler surface. In the present
study the coupling agent used was phenyl trimethoxy silane (PTMS). Initially, an
aqueous solution was prepared by adjusting the pH of the water to 3 with the addition of
acetic acid. After that a volume equivalent to 1 wt% of PTMS was added to the acidified
water followed by vigorous stirring for about 15 min. before it hydrolysed and formed a
clear and homogeneous solution. The ceramic fillers were mixed with silane at low shear
for 24 h. without additional solvent. The resulting mixture was dried at 120°C for 6 hr to
obtain the silane coated filler.

The polystyrene-Sm,Si,07; (PS-Sm,Si,0;) and polyethylene-Sm,Si,O; (PE-
Sm,Si,07) composites were prepared by sigma-blend technique as explained in section
2.3.2 in Chapter 2. The polymers were first melted in kneading machine at 150°C/15 min.
Different volume fractions (0 to 0.5) of ceramic filler were added to the melted polymer
and blended at 150°C for 30 minutes. Thus obtained composites were thermo - laminated
using suitable die under a pressure of 200 MPa and 150°C for 15 min. After thermo-
lamination, the composites with desired shapes were polished for characterization.

The density of the composites was measured using Archimedes method. The
microstructure of the composites was recorded using SEM. The low frequency dielectric
properties and the variation in relative permittivity with temperature in the range -25 to
60°C were measured by LCR meter (Hioki 3532-50). The dielectric properties at
microwave frequencies were characterized using HP 8510 Vector Network Analyzer by
the cavity perturbation technique which is discussed in detail in chapter 2, section 2.5.7.

The filler particle size is measured using Photon Correlation Spectroscopy
(CILAS 930 Particle Size Analyzer - France). The specific surface area of the samples
was measured by nitrogen adsorption measurement (BET) in micromeritics (Gemini 111
2375) surface area analyzer. The coefficient of thermal expansion (CTE) of the
composites was measured using a thermo - mechanical analyzer (TMA — 60H, Shimadzu)
in the range 25 — 250°C. A photopyroelectric (PPE) technique [58] (discussed in section
2.8.3 in Chapter 2) was used to determine the thermal conductivity of the composites.

Thermal diffusivity (a) and thermal effusivity (e) were also measured from PPE signal
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phase and amplitude [59]. From the values of a and e the thermal conductivity and
specific heat capacity of the samples were obtained.

The Vicker’s microhardness of PE-Sm,Si,O; and PS-Sm,Si,O; 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 100 g and dwell time of 10 s. A total of 5 readings were taken to
get the average hardness. The water absorption measurements were conducted following
ASTM D570. The samples were weighed and submerged in distilled water at 25°C for 24
h. The samples were removed, wiped, dried and the amount of water absorbed was
calculated based on the weight gain of the samples.

5.4 RESULTS AND DISCUSSION
5.4.1 PTFE/Sm,Si,0; composites

Figure 5.1 shows the particle size distribution of Sm,Si,O; ceramics. From the
figure it is clear that Sm,Si,O; possess a very small particle size with an average value of

1.4 um.

Fig. 5.1 Particle size distribution of Sm,Si,O; filler.
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Figure 5.2 (a) shows the SEM image of Sm,Si,O; powder. From the figure it can
be inferred that the Sm,Si,O; ceramic showed a particle size varying from 1-3 pm which
confirms the result obtained from the particle size analyzer. Figures 5.2 (b)-(d) show the
micro structural images of PTFE-Sm,Si,O; polymer — ceramic composites for different
volume fraction of ceramic loading. It can be seen that at lower ceramic loading (0.1 vy),
a good adhesion is observed between the polymer and ceramic with minimum porosity
and the Sm,Si,O; ceramic particles are uniformly dispersed throughout the polymer
matrix. However, as the filler content increases the packing of the particles grew denser
leading to particle agglomeration. These agglomerates may increase the effective particle
size thereby restricting the void filling between bigger particles. From Fig. 5.2 (d) it is
seen that as the ceramic content reaches 0.5 vy, the porosity of the composites increases
which adversely affects the dielectric, thermal and mechanical properties of the
composites.

Fig. 5.2 SEM images of PTFE loaded with (a) Sm,Si,O; powder, (b) 0.1 v Sm,Si,05,
(C) 0.3 v¢ szsizo7 and (d) 0.5 v¢ szsizo7.

The theoretical density of the composite pcomp IS calculated using the mixture rule
[44]:

167



CHAPTER 5

Pcomp = Vip1+ Va po (5.12)

where p1, p2, V1 and V, respectively are the density of the filler, density of the matrix,
volume of the filler and volume of the matrix. The densities of PTFE and Sm,Si,O;
measured by Archimedes method are found to be 2.15 and 5.35 g/cm® respectively. Table
5.1 gives the relative density and porosity of PTFE/Sm,Si,O; composites with varying
filler content. The density of the composite increases as the filler loading increases due to
the higher density of the ceramic. However, the relative density gradually decreases with
increase in filler content. This behavior is mainly due to the presence of small pores
produced during the synthesis process when air liberation is restricted due to the high
viscosity of the matrix. A monotonic increase in the porosity is observed with the
increase in the ceramic content. Porosity generally arises from agglomerates or excess
solvents and also because of the low polymer content which is insufficient to fill the
particle network. The presence of agglomeration and pores is also evident from the SEM
images (see Fig. 5.2 (c) and (d)). The porosity reaches a maximum value of 24.7 % for a
filler content of 0.5 v.

Table 5.1 The density, relative density and porosity of PTFE/Sm,Si,O; composites.

Volume Density Relative Porosity
fraction filler (g/em®) density (%) (%)

0.1 2.45 97.8 2.2
0.2 2.78 97.3 2.7
0.3 2.95 91.8 8.2
0.4 2.94 82.4 17.6
0.5 2.95 75.3 24.7

The variation of the dielectric properties of the PTFE/Sm,Si,O; composite with
the varying filler distribution as a function of frequency is shown in Fig. 5.3 (a) and (b).
The dielectric response is studied over the frequency range 1 KHz — 1 MHz. It is seen
that the relative permittivity is almost independent of frequency. As the filler content
increases the relative permittivity also increases due to the higher relative permittivity of
the ceramic compared to the polymer. From Fig. 5.3 (b) it is clear that the dielectric loss
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is very much frequency dependent. In the region of low frequencies, the dielectric loss
attains a high value which decreases as the frequency increases. This can be explained
based on the interfacial polarization, known as Maxwell-Wagner-Sillars (MWS) effect
which appears in heterogeneous systems due to the accumulation of charges at the
interfaces [60]. This polarization is predominant at the lower frequencies and increases
with the filler content. Generally in polymer composites interfacial polarization which is
operative at low frequency, is always present due to the presence of additives, fillers or
impurities having larger masses than the low molecular weight dipoles that make these
systems heterogeneous. The interfacial polarization related to the large dipoles across the
interface is less active as the electric field changes rapidly. However, a slight decrease in
the relative permittivity and an increase in dielectric loss is noted both at the high
frequency region (177 kHz). This may be probably due to certain relaxation process of

the polymer. Similar relaxation mechanism was observed and studied in detail by Gonon
et al. [61].
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In a heterogeneous polymer system, the inclusion of filler will normally alter the
properties of the polymer matrix. Fig. 5.4 gives a comparison of the dielectric properties
of the PTFE/Sm,Si,O7; composites with varying filler content at 1 MHz and 9 GHz. For
both the frequencies the relative permittivity increases with increase in the filler content.
This is due to the relatively high permittivity of the filler (¢, = 12.5 at 1 MHz and &, = 10
at 9 GHz) compared to that of the matrix (¢, = 2.32 at 1 MHz and &, = 1.95 at 9 GHz).
When the ceramic filler content is small, it forms a dispersed phase in the composite. The
dielectric response is mainly contributed by the continuous matrix, due to which the
relative permittivity has a low value. But as the filler content increases, the ceramic
particles come close together leading to an increase in the dipole — dipole interaction
thereby increasing the relative permittivity [62]. The effective relative permittivity of the
composite may be dependent on the interphase characteristics. These interphase
characteristics are affected by a change in the filler particle size and / or surface area or
by a change in the chemical structure of the interphase region. Since the chemical
structure of the interphase region is a function of the polymer and its interaction with the
filler particles, a change of the bonding between these two phases will alter the effective
relative permittivity of the composite. The dielectric loss which is the main factor
affecting the frequency selectivity of a material is influenced by many factors such as
porosity, microstructure and defects [63]. From the figure it is observed that as the filler
content increases the dielectric loss also increases for both 1 MHz and 9 GHz. This is
attributed to the increased porosity (see Table 5.1) of the composite material and also due
to the interfacial polarization between the polymer and ceramic at higher filler loadings.
The dielectric loss varies from 0.00052-0.00455 at 1 MHz with the filler addition from O
- 50 vol %. This is a much satisfactory result when compared with some of the earlier
reports on several polymer-ceramic composites [64-65]. At 9 GHz, as the volume fraction
of filler increases (0 - 50 vol%), the relative permittivity and dielectric loss increases
from 1.95 to 3.82 and 0.0024 to 0.0136 respectively. This low value of relative
permittivity when compared with that at 1 MHz is due to the difference in the
polarization mechanisms. All the four polarization mechanisms (described in chapter 1)
are active at low frequencies but as the frequency increases only ionic and electronic

polarization dominates. At lower frequencies, all the free dipolar groups in the polymer
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chain can orient themselves resulting in the higher value of relative permittivity. But as
the frequency increases, the bigger dipoles find it difficult to align in the field direction
resulting in a net decrease in the relative permittivity.

The PTFE matrix possesses a low value of thermal conductivity of nearly 0.27
Wm K™ The thermal conductivity of the filler is much higher (18.58 Wm™K™) than the
matrix and therefore there is an expected increase in the thermal conductivity with the
filler addition. The influence of the volume fraction of filler on the thermal conductivity
of PTFE/Sm,Si,O; composites is shown in Fig. 5.5. It is observed that the thermal
conductivity gradually increases with increasing filler content. When the samples are
heated, the heat will flow through the filler particles, just as electric charge flows through
a small resistance path. For higher filler content, the particles begin to touch each other
and form conductive channels in the direction of heat flow causing an exponential rise in
the thermal conductivity. It is seen that for a maximum filler content of 0.5 vs, the thermal
conductivity shows a value as high as 1.764 Wm™K™.
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Fig. 5.5 Variation of the thermal conductivity of PTFE-Sm,Si,O; and comparison with the
theoretical models.

Figure 5.5 also compares the experimental thermal conductivity with those
predicted using various theoretical models. Generally all the theoretical predictions are
valid only for lower filler concentrations. As the filler content increases, the porosity,
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inhomogenity and defects in the composites increases which are not considered in these
models and therefore the deviation from the predicted values also increases. The figure
clearly shows that the geometric mean model and Nielson model holds good upto 0.3 vt
and 0.4 vs respectively. Earlier Hasselman and Johnson [66] developed a theory for the
effective thermal conductivity of the composites consisting of a continuous matrix phase
with dilute concentrations of filler, with a thermal barrier resistance or Kapitza resistance,
which may arise from poor mechanical or chemical adherence at the interface. In the case
of Nielson model also the composite system is considered to be homogeneous with an
ideal interface. However, with the increase in the volume fraction of the filler, the
mismatch between the matrix and the filler in the form of interfacial gap becomes more
serious which adversely affects the heat conduction. Thus the model needs to be modified
by considering the interfacial thermal resistance. The experimental values are found to be
higher than that predicted using Maxwell-Eucken and Cheng-Vachon models. This may
be due to the fact that these models assume that the shape of the filler is sphere and the
dispersion state of the filler in composites, ie., filler mixed into melted matrix. Also the
effect of porosity is not considered which will affect the effective thermal conductivity of
the composites due to the poor thermal conductivity of air.

5.4.1.1 Effect of coupling agent on the properties of PTFE/Sm,Si,0,
composites

The coupling agents are generally employed to enhance the compatibility between
the polymer phase and filler phase of the composite systems. Fig. 5.6 shows a
comparison of the SEM micrograph of PTFE filled with 0.3 v silane coupled Sm,Si,O;
and untreated composite. It can be seen that the ceramic particles treated with PTMS is
more uniformly distributed in the polymer matrix and there is no aggregation of the filler
particles in the composites (also see Fig. 5.6 (a)). Thus the PTMS coupling agent is

effective in improving the dispersion of Sm,Si,Oy filler in the polymer matrix.
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Fig. 5.6 SEM images of PTFE loaded with 0.3 v; (a) untreated and (b) silane treated

szsizo7.

Table 5.2 gives the relative density and porosity of the composites with varying

amount of silane treated filler content. It is seen that the silane treatment improved the

adhesion between the matrix and the filler thereby improving the densification which is

evident from Fig. 5.6. The silane treated composites show higher relative density when

compared with that of the untreated one. A comparison of untreated and silane treated

composites show that the porosity content is much reduced by coupling. The composites

with a higher filler content (0.5 vf) shows a high porosity of 24.7 % in the case of

untreated filler whereas the silane treated composition exhibits a much reduced value of

18.1 %.

Table 5.2 The relative density, porosity and microwave dielectric properties of silane treated
PTFE/Sm,Si,O; composites.

Volume Relative Porosity Microwave dielectric
fraction filler | density (%0) (%) properties (9 GHz)

& tan o

0.1 99.6 0.4 2.55 0.0040

0.2 98.5 15 3.04 0.0031

0.3 92.8 7.2 3.51 0.0043

0.4 86.7 134 3.92 0.0054

0.5 81.9 18.1 4.29 0.0105
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Figure 5.7 shows the comparison of the variation of the dielectric properties with
volume fraction of filler content of PTFE/Sm,Si,O; composites at 1 MHz, for fillers
treated with silane coupling agent and that which is untreated. It is clear that the silane
coated composites shows a higher relative permittivity when compared with the untreated
one which is in agreement with earlier studies [33]. The improvement in the dielectric
properties is due to the enhancement in the relative density of silane treated composites.
Also the silane coupling agent act as a molecular bridge between the matrix and the filler
thereby forming a covalent bond across the interface. Earlier Todd et al. [33] have well
explained the role of coupling agents in determining the effective interphase relative
permittivity. The coupling agents effectively change the means by which the polymer
phase chemically interacts with the surface of the filler particles. Thus they are capable of
changing the characteristics of the interphase region of polymer-ceramic composites. The
coupling agent forms covalent chemical bonds with the filler surface, thereby breaking
the bond between the polymer matrix and the ceramic filler. This will increase the
molecular polarizability of the interphase thereby leading to an increase in the relative
permittivity. Also from the microstructure a good homogeneous dispersion of filler in the
polymer is obtained which also enhances the dielectric properties. Similar trend is
observed in the microwave frequency also (see Table 5.2). Fig. 5.7 also shows the
variation of dielectric loss of both the untreated and silane treated composites. The
dielectric loss increases with the filler content as expected. The dielectric loss varies
respectively from 0.00052-0.00455 and 0.00055-0.00678 for the untreated and silane
treated composites for filler content from 0.1-0.5 v;. As is evident from the figure for
lower filler (upto 0.3 vf) content, the dielectric loss shows no clear difference for both
composites. However, for higher filler concentration (> 0.3 vs) the dielectric loss values
exhibit a significant contrast. The silane coupled composites possess a high value of
dielectric loss compared to the untreated one. Similar observation is reported by Xu et al.
[35] for aluminium/epoxy composites. This may be due to the increase in the interfacial
polarization caused due to the introduction of additional phases. Since the dielectric loss
IS quite sensitive to polar impurities or polar oxidative products from polymer oxidation
during compounding, this increment in losses should be considered carefully while
targeting industrial applications. However, at 9 GHz silane treated composites exhibit a
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lower dielectric loss when compared with that of the untreated one which may be due to
the reduced porosity. At 9 GHz, PTFE loaded with 0.3 v; silane treated Sm,Si,O has & =
3.51 and tan ¢ = 0.0043.
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Fig. 5.7 Variation of relative permittivity and Fig. 5.8 Comparison of experimental and
tan & of untreated and silane treated theoretical ~ relative  permittivity ~ of
PTFE/Sm,Si,0; composites with volume PTFE/Sm;Si,O; composites with volume
fraction of filler at IMHz. fraction of filler at 9 GHz.

Figure 5.8 shows the comparison between the experimental and theoretical values
of relative permittivity at 9 GHz for both untreated and silane treated PTFE/Sm,Si,O;
composites. The measured relative permittivities are well matched with the theoretical
predictions for lower filler content only and deviations occur at higher filler content due
to the imperfect dispersion of ceramic particles and also due to the air enclosed by the
composites which is not considered in these predictions. As the amount of untreated filler
increases (> 0.3 vy), the relative permittivity shows a wide variation from the theoretical
values. The modified Lichtenecker equation is reported to be well suited for polymer-
ceramic composites [13, 67] where a fitting factor k is also included which represents the
interaction between the filler and the matrix. But in the present case a maximum
percentage deviation of nearly 21% is noted in the case of untreated composite with 0.5 v¢
filler. This implies that the fitting factor k must be modified considering the nature of the
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filler and matrix. However, the silane treated composites shows good agreement even for
higher filler content due to the homogeneity in dispersion and also the reduced porosity
which is evident from Table 5.2. It is interesting to note that both the untreated and silane
treated composites hold a good match with the EMT model for low filler content (upto
0.3 vy). In the present case the value of ‘n’ is obtained as 0.3 which is in agreement with
the reported value [46]. However, for higher filler loading the untreated composite
exhibit a larger deviation when compared with the silane coupled composites. It is to be
noted that while the untreated PTFE/0.5 v Sm,Si,O; composite show a percentage
deviation of 19 % the silane coated PTFE/0.5 v Sm,Si,O; composite show only a small
deviation of nearly 9 % which is quite encouraging. This is a strong evidence for the
uniform dispersion of the ceramic filler in the polymer matrix with the aid of silane

coupling agent.

Fig. 5.9 Variation of (a) relative permittivity of untreated and silane coupled PTFE/0.4 v¢
Sm,Si,O; composite (b) dielectric loss with temperature for various volume fractions of filler at 1
MHz. Inset of (a) shows the variation of t, with volume fraction of PTFE/Sm,Si,O; composites.

The temperature dependence of dielectric properties of the composites is an
important factor which judges the overall performance of the material. Figures 5.9 (a) and
(b) show the variation of dielectric properties of both untreated and silane treated
PTFE/0.4 v Sm,SiO; composite with temperature in the range -25 to +80°C. In both

cases a steady increase in the relative permittivity and dielectric loss values is noted at a
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temperature around 20°C. This jump is present in the case of all the compositions
considered in the present study. This may be due to the phase change of PTFE polymer
from triclinic to hexagonal structure at around 19°C [68]. Earlier Rajesh et al. [69] has
also noted similar variation in SrTiOs/PTFE composites.

The temperature coefficient of relative permittivity (z.) is calculated using Eq.
(4.1) given in chapter 4. The inset of Figure 5.9 (a) shows the variation of z. with the
filler content for untreated and silane coupled composites. It is clear from the figure that
in the case of untreated filler, the z. becomes more negative with the amount of filler
content despite the fact that the Sm,Si,O- filler has a z, value of +63 ppm/°C. Xie et al.
[70] also observed a similar variation in the case of polyimide/BaTiO; composites.
Generally, in composites the dielectric response with temperature can be explained based
on the following two competitive mechanisms [70]. The segmental mobility of the
polymer is improved by the increase in temperature. This will enhance the polarization of
the filler thereby leading to an increase in the relative permittivity. The second
mechanism is related to the difference in the thermal expansion coefficient of the matrix
and the filler. The large difference in these values may prevent the aggregation of the
polar components and this might lead to a reduction in relative permittivity with increase
in temperature. In the present case the coefficient of thermal expansion of PTFE and
Sm,Si,0; are 93 ppm/°C and 1.61 ppm/°C respectively. Thus the particle agglomeration
is disrupted and subsequently the relative permittivity decreases.

Figure 5.10 shows the variation of the coefficient of thermal expansion (CTE) of
PTFE/Sm,Si,O; composites with different volume fraction of both untreated and silane
treated filler. It is seen that with the increase in filler content the CTE decreases
gradually. This is quite expectable due to the low value of CTE possessed by Sm,Si,O;
whereby the expansion of the matrix is constrained [38]. Generally in polymer
composites, the filler particles can be considered to be surrounded by two regions: (i) by
tightly bound polymer or constrained polymer chain and (ii) by loosely bound polymer or
unconstrained polymer chain. When the filler content increases, the interparticle distance
decreases and the unconstrained polymer chains get transformed into constrained
polymer chains. This increased concentration of constrained PTFE polymer chains
suppresses the thermal expansion of the composites. The CTE decreases from 93 ppm/°C
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to 36 ppm/°C with the addition of 0.5 v¢ of untreated Sm,Si,O; ceramic. However, the
CTE values of the composites are much reduced to nearly 10 ppm/°C with the addition of
silane coupled Sm,Si,O7 ceramic into the PTFE matrix. This is in contradiction with the
earlier report by Chen et al. [36] where an increase in the CTE value is noted with the
addition of silane coated SiO,. The decrease in the CTE value of silane treated
PTFE/Sm,Si,O; composites is due to the increasing wettability and dispersion of the
filler particles. The untreated PTFE/Sm,Si,O; composites contain tiny gaps between the
filler and the matrix which is the reason for the increased CTE when compared with that
of the coupled composites.

Fig. 5.10 Variation of the coefficient of thermal expansion of PTFE/Sm,Si,O; composites and
comparison using rule of mixtures.

The experimental CTE values of both the untreated and the silane treated
PTFE/Sm,Si,O; composites are compared with the theoretical prediction using rule of
mixtures and are shown in Fig. 5.10. According to the rule of mixtures the CTE of a two
phase composite is dependent linearly on the volume fraction of the filler. The
experimental values show a wide variation from the calculated ones. This may be due to
the fact that the equation does not consider the mechanical constraints created on the
matrix due to the fillers.
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Table 5.3 gives the microhardness and water absorption of PTFE/Sm,Si,Oy
composites with filler content variation. The Vicker’s microhardness of pure PTFE
matrix is nearly 7 kgf/mm? As the filler content increases, the microhardness also
increases as expected due to the fact that ceramics generally possess a high value for
microhardness. It is seen that with the increase in the filler content the microhardness
increases to value of 13 kgf/mm? in the case of untreated filler and 16 kgf/mm? for silane

coupled filler.

Table 5.3 The Vicker’s hardness and water absorption of PTFE/Sm,Si,O; composites.

Composite Volume fraction Vickers Water
of filler (v¢) microhardness absorption

(kg/mm®) (%)
Untreated 0.0 7 0.53
PTFE/Sm;Si,0O; 0.1 9 0.15
0.3 10 0.22

0.5 13 13.05
Silane treated 0.1 8 0.02
PTFE/Sm;Si,0; 0.3 12 0.68
0.5 16 2.17

From the table it is also evident that the water absorption of the composites
increases with the filler content. This is probably due to the hydrophilic nature of the
ceramics. A comparison of the water absorption of the composites untreated and treated
with coupling agent shows that the silane treated composites possess a low value which is
due to the reduced porosity (see Tables 5.1 and 5.2). In the case of untreated composites
the water absorption shows a value as high as 13 % for 0.5 v; of filler where as on the
other hand the one treated with silane shows a very low value of nearly 2 % for the same
volume fraction. The silane coupling agent reduces the hydrophilicity of the ceramic
filler and also disperses the ceramic uniformly in the matrix thereby reducing the water

absorption.
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5.4.1.2 Effect of particle size on the properties of PTFE/Sm,Si,O,
composites

The specific surface area measurements show that the micron sized Sm,Si,O;
possess a very small average surface area value (0.15 m?/g) as compared to the nano
sized one (20.94 m?/g). Figures 5.11 (a) and (b) show the microstructural images of PTFE
filled with 0.05 v¢ and 0.25 v¢ of nano sized Sm,Si,O ceramics. It is to be noted that at
lower filler content the nano sized particles are almost uniformly dispersed in the matrix
while higher ceramic loading facilitates the formation of clusters. The dispersion of nano
particles into a polymer matrix is very much dependent on the kinetics of composite
preparation. At lower filler content the attractive Van der Waals forces between the nano
particles are weak due to the long interparticle distance. Thus the agglomerated particles
can be easily broken by applying the force provided by the mixing device. However, at
higher filler loading the interparticle distance decreases exponentially and due to the
strong force of attraction the particles get agglomerated. Thus it is difficult to process
composites with higher filler loading of nano sized powder. In the present study a
maximum filler loading of only 0.25 v¢ could be obtained.
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Fig. 5.11 SEM images of PTFE loaded with (a) 0.05 v; nano Sm,Si,O5, (b) 0.25 v¢ nano Sm,Si,0-.

In electronic packaging applications, the proposed material must withstand a
temperature upto 300°C and should maintain their properties [71]. The thermal stability
and weight loss of the composites are analyzed using TGA. Fig. 5.12 shows the TGA
thermograms of pure PTFE, PTFE loaded with micro and nano sized Sm,Si,Oy filler. The
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decomposition of PTFE starts at about 525°C and the material residue was zero at a

temperature of 597°C.
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Fig. 5.12 TGA curves of PTFE/Sm,Si,O; composites.

Table 5.4 TGA parameters of pure PTFE and PTFE loaded with micro and nano Sm,Si,Ox.

Material T (°C) Filler added Filler residue
(Wt%) (Wt%)
Pure PTFE 531.9 0 0
PTFE/0.2v; 545.7 38.4 34.8
msm28i207
PTFE/0.2v; 522.9 38.4 27.9
nsm28i207

Ty is the temperature at which 10% wt of the sample is lost after heating in nitrogen
atmosphere.
Table 5.4 gives the parameters obtained from the TGA curve. It is seen that pure PTFE
shows a Ty value of 531.9°C and an increase of more than 10°C is noted with the
addition of 0.2 vt of micron sized filler. This increase in the decomposition temperature
may be due to the increased interaction between the matrix and the filler whereby the
segmental mobility of the polymer is reduced. Thus the thermal stability is improved by
filler addition. The residue filler in the PTFE-micro Sm,Si,O; composite at 800°C is
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nearly close to the amount initially added. However, in contrast to the earlier reports [38,
72] the nano-composite shows a low decomposition temperature than the pure polymer.
In the case of nano filler loaded composite, a slight decrease in weight at the lower
temperature is noted which may be due to the loss of volatile by-products. This is evident
from Table 5.4 where the residue filler for nano-composite is only 27.9 %.

Table 5.5 gives the microwave dielectric properties of the PTFE/Sm,Si,O;
composites loaded with micron and nano size fillers. In both cases it is clear that the
relative permittivity increases with filler content which is quite expected due to the
increased relative permittivity of Sm,Si,O; compared with that of the PTFE matrix. An
increase in the nano filler concentration tends to increase the relative permittivity due to
the increase in the number of nano particle fillers contributing to the effective relative
permittivity which overheads the effect of immobilization of polymer chains observed at
higher filler content which has a tendency to lower the relative permittivity. For the same
filler loading level, the composites filled with smaller particles will have a larger
interfacial area which promotes the interfacial polarization mechanism and thereby
increasing the effective relative permittivity. The number of particles in the nano-
composite is greater than that in the micron size composites for the same filler loading.
Similar observations were earlier reported in the case of epoxy/SiO; [73] and PTFE/rutile
composites [37]. It is also noted that the dielectric loss increases with the increase in filler
content for both micron and nano size Sm,Si,O; fillers and a high dielectric loss is
exhibited by the nano sized Sm,Si,O; filled composites. The reason for this increase is
due to the large interaction zone and the increase in the lattice strain caused due to the
increase in the surface area. Moreover, several other factors such as changes in the
polymer morphology, space charge distribution, reduction in the internal field caused by
the decrease in the particle size and scattering mechanisms may also affect the dielectric
properties significantly [74].
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Table 5.5 The density, microwave dielectric properties and water absorption of PTFE/Sm,Si,O;.

Volume Density Microwave dielectric Water
fraction filler | (g/cm®) properties (9 GHz) absorption
& tan o (%)

micron
0.05 221 2.37 0.0009 0.08
0.10 2.32 2.48 0.0023 0.15
0.15 2.49 2.92 0.0026 0.17
0.20 2.79 3.04 0.0051 0.19
0.25 2.98 3.49 0.0057 0.23
nano
0.05 2.01 2.33 0.0046 0.05
0.10 2.20 2.52 0.0130 0.12
0.15 2.40 2.71 0.0219 0.14
0.20 2.47 3.06 0.0161 0.54
0.25 2.53 3.39 0.0315 0.68

Figures 5.13 (a) and (b) respectively show the comparison between the
experimental and theoretical values of relative permittivity at 1 MHz for both micron and
nano size filler loaded PTFE/Sm,Si,O; composites. It can be observed that the nano filler
composites show a better agreement with the theoretical predictions. From the figure it is
clear that nano composites are found to be in good agreement with the modified
Lichtenecker equation implying a good dispersion of the nano particles in the matrix. In
two-phase models, both the constituents of the composite system are considered as
different phases rather than considering one constituent of the composite as an inclusion
in a continuous phase of another. The relative permittivity of composites also depends on
the distribution of the filler, shape and size of fillers and interface between ceramics and
polymers. The composites with lower nano filler content shows a good match with the
EMT model while the higher volume fractions deviate more from the prediction. This
may be due to the higher amount of porosity in the composites. In the case of nano
composites more precise model which considers the interfacial contributions such as
interphase power law need to be considered.
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Fig. 5.13 Comparison of experimental and theoretical relative permittivity of (a) PTFE/micro
Sm,Si,O7 (b) PTFE/nano Sm,Si,O; composites with volume fraction of filler at 1IMHz.

Figure 5.14 shows the variation of z. with the filler content for PTFE/Sm,Si,O;
composites. It is clear from the figure that in the case of micron size filler, the z. becomes
more negative with the amount of filler content despite the fact that the Sm,Si,O- filler
has a 7, value of +63 ppm/°C. The figure clearly shows that the composites with smaller
size filler have a lower value of z.. In the case of nano-composites, the segmental
mobility of the polymer is much reduced since more particles surround each polymer
chain thereby inhibiting the free movement. The large difference in the CTE values of the
matrix and the filler may prevent the aggregation of the polar components and this might
lead to a reduction in relative permittivity with increase in temperature. The inset of Fig.
5.14 shows the variation of relative permittivity with temperature in the range -25 to
+80°C for 0.2 v of PTFE/nano Sm,Si,O; composite. It is evident from the figure that the
variation of relative permittivity is almost regular except for an increase in the relative
permittivity value at a temperature around 20°C. It is due to the phase change associated
with PTFE polymer as discussed earlier.
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Fig. 5.14 Variation of temperature coefficient of relative permittivity of PTFE/Sm,Si,O; composites
with volume fraction of micron and nano size fillers.

Figure 5.15 shows the variation of CTE of PTFE/Sm,Si,O; composites with
different volume fraction of both micron and nano size fillers. It is found that with the
increase in both type of filler content, the CTE decreases gradually. This is quite
expectable due to the low value of CTE possessed by Sm,Si>O7 (1.61 ppm/°C) whereby
the expansion of the matrix is constrained. It is to be noted that for the same volume
fraction of filler, nano-composite exhibits a much lower value of CTE when compared to
the micro composites. The CTE of 0.2 v; micro and nano Sm,Si,O; loaded composites
has a CTE value of 65 ppm/°C and 40 ppm/°C respectively. This may be due to the fact
that, for the same filler content, nano particles have large surface area and they posses
high particle density. This reduces the free volume of the matrix which in turn limits the
matrix expansion. Also the nano particles are well dispersed in the polymer matrix when
compared to the micron sized particles. This will create good interfacial area between the
nano Sm,Si,O; and PTFE and reports show that composites with strong interface exhibit
a very low value of CTE [75]. In the case of nano-composites the concentration of
constrained PTFE polymer chains is much higher which suppresses the thermal
expansion of the composites.
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Fig. 5.15 Variation of the coefficient of thermal expansion of micron and nano PTFE/Sm,Si,O,
composites.

Table 5.5 also gives the water absorption of PTFE/Sm,Si,O; composites with
micron and nano filler content variation. The composites consist of two dissimilar
materials, one hydrophilic and the other hydrophobic in nature. From the table it is
evident that the water absorption of both the composites increases with the filler content
which is due to the hydrophilic nature of the ceramics. A comparison of the water
absorption of the composites with varying filler size shows that smaller the filler size,
higher is the water absorption tendency. In the case of PTFE filled with 0.2 v¢ of micro
Sm,Si,0O7 shows a water absorption of 0.19 % whereas on the other hand that filled with
same volume fraction of nano Sm,Si,O; shows a high value of 0.54%. This is due to the
higher surface area of nano Sm,Si,O; ceramic filler.
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5.4.2 Sm,Si,0; filled Polyethylene and Polystyrene composites

Fig. 5.16 SEM images of (a) PE-0.3 vf Sm,Si,O;, (b) PE-0.5 vf Sm,Si,O7, (¢) PS-0.3 vi Sm,Si,O-, (d)
PS-0.5 v Sm,Si,O4, (e) fractured surface of PE-0.3 v; Sm,Si,O; and (f) PS-0.3 v Sm,Si,0;.

Figures 5.16 (a)-(d) show the microstructural images of PE-Sm,Si,O7 and PS-
Sm,Si0; polymer — ceramic composites for different volume fraction of ceramic
loading. From Fig. 5.16 (a) and 5.16 (b) it is clear that the Sm,Si,Oy filler is uniformly
distributed in the polyethylene matrix. As the filler content increases the packing of the
ceramic particles grew denser indicating excellent compatibility between the filler and
polyethylene matrix. However, in the case of PS-Sm,Si,O; composites (Figs. 5.16 (c) and
5.16 (d)) a homogeneous particle distribution along with small trails of agglomeration is
observed. It is also found that the porosity of the composites increases with increase in
the filler loading. Figs. 5.16 (e) and (f) show the fractured surfaces of PE-Sm,Si,O; and
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PS-Sm,Si,O; for 0.3 volume fraction of ceramic. These microstructures indicate the

homogeneous distribution of the ceramic particles in both the polymer melts.

Table 5.6 The physical and dielectric properties (at 1 MHz) of polyethylene-Sm,Si,O-, and
polystyrene-Sm,Si,O; polymer ceramic composites.

Material Filler Density | Relative | Porosity At 1 MHz
Volume | (g/cm®) | density (%) & | tano
Fraction (%)
0.0 0.95 99.6 0.4 2.62 | 0.0006
0.1 1.40 98.6 14 3.17 | 0.0008
Polyethylene-
0.2 1.87 98.9 11 3.48 | 0.0014
Sm28i207
. 0.3 2.29 96.6 3.4 4.35 | 0.0027
composite
0.4 2.75 96.5 35 5.02 | 0.0059
0.5 3.14 94.6 5.4 5.39 | 0.0091
0.0 1.04 98.3 1.7 3.20 | 0.0017
0.1 1.44 96.0 4.0 3.51 | 0.0012
Polystyrene-
] 0.2 1.79 90.9 9.0 4.19 | 0.0014
Sm,Si,04
. 0.3 2.21 90.9 9.1 4.41 | 0.0034
composite
0.4 2.65 90.9 9.1 5.12 | 0.0078
0.5 3.05 90.8 9.2 6.11 | 0.0087

Table 5.6 gives the relative density and porosity of PS-Sm,Si,O; and PE-
Sm,Si,O7 composites with the volume fraction of the filler. The densities of polyethylene
and polystyrene measured by Archimedes method are found to be 0.95 g/cm® and 1.04
g/cm? respectively. It is found that the density of the composite increases with increase in
the filler content as expected due to the higher density of Sm,Si,Oy. It is to be noted that
the relative density is more in the case of PE-Sm,Si,O; than PS-Sm,Si,O; composites
showing good adhesion between the polymer and the ceramic particles. Even for a
maximum filler loading of 0.5 v;, PE-Sm,Si,O; shows a relative density of 94.6%
whereas PS-Sm,Si,O7 has only about 91% densification. This may be due to the presence
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of voids inside the composite with the increased filler content. This is a clear evidence for
the strong adhesion between the polyethylene matrix and Sm,Si,O7 filler which is also
clear from the SEM images.

Fig. 5.17 The variation of relative Fig. 5.18 The variation of dielectric loss
permittivity with frequency for (a) with frequency for (a) PS/Sm,Si,O; and
PS/Sm,Si,0; and (b) PE/Sm,Si,O; (b) PE/Sm,Si,O; composites.

composites.

The relative permittivity variation of the composites with the filler distribution as
a function of frequency in the range 1 KHz — 1 MHz of PS/Sm,Si,O; and PE/Sm,Si,0;
composites are shown in Figs. 5.17 (a) and (b). It is found that the relative permittivity of
the composites remain nearly a constant in the whole measured frequency range. The
relative permittivity is found to be nearly independent of frequency for low ceramic
loading. However, for higher filler content (above 0.4 vy) it is found to be more frequency
dependent. In polymers the dipolar orientation comes from the motion of the polar
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groups. But the cross linking nature of the polymers hinders the molecular motion of the
polar groups. Thus the polymer molecules within the interphase region are restricted from
dipolar polarization when compared to the molecules in the bulk matrix regions leading
to a reduction in the relative permittivity.

Figs. 5.18 (a) and (b) respectively show the variation of dielectric loss with
frequency. The dielectric loss increases gradually with the filler content from 0 — 0.5 v.
However, a slight decrease in 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 [41, 76]. At the same frequency an increase in the dielectric loss is also
observed. It has been reported earlier that the polystyrene and polyethylene exhibits a
relaxation peak in the range 1 Hz-100 kHz at very low and high temperature range [64,
76]. However, in the present case the increase in the dielectric loss at room temperature

may be due to the non-activated charge motion such as tunnelling.
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Fig. 5.19 Variation of relative permittivity and tand of polystyrene-Sm,Si,O; and polyethylene-
Sm,Si,O; composites with volume fraction of filler at 9 GHz.

Figure 5.19 shows the variation of relative permittivity and dielectric loss with
volume fraction of Sm,Si,O7 at 9 GHz for PE-Sm,Si,O; and PS-Sm,Si,O; composites
respectively. In both the cases the relative permittivity increases with the filler content
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due to the high relative permittivity of Sm,Si,O; compared with that of the respective
matrices. From the figure it is also observed that as the filler content increases the
dielectric loss also increases due to the increased porosity of the composite material and
also due to the interfacial polarization between the polymer and ceramic at higher filler
loadings. At 9 GHz, a low value of relative permittivity and dielectric loss (& = 5.28 and
tan 0 = 0.0091 for PE-Sm,Si,O; composites and & = 4.6 and tan 0 = 0.011 for PS-
Sm,Si,O; composites) are obtained even for a higher filler content (0.5 vy).

Figures 5.20 (a) and (b) respectively show the comparison between the
experimental and the theoretical values of relative permittivity at 9 GHz obtained from
various theoretical predictions for PS-Sm,Si,O7 and PE-Sm,Si,O; composites. It is seen
that for both the composites the Lichtenecker and Maxwell — Wagner equation show a
wide deviation from the experimental values. The percentage deviation of the
experimental values from these predictions is found to increase from 5.3 % for 0.1 v to a
maximum of 9 % for the filler content of 0.5 v in the case of PE-Sm,Si,O;. Generally all
the theoretical predictions are valid for low filler contents due to the imperfect dispersion
of ceramic particles at higher filler contents and also due to the air enclosed by the
composites. Also these predictions do not consider the matrix/filler interphase
interactions and is valid for composites with near values of relative permittivities of filler
and matrix. Recently Hu et al. [67] reported that modified Lichtenecker equation showed
a better fit with the experimental results for BST-Cyclic Olefin Copolymer (COC)
composites but exhibited a significant discrepancy beyond a filler content of 10 vol%.
Earlier reports [43] show a k value of -0.455352 and -0.477392 for cyanate/BaTiO3; and
epoxy/BaTiO3z polymer-ceramic composites respectively [35]. In the present study we
obtained a k value of -0.2365 for PE-Sm,Si,O; and -0.2272 for PS-Sm,Si,O; composites.
The calculated relative permittivity values using the modified Lichtenecker equation
show good correspondence with the experimental values for both the composites at lower
volume fraction of filler (0.1 — 0.4 v¢) content with a percentage deviation less than 3 %
for PE-SmySi,O7 and 5 % for PS-Sm,Si,O;. However, it is found that for 0.5 vy, the
predictions deviate from the experimental value showing a value as high as 8 % for PE-
Sm,Si,O7 and nearly 20 % for PS-Sm,Si,O7. This large deviation observed for PS-
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Sm,Si,O; composites may be due to the slight inhomogenity in the particle distribution in
the polystyrene matrix when compared to that of polyethylene.
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Fig. 5.20 Comparison of experimental and theoretical relative permittivity of
(a) polystyrene-Sm,Si,O; and (b) polyethylene-Sm,Si,O; composites at 9 GHz.

The relative permittivity of composites also depends on the distribution of the
filler, shape and size of fillers and interface between ceramics and polymers and therefore
the experimental values are compared with those predicted using EMT model. In the
present work we found the value of ‘n” as 0.16 for both PE-Sm,Si,O7 and 0.16 for PS-
Sm,Si,07; composites which is in agreement with the earlier reports [36]. It is observed
that the EMT model holds good for PE-Sm,Si,O; composites even for a higher filler
loading of 0.5 vr. However, in the case of PS-Sm,Si,O; composites the EMT model is
found to be well matched only upto 0.4 v¢ of ceramic loading. For a higher filler content
of 0.5 vy, the model deviates considerably from the experimental value. Comparison of
Figs. 5.20 (a) and (b) shows that the predictions are in good agreement with the
experimental results for PE-Sm,Si,O; composites than for PS-Sm,Si,O; composites. This
may be due to the fact that the PE-Sm,Si,O; shows a better densification than the PS-
Sm,Si,O7 composites as evident from Table 5.6.
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Fig. 5.21 The variation of relative permittivity with temperature for (a) polystyrene-
Sm,Si,O7 and (b) polyethylene-Sm,Si,O; composites.

Figures 5.21 (a) and (b) respectively represent the temperature dependence of
relative permittivity of PS-Sm,Si,O; composites and PE-Sm,Si,O; composites measured
at 1 MHz. It is clear from the figures that the PS-Sm,Si,O; composites show nearly a
steady variation in relative permittivity with temperature showing a positive deviation of
1.5 % for 0.5 v of filler loading. On the other hand for PE-Sm,Si,O; composites, the
variation is much more pronounced. It can be observed that these composites show a
decrease in relative permittivity with increase in temperature for lower filler content (0.1-
0.4 vi). However, for higher filler loading (0.5 vf) an increase in relative permittivity is
observed with temperature. The deviation is found to be as high as 5 %. At high
temperature and for high filler content, the segmental mobility factor predominates
causing an increase in relative permittivity. Thus from the figures it can be concluded that
PS-Sm,Si,0; composites exhibit better temperature stability of relative permittivity
compared to that of PE-Sm,Si,O; composites.

Figure 5.22 shows the variation of coefficient of thermal expansion (CTE) of the
composites as a function of filler content. The CTE of polyethylene and polystyrene are
250 ppm/°C and 100 ppm/°C respectively. The coefficient of thermal expansion of both
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the composites decreases with the increase in ceramic loading. This is due to the low
CTE of Sm,Si;O; which will constraint the expansion of the matrix. Also composites
with strong interface exhibit an additional reduction in CTE [75]. It is noted that the CTE
of PE-Sm,Si,0; composites decreases drastically from 250 to 60 ppm/°C while there is a
gradual reduction for PS-Sm,Si,O; composites from 100 ppm/°C to 36 ppm/°C. The
experimental results were compared with the theoretical prediction using rule of mixture

given in Eq. (5.6).

Fig. 5.22 Variation of the coefficient of thermal expansion of polystyrene-Sm,Si,O; and polyethylene-
Sm,Si,O; composites and comparison using rule of mixtures.

The dotted line represents the CTE values calculated using the rule of mixtures. It
is observed that the prediction shows a good agreement with the observed values for PS-
Sm,Si,O7 composites while it shows a wide deviation for PE-Sm,Si,O7 composites. It is
also clear from the figure that the calculated CTEs are higher than the experimental
results. This may be due to the differences in the microstructure, bulk modulus and
thermal softening of the components which are not taken into account in the present

model.
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Fig. 5.23 Variation of the thermal conductivity of (a) polyethylene-Sm,Si,O;and (b) polystyrene-
Sm,Si,O; composites with the filler content.

Figure 5.23 shows the variation of thermal conductivity of PE-Sm,Si,O; and PS-
Sm,Si,O7 composites with the volume fraction of the filler. The thermal conductivities of
both the polymer composites increase with the filler content. The PE-Sm,Si,Oy
composites show a high rate of increase in thermal conductivity than the PS-Sm,Si,O;
composites which is due to the relatively high thermal conductivity of polyethylene (0.45
Wm?K™) compared to that of polystyrene (0.08 Wm™K™). In the case of PE-Sm,Si,O;
composites a sudden increase in thermal conductivity is noted beyond 0.3 v; of filler. This
is due to the fact that at higher filler content the ceramic particles get connected and form
conductive paths in the composites. From SEM images it is clear that the polymer matrix
(PE and PS) are essentially surrounded by the filler particles. The most adjacent
Sm,Si,O7 particles can touch each other and form thermally conductive paths in the
composites. For a filler content of 0.5 v;, the thermal conductivity of PE-Sm,Si,O;
composites becomes nearly 7 times that of pure polyethylene ie., 2.97 Wm™K™ whereas
that of PS-Sm,Si,O; composites of same volume fraction is only 0.294 Wm™K™. Earlier,
Agari and co-workers [77] proved that the thermal conductivity of the composites is
dependent on the processing method adopted. They found that for a given volume
fraction of filler, the thermal conductivity of composites obtained from powder mix
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dispersion method is higher than that obtained by melt mixing technique. Fig. 5.23 also
compares the experimental values with various theoretical predictions obtained from Egs.
(5.7) = (5.11). The Agari equation is found to be in good agreement with the experimental
values in the case of PE/Sm,Si,O; composites while it shows considerable deviation for
PS/Sm,Si,O7. This may be due to the better densification achieved by the PE/Sm,Si,O;
composites (see Table 5.6) thereby reducing the porosity which improves the thermal
conductivity. Fig. 5.23 (b) shows that for PS/Sm,Si,O; composites, all the predictions
hold good for lower concentration of filler (up to 0.3 vg). As the filler content increases
the experimental values show considerable deviation from the theoretical ones.

Table 5.7 The Vickers hardness and water absorption of polyethylene-Sm,Si,O; and polystyrene-
Sm,Si,O; polymer ceramic composites.

Composite Volume fraction Vicker’s Water
of filler (v microhardness absorption

(kg/mm®) (%)

PE-Sm,Si,0- 0.0 10 0.03
0.1 10 0.20

0.3 14 0.25

0.5 17 0.30

PS-Sm,Si,0; 0.0 21 0.14
0.1 28 0.27

0.3 33 0.30

0.5 56 0.41

Table 5.7 gives Vicker’s microhardness and water absorption of PE-Sm,Si,O; and
PS-Sm,Si,0; composites with filler variation. The Vicker’s hardness of pure
polyethylene and polystyrene are found to be 10 kgf/mm? and 21 kgf/mm? respectively.
The micro hardness of the composites is found to increase with the filler content. A
maximum of 56 kgf/mm? is observed for PS-0.5 v¢ Sm,Si,O; whereas a much lower
value of 17 kgf/mm’ is obtained for PE-Sm,Si,O; for the same volume fraction of

ceramic. It is evident from the table that as the filler content increases the water
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absorption of both the composites increases. The PE-Sm,Si,O; composites exhibit low

water absorption than the PS-Sm,Si,O; composites. This is due to the higher porosity of

the PS-Sm,Si,O; composites compared to that of PE-Sm,Si,O; composites (Table 5.6).

However, the water absorption is found to be 0.30 % and 0.41% for PE-Sm,Si,O; and

PS-Sm,Si,0; composites even for a higher filler content of 0.5 v.

5.5 CONCLUSIONS

R/
A X4

The effect of Sm,Si,O- filler on the dielectric and thermo-mechanical properties
of various polymers such as PTFE, Polyethylene and Polystyrene are investigated.
The influence of coupling agent and filler particle size on the performance of
PTFE/Sm,Si,0; is also studied in detail. The PTFE/Sm,Si,O; composites are
prepared by powder processing technique and PE/Sm,Si,O; and PS/Sm,Si,O;
composites by the melt mixing method.

The microstructure of the composites shows a uniform dispersion for lower filler
concentration and as the filler content increases a small amount of agglomeration
is noticed. It is found that addition of silane treated filler reduced the particle
agglomeration resulting in good homogeneity in the case of PTFE/Sm,Si,O;
composites.

The dielectric properties of the composites are measured at 1 MHz and in the
microwave frequency range. It is seen that the relative permittivity and dielectric
loss of the composites increases with increase in the filler content. For a higher
filler content of 0.5 v¢ the microwave dielectric properties of the composites are,
PTFE composite: ¢ = 3.82 and tan ¢ = 0.0136, PE composite: ¢ = 5.28 and tan ¢
= 0.0091 and PS: & = 4.60 and tan ¢ = 0.0110. However, the silane treated and
nano PTFE/Sm,Si,O; composites showed a higher value of relative permittivity
and dielectric loss when compared with the untreated one.

It is also observed that the thermal conductivity and Vicker’s microhardness of
the composites improved with filler content whereas the thermal expansion value
decreased which is required. Also the addition of coupling agent to the fillers
improved the thermo-mechanical properties of PTFE/Sm,Si,O; composites. The
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nano-composites exhibited a much lower CTE value when compared with its
micron counterpart whereas they showed a high water absorption value.

Various theoretical predictions are employed to fit the experimental values of
relative permittivity, thermal conductivity and thermal expansion. The
experimental and theoretical values are found to be in good agreement for lower
filler content. The results suggest that Sm,Si,O; filled polymer composites are
good candidates for electronic packaging applications.
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CHAPTER 6

ALUMINATE BASED COMPOSITES FORLTCC
AND ELECTRONIC PACKAGING APPLICATIONS

@

This chapter is divided into two sections. The first section
describes the synthesis and properties of aluminate based
ceramic glass composites for LTCC substrate applications. The
ceramic used for the study is 0.83 ZnAl,O, - 0.17 TiO, (ZAT) with
excellent microwave dielectric properties. The effect of various
low melting and low loss glasses on the densification,
microstructure and microwave dielectric properties of ZAT 1is
discussed in detail. The second section gives a comparative study
of PTFE/ZAT and PE/ZAT composites for electronic packaging
applications. The dielectric properties of the composites are
measured at low and microwave firequencies and the effective
relative permittivity obtained are compared with the theoretical

predictions.




CHAPTER 6

6.1 SYNTHESIS AND CHARACTERIZATION OF 0.83 ZnAl,04-0.17
TiO,/GLASS COMPOSITES FOR LTCC APPLICATIONS

6.1.1 INTRODUCTION

Development of very large-scale integration (VVLSI) continuously demands that
ceramic manufacturers provide substrate materials with high signal transmission speed,
high wiring density, high reliability and low cost [1-2]. To make a package electrically
faster, low relative permittivity ceramics co-firable with highly conductive metals such as
Ag, Pd and Au are desirable. Low temperature co-fired ceramic (LTCC) multilayer
substrates have recently been proposed for applications in the wireless field that require
low dielectric loss and rapid signal propagation at high frequencies [3]. A detailed
description on the LTCC technology, its advantages, material requirements and
applications are given in chapter 1 section 1.8. Generally speaking, addition of low
softening temperature glass is an effective and cheap approach to lower the densification
temperature of ceramics [4]. However, in many cases, they may induce a significant
degradation of dielectric properties because of the large amount of additives or may
require a complicated processing. To weaken the destructive effect of the glass additives
on the intrinsic microwave properties of the ceramics, researchers have to find good glass
flux which could decrease the sintering temperature greatly with small amount of
additives without influencing the microwave dielectric properties of the host material
considerably. For LTCC, in addition to the low sintering temperature, appropriate relative
permittivity, high quality factor and a near zero temperature coefficient of resonant
frequency are also critical requirements for commercial applications. Thus the search for
the new materials with intrinsic low sintering temperatures and good microwave
dielectric properties is still in rapid progress.

A number of material-research laboratories have focused their attention on
reducing the sintering temperatures of functional materials. Although Dai et al. [5]
reported the microwave dielectric properties of low temperature sintered alumina, the
quality factor of the ceramic was too low to use in the microwave applications at high
frequency. Several microwave dielectric compositions including (Zr,Sn)TiOs [4],
BaMg3Taz303 [6], BaZnysTazs0; BaO-TiO,-WO3 [7], Ca[(LiysNbas)1xTix]Os-5 [8],
CeO; [9] and BaO-Re,03-TiO, [10] systems have been studied for the development of
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the middle-k LTCC by using glass frits. Many low loss glasses and low melting oxides
have been suggested as sintering aids for several materials to be used for LTCC
applications. Zhou et al. [11] proposed 0.83Li,0-0.17V,0s5 as an effective additive to
lower the sintering temperature of 3Li;O-Nb,Os5-3TiO, (LNT) ceramics, but the
interaction between V and Ag limited it for LTCC applications. Later the same group
suggested B,03 and CuO as suitable sintering aids for LNT. These were also found to be
effective in reducing the sintering temperatures of Ba(ZnysTay3)0s, Ba(ZnysNbyz)Os
and BaTi;Oy ceramics to below 900°C [12]. ZnO-B,03-SiO, [13] and ZnO-B,03-Bi,O3
[14] based glass have been reported to be effective low temperature promoters for zinc
titanate ceramics. Earlier reports by Guan et al. [15] shows that B,O3-ZnO- La,O3 (BZL)
glass which is used as optical glass can serve as a sintering aid for BaTiO,4 ceramics for
LTCC application. Kim et al. [16-17] used B,Os to lower the sintering temperature of
BasNb,Os15 and decreased the 1+ value through the formation of composite ceramics from
BasNb,O15 and BaNb,Og.

6.1.1.1 Spinels

Oxide spinels comprise a very large group of structurally related compounds
many of which are of considerable technological or geological significance [18]. Spinels
exhibit a wide range of electronic and magnetic properties [19], including
superconductivity in LiTi;O4. The iron containing and zinc containing spinels are of great
importance primarily due to their magnetic and insulating properties, respectively.
Among the various spinel oxides investigated, the magnesium and zinc dialuminium
oxides holds great importance. MgAl,O,4 has attracted a great deal of attention as a
technologically important advanced ceramic material owing to its high melting point
(2135°C), high mechanical strength at elevated temperature, low electrical loss, good
chemical inertness and thermal shock resistance. Because of these properties, it finds
applications ranging from traditional refractories to some advanced usage like infrared
and humidity sensors, armour materials, excellent transparent material for arc-enclosing
envelopes and alkali-metal vapour discharge devices. Various authors have reported the
preparation of spinel by different chemical routes like sol-gel [20], spray pyrolysis [21],
co-precipitation, precipitation from organometallic precursors, auto-ignition [22],
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microwave-assisted synthesis [23] etc. These spinel oxides are wide gap semiconductors
with numerous optical, geophysical and magnetic applications. It is also found that these
materials are highly resistant at elevated temperature and highly reflective for
wavelengths in UV region, which make them candidate materials for reflective optical
coatings in aerospace applications.

The crystal structure of spinel was determined independently by Bragg and
Nishikawa [24-25]. They belong to the face centered cubic symmetry with space group
Fd3m. The cubic cell consists of a close - packed array of 32 oxygen atoms with cations
in the tetrahedral and octahedral sites. In the normal spinel structure, the divalent cations
occupy the tetrahedral sites and the trivalent cations occupy the octahedral sites [26]. A
typical spinel structure is as shown in Fig. 6.1.

Fig. 6.1 The crystal structure of MgAl,O, spinel. (www.britannica.com)

Earlier investigations revealed that ZnAl,O,4 [27] and MgAI,O, [28] are possible
candidates for packaging applications due to the low relative permittivity and high Q, x f
value. However, the high % value (-79 ppm/°C) of ZnAl,O, precludes its use in practical
applications. Many researchers have tried to tune the z value of ZnAl,O4 ceramics [29-
31]. Recently Surendran et al. [27] studied the effect of TiO, on the dielectric properties
of ZnAl,O, and tuned the 7 to a nearly zero value. They proposed (1-X) ZnAl,O4-XTiO,
[x =0.17] (named as ZAT hereafter) as an ideal composition for substrate applications.
However the sintering temperature of ZAT was above 1400°C which need to be reduced

for LTCC applications. In the present section attempts have been made to lower the
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sintering temperature of 0.83 ZnAl,04-0.17 TiO, (ZAT) ceramics through suitable glass
addition for LTCC applications.

6.1.2 EXPERIMENTAL

The 0.83 ZnAl,04-0.17 TiO, (ZAT) ceramics were prepared by the conventional
solid state ceramic route. High purity ZnO [Aldrich Chemical Company, 99.9%] and
Al,O3 [Alcoa A16SG] were taken as starting materials for the synthesis of ZnAl,O4. The
various steps involved in the synthesis are explained in chapter 2 section 2.1.2. ZnAl,O4
was calcined at 1100°C/4h. It was then ball milled with anatase TiO, according to the
composition (0.83 ZnAl,04-0.17 TiO,) for 24h. The slurry was dried and ground well. 4
wt% PVA was added as binder, mixed and again ground into fine powder and pressed to
form cylindrical disks of 20 mm diameter and 10 mm thickness under a uniaxial pressure
of about 100 - 150 MPa. Thin pellets of the ZAT with diameter 14 mm and thickness 1
mm were made for low frequency measurements. The glasses used in the present
investigation are ZB1, ZB2, ZBS, BBSZ, BBS, AS, BB, MBS and ABS. Different weight
percentages of these glasses were added to the pure ZAT. The pellets were prepared as
described above. The pure sample was sintered at 1450°C/4h. The glass added samples
were sintered at different temperature ranging from 950°C-1450°C/4h. The sintered
samples were well polished and their bulk densities were calculated by Archimedes
method. Structural, microstructural and microwave characterizations of the materials

were performed as explained in chapter 2.

6.1.3 RESULTS AND DISCUSSION

The effect of nine different glasses (ZB1, ZB2, ZBS, BBSZ, BBS, ABS, MBS,
AS and BB) on the sintering temperature, densification and microwave dielectric
properties of ZAT is studied. The physical and electrical properties of the various glasses
used are given in Table 1.3 in chapter 2. Initially, a small weight percentage (0.1 wt%) of
these glasses are added to the parent material. Table 6.1 gives the optimized sintering
temperature and microwave dielectric properties of 0.1 wt% glass added ZAT
composites. The sintering temperature of these composites is optimized for the best

density and microwave dielectric properties. It is to be noted that the addition of 0.1 wt%
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of various glasses reduced the sintering temperature considerably. The pure ZAT has a
sintering temperature of 1450°C. It is known [32] that boron based glasses are more
effective in lowering the sintering temperature due to the low softening temperature
(450°C) of B,O3. From the table it is clear that zinc borate based glasses are much
effective in reducing the sintering temperature without affecting the densification or
microwave dielectric properties. The ZB2, BBSZ and BBS glass lowered the sintering
temperature to 1400°C where as ZB1 and ZBS are found to be much more effective since
the sintering temperatures are reduced to 1375°C and 1350°C respectively. With this view
we have considered only five glasses (ZB1, ZB2, ZBS, BBSZ and BBS) for further
studies.

Table 6.1 The optimized sintering temperature and microwave dielectric properties of 0.1 wt% glass
added ZAT ceramics.

o Microwave Properties
Sintering
Glass Relative Loss at
temp: ) Quxf i &
added Density 1MHz
(°C/h) (GHz) | (ppm/°C)
(%0)

Pure ZAT 1450/4 97.0 91000 14 11.7 | 0.0010
ZB1 1375/4 97.4 71000 -4.0 11.9 | 0.0007
ZB2 1400/4 98.3 73200 2.6 11.9 | 0.0004
ZBS 1350/4 97.8 70100 2.3 11.9 | 0.0016

BBSZ 1400/4 97.6 92500 -3.7 11.8 | 0.0019
BBS 1400/4 97.3 103000 -0.7 11.8 | 0.0029
AS 1425/4 97.1 65000 3.0 11.7 | 0.0025
BB 1400/4 97.0 66300 1.8 11.8 | 0.0033
MBS 1400/4 97.3 68500 -6.3 11.8 | 0.0046
ABS 1400/4 97.1 55400 2.3 11.6 | 0.0050
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6.1.3.1 Phase Analysis

Figure 6.2 (a) shows the XRD patterns of pure ZAT. The powder diffraction
patterns of ZnAl,O4 and TiO-, are indexed based on JCPDS File Card Numbers 5-669 and
21-1276 respectively. The XRD pattern of ZAT shows that ZnAl,O, did not form a solid
solution with TiO; as reported earlier [31]. Figs. 6.2 (b), (c), (d) and (e) show the XRD
patterns of ZAT sintered with different weight percentages of BBSZ glass. Many studies
on the ceramic glass composites [33-34] report the formation of lossy secondary phases
which adversely affect the physical and microwave dielectric properties. Also the
presence of secondary phases in the LTCC composite significantly increases the
possibility of a chemical reaction with the metal electrode which in turn affects the device
performance. In the present case no additional peaks are observed for ZAT mixed with
10, 12, 15 wt% of BBSZ. This may be due to the fact that the BBSZ did not react with
the parent material to form additional phases thereby remaining as glass itself and
retaining its amorphous nature. This is a clear evidence for the chemical stability of the

parent material.
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Fig. 6.2 The powder diffraction patterns of (a) 0.83ZnAl,0,4-0.17TiO, (ZAT) (b) ZAT + 10 wt%
BBSZ (c) ZAT + 12 wt% BBSZ (d) ZAT + 15 wt% BBSZ (e) ZAT + 10 wt% BBSZ + 0.3
wt% LiF.
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6.1.3.2 Sintering and Densification

The pure ZAT has a sintering temperature of 1450°C. It is a well established fact
that addition of small amount of glass to the ceramic lowers the processing temperature
with improved densification and properties. Fig. 6.3 shows the variation of sintering
temperature as a function of different weight percentage of ZB1, ZB2, ZBS, BBSZ and
BBS glass. The sintering temperature gradually decreases with increase in glass content
from 0.1 wt% - 3 wt% but the rate of decrease varies with the nature of glass. The binary
glasses ZB1 and ZB2 shows similar trend. Eventhough a sudden decrease is noted for 0.5
wt% addition of these glasses, higher glass content shows only a slight decrease in the
sintering temperature. Addition of 3 wt% of these glasses reduced the sintering
temperature to 1325°C.

—=— 0.1 Wit% BBSZ] I
1450- —e—0.2Wt% BBSZ] -98.0
%) —4A—0.5Wi% BBSZ] -
< 975
8 L
% 14001 L 97.0
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2 I
o 13504 L 96.0
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3 L 95.5
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9 1300 , L 95.0
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Weight % of glass Sintering Temperature (°C)

Fig. 6.3 The variation of sintering Fig. 6.4 The variation of relative density
temperature with weight percentage of  With sintering temperature with 0.1, 0.2 and
various glasses. 0.5 wt% of BBSZ glass addition to ZAT.

The theoretical density of ZAT measured using the mixture rule is found to be
458 glcm®. The measured density of the sample sintered at 1450°C is 97% of the
theoretical density. The theoretical density (D) of the glass added ZAT is calculated using
the EQ. (4.2) in chapter 4. Table 6.1 gives the optimized relative density of ZAT doped
with 0.1 wt% various glasses. A slight improvement in density is noted for all the
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composites with 0.1 wt% glass addition. Fig. 6.4 shows the relative density of ZAT
doped with 0.1, 0.2 and 0.5 wt% BBSZ glass as a function of sintering temperature. It is
observed that the relative density increases with the sintering temperature, reaches a
maximum and then decreases. Low contact angle, low dihedral angle and high solubility
of the solid in the liquid are essential for achieving high sintered density in glass added
ceramics. In such cases, the transient glassy phase formed at a lower temperature would
act as a short circuit medium for grain to grain materials transport [35]. The reason for
this variation is explained by the presence of secondary phases in several glass-ceramic
systems [9, 36]. However, the XRD and SEM results confirm the absence of any
secondary phases. Thus the reason for the initial increase in the density is due to the
elimination of pores as temperature increases. The temperature at which maximum
density is achieved depends on the glass content. The larger the amount of glass addition,
the lower the sintering temperature. When the glass addition exceeds 20%, viscous
sintering is initiated [7]. A maximum relative density of nearly 98% is reached at a
sintering temperature of 1400°C for 0.2 wt% BBSZ addition which is higher than that for
0.1 wt% BBSZ. This temperature may be the optimum for the occurrence of liquid phase
sintering. Further increase in the sintering temperature may facilitate the evaporation of
the volatile components from the glass frit from grain boundaries, causing incomplete
wetting resulting in trapped porosity associated with grain growth at higher temperatures.
It has been reported that the sintering aids containing boron oxide promoted densification
by liquid phase sintering and then evaporated [37]. In the case of 0.1 wt% and 0.5 wt%
BBSZ glass addition the relative density saturates at 1425°C and 1375°C respectively and
further increase in sintering temperature did not affect the densification.

Figure 6.5 shows the variation of sintering temperature and bulk density of the
composites with weight percentage of BBSZ glass addition. It is clear that the sintering
temperature gradually decreases with increase in the amount of glass. Eventhough the
rate of decrease is sudden till 0.5 wt%, beyond this limit the sintering temperature
decreases very slowly. The sintering temperature for 0.5 wt % and 3 wt% BBSZ glass
addition is 1300°C and beyond this the temperature again decreases to about 950°C with
the addition of 10 wt% BBSZ glass. Addition of higher amount of glass (> 10 wt%) has
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no effect on the sintering temperature, ie., the sintering temperature saturates at 950°C.
This is due to the fact that the BBSZ glass melts at 950°C.
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Fig. 6.5 The variation of sintering temperature and bulk density with weight percentage of BBSZ
glass.

The bulk density also decreases with the amount of glass addition. It is to be noted
that the 0.2 wt% glass added composite exhibited a better densification when compared
to the lower weight percentage. This may be due to the fact that at lower glass content,
the amount of melted glass may not be sufficient enough to fill the pores and enhance
densification. However, further increase in the glass content (0.5 wt%) decreases the
relative density due to the low density of the glass when compared to the ceramics.
Furthermore higher glass content may induce porosity which adversely affects the
density. The relative density decreases from 96% to 91% as the BBSZ glass content
increases from 1 wt% to 15 wt%.

6.1.3.3 Microstructural Analysis

Figure 6.6 (a) shows the SEM pictures of ZAT sintered at 1450°C indicating that
ZnAl,O4 and TiO, do not react to form any secondary phase. Fig. 6.6 (b) shows the SEM
picture of ZAT treated with 0.2 wt% BBSZ glass sintered at 1400°C. The particles seem

to coalesce together decreasing the surface porosity. It is believed that the low melting

212



CHAPTER 6

point of the BBSZ glass promotes liquid phase sintering and results in good densification
(see also Table 6.2). Fig. 6.6 (c) shows the SEM picture of ZAT doped with 10 wt%
BBSZ from which the presence of slight porosity is observed. Due to the much reduced
sintering temperature of the composite, the grain size is smaller when compared to pure
high temperature sintered ZAT. The glass did not react with ZAT but forms a glassy layer
over the grain leading to excess liquid phase formation. The SEM picture of ZAT doped
with BBSZ and LiF [Fig. 6.6 (d)] is similar to that treated with 10 wt% BBSZ. Fig. 6.7
shows the back scattered image of pure ZAT and that treated with 10 wt% BBSZ glass.
Fig. 6.7 (a) clearly shows two areas (dark and light) indicating the phases of ZnAl,O, and
TiO,. In the case of BBSZ added composite (Fig. 6.7 (b)), the white area shows the

presence of unreacted glass.

Fig. 6.6 The scanning electron micrographs of (a) pure ZAT, (b) doped with 0.2 wt% BBSZ sintered
at 1400°C, (c) doped with 10 wt% BBSZ sintered at 950°C and (d) doped with 10 wt%
BBSZ and 0.3 wt% LiF sintered at 925°C.
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Fig. 6.7 The backscattered electron image of (a) pure ZAT and (b) doped with 10 wt% BBSZ
sintered at 950°C.

6.1.3.4 Microwave Dielectric Properties

The microwave dielectric properties of undoped ZAT sintered at 1450°C has
Quxf=91000 GHz, & = 11.7 and 77 = 1.4 ppm/°C. The effect of glass addition on the
microwave dielectric properties is dependent on the chemistry of the glass, chemical
reactions, phase changes during sintering and final density. Table 6.1 shows the dielectric
properties of ZAT doped with 0.1 wt% of different low loss glasses. It is clear that not all
the glasses are effective in improving the sinterability and the dielectric properties. Even
with the addition of small wt% of some of the glasses such as AS, ABS, MBS and BB,
the quality factor is found to decrease considerably. This may be due to the relatively
high dielectric loss exhibited by these glasses (see Table 1.3 chapter 1). Due to the poor
sinterability and poor properties exhibited by these glass composites, they are ignored

from further studies.
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Figure 6.8 shows the microwave dielectric properties of various glass added ZAT
composites. From Fig. 6.8 (a) it is clear that addition of small weight percentage of BBSZ
and BBS glass improved the quality factor. The addition of binary glasses (ZB1 and ZB2)
showed almost similar variation in the dielectric properties (Table 6.1). Eventhough,
addition of small amount (0.1, 0.2 wt%) of these glasses increased the relative
permittivity due to the increase in relative density, the quality factor is reduced to nearly
70000 GHz. The glass in the grain boundary may be retained during sintering and may
have increased the volume when the eutectic liquid formation took place. This may be the
reason for the decrease in the quality factor even though the densification is improved.
Similar trend is exhibited by ZBS glass where the quality factor is found to be 70100
GHz. It is evident from the Fig. 6.3 that the glasses having more components are effective

as sintering aids. A comparison of the microwave dielectric properties of various glass
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added ZAT composites showed that BBSZ and BBS improved the quality factor to 92500
GHz and 103000 GHz respectively for 0.1 wt % glass. However, the addition of 0.2 and
0.5 wt% of BBS decreased the quality factor. In the case of BBSZ glass it is found that
addition of 0.2 wt% improved the quality factor to nearly 120000 GHz with & of 11.9 and
7 of -7.3 ppm/°C. This is due to the enhanced densification due to liquid phase sintering.
The ZnO in BBSZ glass acts as a modifier oxide and the additional increase of solubility
of ceramics with such additives increase the densification [32]. Also the loss factor (tand)
of BBSZ glass is relatively low (0.001) as compared to other glasses [6] (see Table 1.3 in
chapter 1). The various loss mechanisms associated with glasses in the microwave region
are also discussed in chapter 1, section 1.8.3.3.2. From Fig. 6.8 (b) it is clear that the
relative permittivity shows an improvement only for lower glass content and as the glass
content increases, the relative permittivity gradually decreases which is due to the low &,
values possessed by the glasses. It is seen from Fig. 6.8 (c) that the 7+ becomes more
negative with higher glass content which is due to the higher positive z. value of glasses.
The dielectric properties of the materials are defined by their crystalline
components which in turn are determined by the sintering temperature. Figure 6.9 (a)
shows the variation of relative permittivity of different weight percentage of BBSZ added
ZAT composite with sintering temperature. The variation is similar to the density
variation with temperature as in Fig. 6.4. The relative permittivity initially increases with
increase in the sintering temperature, attains a maximum value and then decreases with
further increase in temperature. This is because the relative permittivity is directly
dependent on the density. As the amount of glass increases to 0.2 wt% the relative
permittivity attains the maximum value of 11.96 at 1400°C. Further increase in the glass
content decreases the relative permittivity gradually due to the low densification achieved
and also due to the fact that glasses have low relative permittivity. The quality factor of
the composite is strongly dependent on both the sintering temperature and the amount of
BBSZ glass added as shown in Fig. 6.9 (b). In the case of varying glass content, with
increasing sintering temperature, the Q, x f value is found to increase to a maximum value
and thereafter decreases. For ZAT ceramics with 0.1, 0.2 and 0.5 wt% of BBSZ glass
additions, the maximum Q, x f values are 96000, 120000 and 60000 GHz respectively at
their optimized sintering temperatures. Eventhough, porosity is one of the factor affecting
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the microwave dielectric loss [38-39], some investigators also reported that the quality
factor is independent of porosity for a theoretical density > 90% [40]. The increase in the
quality factor at low temperature is due to the increase in densities and grain growth
where the maximum Q, x f corresponds to maximum densification. The variation of
with sintering temperature is shown in Fig. 6.9 (c). It is seen that the t shifts to more

negative value with increase in temperature.

12.04 (a) (b) - 125000
1184 _-112500
- 100000
11.64 [ ~
w - 87500 g
R o
—=—0.1 Wt% BBSZ 62500
11.2 —e—0.2 Wt% BBSZ [
—A— 05 Wt% BBSZ 30000
- 37500
e Ll v Ll v ) v )
6](C) 1300 1350 1400 1450
4] Sintering Temperature (°C)
2]
Can) O-
L 2]
g- .
g™
= '6'_ Fig. 6.9 The variation of microwave
-8'_ dielectric properties of BBSZ glass
-10- added ZAT with sintering temperature.
-124

! v T v T v T
1300 1350 1400 1450
Sintering Temperature (°C)

217



CHAPTER 6

Table 6.2 The sintering temperature, relative density and dielectric properties of ZAT doped with
different weight percentage of BBSZ glass.

Weight | Sintering Microwave Properties Loss at
% of temp. Relative | Qux f s & | 1IMHz
BBSZ (°Clh) Density | (GHz) | (ppm/°C)
added (%)

0 1450/4 97 91,000 14 11.7 | 0.0010
0.1 1425/4 97 96,000 -4.2 11.7 | 0.0007
0.2 1400/4 98 120,000 -7.3 11.9 | 0.0004
0.5 1375/4 97 60,000 -9.4 11.6 | 0.0016

1 1300/4 96 49,000 -10.1 11.6 | 0.0019

3 1300/4 95 35,000 -13.9 11.3 | 0.0029

5 1150/4 95 21,000 -19.7 11.2 | 0.0035
10 950/10 93 12,000 -23.2 10.9 | 0.0058
12 950/10 93 11,500 -25.2 10.9 | 0.0155
15 950/10 91 9,300 -29 10.6 | 0.0307

10+0.3LiF 925/10 94 14,500 -28 10.5 | 0.0046

Table 6.2 summarizes the property of ZAT/BBSZ glass composites for different
weight percentages of glass content. The increase in glass content decreases the quality
factor. For 5 wt% glass addition at 1150°C the microwave dielectric properties are Q, x f
= 21000 GHz, & = 11.2 and 7 = -19.7 ppm/°C. The quality factor is reduced to nearly
10000 GHz by the addition of 12 wt% and 15 wt% BBSZ. Since no secondary phase is
detected in the present system, the variation in the quality factor can be correlated with
the bulk density of the system. The relative permittivity decreases to about 10.6 for 15
wit% glass addition which is due to the reduced densification (91%). The z: reached a high
value of nearly -30 ppm/°C. In order to improve the densification of the material a small
amount (0.3 wt%) of lithium fluoride (LiF) is added to the composition ZAT+10 wt%
BBSZ. Fig. 6.10 shows the variation of quality factor and 7zt with the sintering temperature
for both ZAT treated with 10 wt% BBSZ glass and that to which LiF is added. The
quality factor increased gradually with sintering temperature for both the compositions.

However, 7: also shifted to more negative value. It is observed that at a sintering

218



CHAPTER 6

temperature of 950°C/10h a maximum quality factor is about 12000 GHz and z; of about -
23 ppm/°C for the composition untreated with LiF. The composite treated with LiF
decreased the sintering temperature to 925°C/10h along with an enhancement in the
dielectric properties with Q, x f of 14500 GHz and &, of 10.5. The z;, however, increased
to a value of -28 ppm/°C. The low relative permittivity of the glass and the presence of
porosity decreased the relative permittivity of the ceramic-glass composite. The Table
also gives the dielectric loss of various ZAT/BBSZ composites at low frequency (1
MHz). At low frequency, the dielectric loss is attributed to the structural loss and ionic
polarization loss while at the microwave frequencies, the decrease in the dielectric loss
may be caused by the disappearance of ionic polarization loss. In addition, the dielectric
structure also affects the dielectric property. The dielectric structure is supposed to
comprise the well conducting crystal grains which are separated by poorly conducting
glassy phase. The glass phase of lower conductivity may be effective at low frequency
while crystal grains of high conductivity may be effective at high frequencies. Therefore,
the higher values of dielectric loss are obtained at lower frequencies. The variation of
relative permittivity (measured at 1 MHz) of ZAT and that doped with 10 wt% BBSZ
with temperature is shown in Fig. 6.11. It is noted that the relative permittivity remains

almost a constant in the temperature range 20-75°C.
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The shrinkage of pure ZAT, ZAT +10 wt% BBSZ and ZAT +10 wt% BBSZ + 0.3
wt% LiF ceramics during firing process are monitored using dilatometric measurements
and the results are as shown in Fig. 6.12. It is seen that pure ZAT exhibits no linear

shrinkage in the measured temperature range. This is because the sintering temperature of
the material is as high as 1450°C.
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Fig. 6.12 The shrinkage curves of pure ZAT and that doped with 10 wt% BBSZ and 10 wt% BBSZ +
0.3 wt% LiF.

It is seen that with the addition of 10 wt% BBSZ glass the shrinkage starts at a much
lower temperature (700°C). The sample sintered with LiF shrinks at a slightly lower
temperature than that added with BBSZ glass alone. However, in both the cases, the
shrinkage is complete only beyond 1000°C. At this temperature both the composites
exhibit percentage shrinkage of about 10 %. However, sintering the samples above 925°C
decreased the quality factor as shown in Fig. 6.10.
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Fig. 6.13 The XRD pattern of 10 Fig. 6.14 The scanning electron
wt% BBSZ added ZAT treated with micrograph of ZAT treated with 10
20 wt%o of silver. wt% BBSZ glass and 20 wt% silver.

In order to use ZAT/glass composites for LTCC applications, it is necessary to
fulfill the requirement of chemical compatibility with a metal electrode. The most
common material for LTCC electrodes is silver. Thus, to study the reactivity of silver
with the glass added ceramics, 20 wt% Ag is added to ZAT + 10 wt% BBSZ
composition. Figs. 6.13 and 6.14 show the powder diffraction pattern and the SEM
picture of the above composition respectively. The powder diffraction patterns of Ag
were indexed based on JCPDS File Card Number 4-783. It is evident from these figures
that silver remains unreacted with the ceramic-glass composite, which is one of the
requirements of LTCC.

This section gives a brief discussion on the development of an LTCC composition
based on ZAT and BBSZ glass with improved microwave dielectric properties and
chemical compatibility. The next section deals with the synthesis and characterization of
ZAT based polymer — ceramic composites for electronic packaging and substrate

applications.
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6.2 POLYMER/0.83ZnAl;04-0.17TiO, COMPOSITES FOR
ELECTRONIC PACKAGING APPLICATIONS

6.2.1 INTRODUCTION

The recent developments in electronics and circuit assembly demands low
permittivity materials for the packaging of radio frequency, microwave and optical
products [42]. These substrate materials must possess low relative permittivity and low
dielectric loss to reduce the signal propagation delay which in turn provides better device
performance. They should also have good thermal properties such as high thermal
conductivity to dissipate the heat generated and low or matching thermal expansion
coefficient with silicon [43-44]. Polymers, especially Polytetrafluoroethylene (PTFE) and
Polyethylene (PE), are widely used in packaging and substrate industries due to their low
relative permittivity and excellent chemical inertness [45]. However, the higher value of
linear coefficient of thermal expansion and low thermal conductivity value limit their
practical use [46]. These difficulties can be overcome to a certain extent by the addition
of inorganic fillers such as ceramic particles into the polymer matrix. Ceramic-polymer
composites consisting of ceramic particles filled in a polymer matrix form a potential
group of materials for producing demanding and functional packages, since they combine
the electrical properties of ceramics and the mechanical flexibility, chemical stability and
processing possibility of polymers. The key properties of the composite viz. the relative
permittivity, thermal conductivity and coefficient of thermal expansion are dependent on
various factors such as the number of components or phases, volume fraction of the filler,
individual properties of the phases, preparation method and the interaction between the
filler and the matrix [47-48]. However, high filler content results in low strength, poor
fluidity, poor flexibility and defects in the composite. Thus with the proper design of
these composite one can utilize the ease of processing and low relative permittivity of
polymers and high thermal conductivity and thermal stability of ceramics.

Many studies were conducted to improve both the mechanical and dielectric
properties of PTFE and PE as discussed earlier in chapter 5. One of the important aspects
regarding the design of composite materials for practical application is the prediction of
relative permittivity. Many theoretical models have been proposed for simulating the
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electrical and thermal properties of the composites and some of the predictions used for
the study are given in chapter 5.

Earlier studies [31] showed that 0.83ZnAl,04-0.17TiO, (ZAT) ceramics possess
good temperature stable microwave dielectric properties. It has a relative permittivity of
12 and dielectric loss less than 0.001 at 5 GHz and a high thermal conductivity of 59
Wm™K™. Thus the addition of proper volume fraction of ZAT as filler into the polymer
matrix can improve its property to certain extent. The present section is focused on the
dielectric properties of ZAT/PTFE and ZAT/PE composites for electronic packaging
applications.

6.2.2 EXPERIMENTAL

The 0.83 ZnAl,04-0.17 TiO, (ZAT) ceramics were prepared as explained in
section 6.1.2. ZAT/PTFE (Hindustan Fluorocarbons, Hyderabad, India) and ZAT/PE
composites were prepared by powder processing method and melt mixing techniques
respectively as described in chapter 2. The powdered ZAT was mixed with acrylic acid
solution for 1h and dried. This provided an active surface for binding with polymer since
acrylic acid is a well-known polymerizing agent. The homogenously mixed
polymer/ZAT composites were then compacted using hot press under uniaxial pressure of
50 MPa for 30 minute.

The composites were characterized using XRD and SEM. The thin pellets with
diameter 14 mm and thickness less than 1 mm were electroded by uniformly coating with
silver paste on both sides in the form of ceramic capacitors. The low frequency dielectric
properties were measured by LCR meter. The variation in relative permittivity with
temperature was also investigated for the composites in the temperature range 25-70°C.
The microwave dielectric properties were measured by the cavity perturbation technique
which is discussed in detail in chapter 2, section 2.5.6. The coefficient of thermal
expansion (CTE) of the composites was measured using a thermo - mechanical analyzer
in the range 25 — 250°C. The water absorption measurements were conducted following
ASTM D570 as described in chapter 5, section 5.3.
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6.2.3 RESULTS AND DISCUSSION

Figure 6.15 shows the XRD patterns of pure PTFE, ZAT and that filled with 0.1
vi and 0.3 vi ZAT respectively. PTFE is a semi-crystalline polymer and it can crystallize
more easily and faster than any other polymers [49]. The XRD characterization shows
that PTFE has a strong crystalline peak at 20 = 18° as observed earlier by Rae et al. [50].
From the previous section it is clear that ZnAl,O, did not form a solid solution with TiO,
in the composition 0.83ZnAl,0,-0.17TiO, (ZAT) and remain as a mixture. The powder
diffraction patterns of ZnAl,O, and TiO, are indexed based on JCPDS File Card
Numbers 5-669 and 21-1276 respectively. It is seen that as the volume fraction of filler
increases, the intensity of PTFE phase decreases. Also no additional phases are observed
for PTFE/ZAT composite indicating good chemical stability.

Fig. 6.15 XRD patterns of pure PTFE, ZAT and PTFE/ZAT composites.

The surface morphologies of the different volume fraction of ZAT loaded PTFE
and PE composites are shown in Fig. 6.16. It is clear from the figures that for lower filler
content the ceramic particles are uniformly distributed in the polymer matrix. The ZAT
particles are distributed throughout the PTFE matrix with relatively higher interparticle
distance for lower loading of ceramics. With the increase of ZAT content (0.3 vs), the

particles were well embedded in the matrix and also resulted in the aggregation of the
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ceramic particles. However, a higher degree of homogeneity in dispersion is noted for the
PE/ZAT composites which may be due to the difference in the processing technique
adopted. The fractured surface of the composites also confirms a good binding between
the matrix and the filler. However, PTFE/ZAT composite exhibits some degree of
particle agglomeration and porosity.

(@) (b)

Fig. 6.16 SEM images of (a) PTFE-0.1 v; ZAT, (b) PTFE-0.3 v; ZAT, (¢) PE-0.1 v; ZAT, (d)
PE-0.3 v; ZAT and fractured surface of () PTFE-0.3 v; ZAT, (f) PE-0.3 v; ZAT.

The theoretical density of both the composites pcomp are calculated using the mixture
rule given in Eg. (5.12) in chapter 5.
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Table 6.3 The physical and dielectric properties of PTFE/ZAT and PE/ZAT composites.

Volume p (%) Viiller V matrix Vair Dielectric properties at
fraction (%) (%) (%) 1 MHz
filler & tan o T,
(ppm/°C)
— 01| 975 9.75 87.75 2.5 2.63 0.0017 -98
é 02| 950 19.00 76.00 5.0 2.79 0.0032 -120
E 03| 948 28.44 66.36 5.2 3.35 0.0063 -350
& | 04| 9.1 36.04 54.06 9.9 3.87 0.0063 -396
05| 89.3 44.65 44.65 10.7 4.22 0.0065 -580
01| 989 9.89 89.01 1.1 2.96 0.0012 -38
E:‘ 02| 977 19.54 78.16 2.3 3.53 0.0033 -53
E 03| 952 28.56 66.64 4.8 4.04 0.0044 -82
04| 923 36.92 55.38 7.7 4.63 0.0046 -187
05| 911 45.55 45.55 8.9 5.39 0.0052 -400

The densities of PTFE, PE and ZAT measured by Archimedes method are found
to be 2.15, 0.95 and 4.58 g/cm® respectively. Table 6.3 gives the relative density and
porosity of the composites with varying filler content. The relative density is found to be
97.5 % of the theoretical value for 0.1 v filler loading which decreased gradually with
the increase in filler content and reached a value of 89.3 % for 0.5 vs filler. This decrease
in the relative density indicates the presence of porosity. On the other hand, PE/ZAT
composites show a better densification as compared with the PTFE composites. This is
evident from the SEM images where a good adhesion between the PE matrix and ZAT
filler. Even for a higher filler loading of 0.5 v the relative density is about 91%. The
porosity is found to exhibit a much lower value (less than 10%) even for a maximum
filler content of 0.5 v. It should be noted that the porosity has a lower value as compared
to that reported by Xiang et al. for SrTiOs/POE composites [51]. A comparison of the
porosity values of PTFE/ZAT and PTFE/Sm,Si,O; composites show that the former has a
lower porosity content which is highly encouraging.
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Figures 6.17 (a) and (b) respectively show the frequency dependence of relative
permittivity of the PTFE/ZAT and PE/ZAT composites with different volume fraction of
filler in the frequency range 1 KHz-1 MHz. It is found that the relative permittivity
remain nearly a constant in the entire frequency range. This shows the excellent
frequency stability of the composites. This indicates that these composites have
promising characteristics for potential applications in a wide range of operating
frequencies.

Fig. 6.17 The variation of relative permitttivity of (a) PTFE/ZAT and (b) PE/ZAT composites with
frequency.

Figure 6.18 shows the variation of relative permittivity and dielectric loss with
volume fraction of ZAT for both PTFE/ZAT and PE/ZAT composites at 9 GHz. For both
the composites the relative permittivity increases with increase in the filler content. This
is due to the relatively high permittivity of the ZAT filler (& = 13.4 at 1 MHz and & = 12
at 9 GHz) compared to that of the matrix. The dielectric loss also increases gradually with
the filler content. This is due to the fact that as the filler content increases, the ceramic
particles come close together leading to an increase in the dipole — dipole interaction
thereby increasing the relative permittivity [52]. The same trend is observed at low
frequency also. The dielectric properties of the composites at 1 MHz for various filler
concentration are given in Table 6.3. The relative permittivity shows a decreased value at
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microwave frequency when compared with that at 1 MHz. In the matrix a decrease in
dipolar polarization may be responsible for this behavior whereas in composites or
heterogeneous systems, interfacial or Maxwell-Wagner-Sillars polarization is also
contributing to the dielectric properties. The dielectric loss which is the main factor
affecting the frequency selectivity of a material is influenced by many factors such as
porosity, microstructure and defects [53]. The increased dielectric loss may be attributed
to the increased porosity (see Table 6.3) of the composite material and also due to the
interfacial polarization between the polymer and ceramic at higher filler loadings. The
dielectric loss varies from 0.0017-0.0065 and 0.0012-0.0052 at 1 MHz with the filler
addition from 0.1-0.5 v; for PTFE/ZAT and PE/ZAT composites respectively. This is a
much satisfactory result when compared with some of the earlier reports on several
polymer-ceramic composites [44, 54-55]. By comparing the dielectric properties of both
the composites, it can be concluded that the PTFE/ZAT composites exhibit a low relative
permittivity when compared to that of the PE/ZAT composites. However, the dielectric
loss of the former is high in comparison with the PE counterpart.

6.0 _ 0.015
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5.5+ —8—PE/ZAT
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4.5 9 |
© 404 | ' s
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Fig. 6.18 Variation of ¢, and tan & (at 9 GHz) of PTFE/ZAT and PE/ZAT composites with volume
fraction of filler.
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At 9 GHz, as the volume fraction of filler increases (0 — 0.5 vy), the relative permittivity
and dielectric loss increases from 1.95 to 3.24 and 0.0008 to 0.0089 respectively for
PTFE/ZAT composites. On the other hand, for PE/ZAT composites the respective
variations are from 2.32 to 5.52 and 0.0006 to 0.005. The reduced dielectric loss for the
PE composites can be well understood from the low porosity value of these composites
(see Table 6.3). The dielectric loss of the composites at microwave frequency is higher
than that at 1 MHz. At higher filler content the lower connection between the matrix and
the filler may lead to more air and moisture content in the composites. At microwave
frequency, there is a large dielectric loss due to the large loss from the dipole relaxation
of water [56].

The prediction of relative permittivity of the composite from the relative
permittivities of the constituent components and the volume fraction of the filler is a very
important factor for electronic packaging applications. The experimental values of
relative permittivity of both the composites are compared with the theoretical values
predicted using Jayasundere-Smith, Lichtenecker, Maxwell Wagner, Modified
Lichtenecker and EMT models given in Egs. (5.1) to (5.5) in chapter 5.
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Fig. 6.19 Comparison of experimental relative permittivity with theoretical predictions of (a)
PTFE/ZAT and (b) PE/ZAT composites at 1 MHz.
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Figures 6.19 (a) and (b) respectively show the comparison between the
experimental and the theoretical values of relative permittivity of PTFE/ZAT and
PE/ZAT composites at 1 MHz. It is clear from the figures that for PTFE/ZAT
composites, Jayasundere-Smith, Lichtenecker, Maxwell Wagner models deviate much
from the experimental values whereas for PE/ZAT composites the Lichtenecker,
Maxwell Wagner models are found to be in agreement at lower filler contents (upto 0.2
vy). Generally all the theoretical predictions are valid for low filler contents. As the
amount of the filler increases, the deviation from the predicted value is observed. This is
due to the imperfect dispersion of ceramic particles at higher filler content and also due to
the air enclosed by the composites which reduces the effective relative permittivity. It is
clear from the figures that the modified Lichtenecker equation and Effective Medium
Theory are found to be in good match with the experimental values for both the
composites. The fitting factor ‘k’ obtained in the present study for PTFE/ZAT and
PE/ZAT composites are 0.33 and 0.14 respectively which is in agreement with earlier
report for well-dispersed polymer-ceramic composites [57]. In the case of modified
Lichtenecker equation even for higher volume fraction of the filler, the deviation for
PTFE/ZAT and PE/ZAT are 4.1 % and 1.9 % respectively. The Effective Medium
Theory which assumes the filler as a random unit cell embedded in the effective medium
is found to be well suited for a number of polymer ceramic composites. The percentage
deviation from EMT model is found to be 2.6 % and a very low value of 0.76 %
respectively for PTFE/ZAT and PE/ZAT composites. The relatively low percentage
deviation for the PE/ZAT composites is due to the low porosity content in these
composites.

The temperature coefficient of relative permittivity is one of the important
properties which control the overall performance of the substrate materials. Figs. 6.20 (a)
and (b) respectively shows the variation of relative permittivity of PTFE/ZAT and
PE/ZAT composites with temperature at 1 MHz. It is clear that for all the volume
fractions the relative permittivity is nearly independent of temperature showing an
average negative percentage deviation of about 0.46 %. The temperature coefficient of
relative permittivity (z,) of both ZAT/PTFE and ZAT/PE composites are given in Table
6.3. The 7, value becomes more and more negative with the increase in the filler content
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for both the composites. This is quite unexpected since the filler possess a positive z.
value. Thus the decrease in relative permittivity with temperature may be due to the large
difference in thermal expansion coefficient of polymer matrix and the ZAT filler which
would disturb the aggregation of the polar components causing a decrease in the relative
permittivity [58-59] which has been explained earlier in chapter 5. Also from the table it
is clear that the PTFE/ZAT composites exhibit a higher t. value when compared with that
of the PE/ZAT composites which may be due to the poor adhesion between PTFE and the

filler when compared with the latter at higher filler contents.

Fig. 6.20 Variation of relative permittivity of (a) PTFE/ZAT and (b) PE/ZAT composites with
temperature in the range 25-70°C.

Figure 6.21 shows the variation of the coefficient of thermal expansion of
PTFE/ZAT and PE/ZAT composites as a function of filler content. It can be seen that the
CTE value decreases gradually as the filler concentration increases which is quite
expected due to the very low CTE value possessed by the ZAT filler (6.3 ppm/°C) when
compared with that of the polymers used. For a filler content of 0.5 vy, the PTFE/ZAT
and PE/ZAT composites exhibit a CTE value of 28 and 81 ppm/°C respectively. The CTE
values obtained for polymer/ZAT composites are higher when compared with that of
polymer/Sm,Si,O; composites. The dotted lines in Fig. 6.21 represent the theoretical
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CTE values of both the composites predicted using the mixture rule given in Eg. (5.6).A
large deviation from the predicted value is noted for PE/ZAT composites whereas the
experimental values are in good agreement with the theoretical prediction for PTFE/ZAT
composites. This is because the mixing rule is a simple prediction which considers only
the CTE values of the individual components and other factors such as porosity, particle
interaction, strains etc are not taken into account. However, PTFE/ZAT composites show
a good correspondence with the prediction upto a filler content of 0.4 vx.

Fig. 6.21 Variation of CTE values of Fig. 6.22 The variation of water
PTFE/ZAT and PE/ZAT composites absorption of PTFE/ZAT and PE/ZAT
with filler content. composites with filler content.

Figure 6.22 shows the amount of water absorbed by the composites as a function
of the filler content. In both the cases, an increase in water absorption is noted as the filler
amount increases. A comparison of the water absorption values of ZAT/PTFE and
ZAT/PE composites show that the former exhibit a higher value which may be due to the
surface characteristics of the matrix under consideration. It is highly encouraging to note
that even for a higher filler content of 0.5 v; of ZAT, the ZAT/PE composites has a very
low value of water absorption (0.052 %) when compared with its ZAT/PTFE (3.1 %)
counterpart. This may lead to an increase in the dielectric loss as observed in the case of
PTFE/ZAT composites.
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The polymer ceramic composites investigated in this section have superior

physical and dielectric properties and can be well opted for electronic packaging

applications.

6.3 CONCLUSION

» ZAT/Glass Composites

)/
A X4

The effect of various low melting and low loss glasses such as ZB1, ZB2, ZBS,
BBSZ, BBS, ABS, MBS, AS and BB on the sintering and the microwave
dielectric properties of 0.83 ZnAl,04-0.17 TiO, (ZAT) ceramics for LTCC
application have been studied.

Among the various glasses studied, borosilicate glasses are found to be effective
in lowering the sintering temperature without adversely affecting the dielectric
properties. The addition of 10 wt% BBSZ glass lowered the sintering
temperature to about 950°C. The sintering temperature is further reduced to
925°C with the addition of LiF to the above composite.

The XRD and SEM analysis indicates the absence of additional phases in the
composite even for higher amount of glass addition.

Addition of 0.2 wt% BBSZ glass improved the dielectric properties of ZAT with
Qu x f of 120000 GHz, a 7 of -7.3 ppm/°C and a relative permittivity of 11.7 at
1400°C. The microwave dielectric properties of ZAT+10 wt% BBSZ are Q, x f =
12000 GHz, & = 10.9 and 7; = -23 ppm/°C. The addition of 0.3 wt% LiF to the
above composition slightly improved the quality factor to 14000 GHz but also
increased the z; value to -28 ppm/°C.

The non-reactivity of the LTCC composition with Ag revealed that the
composition shows excellent chemical stability and can be proposed as a good
candidate for LTCC substrate applications.

233



CHAPTER 6

» ZAT/Polymer Composites

R/
°e

The physical and dielectric properties of PTFE/ZAT and PE/ZAT composites for
electronic packaging applications are compared and studied.

The PTFE/ZAT and PE/ZAT composites are prepared by powder processing and
melt mixing techniques respectively. The PE/ZAT composites exhibited a lower
level of porosity and low water absorption value when compared with that of
PTFE/ZAT composites.

The dielectric properties of the composites are measured at 1 MHz and 9 GHz.
Both the composites possess a low value of relative permittivity and dielectric
loss. At 9 GHz, the PTFE/ZAT and PE/ZAT composite with 0.3 v filler has ¢, =
2.85 and 4.37 and tan 6 = 0.0038 and 0.0044 respectively. Also they possess
nearly stable temperature variation of relative permittivity.

The CTE values of both the composite is found to decrease with increase in filler
content and reaches a minimum value of about 28 ppm/°C and 81 ppm/°C
respectively for 0.5 v¢ ZAT with PTFE and PE composites. The results suggest
that the properties of PTFE and PE can be improved and can be used for
substrate and electronic packaging applications with the aid of suitable amount
of ZAT filler.
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CONCLUSIONS AND SCOPE FOR
FUTURE WORK

This chapter summarizes the results obtained in
various chapters in the thesis and suggests the possibility
of further extension of the work.




CHAPTER 7

The rapid development in the microelectronic technologies such as wireless LAN,
intelligent transport system (ITS) and microwave integrated circuits (MIC) has led to an
increase in the utilized frequency from kilometre wave to millimetre wave. The demand
for ceramics in electronic equipments is growing rapidly as a result of their superior
physical and electrical properties and immense technological applications. This thesis
reports the synthesis, characterization and properties of some rare earth based silicates
and aluminate and their composites for various microwave applications such as Dielectric
resonators, Low Temperature Co-fired Ceramics (LTCC) and as electronic packaging
materials. The investigations performed are divided into seven chapters.

The first chapter is a general introduction to the dielectric resonators, microwave
substrates, LTCC, electronic packaging materials and their current trends. It also includes
material requirements for the above applications and present challenges. Chapter 2
discusses in detail various preparation techniques used for the synthesis of ceramics and
polymer ceramic composites. A brief account of structural and microstructural
characterization techniques like, XRD, Electron diffraction and SEM and thermal
characterization methods used are also included. A detailed account of microwave
characterization of the ceramics and polymer ceramic composites are also discussed in

chapter 2.

Chapter 3 starts with a brief introduction to the apatite based materials, their
structural aspects and applications, giving special emphasis to the silicate based
oxyapatites. The chapter deals with the synthesis and characterization of ARE;SizO13
[A=Ca, Sr and Ba; RE = rare earths] ceramics. A detailed investigation on the structure
using XRD refinements and TEM revealed that they belong to P6s/m space group with
hexagonal symmetry. However, all of them exhibited a low relative density value (<
95%) except for Ba-series. The SrRE4SizO13 exhibited relative permittivity in the range
10-19. A maximum Q, x f of about 26000 GHz is exhibited by SrLa,Si3O13 with ¢, = 14.2
and a relatively high z of -46 ppm/°C. The microwave dielectric properties of the
compositions are correlated with the bond valence and bond strength values. It is seen
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that as the bond strength decreases, the relative permittivity and dielectric loss are found
to increase. The 7 of SrLasSizO13 is tuned by the addition of suitable amount of TiO..
Even though the addition of nearly 8 wt% TiO, reduced the 7 value, the Q, x f is reduced
to 13300 GHz with an increase in g to nearly 21. The CaRE;Si;O;3 and BaRE;Si3O13
ceramics have a relative permittivity less than 20. The CaY,Si;O;3 ceramic shows a
maximum quality factor of 30500 GHz with & =12.8 and 7 = -36 ppm/°C. The
BaRE;Si3O13 series shows a relatively high e-and a low Q x f value. A maximum Q, x f
of 26100 GHz is exhibited by Bal a;SisO13 with & =14.2 and z; = -38 ppm/°C.

The synthesis, characterization and microwave dielectric properties of two novel
rare earth based silicates: Sm,Si,O; and RE,Ti,SiOy (RE=La, Pr and Nd) ceramics are
discussed in Chapter 4. The structural and microstructural studies revealed the formation
of single phase materials. The Sm,Si,O; ceramics has a tetragonal symmetry where as
RE,Ti,SiOg (RE=La, Pr and Nd) dielectric ceramics possess a monoclinic symmetry. The
calcination and sintering temperatures of the above ceramics are optimized for best
densification and microwave dielectric properties. The Sm,Si,O; ceramics sintered at
1375°C/2h exhibit excellent dielectric properties: ¢ =10 and tan J = 6 x 10 measured at
9 GHz. In order to reduce the sintering temperature of Sm,Si,O; ceramics, the most
effective method of glass addition is adopted. Several low loss glasses such as 50ZnO-
50B,0; (ZB), 60Zn0-30B,03-10Si0, (ZBS), 27B,03-35Bi,03-6Si0,-32Zn0O (BBSZ),
22.2Mg0-22.2Al,03-55.5Si0, (MAS), 35.1Li,0-31.7B,03-33.2Si0, (LBS) and 20L.i,0O-
20Mg0-20Zn0-20B,03-20Si0, (LMZBS) are added in different weight percentage to
the Sm,Si,O7 ceramics. It is noted that lithium based glasses are much effective in
reducing the densification temperature without degrading the dielectric properties. The
Sm,Si,O7 ceramics treated with 15 wt% LBS glass lowered the sintering temperature to
975°C, whereas the 15 wt% LMZBS glass addition lowered sintering temperature of
950°C. The microwave dielectric properties of Sm,Si,O; ceramics treated with 15 wt%
LBS glass and that treated with 15 wt% LMZBS glass are & = 6.06, 6.91 and tan 6 = 2.5
x 10, 2.2 x 10” respectively. The pure Sm,Si,O; ceramics and that mixed with 15wt%
LMZBS glass did not show much variation in relative permittivity with temperature. The
RE,Ti,SiOy (RE=La, Pr and Nd) ceramics exhibited a relative density about of 95%.

240



CHAPTER 7

These materials have a relative permittivity less than 20 and relatively low z value. A
maximum value of Q, x f is shown by Pr,Ti,SiOg ceramics. It is seen that Pr substitution
for La favored the formation of solid solution in the whole range obeying Vegard’s law
while Nd substitution resulted in the formation of additional phases. As the Pr content
increases, an improvement in the quality factor is noted whereas the z value is not much
affected. A maximum quality factor of about 34000 GHz is obtained in the case of
Pr,Ti;SiOg with & = 29.2 and 7; = 19.5 ppm/°C.

Chapter 5 discusses in detail the synthesis and characterization of various polymer
ceramic composite using Sm,Si,O; ceramics as filler for electronic packaging
applications. The polymers used in the investigation are PTFE, Polyethylene and
Polystyrene. The PTFE/Sm,Si,O; composites are prepared by powder processing method
whereas Sm,Si,O; loaded polyethylene and polystyrene composites by melt mixing
technique. The relative permittivity (&), dielectric loss (tan J) and Vickers’
microhardness increased with increase in filler content. The thermal conductivity (kc)
increased and coefficient of thermal expansion (a.) decreased with increase in filler
loading for all the composites. For a filler loading of 0.5 vs, PTFE composite has &, = 3.82
and tan 6 = 0.0136 (at 9 GHz), k. = 1.76 W/m°C, a. = 36 ppm/°C, microhardness of 13
kgf/mm?; PE composite has & = 5.28 and tan J = 0.0091(at 9 GHz), k; = 2.97 W/m°C, a.
= 60 ppm/°C, Vickers’ microhardness of 17 kgf/mm? and PS composite has & = 4.60 and
tan § = 0.0110 (at 9 GHz), k. = 0.29 W/m°C, a. = 36 ppm/°C, Vickers’ microhardness of
56 kgf/mm?. The effect of coupling agent and filler particle size on the above properties
of PTFE/Sm,Si,07 composites are also studied. The composites modified using coupling
agent and nano sized filler composites shows an increased value for both relative
permittivity and dielectric loss. However, both of them exhibited enhanced thermal and
mechanical properties compared with that of the untreated micron sized composites.
Several theoretical model approaches have been employed to predict the relative
permittivity, thermal conductivity and coefficient of linear expansion of the composite
systems and the results are compared with that of experimental data. Generally, all
theoretical predictions are found to be valid for low filler contents.
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Chapter 6 outlines the applicability of 0.83ZnAl,04-0.17TiO, (ZAT) dielectric
ceramic based glass and polymer composites for LTCC substrate and electronic
packaging applications respectively. The first section of the Chapter 6 discusses the
efforts taken to reduce the sintering temperature by glass addition. The effect of various
glasses such as ZnO-B,03, BaO-B,03-Si0,, Zn0O-B,03-Si0, and Bi,03-Zn0-B,03-Si0O,
on the microstructure, densification and microwave dielectric properties of ZAT for
LTCC applications is investigated. Among the various glasses added, BBSZ is found to
lower the sintering temperature without much affecting the microwave dielectric
properties. The XRD and SEM of BBSZ glass added ZAT composites suggested the
existence of no additional secondary phases. The addition of 10 wt% BBSZ glass reduced
the sintering temperature to 950°C with reasonably good microwave dielectric properties.
The quality factor is found to increase to a maximum value of about 120000 GHz with
the addition of small weight percentage (0.2 wt%) of BBSZ glass. Further increase in the
glass content reduced the sintering temperature but also the density and dielectric
properties. The microwave dielectric properties of ZAT+10 wt% BBSZ are Q, x f =
12000 GHz, & = 10.9 and 7; = -23 ppm/°C. The addition of 0.3 wt% LiF to the above
composition slightly improved the quality factor to 14000 GHz but also increased the
value. The composites also possessed high chemical compatibility with silver. The results
bring out the possibility of using ZAT/10 wt% BBSZ composites for LTCC substrate
applications.

The second section of this chapter compares the physical, dielectric and thermal
properties of ZAT loaded PTFE and PE composites. The PE/ZAT composites possess a
high relative density when compared with the PTFE/ZAT composites. For lower filler
content the fillers are uniformly dispersed in the matrix and as the filler content increases
the agglomeration also increased and resulted in porosity. The dielectric properties of
both the composites shows that ZAT loaded with PE composites exhibited good dielectric
properties and also a very low water absorption value of less than 0.1%. The results
shows that ZAT filler loaded composites have better properties than that loaded with
Sm,Si, Oy filler and can be used for electronic packaging applications.
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The major results drawn from the thesis are presented in the following tables
(Table 8.1 to 8.2).

Table 8.1 The microwave dielectric properties of selected materials proposed for
dielectric resonator and LTCC substrate applications.

ST & Quxf T
Material (°C) (GH2)/ | (ppm/°C)
tan o

SrLa,Siz0q3 1325°C/4h | 14.2 | 26300 -46.0
SrPr,;Siz0q3 1325°C/4h | 15.6 | 12200 -9.0
SrLa,Sis0g3+ 10 wt% TiO, 1225°C/4h | 23.4 | 12000 7.5
Cala;Siz013 1350°C/4h | 14.9 | 24800 -20.0
CaY,Siz013 1625°C/4h | 12.8 | 30500 -36.0
CaYh,SizO13 1625°C/4h | 13.2 | 23500 -13.0
BalLa,SiO13 1325°C/4h | 14.2 | 26100 -38.0
La,Ti,SiOg 1325°C/4h | 28.3 | 29500 22.6
Pr,Ti,SiOg 1325°C/4h | 29.2 | 33700 19.5
Nd,Ti,SiOg 1275°C/4h | 30.1 | 19600 9.6

0.83 ZnAl,04-0.17 TiO, (ZAT) | 1450°C/4h | 11.7 | 91000 14
ZAT + 0.2 wt% BBSZ 1400°C/4h | 11.9 | 120000 -7.3
ZAT + 10 wt% BBSZ 950°C/10h | 10.9 | 12000 -23.2
ZAT + 10 wt% BBSZ + 0.3 LiF | 925°C/10h | 10.5 | 14500 -28.0
Sm,Si,0; 1375°C/2h | 10.0 | 0.0060 |  -----
Sm,Si,O-+ 15 wit% LBS 975°C/2h 6.1 0.0025 |  -----
Sm,Si,O.+ 15 wit% LMZBS 950°C/2h 6.9 0.0026 |  ---—--
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Table 8.2 The physical and microwave dielectric properties of polymer/ceramic composites for
substrate and electronic packaging applications.

Material Relative Water Dielectric properties CTE
Density | absorption (9 GHz) (ppm/°C)
(%) (%) & tan o
PTFE/0.5 vt Sm,Si,O4 75.3 13.05 3.82 0.0136 36
PTFE/0.5 v silane 81.9 2.17 4.29 0.0105 10

treated Sm,Si,O,

PE/0.5 v¢ Sm,Si, Oy 94.6 0.30 5.28 0.0091 60
PS/0.5 vf Sm,Si,O4 90.8 0.41 4.60 0.0110 36
PTFE/0.5 vi ZAT 89.3 3.1 3.24 0.0089 28

PE/0.5 v ZAT 91.1 0.05 5.52 0.0050 81

The scope for the extension of the work described in this thesis lies mainly in the
following areas. The first one is to improve the densification and microwave dielectric
properties of the proposed apatite silicates by suitable dopant addition and substitution. It
is seen from the results that even though glass addition lowers the sintering temperature,
the microwave dielectric properties are adversely affected. Hence chemical synthesizing
techniques like hydrothermal, co-precipitation, citrate-gel, sol-gel etc. would be much
challenging area towards the development of these silicates. Various polymer ceramic
composites developed in the present study may be used to fabricate substrates for antenna
and printed circuit board applications. Moreover efforts may be made to improve the
thermal conductivity of these composites by the addition of suitable amount of AIN.
Broadband DRAs of different geometries and DRA array using temperature stable DRs
can also be fabricated using the developed DR materials.
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