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PREFACE

Micrawave dielectric materials designed for wireless communications have been a
booming area of growth recenmtly.  Microwave dieleciric materials play a key role in
global socteny with a wide range of applications from ferrestrial and satellite
commuraication incliding seftware radio, GPS and DBS TV ta envirommental monitoring
wia sarllites that enuble effective communication between people and machines. In
order to meel the specifications of the cuarrent and futnre systems, improved or sew
microwave compenents hased on dielectric materials and new designs are required  The
recent advances in materials development has led fo the revolutionary changes in
wireless communication technology. This revolution is apparent on a daily basis in the
ever increaving number af cell phone users. In a mew whiguitous wireless age, therefore,
the sc.ence and technology of microwave and millimeter wave materials must be
activated further

Dicleciric  Resonotors  (DRs)  are  imevitable componen!  in microwawe
telecommunication devices and are extensively used as filters, oscillators and dielectric
resonator antennas [DRAz). Te meer the requirements for wse in such practical
applications. the materigls should possess stringent properties like fai high relative
permittivity (&) for mimiaeization, () hgh anloaded guality facter (QJ ar low
dieleciric loss for better selectivity and fc) low ltemperatire coefficient of resonamt
Jrequency (1) for frequency stability with thermal variations of the circuit

Low Temperature Cofired Ceramic (LTCC) plays a decisive role ay a base
material in the development of complex miniarurized cirents LTCC technology enables
fabrication of I-dimensional cerumic modules and subsirates with embedded silver or
copper electrodes which makes this technology very aitractive for variety of micro- and
millinetre wave applications. The important reguirements for LTCC materials are (a)
low sintering temperature (<2607 C) to co-fire with inexpensive metals such as silver, fb)
permittivity in the range 4-14 for subsirates ond 15-100 for resonators and intermal

Wil



cupevitors, {v) fow diefeetric loss or high @, (= [N0) and (d) low temperature coefficienl
enf revarnan! fregroeney § 1< 1 ppnd'Cl

Millimetre wave  comminication  sector  now  presenis  new  challenging
performance reguirenents. Ceramic fiifed polymeric materials are used as base substrae
for miceoelecironic packaging.  Materials  for electronic packaging  should  be
temperature sfable with low &, low diefectric loss, high thermal conducniviey and thermal
expansion coefficient matching fo that of sificon chips.

Thes thesis eniled "INVESTIGATIONS ON CERIA BASED DNELECTRIC
CERAMIC MATERIALS FOR WIRELESS COMMUNICATION" is the owtcome of a
detarled investigation made on the synthesis, characterization and microwave dieleciric
propertivs of cerie hased ceramics and taiforing their dieleciric properties by different
teckmigues, Aveovdingly these resules are classified into 8 chapters in the thesis

Chaprer | gives a general introduetion abowt fow loss dielectric resomnator
meterials, fow  femperature cofired ceramic materials  amd ceramic filled polvmer
vinmpasites for nicrowsve and  millimeter wave applications.  The scientific and
fechialugicol wspects, mntevial requirements amd opplications of the above said
diglectric ceramics are also discyeeed

Chapter 2 illustrates the experimental method of conmventional solid-state ceramic
rovite for the sinthesis of DR und LTCC muterials. This chapter afte explaing the
processing  fechnigues  adopted  for the preparation of polvmer composites.  The
information about instrimental technigues used for the structural, microsiructural and
diclectric characterization of DR, LTCC and polymer composites have also been
summarised

Chapter 3 ontlines o general introdhction about fluorite structure and presents the
syatheses, chevacierization and microwave dielectric properties of CeQ -0 340-0.5Ti0,
A My o, Co M, Co, Ni. W) ceramics.  The synthesizing conditions are optimized
for hest dhiclectric properiies. These ceramics systems consisting of fluarite Celdy and
ATy harve velative permittivities (e} in the vange 17.0 10 85,5 and guality factor Oxf up
o SENM) GHz. The 1 ranges from 399 ppm/C to 82 ppm®C. The effect of varions



dopanis on the dielectric properties of these ceramics have been investigated  Addition
of Ol and WOy to Cel-05Calh-0.5Ti; and CeQw-05MeO-0.5Ti; system
respectively improved the dielectric properties. This chapter also reporis the microwave
dielectric properties of ATiOy (A = Co, Mn, Ni) ceramics for the first time. The
microweve dielectric praoperiies aof AT (A = Ca, Mn, Ni) ceramics are reported for the
Siest time as: & in the range 19 10 25, Quf from 13900 io 62500 GHz and & of abow -50
ppm/C.

The fourth chaprer presemis the preparahion, charocherization ond microvave
dielectrrc propertics of Ba()-20eQ-nTi0: (v = 6...15) and BaQ-pCel-dTi0: (p =
343 veramics. BaQ-2CeQpnTily (n = 6...15) ceramics are mulliphase compounds
contaimng Celdy, Ba:Ti 0y and Titdy whife BaQ-pCeQ-4Ti0, (p = 3...13) ceramics
comsists of Cedy and BaTi L)y phases. The effect of different dopants on the microwave
dielectric propertics af BaQ-3Ce0-4Til): cevamics is also sindied  Addition of CuO ro
Ba0-3CeC4Ti0); cevamic lowered the preparation temperature with improvement in
micrawave dielectric propersies. Low melting point compounds such as By0, and Cu is
odded to lower the sintering rtemperature of 0.5Ce0;-0.5BaTi 0, 0.5Ce0y
0.58aTi 00+ 12 wts 8.0+ | wi'hs Ce0 ceramic sintered ar 950°C for 4 hours shows €, =
206, Qxf = 170K GH:z and t, = 48 ppmC and can be considered as a possible
candidate for LTOC applicarons,.

Chapter § reparts for the first time the microwave dielectric properiies of twe mew
cerium based cevamics - CedWO and BayCelV0, for mcrowave swhstraie
applications. The Cey WO, and Ba,CeV 0y, ceramics simtered ar 1000 and 1025°Cr4h
have refative permittivities of 10.8 and 14.9 with quality factors of 10500 and 12700
GH: ond tempercture coefficient of resomant frequencies, -39 and -14 ppm/'C
respectively. The 0.2 wrls ZBS odded CeofWO), ceramic sintered at $00°C and | wi%
ZBS ghuss added Ba,CeVOyy ceramic sinteved at 825°C are .= 11 3 and 15.1, Qxf =
20200 and 20300 GHz and 1 = -39 and -21 ppm/'C respectively. The 0.2 wi¥s ZBS
added CexWOJy and | wie ZBS glass added Ba,CeV,0,; ceramic are possible
candidates for LTCC applications.



e influence of rare carth substitasions in Ce site of Cefds ceramics are outlined
e Cinapter 6 Cevamie compeosiions in O RE O S (RE = La. Pr, Nof, §m, Eu. Gd Th,
Oy, Er T, Yhamd ¥), 0 £ x 51 have boen prepared and the sodubifity of different rare
ety and vitvinm fons in ceria is stwdied. The microwave dicleciric propeviies of Cey.
RED ., (RE = Lo, Nd Sm, Eu, Gd, Dy, Er, Tm, Yb and ¥) for different compositions
from 05 x5 | are repovted. The best properiies are obtained for Cegofiy () o (e, = 254,
{af = 70300 GHz, & = -64 ppm”C); Cepaldyo 105 e, = 26.2, Qxf = 70150 GHz. 5=~
57 ppend C) aond ey 1S Ly oo fe, = 197, O xf = 79450 GHz, 5= -51 ppm/'C)

Ceria based composites for microwave swbsivate and elecironic packaging
applications ave described in Chapter 7. The first section of this chaprer discusses the
effect of plass wkdiives on the sintering lemperatiure, density and microwave divleciric
prrapertivs of cora for LTCC applcations.  Celdy mixed with 20 wits B:0; (xintered al
WK shows £, = 132, (xf = 24200 GHz, 1 = 46 ppen/"C amd that of Cey added with
16 wits BRBSY teimteved at $SIPC) hax e, = 22.4. Qxf = 12000 GHz, 1= -57.2 ppm/C. I
ix found that silver does mot react with certa mived with 20 wis B0 and 10 wi®s BBSZ
The secomd section of Chapier 7 deals with the polvietrafluoraethvlene (PTFE) and high
dewsity  polvethvivne (HDPE) based ceria composites  for  electronic  packaging
appdicamons. The dicleciric, thermal and mechanical propertics af both PTFE amd
HOPE compasites are studied i refation to filler concemtration. For 0.6 valune fraction
(V) loarding of the coramic. the PTFE composite has £y = 5 and fan § = 00064 (ot 7
Ceffz), thermal condeceivite (k) = .85 Wim"C, coefficient of thermal expansion fa,) =
220 pom?C and Vickers' microhardeess of 17 kpimm® The 0.5 V, of HDPE-Celly
composite hay &, = 6.9 amd g & = DOUSS far 7T GHz2) k= 322 Win™C. g, = 785
ppen Cand Vickers” microharduess of 28 kginm® Due to the reasanably good dielectric,
thermal and mechaniced properties of HDPE composite (0.5 V) compored 1o PTFE
cowmposites, 08V, HDPE-Cetl: campasite can be considered as a possible candidate for
mecrowenve sihstaate applications.  The fast section of Chaprer 7 explaing the glam
pevotiivity of Cetl-Lay o8rg Colly s (LSCO) compasites.  The relative permittivity s
mavimum (& > 0} ar 0.4V, of LECO ar a sintering temperature of 1150°C in CeOyr

%1



Laa s5ra sColli g (LSOO composites. CeOrLSCO compaosites can replace the present
ceramic-metal composites used in electromechanical and embedded pasyive devices due
to ix high reiative permittivity

The conclusions drawn from the present investigations are summarized in Chaprer
8 The mujor achievements of the thesis and scope for future work are also highlighted
The preparation and characterization of LTCC rapes, fabrication of DRAs of differen
geomeirics and fabrication of substrates for antemng and primted circutt board
applications are proposed for futire work,
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INTRODUCTION

This chapter gives an overview of infroduction and
progress of research in dielectric resenators {DR) and low
temperature  cofired  ceramics  (LTCC).  Historical
evalution af dieleciric rexonators and LTCC research to
the forefront of wireless communication applications are
Ltﬁ.ﬂ‘ﬂﬁjfﬂ; This chapter alse gives a gemeral introduction

ebout the scieniific and rechnological aspects of polymer-
ceramic composites for substrate applications.  The
Jundamental physical aspects and working principle of
dielectric rexonaters ax well ax the requirements of the
marerial fo act ax efficient resonators are described, The
practical applications of DRs such as filters, escillators,
antennas  eic. are briefly discnsved.  The important
characteristics required  for a material for LTCC,
clecironic packaging and subsirate applications are also
discussed in defail.
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CHAPTERT
“Matenial developments underpin advances in almost every industrial sector and are therefore
wital to the ecomomic well being of a country, "

1.1 INTRODUCTION

Wircless communicanons, together with s applications and underlying
technologies, is among today’s most active areas of technology development. Wircless i
a term used to describe telecommunications in which electromagnetic waves carry the
signal over part of the entire communication, Wireless communication started around
1897 with Marconi's successful demonstration of wircless (elegraphy, The explosive
growth of the wireless industry is a driving force behind innovation in fields ranging from
telecommunications (o environmental research. The wireless technology development is
being driven primanly by the transformation of what has been largely a medium for
supporting voice telephony into @ medium for supporting other services, such as
transmission of video, images, text and dara, Common examples of wircless equipment
in use today arc cellular phones and pagers, Global Positioning Systems (GPS), cordless
computer peripherals, cordless tclephone sets and  satellite television.  The
telecommunication industry is one of the largest industries worldwide, with more than 1.5
trillion dollars in annual revenues for services and equipment. There are about 2.5 billion
mobile phone subscnbers worldwide.  Mobile phone networks allow communication
from cell to cell vin antennas locaied on masts and associated base stations. Within a
cellular network, the average base station coverage is a diameter of 33 and 18 km at 900
and 1200 MHz. respectively. Each base station houses microwave (MW) resonators that
are used to carry signals of a specific frequency and remove {filter) spurious signals and
sidecbands that interfere with the quality of the transmined/received frequency band.

The continuing evolution of the ceramic materials and the asseciated materials
technologies is aceelerating rapidly with each new technological development supplying
mare data to the knowledge bank. The successful development and commercialization of
high performance ceramic materials has become a focal point of attention at a national

level in vanous countries. Ceramic has been defined as “o monmetallic solid that is
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prepared fros powdered materials, is fubricated oo preshaces throngh the applicetion of
heat amd disples charactertsine propertivs. such s Reardaess, strengeth, fow cleetrical
cordncrivite eord brittfeness” Ceramic materials display a wide range of propertics that
factlitate their use i snuny differem product areas. Advemced ceramtics are considered to
be thase =frmeticmal ar sieneiiral cevamics with maierials excellence, weed in high tech
appiications”,  Electroceramics hax been consolidated in the last decade o8 one of the
masl afractive arcas o matenals scicnce because of both the improvement ol basic
knanvledpe and its technalogical impact. One of the major achievements of clectronic
ceramies is the recopnition of diclectric matenials as energy storge devices. in oscillators
and filters for the mcrowaves carrying the desired mformanon.  The perfommance of
elecimceraime materinls  depends oo e complex interpley  between  processing,
chenmsiry, structure ot many levels and device physics.

In conast 1o many other areas of advanced ceramecs. electoniv cermmics are
represenied by an established industrinl sector producing high volumes of components,
Whilst refatively mature, production volumes are in gencral growing ot annual rates of
greazer than 10% and in imany arcas technological development is driven hard by the
currenl market prossures, Revently rebeased indusiry news in L 5. states that till 1990°s
62 % of the odal coramic industry was led by electronic ceramics, 26% by structueal
ceramics and 12% by ceramic coatings. But a1 the end of last year electronic ceramic
industry witnessed an exponential growth w occupy aimost B0% of the 1otal ceramic
industry owing o the wide appheation of clectroceranme materials in ielecommunication
devices,

Fi. 11 shies the pelative siee of the major markets for ceramic-hosed clectronic
componenis on a worldwide bases. 1 ois estimated that the world marker for these
companents is in excess of 10 hillwn US § per annwm. Strong drivers in the market place
st component size reduction, increased performance and reduced cost. The main
competithon in mwst sectons comes from Western Furope, Japan, USA, {.'himt. Korea and
Tarwan.
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Fig, 11 Baelative siee of electfonic coramic world market sectors {alter Hell 1)

Sy carly 19505, microwave lechnoloey has been used extensively by 1he
broddeast amd cable telesvesion industnes, a5 well o o other wireless cominunication
apphcations. Todiy. nuicrowaves are emploved by telecommunications industries in the
torm of baoth terrestrial relavs and sasellie commumicaiions, Fregqeencees from (L3-30
Gl ore uswally called "moerowayves”. Freguencies above about 30 MHz can pass
thringh ihie onosphicne and sooae available Gor commumesimg with siellings and other
extr-terrestrml sources. Becouse of thewr hich  frequencies,  microwmves  have e
sibvantage of bemg able w oy more information than ordinary radie wives ond arg
capable of being beamed directly From one point 1o another. Most of the microwave-
Basesd devies swsteos are bocated in il feeguency rnge 3080 Mz wo 300 GHe as shown
in Fig 120 Freguencies from about 100 MHe o 2 GHe are usald Tor comimunicating
swith lwa warth worbor sotellites (LECw) amd 6-24 GlLe ame useful  freguaencies for

gepsliiionany sdvoms, With connmuing advanees i mienmaave devices, imwe syslems

arg heing developed for millimetcr porton of the mierowave hand

1.2 MICROWAVE DIELECTRIC RESONATORS
1.2.1 Introduction

hae prosdisction of low loss ceramie diglectnie resonators hos emenged as one of the
mikst rapid gowih areas in the electrome manubciurmg with e currend soorkilwide

eaplosiom o the develepment o microwsve  based  commomication  lechnologies
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According to the statistical reports, the aumber of mobile phone subscribers worldwide
will nise to 3 billion this year and 4 billion by 2010."

The revolutionary utilization of microwave as a communication media, especially
for the satellite communication and land mobile radio systems, has prevenied the
crowding of channels at radio frequencies. As a consequence, the miniaturization and
reduction of the weight of the oscillators and filters were pointed out as the important
objectives of nnovation. The advances in semiconductor devices, electromagnetic
simulators, and nonlinear circunt analysis technigues have made many new microwave
companent desians possible.
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Flg. 1.2 Microwsve spectram and applicaticas {after Ref. 1)

A microwave circuit works when a part of it vibrates or “resonates™ at a specific
frequency. Where selectivity to that frequency is paramount, e.g. narow bandwidth
mpplications, low loss 1emperature-stable dielectric ceramics having a high relative

permittivity are utilized. The size of the resonator at any particular frequency depends on
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the inverse of the square root of the relative permittivity (e,) of the material, and thus
larges the &, the size of the ceramic component may be decreased still maintaining a
specific resonant frequency.  Further to optimize the signal intensity and the number of
channels possible within a given frequency range, the diclectric loss (1an &) of the
resonator should be low. te., the unloaded quality factor, (&, ({. = l/an &) should be
high enough {>2000) to lower the insertion loss and steeper the cut ofT frequency. Higher
{2, values reduce the nisk of cross talk and noise within a given frequency range.  To be
useful in practical applications, the resonant frequency of the dielectric ceramic should be
constant against ambicnt temperature variation in the microwave circuitry. When the
wanted frequency is extracted and detected 1t s necessary (o maintain a strong signal. It
i5 s¢lf evident that u material with a significantly non-zero t;is useless in a MW circuit as
il cannot maintain its resonant frequency, as the base station operaling lemperature
changes.**

The quariz resonators were unaliraciive al microwave frequencies due to small
signal to noise ratio with frequency multiplication, When Microwave Integrated Circuits
(MIC) were developed in early seventies it was difficult 1o find devices which could
perform these functions but with weight and size features suitable for integration in a
miniature circuit.  Metallic cavity resonators were tried but were bulky and non-
imegrable for MIC  Later on microsirip resonators emerged which had poor thermal
stability and high diwelectric loss.  Thus the miniaturization was possible in
communication circuits by compromising on the quality factor and temperature stability.
All these problems were alleviated with the advent of Ceramic Microwave Dielecine
Resonators. 4 Dielectric Resonator (DR) is an eleciromagnelic component, which is a
veramic puck that exhibits resonance with wseful properties for a narrow range of
freyuwenciexs. DRs are advantageous n terms of compactness, light weight, stability and
relatively low cost of production.” In addition, temperature variation of the resonant
frequency of dielectric resonators can be enginecred to a desired value to meet circuit
designer's requirements. The principle of their operation is the ability of the dielectric/air

nterface w reflect cleciromagnetic (EM) radiation, and thus the material can sustain a
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standing electromagnetic wave within its body. However, the physics of the standing
wave in a dielectne 5 complex due to the fact that EM radiation has both magnetic and
electric comaonents.

1.2.2 An Overview of Dielectric Resonator Research

Guided electromagnetic wave propagation in diclectric media received widespread
attention in the carly days of research in microwaves. In 1894 Lord Rayleigh® discovered
that dielectric structures can guide eleciromagnetic waves. and that fields of these waves
extend partially o surrounding space. Surprisingly, substantial effons in this arca
predate 1920 and nclude famous scientists of the era like, Sommerficld, Bose and
Debye” In 1935, in his U. S patent entitled “Transmission of Guided waves”
Southworth'* disclosed that “The wave guiding structure may take a variety of forms: of
which typical is a guide consisting of a rod of diclectnic material having high g, and the
specific diclectric guide he considered was a cylindrical specimen of TiOy (rutile). The
term dielectri: resonator first appeared in 1939, when Ritchmyer'' of Stanford University
showed that, unmetallised diclectric piece in the form of ‘torowds’ can function as
microwave resonators. However, his theoretical investigations failed 1o gencrate
ssgnificant interest and pracucally nothing happened in this area for over 25 years. Duning
the second quarter of the last century. a lot of wark has been done' "' an the resonance
properties of symmetrical structures like sphere, hemisphere, toreidal nng rectangular
blocks etc. However, the first reported work on the adaptability of a high relative
permittivity dielectng rod o gencrate stunding wave esenance phenomena was proposed
by Schlicke.'” In 1983, Schlicke repomed the application of super-high relative
permiltivily materials (£=1000) as capacitors in low radio frequencies. The thearetical
aspects of dielectric rod resonators has aroused a lot of academic inleres as the solution
of Maxwell's equation for a cylindrical system is straightforward both for the case of
sotropic and amsotropic media 17 The simple but accurate measurement method for
dielectiric properties at nicrowave frequency were developed by Hakki and Coleman
using Network Analyzer and Parallel Metal Plaie sample holder.”™ Kobayashi improved
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this method 10 measure the loss factor more accurately.'” These invenions for
measurement leckiugues aveelerated the progress of new matenal development

During 1960°s, Silverman et ol ™ measured and discussed the mechanism of the
diclectng loss l.ﬂ-'?:-i-rﬁU, crystal at microwave frequencies and Spiltzer er al’ investigated
the far mfrared dispersion of SeTi0y. In early [%60s, rescarchers from Columbia
Umiversity, Okaya and Barash reported single crystal TiO, resonators. Thewr pupers’ ™
provided the first analysis of modes and diclectric resonator design  parameters,
Mevertheless the DR was sull far from practical appheations

The first microwave filier, using Ti0s, was proposed by Cobn™ and his co-
wurkers at the Rantee Corporation.  Rutile ceramics were used for experiments that had
en isotrome relative permattivity of the arder of 100, However, i1s poor lemperamre
stability (+430 ppm™C) prevented the development of practical components. The
rescarch and development work of temperature stable diclectric materials for microwave
applicatien stirted around 1970%. A real breakihrough in the dielectnic ceramic indusiry
occurmed when the first emperature-stable, low loss banum tetratitanate ceramics were
developed by Masse ef ol ™ Konishi™ and Plourde™ developed stacked resonator using
diclectnie disks having opposite sign of emperature coefTicients of resonant frequency.
Later, a modified barium tetratitanate with improved performance was reported from Bell
Laboratories. ™ These positive results led 1o actual implementations of DRs as microwave
componenls. The matenals, however were in scarce supply and thus were not
commercially availlable. The next major breakthrough came fram Japan when the Murata
Manufscturing Company produced (Zr, SniTi0, ceramics.™ They offercd adjustable
compositions so that the emperature cocfficient could be varied between +i0 and -22
ppm"C. These components became commercially available at reasonable prices
Afterwards, the expenimental and theoretical work as well as the use of DRs expanded
rapadly and the search for temperature stable high relative permittivity matenals with low
dielectric loss has been ane of the most challenging problems in Materials Science.

Technological improvements in DRs have comnbuted to  considerable

advancements in wircless communications,”™ ' Thic hag injected tremendaous
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mierest in the research of DR matenals. A simple representation of the trend can be
ewMzined from Fig. 1.3 showing the number of research papers published/patents filed m
this area versus year starting from 1980, It can be scen from the figure that Last decade
has witnessed dramatic increase in the rescarch of DRs. which can be suributed to the
revolutionary progress in wireless communication and information access devices in
which DRz find ummense apphications. A good number of reviews are available
describing the properties and apphications of DRg 7B A0

The diclectric materials with relative permittivity from 20 (o 95 are now available
for practical use.” These materials should be selected considering the balance between
the requiremsents for various applications and their properties such as & (which decide the
size of the device), (2, value and r, Currently available matenals® for practical purposes
which posses excellent diclectric properties include, MeTiO-CaTiO,,”" Ba[(Sn, Mg
Taz )0, Ba(Mg, . Tag 0", (Zr, SnTIO™, BayTighy'', (Ba, Sr)0-REO,-Ti0,"
Ba[(Zng 1000 1)) 1Nba s JO0 ete. Matenals with 5 5 £ < 140 and 2, x /> 6 00 000 GHz and
near zero 1y have been developed ' It is noteworthy that still DR materials are needed
with a wide variety of dielectng properties to meet the ever-growing demand in vanous
wireless devices. Hence search is continumg to find new matenals as well as tatloning the

properuies of existing maicrials
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Fig. 1.3 Schematic representation of nasmber of {3) research papers
published apd (b) patents filed in recent years in DRs jalter Ref. 2)
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1.3 PHYSICS OF DIELECTRIC RESONATORS
1.3.1 Polarization Mechanisms in Dielectrics

Diclectric palarization s the displacement of charged particles under the action of
the eleciric field so that there 15 a nel eleciric dipolemoment per unit volume in atoms,
ions of moelecules of the material. At the microscopic level, several diclectne
mechanisms can conribute to dielectnc behavior. They are interfacial, dipolar, ionic and
clectronse,  Dipole onentation and jomic conduction interact strongly ot microwave
frequencies. Atomic and electronic mechanisms are relatively weak, and usually constant
over the microwave region. Each diclectric mechanism has a characteristic “cutofl
frequency.” As frequency increases, the slow mechanisms drop out in tum, leaving the
faster ones to contribute to ¢ The loss factor (tan &) will comespondingly peak at cach
enlical frequency, The magnitude and “cut off frequency™ of each mechanism s unigue
for different materials,
Space charge/interfacial polarization: Space charge or interfacial polarization occurs
when charge camiers arc present which can migrate an appreciable distance through a
dielectric and which becomes piled up at physical barmiers such as grain boundary,
interphase boundary etc.  This type involves a longer-range ion movement, which give
rise (o a higher relative permittivity. This process always resulis in a distortion of the
macroscopic field and is important only at low frequencies which may extend to 10° Hz
Orientational/dipolar polarization: This type of polarization occurs only in polar
substancis, In zero eleciric field. the dipoles will be randomly oniented and thus carmy no
net polarzation. When an electne field is applied, the dipales will wend to align in the
dircetion of the applied field and the materials will acquire a net moment. This 15 called
oricmational polarization.” In other words, the perturbation of thermal motion of the 1enic
or molecular dipoles, produces a net dipolar orientation in the direction of the applied
field. Two mechamsms can be operative in this case, {a) In lincar dielectinics (non-
ferroclectries) dipolar polarization results from the motion of the charged wons between

the interstitial positions 10 ionic structures parallel to the applhied field direction. The

{F]
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mechanism is active in the 10°-10" Hez range. (b} Molecules baving permanent dipole
moment may be romted about an eguilibrium position against an elastic restoring
position. Its frequency of relaxation is very high of the order of -10''Hz, The dipolar
polanzation contributes to the relative permuttivity in the sub-infrared rmange of
frequencics,

lonle polarization: lonic polarization is due to a relative displacement of the atomic
componcnts of the molecule in the presence of an electric field. In this case the matenal
should have an 1onic character. The built in internal dipoles cancel each other and are
unable to rotate, The applicd cxtemal field displaces the jons slightly from their rest
positions and thereby inducing net dipoles. The mechamism contributes 10 the relative
permittivity at infrared frequency range (~10'-10" Hz).

Flectronic polarization: The elccironic polarization arises from the displacement of
electron cloud with respect to the nucleus. This occurs at high frequencies of about o'
GHe. Electromic polanzation s present in all matenals and, it does notl contribute 1o
conductivity or dielectne loss in most diglectrics,  The relanve peemiivity ai oplical
frequencies arises almost entirely from the clectronic  polarizability.  Electronic
polerization ii pesponsible for the optical refractive index, n and is a part of relative
penmittivity in ail materials,

Fig. 1.4 shows the vanation of diclectnic loss and penmittivity with frequency. At
microwave [requencies the mechanisms doe to jonic and electromic polanisation
comtribute to the dielectric propertics. Orientation polarization is temperature dependent
whereas electronic and wnic polarizations are temperature independent and are functions
of molecular structurs,

1.3.2 Claussius Mossotti Equation
The refative permittavity of an msulator is related to the polarizability of atoms

comprising it. The permuttivity & can be calculated theorctically using Clausius

Messotti equation for cubic or isutropic materials”
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where ¥, is the molar volume and ap is the sum of the diclectric polarizabilities of
ndividual 1w, The ¥ of the dielecine matenal can be obtained from X-ray diffraction
studees, Based on the additivity rule, Shannon states that the molecular polarizabilities o,
of a complex material can be broken up into the molecular polarizabilities of simpler

compounds !:|:.n"qul
(A, A40,)=2a,(40) +a,(AO,) K

where 4 are the cations. Furthcrmore, it is pessible to break up the molecular

polarizabilities of complex compounds in to ions sccording to

el A, AC =2 A" Y a( A" )+ 4a(0°7) (1.4)

The diclectric polarizabulitics of several ious are reported by Shannon.™ The calculated
£, usually agrec well with porosity-comrected cxpenmental values for well-behaved
ceramics.” It may be noted that deviations from calculated values can occur due to
deviations fromn cubic symmetry, and also the fact thet the sample is ceramic and not a
singhe crystal. Presence of ionic or electronic vonductivity, H;0 or €Oy in channels,
rattling of ions, presence of dipolar impurities or ferroelectric behavior also cause
deviations from the calkculated values™ The devistions in the reported values of
dielectric polarizability and cven a small emor in determining the cell volume can
significantly affect the calculated value of the permittivity. Vineis ef af. reported” 1hat a
maore correct value of the dielectric polarizability of La is 4.82 instead of 6.12 reported by
Shannon.™ The £, depends on the dielectric polarizability of the consuwent ions and the

crystal sirucure
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The first term represents the thennal expansion and s effect produces a decrease
in the concentravon of the dipoles. The minus sign indicates that s contribution is
nepative. The number of polanzable jons per wnit volume decreases as the \emperaiure
increases. The secomd term represents the possibality that the polariztion will increase
with increasing volume in which wons are able to move as the emperature increases. This
cortribution s positive wnless (VST )y becomes negative which s unlikely, The third
temn represents the direct dependence of polarizability on temperature, the volume
remuining constanl, In genened this coninbubion 13 megalive since r, decreases with
increase of lemperature, Bosman and H:winga" reponed that Tor low & materials the
perriuvity apwreased with inercasing wmpersture whereas for lagh o, matenals the
pemutivity decreased with temperamre. The £, decreased with increase of pressure for afl

the naterials they measwed,

1.3.3 Working Principle of Dielectric Resonators

A piece of dielectnie with hagh relative permittivity can confine microwave energy
a1 2 few discrere frequencies through total multiple imernal reflections, provided that the
energy 15 fed in the appropnate direction. The electromagnetic wave moving from the
clectiically dense high diclecine region 1o the eleancally thin air meets very high
impedance at the diclectric-air interface and reflects back w the dielecine nsclf. As the
telative permutlivity increases the impedance offered by the boundary also increase 1w
sllow better confinement of encrgy withm the diclectric body. (See Fig. 1.5).

The reflecuon coefTiciem  approaches wnity when the relative  permittevity
spproviches infimity, The trapped electromagnetic waves will form standing waves 1o
generate resonance. A hagh relative permatnivity material can confine most of the standing

clectromagnetic wave within its velume. 11 the ransverse dimensions of the dielectrie ane

13
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comparable to the wave length of the microwave, then certain field distnbutions or modes
will satisfy Maxwell's eguations and boundory conditions™ and only Those modes
satisfying this condition will be excited. The frequency of the generated resonating

modes depends on the dimensions snd relavve permttiviny of the dielecine speaimen.,

| | |

Froqurngy —

Fig. 1.4 Freguency responie of dielectric mechanisma Fig. 1.5 Sketch of total multiple
{eouriesy enwikipedinorg/ wikiDiclociric_speectrascopy) internal reflections in DR

For microwaves the free space wavelength (4,) is of the order of a few centimeters
and on entering the matenal with £ in the range 20-100, the wavelength {4} inside the
cielectric will be in millimeters. The electromagnetic ficlds outside the dielecinic sample
cecay rapidly. One can prevent radiation losses by placing the DR in a small metallic

enclosure. Since only o small radiavon feld sees the mewllic surface, the resulting

conduction loss will be (oo small and can be m:glﬂ:l:d.“

1.3.4 Resonance

A bulk diglecine matenal excited for resonance Using MICPOWAVE CRCTEY s
cguivialent o a parallel LCR resonant circuit. Hence the alternating feld wall have
inductive, capacitive and resistive components. All the three components, capaciior (),
inductor (L) and ohmic resisiance (R) in the circuil have a commaon voltage vt = [¥]

vosed. From the fundamental rules of resonant elecirical circunts, the clectric encrgy

stored in the capacilor is given as™
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Wi = % CIwup = %qu']:cm!rwl (1.&)
and magnetic energy stored in the inductor 1s

.8

’L :un*fmrj (1.7}

W i) = - Lt} =

The stored electric energy is thus proportional lo cos” function and the stored magnetic
enengy is proportional 1o sin® function of time. As functions of time, the stored cnergies
Wt and B {1 Muctuate between zero and their maximum values W, o, and W, ... The
averzge values W, and W, are equal 1o one half of the comesponding maximum values,
At resonance, capacitive and inductive reactances become equal and opposite 1o vanish.
Henc: the impedance of the circuit equals the ohmic resistance and maximum energy
slorage takes place within the body of the dicleciric resonator.

Al this condition

I
TR T E {1.8)
The maximum stored energy W, will be the sum of the stored energy in capacitor (W)
and inductor (H7,). Since the average energy values are equal to one half of their peak
values,
W = IH, = 2H = W, + W, 1.9
In terms of the average stored energies, definition of  at resonance becomes®

Q= ["””F i ‘]- 11.10)

If the operational frequency is not equal to the resonant frequency, the peak of the stored
chectric energy 15 not equal 1w the peak of the stored magnetic energy. Therefore the
definition of (2 is not unigue at any frequency other than w,,,.

A microwave resonator has infinite number of resonant modes, each of them
comesponding to @ particular resonant frequency, at which the electric stored energy is
equal to the magnetic one. In the narrow band of frequencies around cach of the resonant
frequencies, the cavity impedance is equal to the impedance of a simple LCR resonant

b3
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eircuit, characterized by the  facior of that punticular resonant mode.” Fig. 1.6 shows
the schemauc diagram of a DR coupled to TEqyy and TMq,; mode.

Fig. 1.6 Dielectric Resonator coupled to (a) TEyy mode and (b TMyy mode (after Ref, 38)

1.3.5 DR in a Circuit

DR s usually placed near a microsiripling i microstrip circuits. The equivalent
circuit consists of a parallel resonance circuit and an ideal transformer, which models the
coupling between DR and the microstripline (having transformation ratio n)

The Fig | 7 shows a schematic representation of a DR coupled to a micrasinpline.
The parallel equivalent impedance in series with the microstripline may be writien as

z-{% + ;[Lf,ﬂ‘_—ﬁ‘-'fal (in

where £, s the resonance frequency and m 15 given by

|| R

e 1.12)
0.2, +7,) ‘
where O and {J, are the loaded and unloaded quality factors of the DR respectively.

Using Egn 1.7. the expressions for ohmic resistive, capacitative and inductive pans of

the DR equivalent cereut may be obtamed as

EE -Quizg ‘zt] TRE)
" &
i = | o (1.14)

1]
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The loaded quality factor (J, is expressed ™ as

2 02, + Z, W,
R E (116N

where B is the stored magnetic energy in the DR and E is the voltage induced inio the

microstoipline which s computed using
E=[ E & (117}
The unloaded quality factor depends on the elements of the equivalent circuil

o= ;—T = 25 .C.R (1.18)

nir:r-ﬁ:-lr-n-u'
i

Fig. 1.7 DR &s circuit element coupled to @ microstripline (lefty
and ity equivalent eirewit (Fight) (alter Rel, 38)

136 Modes and Mode Nomenclature

A microwave resonator has infinite number of resonant modes, each of them
comesponding to a panticular resonant frequency, at which the electric stored energy is
equal to the magnetic one. The excited modes can be classificd into three distinet types:
TE, TM and hybrid. The fields for TE and TM modes are axisymmetric whereas hybrid
modes are azimuthally dependent. The hybnd modes can again be categonzed into HE
and EH. According 1o the mode nomenclature described by Kobayashi et al,™* the
variation of fields along the azimuthal, radial and Z-direction inside the resonator, ane
denoted by adding mode indices as subserpts to cach family of medes. This

17
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nomenclature is histoncally based on the mode nomenclature of cylindrical diclectrnic
waveguides. The TE, TM. HE and EH modes are classified as TE oo, TMop. 5. HE oo o
and EH . respectively, The first index denowes the number of full-period field
vanabicns i agmuthal direchion, the index s (o= 1, 2, 3 ) denotes the order of
variution of the field along the radial direction and the index p+é (p =0, 1. 2......)

denotes the order of vanation of the fields along the Z-dircction.

Flg. 1.9 Magnetic field distribution of TEyyin the meridian plane (after Ref. 38)

The resonant mode most often used in shiclded microwave circuis is TEq s It isa
transverse electrical mode having azimuthal symmetry &dp = 0, and less than a half
cycle varionon in Neld in the #-direction, Here, the third index, denates the fzct that the
dielectric resonator is shoner than one-hall wavelength. The actual value of & depends on

the relanive permuttivity of the resonator and the substrate, and on the proximity to the top
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14 TYPES OF DIELECTRIC RESONATORS
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1.5 MATERIAL REQUIREMENTS FOR DR APPLICATIONS

Due to the development in microwave communication systems, how to design the
high quality devices s very important.  In onder 1o achieve minimum dimension for the
devices and Tor the systems 1o work with high efMiciency amd stability, microwave
designers require diclectric materials with apt properiies.  The advantage of using
dielectric matenials s that they have the potential for miniaturizaton. For the ceramic 10
b usable s a diglecing resonaior filter, theee key properties need 1o be optimized and are

deseribed in the following section

1.5.1 High Relative Permittivity (£,)

A Dhelectric Resonmeor (DR) can conline electromagnetic wives through todal
multiple intemal reflections ot the dicleciric-ar interface. 17 the DR s resonating at a
reguency . then the moximum wavelengith it con have s orelated o the relative

permittivity of the material by the following equation

i i
I = g Tt | =
- -l"fl\"l'-l Il\:‘_-i i 11y

where o 13 e velocity of light i vacuumm and 2 s 1he wavelength of the stunding wave
along the diameter 0y o o resontor,  Consequently. iF the permattivity s mereased, the
atew of the resomabor may be decreased while sl maintminmg 3 specific resonant
reguensy. Do the microwave Treguency range, ok polarzation is the mam factor
comtnbuting towands the relative peemattivity,  Henee matenals containing wons with large
ionic polanzabilives are needed for sufficiently high & According 0 classical
dhispersion theory, the orystal 15 approsimated ws o svstem of damped oscillators having
wn approprate reguency and dipole moment. The real and imagimary parts of the

complex relative permittivity 72 27) as functions of e {where o~ 23] are given by

S LI T R T
& lml=u, | % ; - . (1.2
et FET T R

where 4y 1 the oscillatn strength, o s the resonant angular Trequency of the [

vsenllater, &, s the  relative permitiivity coused by electromie polanzation a0 higher

b
=1



CIPAPTER }
frequencies and g is the damping constant which is given by the width of the peak. The
summation is over the ¢ resonances in the spectrum, Each resonance is charactenzed by
its duspersion parameters. For ag == w,

Elw) =, + ) dmp, {121

The above equation shows that relative permittivity 15 independent of frequency in the
microwave frequency region. Using Far-Infrared spectroscopy, the reflectance as well as
mansmittance can be recorded, From the reflection band, &, 15 calculated using Krammer-
Kronig Analysis™ anid classical dispersion theory. The method gives an indirect
estimation of the relative permittivity. [n the microwave frequency region £, is measured
from the resonance spectra using the resonance method which is explained in the next

chapier.

1.5.2 High Quality Factor (Low Dielectric Loss)

The figure of meril for assessing the performance or quality of a resonator is (-
factor. Itis the efficiency of a resonant circuil to confine electromagnetic energy. Ficlds
inside a resonator store energy at the resonant frequency where equal storage of electric
and magnetic energies occur. 1t is a measure of energy loss or dissipation per cycle as
compared 10 the energy stored in the fields inside the resonator. 0 factor is defined b].-'ﬂ

: Masimuim  Energy Stored _ per eyele
Average  Emcrgy  Dhissipoted  per  cyrle

L A (1.22)
PT £

where W, 15 the stored encrgy, P is power dissipation, g, is resonant radian frequency and

period T=2% . In the casc of bulk ceramucs energized by clectromagnetic wave, quality

[
facior is roughly the inverse of diclectric loss of the matenal. For an electrically resonant

system, the 0 facior represents the effect of elecirical resistance and, for

electromechanical resonators such as quartz crystals it represents the mechanical friction.
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In microwave commumcations, Quality factor is determined as the resonant frequency

() divided by the bandwidth, A f, measured al 3dB below the maximum height at

FESOnance.

o s
LT T

In is therefore & direct measure of the ability of the resonating body to select a given

frequency. The dielectric (2 factor {2, for homogenecous dielectric material 1s given by

|
2, =E"1'E (1.24)

¥ (1.23)

When a resonant circull or eavity 15 used as a load in a microwave circuit, several
different ) factors can be defined. First f accounts for internal losses, which is the
unloaded 2 factor ((,). Wext external quality factor {(,). accounts for external losses.
When the resonator is used or antached to some external circuit there arises the loaded 0
factor (@) which is the overall {J factor and includes both internal and extemal losses.,

For cawvity resonators, power loss by conductors, diclectric fills and radiavion can
continbute to unloaded . The conductor loss 15 due to the comact berween the metallic
cavity amd DR, radiation loss &5 due 10 the evanescent fiehd decaying out from the DR

surface and dielecinc loss 15 the intrinsic loas of the materal.

1
E Q. O (1.25)

where () is the conduction @ factor, ), is the diclectric {2 factor and (0, the radiation @
factar. When the resenator is connected to load
R L X i1.26)
0 0O @
where (Jy is the loaded ( factor, 9, the external  factor and (3, the unloaded (2 factor. 1t
should also be noted that in the case of an isolated DR, (= 0, a5 o general convention,
However, the quality factor of 3 DR can only be measured as the loaded value () by
keeping in an external circuit. Hence it is necessary o have a relation between the iwo

forms of quality factor (2, and ) and is represented as

a2
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0.=0,(1+5) (127)

where Jis tenmed as the coupling coeffeient given by

P
= =t
g P (1.28)

P, 1s the power loss due o external factors and P, is the sum of that due to conductor,
dielectric and radiation.

Classical dispersion theory™ predicts that at microwave frequencies, relative
permittivity is independent of frequency and tan § is proportional to frequency (/). since

tand ={y/a; )y {1.29)

where yis the damping foctor and ey is the resonany frequency of the optical mode of the
lattice vibration. Hence {3, decreases with increasing frequency. Hence O/ 15 ofien
quoted while comparing veramics.

1.5.3 Small Temperature Coefficient of Resonant Frequency (r)
The coefficient of \emperawre variation of resonant frequency (1) is a measure of
the “drifi” of resonant frequency with respect w the temperature, The frequency of
standing wave is given by Egn. (1.30). When temperature changes, then the resonant
frequency Jfi changes duc to the vanation in € and L length of the dieleciric material.
Differentiating this equation with respet 10 temperature gives
18,214

11
8 L'&T 2 & 1130)

| &

f " . | &, :
where — = is Lhe lempernture coufTicien of resonant frequency (5, —— i3 the Lincar
_f_ 8r P q ¥ AL, LT

expansion coeflicient (e ) and :—I{R--E is the temperature coefficient of perrmittivity (r.).

Substituting these values in the above equation, the expression for 1, becomes

rrn—{q:f%-] {1.31)

FL
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The emperature cocfficient of resonant frequency (5 is the parameter which indicates

the thermal stabnlity of the resonator, The f can be defined mathematically i terms of

resonant frequency and temperature as,

q—[--'.N. ¥
T AT {1.32)

where £ is the resonant frequency and Af is the variation of resonant frequency with a
change in temperatare AT

The vilue of r, should be near to zero for practical applications. Tt is sclf-evident
that a matenial with a significantly non-zero 5 15 useless in a microwave circuit as i
cannot mamtain s resonant frequency as the base station operating temperature changes.
In reality, a small non-zero value of r is required to compensate for thermal expansion of

the microwave cavily and other components in the circuit

1.6 FACTORS AFFECTING MICROWAVE DIELECTRIC

PROPERTIES

Microwave diclecine properties are influenced by a number of factors, such as
permittivity™, onsct of phase transitions™, processing conditions, raw material
i1""Il""-'i-“'ﬁm'r"II and orderidisorder behavior and porosity.”™"  The following section
discusses the factors that control their properties

The optimization of guality factor s essential 1o maximize commercial
explowtation of the available bandwidth. It is the least underswood of the three key
parameters (£, Qurf n) and 8 composition, processing, structure and microstructure
dependent, The dielectric loss s the result of a combined contribution of the degree of
crystal sinpcture imperfection, microstructural inkomogenity and interaction of phonons
Ceramics with microstructural inhomogenilies such as relaxation of space charges or
dipoles which lie cither between matrix grains and inclusions, or at grain boundaries have
higher losses (low (1), Such inhomogenitics may arise due to secondary phases,

impunity segregation, incomplete densification etc. 11 is found that the quality factor of a
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ceramie 15 increased with increase in bulk density, provided the densification 15 promoted
by solid wtate diffusion mechanism.  Hence glassy phase formation may be avoided
duning sintering (o pot high quality factor. Because of the natral difficulties invalved n
geating ceramics with reproducible in microstructures, o is essential thae the ceramic 35 al
least composed of a single phase with homogencous microstructure 1o have as high @, as
possible

The structural factors that are involved in loss mechamsm include lattice defects,
distortion of symmetry. muss of ions, cation ordering cte.  The diclectric loss tangent of
microwave dielectrics (tan 81 15 brought about by the ¢ffect of anharmonic terms in the
potential cnergy on the mean scparation of a pair of atoms and 15 mcreased by lamice
imperfections in the crystal,  The dielectric loss caused by the anbhanmonic terms
increases at higher temperatures. The random distribution of ions also is considered to be
a kind of imperfection in the momic ordering. The @ factor of the ordered ceramics
would be much greater than the less ordered ceramucs.  Any type of defects such as grain
baundaries, stacking faulis, chemical or structural disonler, point defects, planar defects,
line defects, inclusions, secondary phases, twinning, porosity etc. contnbute losses. In
the microwave rcgion, the intninsic loss is mainly due to the interaction of the applied
field with phonuons.  This leads to dampening of the phonon modes of fundamental lattice.

1.6.1 Effect of Humidity

The tan & increases with increasing porosity due 10 collection of moisture in the
pores. Humidity effects on low frequency diclectric properties of porous materials have
been swdied.””" Jonscher” idenufied low frequency loss mechanism in porous
materials in the presence of moisture, and Tinga er o™ smudied the effect in some
materials & microwaves. It is clear that the relaxation process centered al low frequency
u responsiole for high diclectric loss over a wide frequency range extending imo the
microwave range. The humdity effects on low frequency dielecine properties of porous
materials have been associated 10 the liberation of ions Lightly bound in the dry condition.

In gontact with an adsorbed water filin, these wns become free (0 move over extended
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regions. This mechanism would produce an interfacial polanzation process giving rise to
a low frequency peak, Charge camers could also be produced by an electrochemical
process of dissociation of water into a proton and a hydroxyl ion, ™

1.6.2 Effect of Porosity
(a) Relative permittivity

The dielectric is a composite system of two dielectnics (dicleciric material and
porosity) with different relative permittivities. Consider the dielectric as parallel layers of
wo dielectrics having volume fractions ¥, and F; and relative permittivities

g 18, = &, dicleetric phase) and e, (2. = |, porosity) respectively.  There are iwo possible

conlgurations
(a} Electric field is perpendicular to the plane of the plates.™ Then
£=c =-Me, 1) {1.1%)
(b} If electric field 18 perpendicular to the plane of the plates,
£
= e 1.34
¥ Ple_~1)+1 (1.1)

Maxwell™ derived a realistic mode] of spherical particles of relative permittivity &, in a

diglectric mamnix &_. The relative permittivity of the mixture is given by

v f2e ‘f]

"3 A (135)
I"'_[l- + LA ]1—1""
LI
If the sphercs are pores and applying a linearized approximation’ for &_ - ¢ {(c,, then
the above equation becomes

f -
£ 1:_{1-3”—‘--—'1] (1.36)

2e_+1

(b) Dielectric loss (tan &)
The complex permiitivity of 3 matenal is given by
£=r -ig (1.37
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Real component & is relative permittivity and imaginary component & describes the
dissipation of the elecine Meld.

Dielectric loss tangent. yand - = {1.38)

.

Chaality Facior, = 213 (1.34)

an ¢
The boss inereases with porosiy and an sddional berm 1o loss isonirsduced. Plon of s &
against porosity on a log-log plot suppesied a straight line which would give a
dependence of the form,

g = (1= Prand - A {140y
tan d, e the boss twngent of fully densc matenial which depends on the amount of matenal
present e il should depend on the porosity. The above equation can be put in the form
of faw of mixteres s

and = (1= Pjiand = PLAP" ') (141
The loss may be reluted 1o the surface anes of the pore volume %

tand = (1- Phand. - PAS) (1.42)
From samtering theory, surface area of the pores vanes with porosity as

(2}

Substituting the shove cquntion in equation. {1.42), we get

Lan-‘i;ll-Fﬂunr‘i_f.-l"fl-lfi‘;-]. {144

1.7 APPLICATIONS OF DIELECTRIC RESONATORS

Funchioning as imiporiant components i communanon circuits, DEs can create
and filier frequencies in oscillators. amplifiers and tuners. DRs find applications in low
noise block converters for digital broadcasting systems, microwave filters, security
sysiems, telemotry. detectors. auto cruise control of radar  systems, wireless

commumication cquipments, collular base stations, global positioning systems, satellite
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multiplexing filter devices, high stability dielectric resonator oscillators, microwave
duplexers, etc. Al these applications of DRs may be categunized based on their ability o
determing and stabilize the frequency of a microwave oscillator or as a resonant clement

i A mcrowave filier,

1.7.1 Dielectric Resonator Oscillators (DRO)

Dielectne Resonator Oxcillators (DROs) ore used widely i today’s electronic
warlire, misale, radur, communication systems and other signal receiving  amlior
transinitting systems. Their popularity has been attributed (o their high-¢, low loss, and

conveniently seeed devices for various applications in the RF and mucrowave fields.

B _1:_""' Series 500 DROs
S Kl S % 2
o,
1)
. ﬁ .
L] e l
LT
-
e
i
Fig. 1.11 Schematic dimgram of the series Fig. 1.1} Diagram af the werict feedback
ferdbagk RO jcoariesy DR [courtesy
v gedlm com I OT RO asp) v, omilsystemn.comi 5B kim)

Fhe DRO wre chanwienized by low phase noise, compact size. frequency stability with
temperature, case of mtegration with other hybnd MIC circuitries, simple construction
and the ability 1o withstand barsh environmenis.  These charactenstics make DROx a
patural choree both fir fundamental oscillators and as the sources fior oscillaters that ane
phase-locked 0 reference frequencivs. such as orystal oscillstors.  The oscillation
frequency of a dickucine resonator oscilletor depends on il dimensions aml on the
clectromagnetic propertics of ns environmenl. Fig. 111 shows the schematic diagram of

senes feedback DRO. A GaAs FET or a Si-bipolar fransistor is chosen as the aclive

k|
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device Tor the oscillator portion of the DRO circust, The Si-bipolar nansistor is generally
sebected For lower phase ninse charsctenstics, while the GaAs FET s required for higher

frequencies. Fig 1,12 shows a commaonly used series feedback DRO.

1.7.2 Dielectric Resonator Antennas (DRA)

Diclectei resonator antenmas (DHEA) are sractive os altemative @ microesirip
anlennas 0 microwave commumication.  Dielecine resomator placed over the ground
plane can serve as an eflective mdiator since the clectromagnetic waves extends beyomnd
the geomeirical boundary of the covity.”  Dielectric Resonators {DDRs) are prelermed
because they are casy w fabricate and offer more degree of freedom 10 control the
resonant frequency and quakity lactor™ The Diclectric resonator Antennas (DRA) have
anmcted the antenma designers inoimicrowave and millimeter band due 10 its feares like
high rdistion eMiciency, low temperature coeflicient of frequency, sero conductor
losses, mechamical simplicity, large impedance bandwidih,” simple coupling schemes to
all commenly used transnussion Tine,” and more resistant 1o proximity detuning when
placed clome 1o amber objpect, The wse of low-loss moterials and the small influence of
conductor bosses permin to wchicve high radiation efficiency.  The bandwidth can be
contralled over o wide mnge by the chince of dielecirne constant, and the geometne
parameters of the resompor,  DRs wah 30 < o < 6l 15 weally suitable for amenna
applications. s thist 3 compromise can be made between size. operating frequency and
other antenna madation chanicteristies.” Coaxial probe, direct microsinp line feed,
printed  coplanar  waveguide,  sobdered-through  probe,  conformal-snp  feed  and
reclangular wave guide are the dilferent techmgues employed to exeite a DRA™
Dhclectne resonators of any shape may be used for antenna design but geometnes like
rectangles. eylinders, rings. and hennspheres are predominantly wsed. Fig. 113 shows a
coavial probe fid semispherical DRA. I would be highly desirable e mount the antenna
in a Surface Mount Progess (SMP) This waould substantially reduce the vosts of the
anterna placement onto the PCB of the mobile device, Conventional antennas are usually

conmected extenor to the mabile device which can lead o reliability problems
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Hig, 103 Coavial protee Ted semiapliceial Fig. 104 [Heleciric Hesonater Filier (couriess
DHE A fooartey wwailliocvcthech - B p v v s oo el wobin b nn s, it

1.7.3 Dielectric Resonator Filters (DRF)

Microvave Bilters are kev coanpaonents m ol commumcation deviwes i lidimg
satellite s miobale systerss, Pres clopiment of commumcisticn networks i luding vellula
syslems present lughly demamding requirements on hase stanan Glwrs m enms of their
sefectivity, ol ol band  fepeciwn and peiss bind sertion losses. The Treguenos
allicatuoms for daples systems o liughily seleviive Milters and large regeciioans on o
siide o the s b, Uraadimsosd Tilker techmoliogy s Dased onn msetabbe covities which
are  mtrmswcally  perlinmemce hingd, I.|':_'...' TV P AT [ 11 '-'-"“I"-”"“"*I" costly

wginiibactore, A mew generation of fillers using lowc-loss amd thermally stable cermmic

FesmLlors ol mnproved perfomunee gether with cost amd siee advamagees, ane

expiecied Lo capture am epcreasmg marken sliane Phe eeqquoremsssts of the delecine

resoriitor o filers and oy pliiee seitse oscilitors ane gl O small <siee. bow mseriion
b, Ty terpensture stability, and low cost. There are several possehle operating modes
like transverse elecing TR and tramsyerse maenetie 118, dual livhred clectromagietag
antd teple T e TA mioddes for delectre resonatar ffiees, These modes Bave s omgiect

wn i ilter siee, unlculed O and sponoas performance. Two bypes of DR flicrs e

st cotnmenly e, The most pretenred mode of operation when desigmmg DR Bler s
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TEurs modde providing low loss and good spunious free perfommance.™ Also an elliptic
fumction response can b realved by this type of filler 10 further reduce the loss and
volume.™ Other type is the dual mode tilter, operating in the HE,, mode, providing low
boss. smaller volume and elliptic function realizations. Fig. 1.14 shows a commonly used
DRF, The mayer disadvaniige of DR band pass Rlters is that the necessary encapsulation
in a mietal case 1o minimize radiation loss makes them bulky, especially for medium and

low Tiequencics

18 LOW TEMPERATURE COFIRED CERAMICS (LTCC)
1.8.1 Introduction

I recent years, miniturization of electrome components and devices for wireless
and mobabe applications has been siepped up. It seems currently this tendency will
continuse and may geet even stronger i the fulure, Low Temperature Cofired Ceramics
(LTCCT have become an attractive techaology for electronic components and substrates
that are compact, hghi, and offer high-speed and functionality for portable devices such
& cellular phones, personal digital assistants (PDA) and personal computers used for
wirgless communication,  The size, cost and performance of integration, packaging and
interconnection technologics are eritical faciors for the suceess of a microwave product,™
In both military and commercial applications, lower weight and smaller size requirements
are pecessitating ancreased density in electronics packagging.  Cross-talk noise between
lmes and electne signal delay are supprossed by positioning the electnic-signal wiring on
low-£ material layers. Downsizing or lowering the profile of substrates e, decrease
number of capacitance layersh can be achicved by forming internal capacitors on high-g
material layers. One way W achieve greater density s through integration of numcrous
components within a single package  Fig. 115 shows the schematic diagram of LTCC.
LTCC has the untque abtlity to integrate & broad variety of components such as inductors,
capaciiors and filters into p very compact arrangement

The benefits of LTCC fechnology are cost efficiency for high volumes, high
packagping density, relisbiliny, the ability o wtilise highly conductive and inexpensive

L]
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mctalltsation, good dclecinie theckmess conirl, high prim resaodutn of conductons, fow
permmivity divlectoe matenal. eoviramsnial stability. COMPEICT SIrUCTires, b ey
e ™ It geratinge resistors omd capagitors o the L TOC substrate clominaies any solder
it and wire bomdbs, Bevowse of the excellent imsolstion provided by the than layees of
veramee mulenial, corcuns can be altermarely  stacked, allowing digial, onalog and
s ave assemiblics o by cobedoed inothe same L DCC structore. Thes eliminates the
imeed for separste howsmgs amd provides significant space and werghi redociuens,  The
fowe: santering temperniere provided by the ETOC technology is the key issue emabling i1s
plvamtogeans utilation  Tor doday's packaging  concepts i microchecirome  and
picrosysdems amd o odcrsaave modebes,  This lechnaslogy enables fabrication o 3-
dimemsaenal cersme muesdiiles with embedded sibver or copper elecirodes, and L10Cs
wabhy vt permitiiviey rom abowt 3 up o over 100 Baye beeen developed shaswong Tow
dieleciriy boss. These advintages make e L TCC fechnology saisbde L the hagh
frevpuenyy circois regeires! e Inghespeed datn commuenications, LTCC 3 Bwver Ball Grid
armany 1= shown w Ve Ie Albough there are also otlwer high-cdensity, mltibuser
st batraite techmlosies wucnlabhe, such as vraanie Binunates, L VOO Bas o omgee sel of
vombinged chamcienstics, which makes i mone anncive altemmstng as the freguencies

shift imte thas smeciow e negion

Fig. LS Selmatic diagraoa aof 100 Fig. L6 TCC 3 loser Ball Cavid arras
(enuriesy wwsimeteeh.com/teeh/ber himl) fertesy Biipeowown mbnicapes.om Tioe Yl biml)
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182 Brief Historical Review
In just a handful of years, the packaging and interconnect technology known as
lew-temperature cofired ceramics (LTCCs) has entered the mainstream of electronics
design, LTCCs, which were mastly relegated o the realm of low-volumes military
spplications, are now being applicd in high-volume consumer designs, especially in the
wireless areni. L The origin of mululaver ceramic subsirate vechnology s a1 RCA
Comworation in the late 1950°s and the bases of current process technologies (green shect
fabncation technology and multilayer laminate technology using the doctor blade
method) were discovered at this time. "™ Progress was made using thesc technologies
with |BM taking the lead. and the circuil board for IBM's mainframe compuler
commercialized in the enrly 1980°s was the inheritance. ™™ Since this multilayer board
was cofired @t the high iemperature of 1600°C with the alumina insulating material and
eonductor material (Mo, W, Mo-Mn), 1t is called High Temperature Cofired Ceramne.
From the middle of the 19805, efforts to increase the speed of mainframe computers
accelerated, and as the key to increasing computer performance, further improvements
are made o multilayer ceramic substrates for high density mounnng applications. Fine
wires were used in order o increase winng density in circuit boards for high density
mounting, But attenuation of signal occurs dug to the ¢lectrical resistance of the wining
Hence it 15 necessary o use materials with low electnical resistance (ke Cu or Au). In
addition, with the flip chip method of connecting bare LSI components directly, poor
interconnection 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 dielecwric constant.  In the early 199075, many Japancse and
American electronics and ceramics manufacturers had developed multilayer boards
(LTCC) that met these n:qmrcmr:nls.“ Among them, Fujitsu and IBM were the first to
succeed with commercial apphcations of multilayver subsirates using copper wirng

material and low dielectric constant ceramics. From the latter half of the 1990°s 1o the

i1
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presend, the focus of applications has shified 1o high frequency wireless for the elecironic
component:, modules and so on used in mobile communication devices.  For the
multilayer circunt board, the low thermal expansion of ceramics was its biggest merit for
the purpose of high density mounting of LS components. For high frequency
applications. its low transmission loss 15 115 key feature, and the low dielecine loss of
ceramic gives il an advantage over other materials

During the fate 1980°s, U.S. and Japancse manufacturers of computers and
ceramic matenals conducted extensive research and development of LTCC technology
that is now crucial to present day and future communication technologies. During the
past 15 years scwentists world over have developed a large number of new dielectnic
LTCCs (about 400) for high frequency applications with low sintering lemperature of
improved the propertizs of known matenals. About 1000 papers and about 500 patenis
are filed in the arca of LTCC muterials and related technologics. For details of the LTCC
materials. the reader 1s referred 1o the recent review by Sebastian and Jantunen.'™ Next-
generation clectronics systems will demand the performance, reliability, lighter weight

and afTordability that LTCC rechnology can provide.

1.9 MATERIAL SELECTION AND REQUIREMENTS FOR LTCC
LTCC is among the most advanced approaches to miniaturization of electronic
packaging. In the development of LTCC applications, severnl material properties need Lo
be taken imo account. The clectrical propemies of the dielectric and the conductor
materials are the basic issue, but designers should also be aware of the effects of the
thermomechanical propertics, production costs and variation range of each paramcter.”
There are two limiting factors, which prevent us from getting low loss of designed
companents, One is related 1o the conductivity losses in the circuitry and the other 1o the
losses eccurning n the plassy phase of the glass-ceranuc composite substrate, The

important characteristics required for an LTCC material are:"™

L4
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1.9.1 Densification Temperature Less than 850°C

For the fabrication of mulilayer devices, it is important to develop microwave
ceramics that have a densification or sintering temperaiure less than 950°C since the
common electrode material Ag melis at 961°C. In the glass ceramic composites, the main
phase is a diclecine matenal having a high sintering temperature,  'When sintering
composites of glass-ceramic, the liquification of the glass is the key mechanism, where
the glass penetrates the three Jimensional mesh struciore formed by ceramic particles,
facilitating the wetting of cach ceramic particle surface with glass melt.  Therefore in
order o improve the simered density of gluss-ceramic composites, it 15 necessary 1o
control the softening point of the glass matenal, as well as its volume and powder particle
size to increase its Muidity, Ceramic has the effect of an impediment hindering the Mow
of the glass and henee using ceramic with a large particle size and thus a small specific
surface ares 15 beneficial for improving the sintered density. [t should be noted that any
densification or trystallisation of the compasite at lower temperatures, such as below 8OO
ll'.'.', i5 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

mecrostruciure, ™

Any residual carbon that may {orm duning binder decomposition il
iefiin the LTOC would adversely offect the diclectric properties.  This means that the

densification of the ceramic should starts above this temperature. "

1.9.2 Dielectric Properties (&, Q.xfand r)

Penmittivity, dielectric loss and lemperature dependence are the most imporiant
clectrical properties in material selecuion, ¢specially for high frequency applications.
These properties enable the construction of aucrowave fillers with convenient size and
mpedance matching, low insertion loss, steep cut-off of the performance curve and
operational stability against ambient lemperature change.

Luow relative pormuttivity matenals with £ = 4 -14 are wsed for substrate layers

while high permittivity materials are used muinly for capacitor layers. In the case of

Lk
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cermnie packages. the relative permutiivity of the ceramic over and within the metal lines
are dzposited or embedded governs the propagation delay, 4, which is given by™

= ﬁf—' (1.45)

¢

where [ 15 the hine lengih, & s the relative relative permittivity of the substrate and ¢ 15
the speed of hght. Thus substrates with low relative permuttivity are required 1o increase
the speed of the signal ¥ LTOC compositions with higher permittivity values (o > 20)
have been developed, 1o enable minmturised, embedded capacitors, nductors, filters and
antennns™ In this case one must, however, pay more atiention w0 the compunent
fabncation, simce smaller dymensions means ligher processing accuracy especially in the
alignment of different layers.  However. one advange 15 that the permitirvites of the
commetcil LTCOCs are vory stable, and batch w batch vanistions are generally less than 2%

The predicuion of the exact insertion loss of a microwave componcnt is
complicated. The main losses i the frequency range 4-44 GHz are conductor losses, but
the relative importance of diclecine and roughness losses increases as a funcuon of
frequency.  In LTOC mulidayer structures, high conductrve metallisations are an
importan) benclit. The square resistances of recommended silver pastes are about 2 - 3.5
mEY with a fired line thickness of 10-15 pm. Lower diclectric losses of LTCC than FR-4
at microwave and mmllimetre frequencies result in lower loss signal connections and
ligher £ values,

The wmperature dependence of the resonance frequency is unporian because
filters and resonators based on noncompensated dieleetnie maenials need additional
mechanica. and elecincal design to eénsure savisfactory clectrical performance of the
device ove: its openting temperatere,™'™ The coefficient of temperature variation of
the resonant frequency (n) value of 10 ppn™C causes a 0,11 % shift of the resonam
frequency (3.5 MH2 a1 5.2 Gz within the temperature range =30 "C 1o +80 °C. Though
novel LTCC matenals with #ero 6 (e.g. Heraeus CT2000, ¢ < 10 ppm™C) have been
dev cloped. the component designer st be asware that the structure ssell may affiect ils

Iy
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19.3 High Thermal Conductivity

The thenmal conduciivity ol LTCC matenials should be moderaiely pood  The
removal of beat genzrated by the device during operation is cnitical for the efficient
fenctioning of the package. It 15 therefore necessary o mamiaim the wemperature below
W00°C for cificient and reliable operation of the device, The heat removal has become
even more ¢ritical m recent yuears because of the ever-growing need 1o fabncate high
density and high power devices that can operste st high speed.  Advancement
technology and the continuing trends toward mimaturization of devices in the fumee will
place even more sinmgent reguirements on heat dissipation characteristics of the
packaging L.TCC. The thermal conductivity of an LTCC is 2 W/mK, versus 0.5 W/mk
far organic matenials. A commuon method w improve thermal dissipation is o use a heal
gpreader, but a more advantageous alternative provided by LTCC technology is o place

metallic via arrays (thermal conductivity 50 W/mK ) under high power components.”

1.9.4 Thermal Expansion

A speaific requirement of LTOC comes Trom the coefficien of thermal expansion
[CTE), whivh should be chosen 1o mateh closely the value of the mounting board and
chip. A thermal expansion mismatch would give nise 1o fatlure of area solder connections
between the chip and the substrate The thermal expansion match with silicon is
impartant since systeims based on silicon chips with a ligh device density are mounted on
LTCC substrates. IF the LTCC module 15 mounted on silicon, CTE should be about 4
ppm“C while on alunina it should be 7-9 ppoe™C and on PCB 12-20 ppm™C '™

The other important  material  aspect ol microwave modoles 5 s
thermomechanical peoperties. They tnelude many properties that affect the reliability of
the designed components. LTCCs must meet a number of mechamcal requirements, such

as hagh fracture strength, Young s Modulus and low surface roughness.
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1.9.5 Chemical Compatibility with Electrode Material

The LTCC should not react with the conductive material used. The formation of
additonal 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 microclectronics is the precise and reproductive
control of shrinkage on sintenng.  In the screen-printing of the conductive panterns,
instcad of pure metsls, pasies containing conductive particles in plassy or fritless
addinves, are used. Thus when developing LTCC matenals, one has to take into account
feactions nol enly with the conductive matenial ke silver but also with other additives of
the conducior paste. Table [.1 shows the some of the properties of commercial LTCC
materials from data sheers compansd with aluming and FE-4.

Table 1.1 Propertbes of commercial L.TCC materialy, aluming snd FR-4 (after Ref. 1.)

: Propery e ses o | e
! Permitiivity commonly a1 | MHz 18-92 92 5.5
Loss tangent commonky at | MHz (000700006 0003 0022
Microwave insertion (loss/dB/m) a1 10 GHz 47236 1
r CoefTicient of Thermal Expansion {ppm®C) 4,575 ' | 1 2-16
Thermal conductvity (W mK) 20=-4.5 21 0.2
Youngs medulus (GFa) 20-150 34 24
§ Flewural sirength (MPa) 116320 M7 430
Surface roughness {pmiing =]-25 <25
Gireen tapes thickness 1olerance (%) t2-19
XY shrinkage (%) 95-15+03 . -
Z-shrinkage (%) 10325405 - .
fn Mewallizions Authg - f_‘u_.
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110 GLASS-CERAMIC COMPOSITES
1.10.1 Introduction

Multilayer microwive components have been investigited in order to miniatunize
resorant devices for volume efticieney. To be a useful material for incorporaiion into
multfayer-type elemoents, diclectnes must be capable of being sintered along with
electrodes, u process known as cofinng.  Generally, addiion of low meling powm
compounds such as Biy0y, B0, V,0y and glass,"™ ™ chemical processing for smaller
particle sizes of the starting materials'"® and development of novel low-sintering
diglectric ceramics' ' are three of the methods used to reduce the sintering temperature of
the diclectrivs.  OF the three, liquid phase sintering using glass additives is widely
employed since ot is the least expensive.  The two approsches to exploit glasses to obiain
ceramic compositions sinterable below 1000°C are glass-ceramic composite (glass +

LIS 1@

ceramic) and glass-ceramics (erystallizable glassy.'"™'"

Glass-ceramie rouie uscs a crystallisable plass that devitrifies almost completcly
during high temperatu-e processaing. The devitrification of glass greatly increases the
viscosity of the system during firing. thereby improving the resistance to distonion.'"”
The properties of the final products were controlled by the degree of crystallization that
occurred durmg finng. The amorphous gliass plase 15 the main component. but it may
contain a small amount of crystalline phase, which acts as a nucleating agemt during
fiing. During firing. the glass recrystalhises to low loss phases and produces a low
dielectric foss ceramic body. "' "Therefore, a thorough understanding of the erysiallization
kinctics and mechanism of glass-ceramic systems 15 needed belore the processing
parameters are optimized.’  Crystallizable cordicrite by 1BM'™ and Waollasionne by
Ferro'"* are examples for glass-ceramie system.

A mixture of low-melung plass and high-melung ceramic fillers"' ™'

is prepared
and fired at clevated temperanares in the glass ceramic composite method. The propertics
of the final glass + ccrumics are controlled by the ratio of glass o ceramics and the

individual properties of the mixtures.  The erystalline filler 15 a major detcrmimant of
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elecirical propertics and increase viscosity during sintering and thercby mimmising
distortion. [t also increases the mechanical strength of the Minal ceramics. In this type of
system, the microstructure, phases, and final properties are controlled by the sintering
conditions such as heating rate, sintenng temperature, and soaking time. Typical systems
mclude the borosilicate glass (BSG) + aluming system developed by Fujitsu’'® and the
lead borosilicate glass + aluming system of Dupont.'™ The approach of glass + ceranncs
has been widely used due 10 1ts case wn controlling densification behaviour and simplicity
to tune the final propertics of fired subsirate and robustness in processing for large-scale
manufacturing Both the above approaches require imtal glass preparaion, which
mvolves mixing raw matenals (o yield the chosen glass composition, melting the mixture
between $00-1500°C, quenching and pulvensation. The high temperature siep involves
volatihisation ol constituents such as Bi,0,, B20,, and PbO, which can lead to undesirable
varmations 1 the final composition

Densiflication of glass + ceramics can be described by throe-stage liquid phase
siniering, 1o, pamicle rcamangement, dissolution and precipitation and sobid staie
sintening. Depending upon the reactivity berween glass and ceramics, the densiftcation of
glass + ceramcs can be classified 2s non-reactive, partally reactive and completely
reactive systems. Little dissolution of ceramic filler in glass during firing is observed for
nonreactive systems, such a3 borosibcate glass (BSG) + cordicrite'™ in which
densification s maialy achieved by particle rearranpement. For partially reactive systems
such as BSG + alununa, the dissolution of ceramic Giller in glass 15 localized and hinited,
and no particle growth and shape accommodation are observed. A pglobal dissolution of
ceramic filler in-a low softening glass is found for completely reactive systems including
BSG + high silica glass (HSG)'™ The required amount of glass content added to
ceramic for achieving densification decreases with increasing particle size ratio between
ceramic filler and glass.'™

40
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1.10.2 Characteristics of Glasses
LTOC i a0 glass-cemnue composite thal densities at iemperatures below S00°C via
viscous smtenng.  For this process, the plass must form o lowsviscosity melt during

fing
and other propertics,  To improve the shape stability during firing and the dielectric as

a3 had ¥

The ceramic Tiller 15 selected to optimize the deelectnic, magnetic. thermal

well as the machanical prepertics of composite, the glass amount 15 reduced after

M The amount and type of phases-crystalline and

densificanon by crysl;,ll]:imliun_m
amorphous in the microstructure of the composite afier sintering determine its final
propemacs. The scloction of glass matenals 15 very important for sintenng glass‘ceramie
compasites, since the hgquadation of the glass takes 4 dominant role in the viscous Mow
mechanism among the constituents.  The ceramic particles in the composites dissolve
slightly in the glass during sintening and the ceramie s characterized by lack of grain
gowih,  In bw wmperiure sintering. charactenstics of glass such as  fuidity,
erystallization, foaming and reactions affect the sintered density.'™  The glasses consist
of different oxides which all hive cifect on glass properties. The differemt oxides of glass
ingredients are 510, B0y, PbO, BaD, MpO/Zn0, Ca0, NayO, K0, Liz0, AlLO: ce.
Comrmercial LTCC tapes are mainly low & plass ceramacs composites having tymcally
four or five phasces present and none of which should react with the electrode. 5104 and
B0y glasses form commenly the network structures of glass. 17 the silica content in il
glass is high, the glass has a high tmnsition temperature, low thermal expansion, and
excellem chemical durability. The Si0); has a high melting point and high viscosity
B0y can by andbed 1o lower the vigcosity. PhOY can conneet S0y teirahedrons,  Na.t,
PO, K0, Li;O, CaO, Mg, Bat) are modifier oxides. Na O lowers the softening point
and increases the thermal expansion coefficient and reduces chemical durability. Na.O
and Li;0 increase the ionic conductance. Hut L0 readily crystallizes, AlO, can form
AR, tetrabiedrons andd can connewt o the network structure and has effect of contralling
erystallization,  In peneral, for glisscerme composiie type LTOCs, borosilicaie glass
with & softening point of around $00°C 15 used. Table 1.2 shows the propertics of som:

glasses used in vhe present study.

4]
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Tuble 1.2 Common LTCC glasses and their phyvsical properties

= —
Dicnsi Tand a
[ :
|_ ilass (gem') TA"C) & 1 Milz Reference
Bk 246 450 25 0005 50 1 3y
Ene B0y 50:50) 165 K2 64 0,000 2 133
B S (a0 223 B0 4.6 LR 134
Es e g ey sz T el ek ) | S W
Al ¥y Salds ( 50:50% Rl 850 # 000 T i34 ‘l
Mgﬂ-ﬁ‘_ﬂrsrﬂ]; {32: 22603 230 [ 350 45 {74 |34
Mg OBy S0y 40 20y 1LIR 950 50 2 30 134
Piol 3Byt 15000 {40:20.40) X 442 i | 1.0 (0 133
Ba()- B0 SiCh; (30:60-10) 340 627 | 7.2 | 0.00440 133
A B OS50 (3040100 555 till &% ({50 133
Lo B Ch-Sa00, il 30010 360 k11| 1.6 Ll 10 133
LasOeBaOr=500: (35 14 3066230 2 S 513 hd 00360 i3l
Bath-Biy00-50-Znld (27:35:6:32) 430 G50 a8 0.0 30 132
Li0-MgC-Zn0-B;0-Si0; 5
(20:20-20.20:20) 175 | %00 | 69 | 0.00200 133

The 1omic and electronic polarization mechanisms contribute 1o relative dielectric

constants of gl:t;:-:i in the microwave frequency region.  The relative dielectric constants

and dielectnc losses of glasses are mamnly deternuned by the concentration of network-

modifying oxides in the glasses, and show litle sensitivity to the type of network forming
oxides. The dominant mechanism contributing to the relative dielectric constant and

dielectric losses should be the movement and oscillation of modifying ions in their

respective interstices under the influence of an alternating electric field The network

formers contained in the glass materials may absorb the microwave power profoundly in

high frequency region, degrading the quality factor for the material,"™ A1 least three

types of losses for glasses have been distinguished,""* resonance type vibrational losses at

very high frequency, migration losses caused by the movement of mobile ions (mainly
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alkal ions) and deformaton losses by defect or defonnaton of the base silicon oxide
netwerk. Resonant type vibrational losses are pamicularly inpurtant in the microwave
region. Only the ionic polanization mechanism can cause two kinds of diclectric losses in
glasses at migrowave I'r-:qurnc)':"“’ (1] deformation losses and (u) vibration losses. The
deformation loss:s ansc from movements of pans of the network, The activation encrgy
found 1 the case of deformation losses i of the order of 0.1 eV, It is evident that no
ranspont of jons can take place m this mstance. These are more likely to be shight local
deformanions in t1e network or a regrouping of wns of the network. The vibration losses
we caused by the damped osaillations ol the network-modifving 1ons in their respective
interstices. The vibration losses are a typical resonance phenomenon and tend 1o oceur at

a lower frequency as the wemperature ingreases ¥

111 POLYMER - CERAMIC COMPOSITES
111.1 Intreduction

Microclectroms  has become o domanant influence n our hives since its
introduction in the mid-1950"<. The pace of this development and the development of the
associated materials and processing technology has been quite astounding. The push has
been along mimiaturisation and packing the maximum amount of performance into the
smallest space, This latest industrsal revolution was ongnally doven by the need for
very small and lightweight electronic circuits for milnary and acrospace applications.
With the development of first the transisior and later the integrated circwit, it has now
gown to be 3 multi-bilhon dollar industry, and microelectronics appheations are
ubsquitous. The etfectiveness with which an electronic system performs its electrical
functions, as well as the reltabnlity and cost of the system, are strongly detenmined mi
ooly by the clectrical design, but also by the packaging materials.  Electronic packaging
refers to the packaging of miegrated cweun clups, their imerconneciions for sigral and
power iransmission and heat dssipaion As the speed and power of electromes increase,
the hean dissipation problems and signal delay caused by the capacitive effect of the

diclectric material become greater issues that oced resolving. The solution invelves the
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devising of innovative packaging schemes and the continuing search for more advanced
matenals.  The acwal applications of matenals in electronic  packaging include
interconnections, printed circuit boards, substrates, encapsulants, interlayer dielectnics,
die attach materials, electrical contacts, conneclors, thermal interface materials, heat
sinks, soldors, brazes, lids and housings. Packaging materials must have low or tailorable
cocfficient of thermal expansion o mateh with the substrate, high thermal conductivity o
dissipate hcat, low cost and low density for weight onitical systems. Conventional
materials do not satisfy all these requirements.'™ One approach is to create new
composite materials with properties tailored specifically for electronic packaging
applications.

The development of elecirical composites is motivated by the technological need
for properties that are not available in individual single component matenals. In modemn
usage, composite materials are made from a filler, panicles, Makes or fibers, embedded in
g matrix made of polymer. metal or glass. Nevertheless, a compasite is any material
consisting of two or morg distingt phases. By combining two or more components it
becomes possible o wilor composite materials with the required combinations of
properties. The design of such electrical composites necessitates a detailed understanding
of the ways in which composite properties depends upon component propertics,
composition and compesite microstructure,'”™  Composite dielectrics that derive their
electrical and mechanical properties from the combunation of the high performance of
ceramics and the good mechanical properties of polymers are now widely used in the

electrunics industry, especially as substrate materials for high frequency uses.

1.11.2 Material Requirements for Microelectronic Packaging
and Substrate Applications

1.11.2.1 Electrical Properties
Signal processing is critical for the operation of an electronic system. and

materials along with their architecture play an important role in the propagation of
signals, especially for circuits operating at high speeds and at high electrical frequency.
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The electrical characteristics of the micreclectronic devices. such as signal attenuation,
propagation velocity and cross talk, are influenced by the dieleciric propenies of the
packaging matcrials. The electrical properics in material selection include, diclectric
constant, loss tangem, frequency and lemperatwure stability, dielectnc strength and
clectncal resistivity. An impanant role of packaging materials is o ensure the electrical
insalation of the silicon chip and of circunt pins. [deally, a low conductivity 18 needed 1o
avoid current leakage, a low dielectric constant to minimize the capacitive coupling
effects and reduce signal delay and a low loss factor to reduce electrical loss."™ The
temperature cocflicient of the dieleciric constant of microwave substrates are very
mmpartant 0 many outdeor wircless applications for the reduction or control of
High clectrical resistivity
and dielectric strength are also required for microelectronic applications.'*

temperature-induced drift in circun operating characienstics,

1.11.2.2 Thermal and Thermomechanical Properties

An clectronic mutenal expenicnces a range of steady-siate temperatures.
temperaiure gradients, rates of temperature change, temperature cycles, and thermal
shocks through manufacturing, storage and operation. Thermal propertics that are
significant in enduring such life cycle profiles include thermal conductivity 'dulTusivity.

specific heat capacity and coefTicient of thermal expansian.

1.11.2.3 Mechanical Properties

The mechamcal propertics affect the material’s ability to sustain loads due o
vibrations, sheck and thermomechanical stresses dunng manufacture, assembly, siorage
and operstion.  Key propertics that are of imporance for clectronic packaging
applications include the modulus of clastieity, tensile steengih, Peisson’s ratio, Mexural

modulus, fracture toughness, creep resistance and fatigue strength.'™

1.11.2.4 Chemical Properties
Chemical propertics of electronic matenals are imponant because of the need for

glectronic  materials o survive manufaclering, storage, handling and operaling
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enmvironments.  The chemical properties of significance arc  water  absorption,
Mammability and corrosion resistance.  The electrical properties of electronic materals
ofien change as a result of water absorption and fammability and swelling and other
dimensional instabilities can occur. The corrosion leads to the formation of more stable

compounds and can degrade the physical propertics of the materials. '

1.11.3 Advantages of Polymer-Ceramic Composites

Polymeric materials play a vital role in clectromie substrates and microelectronic
packapes as a result of their ease of processing, low cost, low dielectne consiant,
adhesive properties, high clecinically insulating properties cic. Thermally conducting, but
electneally insulating, polymer-matnx composites are imponant for electronic substrates
and migroclectronic packaging apphesions because the heat dissipation ability inmits the
relability, performance and miniatunizanon of electronic device. [n order 1o provide
thermally conducting and clectrically insulating composites, ceramic fillers are ofien
used.  Polymer-coramic composites offer excellent motenal charactenstics including low
temperatere processibility, flexibility, high temperature resistance, outstanding solvent
résislince eic

The fundamental principles and matenals requirements for dielectnic resonator,
low temperature cofired ceramie and electronic packaging applications are described in
this chapter. The nexi chaprer discusses the synthesizing and charactenzation technigues

of the dielectric caramics invelved in the present work.
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SYNTHESIS AND CHARACTERIZATION
OF DIELECTRIC CERAMICS

The seguential description of various steps ||
involved in the synthesis of fow lass dielectric resomator
materials and polymer composites are described in this |
chapter. A gualitative discussion on the structural as
well as microwave characterization fools fo determine
the relative permimivity, quality factor (dieleciric foss)
and temperature coefficient of resonant frequency of
ceramics 5 given. A brief description of the
instrumentation  fechniques used for studying  the
| structural,  microstructural,  dielectric  and  thermal
characteristics af fow loss materials and polymer
compasites studied in the purview of this thesis is alse

presenied,
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CHAFTER I

21 SYNTHESIS OF DIELECTRIC RESONATORS
2.1.1 Introduction

Innovation n technology has always resulted from improvement in materials. For
ceramics o be the key to such innovanon, new materials must be developed and
processes cstablished for their production.  As new materials and cven newer
echnologies are developed; methods of handling, forming and finishing are required 1o
be devised to maintain puce with this rapid rate of development. One of the most
prominent ¢xamples of this rapid and acceleraiing technological development is the
electronies industry.  The 20th century has produced the greatest advancement in
ceramics and matenals technology since humans have been capable of conccplive
though:, As the limits of metal-based systems are surpassed, new materials capable of
operating under higher temperatures. higher specds, longer Life factors and lower
maintenance costs are required 0 maintain pace with technological advancements
Metals. by virtue of their unique properties: ductility, tensile strength, abundance, simple
chemisory, relatively low cost of production, case of forming, ease of joming. cic. have
occupicd the vanguard position in regard to matenals development. By contrast ceramics:
britle by nature, having a more complex chemistry and requining advanced processing
technology and eguipment 1o produce, perform best when combined with cther materials,
such as metils and polymers which can be used as support sinaciures,

Ceramics for today s engineening apphcations are synthesized using haghly refined
raw material, ngorously controlled composition, strictly regulated forming and sintering.
and are known as “Fine or Advanced Ceramics”. Advanced coramics possess properties
which allow their use in a variety of defense and commercial applications. In comparison
with metals, these materials demonstrate superior wear resistance, high lemperature
sirength, favorable electncal properties, chemical resistance, dimensional stability, and
high st-ength-to-weight ratios. These propertics place this new group of ceramics in a
most atiractive position. nol only in the area of performance but also cost effectiveness.

Ceramics are oxides or non-oxides of metallic and non-metallic elements which arc
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generally compounds of electropositive and electronegative elements of the periodic
uble. Ceramics are polyerysialline. and grain boundaries exist which have a large
influcnce on the physical and chemical properties.  The microstructure of the ceramics
contains: fine crystalling grans, grain boundanies, impurities and crystal lattice delects in
the grains and grain boundaries and pores in the gran as well as in grain boundarnics.'
Technical or Engineering ceramic production is a demanding and complex procedure,
Mest of the symthesis methods of organic and metallic counterparis are generally nol
suitabile Tor ceramics, due w the bratleness and refractory nawre of ceramic manerials
Ceramic fabrication techmiques generally include various powder processing methods
with powder synthesis, forming and sintering. The powder synthesis processes of
ceramics include several techniques® like (2) solid state reaction methods (b) mechanical
methods and () chemical methods. High punty materials and precise methods of
production must be employed to cnsure that the desired properties of these advanced
matenials are achieved in the final product.

In the mechanical methods, amall paricles are produced from larger ones by
mechanical foroes, a process known as comminution. The process of comminution
involves operations such as crushing, gnnding and milling. Mechanical treatment of
ceramic powders can reduce particle size and enables to obtain nano-structured powders.
However, this method lacks the synthesis of phase pure ceramics, which is essential for

the fabrication of dielectnc ceramics with optimum dielectric properties.

2.1.2 Solid State Synthesis of Ceramics

Du:lmn-.: resonator applications require bulk anefacts of dielectric material. The
most realisie method of preparing ceramic powders is by solid-state reaction methods,
because it 1 the simplest, casier and cost effective method for producing bulk ceramics.
Conventional solid state synthesis techniques involve heating mixtures of two or more
solids 1o form a solid phase product. The conventional ceramic approach basically can be
broken down o four 5ugr5]' (a) powder preparation (b) high temperature calcination

{c) green body preparation and (d) sintening.
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CHAPTER 1
Both thermodynamic and kinetic factors are important in solid state reactions since
sulids react together only a1 ligher temperatures for reaction to occur at an appreciable
rate.’ Thermodynamie considerations show whether or not a particular reaction should
occur by considering the changes in free energy that are involved; kinelic factors
determing the rate a1 which resction occurs,  In heterogeneous reactions between two
solids, the actoal reaction to form the product occurs at an interface. In kwnetic studics of
reaction rates, there are three possibilities (o know the slow, rate-controlling step in a
reaction, They are (1) transport of matier o the reaction interface (b) reacuon at the
interfuce and (¢} wransfer of mater away from the reaction interface, Rates of reaction ane
controlled by three factors: 1) The arca of contact between reacting selids which in turmn
depends on the surface arca 51) The rate of diffusion of tons through the various phases
and especially through the product phase. Twe ways 10 increase the rate of diffusion are:
{a) increase temperature (b)Y introduce defects by starting with reagents that decompose
prior to or duting reaction, such as carbonates or pitrates i) The rate of nucleation of the
praduct phase which can be maximized by using reactants with crystal structurcs similar
to that of the aroduct. Extensive reaction will not occur until the temperature reaches at
least 23 of the mielting point of one or more of the reactants
The solid-state reaction methed, which is involved in the present work, mvolves
the following steps. Since cuch of these steps affects the final ceramic propertics they
must all be undersiood, and a more holistic approach 15 required when processing

ceramics compared to mewals and polymers.

2.1.21 Powder Preparation
2.1.2.1.1 Select Appropriate Starting Materials

Fine grain powders to maximize surface area, reactive starting reagenis and well
defincd compos tions are the three criteria that must be taken mto account while sclecting
appropriate siaming matenals. The oxides of the constituent cations are used in this
method.  In some instances, notably Ba, the oxide s not suitable because it is cither

unstable or high'y hygroseopic.  In such cases, the carbonate or nitrate 15 used, because
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penerally compounds of electroppsitive and electronegative elementz of the perniodic
ihle, Ceramics are polyerystalline. and grmn boundaries exist which have a large
mlluence on the physical and chemical propertics. The microstructure of the corammcs
contaims: fine crystalline grains. gram boundaries, impurities and crystal lattice defects in
the grauns ard grain boundaries and pores in the grain as well as in gran boundanes.
Technical or Engineening ceramic production 15 a demanding and complex procedure.
Most of the synthesis methods of organic and metallic counterparts are generally nat
suitable lor veramies. due to the brittleness and relractory nature of ceramic materals
Cerumuc fabrication wehnigues generally include vanous powder processing methods
with powder synthesis. forming and sintering.  The powder synthesis processes of
ceramics include several techmigues” like (a) solid state reaction methods (b) mechanical
methods and (¢} chemacal methods. lhgh purity matersals and precise methods of
preduction must be employed 1o ensure that the desired properties of these advanced
materials are schieved in the final prodist,

In the mechanical methods, small parucles are produced from larger ones by
mechanical forces, a process known as comminution,  The process of comminution
evolves operations such as crushing, grinding and milling. Mechamical treatment off
eeramic powders can reduce particle size and enables to abtain nano-structured powders.
Howewer, this method licks the synthesis of phase pure cermmies, which 15 essential for

the fsbricanon of dielectne ceramics with optimum dielecine properties

2.1.2 Solid State Synthesis of Ceramics

Diﬂmml' resonator applications reguire bulk artefacts of dielectric material. The
med realisne method of preparing ceramic powiders 15 by solid-state reactron methods,
beeause it is the simplest, casier and cost effective method for producing bulk ceramics.
Corventional «olid state synthesis wechmgues involve heating mixtures of two or more
wlids 1o form o solid phuse product. The conventional ceramic approsch basically can be
braken down into four stages’ (a) powder preparation (b} high temperature calcination

{e} green body preparation and (d) simening
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Both thermodynamic and kinetic factors are important in solid state reactions since
solids react together only at higher temperatures for reaction to occur at an appreciable
rate.' Thermodynamic considerations show whether or not a particular reaction should
occur by considening the changes in free cnergy that are involved; kinetic faclors
determine the rate at which reaction occurs, In hetcrogencous reactions between two
solids, the actual reaction o form the product occurs at an interface. In kinetic studies of
reaciton rates, there are three possibilities to know the slow, rate-controlling step in a
resction, They are (1) transport of matier 1o the reaction interface (b) reaction at the
interface and {c) transfer of maiter away from the reaction interface. Rates of reaction arc
controlled by three factors: i) The area of contact between reacting solids which in mm
depends on the surfece arca ii) The rate of diffusion of ions through the various phases
and especially through the product phase. Two ways to increase the rate of diffusion are:
{4) increase temperature (b) introduce defects by starting with reagents that decompose
prior to of during reaction, such as carbonates or nitrates i) The rate of nucleation of the
product phase which ¢an be maximized by using reactants with erystal structures similar
to that of the product.  Extensive reaction will not occur until the temperature reaches at
least 2/3 of the melting point of one or more of the reactants. *
The solid-state reaction method, which is involved in the presemt work, involves
the following steps. Since cach of these steps affects the final ceramic properties they
must all be understood, and a more holistic approach is required when processing

ceramics compared 10 metals and polymers.

2.1.2.1 Powder Preparation
2.1.2.1.1 Select Appropriate Starting Materials

Fine pgrain powders to maximize surface area, reactive starting reagents and well
defined compositions are the three critena that must be taken into account while selecting
appropriate starting matenials. The oxides of the constiment cations are used in this
method. In some msiances, notably Ba, the oxide is not suitable because it is cither
unstable or highly hygroscopic. In such cases, the carbonate or nitrate is used, because
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they will decompose 10 oxides on heating and are more reactive. The impurities are
detrimental to dielectric properties and they afTect reactivity of the fired ceramics o’
Hence raw matenal punty of greater than 99.9% is essential for obtaining phase pure
pompounds.

21212 Weighing of Raw Materials
The most common rogte s the mixed oxide route, where oxides of the constitugni
tations which act as reactants are weighed in stoichiometric proportions.  Electronic

balance of accuracy up to four decimal places is used for weighing raw materials.

21.21.3 Stoichiometric Mixing

After the dry powders have been weighed out in their stoichiometric proportion,
they must be intimately mixed to increase the point of contacts between reaclant oxides,
which act as “product layer formation centers”, The mixing and milling eliminates
yglomeration and recluces particle size. IF agglomerates are present they densify more
rpidly resulting i 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.
Genesally ball mills and vibromills (or attrition malls) are the most widely used milling
wols for advanced cerumics.
(a} Ball Milling

Ball Milling is a method of grinding and mixing material, with or without liquid,
in a rotating vylinder or conical null partially filled with grinding media such as balls. In
ball mills, in which mumbling action is accompanied by size reduction of particles, shear
is the predominant mechanism (see Fig. 2.1(a))" The mechanical stress leads to elasiic
and inclastic deformation. If the stresses exceed ultimate strength of the particle, it will
pol only fracture the paricles but also produce other physical changes in the particle.”
Other factors that affect mixing of particles in a ball mill are the mill speed,** grinding

media to material density ratio,'” and charge fill level, a fraction of mill's total volume
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occupicd by the charge " Most mixing experiments have been camied out at low
speeds with particles of aither the same size or different size but same density,”'' The
rate of grinding (n) depends upon the radin of the mill botle and density of the milling

i and initial particle size of the powder.™

AR 'E e

s 2
=

(2.1)

where A 15 the numenical constant that is specific to the mill being used, R and r are the

¥

radius of the mill and balls respectively, o the density of the balls and o particle size of
the powder.

Ay ADE
FRAFER SFLED
THOROLUGH GRIMIING

(3]

Fig. 2.1 (ah See ceduction precess in tumbling ball milliog (b) Optimum ball-te-powader
ratio and [¢p Optimum speed in ideal milling conditions

The type of mixer used can affect paricle mixing and cach mixer is characterized
by the predominant mixing mechanism  The mechanisms of particle mixing are
diffusion, shear and convection. The grinding of solid matters occurs under exposure of
mechanical forces that irench the struchure by evercoming, of dhe wienor bondimg Torees.
Afier prinding, the stste of e sohd w changed: the gran size, the grain size disposition

and the gram shape.” The ball mill must operate below the critical angular frequency
iFe) at which cemnifuging of media takes place and all milling effectively stops. The

suspension s very viscous slurry, which effectively decreases Fo and ball milling
normally operate an 0.7-0.8F,

For wet milling, the balls and slurry together should occupy 50% of the mll
volume with the selid content of the slumy equal 1w 20-40%. For dry mulling, for a

il
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guantity of balls filling about 50 "5 of the mill volume, the permissible charge content 15
5% As the shape of the milling media (ball) detersmines the product siee distnibution,
eylindncal balls with dome ends are used to ensure uniform stec distribution with narmow
disiribation curves.'” Fig 2. 1th) and (¢} shows the optimum ball-to-powder ratio and
eptimum speed m ideal milling condmons. In the present investigation, the mixture of
constituent powders wken i polythethylene bottles were ball milled for sufficicm
duration 0 distilled water medium asing Yina Stabilized Zirconia (YSZ) balls (10 mm
diameter and [ 2 mm height cvlindnual balls),

2122 Calcination

Caleination is the intermediate beat reatment of a substance below the melting or
fasing point 1o bring about thermal decompaosition or a phase transition in its the physical
of chermival constiution. The modifications achieved by caleination are: coarsemng,
decomposition, seaction and debydration”” Coarsening involves erystallite growth or
fasing or bonding small particles together to produce larger particles.  Decomposition
mvolves converting compositions such as ciarbonates and mitrates o a solid oxide and a
pas.

The kinetics of solid state reactions oceurming during caleination may be controlled
by (i} the reaction al the imierface between the reactant and the solid product, (i) heat
transfer to the reaction surface (1) gas diffusion or permeation from the reaction surface
through the porous product liyer.  The calcimation conditions such as temperature,
deration of heating and atmosphere are imponant factors controlling shrinkage duning
sntering.  Though the final phases of intcrest may not be completcly formed. the
calcination yaelds a consistem product

21.23 Green Body Preparation
11231 Grinding

All dry powders have o tendency to agglomerate and there s a range of
agglomenales in a4 ceramiic Mo g prepares the reacted matenal for ceramic
forming.  The calcined powder i grownd to reduce the particle size, reduce agglomerates
md mix the powder. The grinding also helps 10 homogenise the compositional vanatons

i
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that =il exist or may anse due (o caloinaion. Generally after grinding, the powder size
around (=10 pm is advisable.  If the gnnd s coarser. the ceramic may have large
intergranular voids and low fired density. It gninding 15 (oo fine, the colloidal particles
may inferfere with subsequent forming operations.'” Cienerally, a ball mill or mortar with
pestle is used. In large-scale operation, o grinding medium 5 chosen that suffers very

linnle wear,

21.2.3.2 Addition of Polymeric Binder

Binders are particles, which form bridges between flocculated ceramic grains.
The bimder allows the powder particles to slide past each other 1o rearrange in the closest
possible packing by forming temporary bonds. Binders have strong influence on the
propertizs of granules, such as bulk density, flow rate and compacion behaviour.” A
good binder for ¢eramic applications should provide high green strength and appropriate
elastic propertics for handling and shaping during the post forming stage.™ Green
strength 15 provided by polymer-polymer and polymer-ceramic powder interactions. The
two mest popular binders for dry pressed ceramics are polyvinyl alcohol (PVA) and
polyethylene glycol (PEG). The research trends suggest that 3-4 wt % of PVA and PEG
which arc water thinnable polymeric dispersions are ideal binders for fabrication of
microwave dicleetric ceramics.” PVA binders gencrally provide high green strength
while PEG binders provide high green density. PVA a1 low level of usage of the binder

will not affect the diclectne properties as it will bumn out at low temperatures (~400°C),

2.1.2.3.3 Powder Compaction

Powder pressing, an important stage in the ceramic processing, cither uniaxially or
isostatically 1% the most common method used for high volume production of ceramic
components.” ™ The aim of powder pressing is (o form a net-shaped, homogencously
dense powder compact that 15 nominally free of defects. A typical pressing operation has
three basse steps: (i) filling the mold or die with powder (1) compacting the powder to a
specific size and shape and (i) ejecting the compact from the die™  Die
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filling'uniformity influences compaction density, which ultimately determines the size,
shape, microstructure and properties of the final sintered product.™™ " To optimize die
filling and packing uniformity, free-flowing granulated powders are generally used,
During powder pressing. the compaction pressure promotes consolidation by granule
rearrangement and granule deformation. Particle coordination number, green density and
compact strength all increase with increasing pressure, while volume and size of the
porosity in the compact decrease *** Friction between the powder and die wall decreases
the pressure available for compaction with increasing distance from the pressing punch
which in turn increases the density gradient in the compact.” Friction is influenced by the
dic matenial and its surface finish, as well as the powder and organic additives, Dic-wall
friction effects can be minimized with smooth surface dies and carbide tooling." Internal
lebricants such as Stearic acid dissolved in Propan-2-ole, can aid processing. In the
present study shaping is done using uniaxial press (Carver Inc., Wabash, U. 5. )

Uniaxial pressing involves the compaction of powder into a rigid die by applying
pressure in a single axial direction through a rigid punch or piston. The presses are
wually mechanical or hiydraulic. The pressure gradient in powder compact as a function
of the distance from upper punch is given by the formula
L

.}
b (2.2)

P ou P expl -4k

4

where i 1s the coefficiens of friction, P, 15 the applied pressure, L 15 the length and D 15
the diameter of the powder compact. When the length to diameter ratio is smaller, the
pressure distribuiion of & powder compact is more uniform.” In the microwave dieleciric
mezsurements, [VL ratio = 2 and hence pressure distribution is more or less uniform. A

pressure of 50- 150 MPa is ideal in ceramic forming.

21.2.4 Sintering
Sintering is the process of heating a powder compact (40-60% of theoretical
density) to a lemperature between 3 to Y of the absolute melting point by which particles

are formed into a coherent body, to achieve higher strength and density, The eriteria that
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should be met before sinlening can occur are (1) A mechanism for matenal transport must
be present (2) A source of energy to activate and sustain this materal transport must be
present. The primary mechanism for transpon is diffusion and viscous flow. Heat is the
primary source of energy, in conjunciion with energy gradients duc 1o particle-particle
contact and surface tension. | The driving force for sintering is a decrease in the surface
free energy of powdered compacts by the elimination of solid-vapor imerfaces. Sintering
i5 the bonding together of particles when heasted to higher wmperatures. On a
microstructusal scale, this bonding occurs as cohesive necks (weld bonds) grow at the
points of contact between particles,”’ During sintering, neck growth by the movement of
mass to the neck 15 desirable because it reduces the surface energy by decreasing the total
surface arca. This can happen by (1) reduction of the total surface arca by an increase in
the average size of the pariicles, which leads to coarseming and (1) the elimination of
solid/vapor wterfaces and the creauon of grain boundary area, followed by grain growth,
which leads to densificaton.™

Sintering can occur in the presence or absence of a liquid phase. In solid state
sintering, densification s achieved through changes in particle shape, without particle
rearrangement or the presence of the liguid. In hiquid phase sintering the compositons
and firing teimperatures are chosen such that some hquid is formed during processing

which aids compaction.**

2.1.24.1 Solid State Sintering
Sohd state sintenng is the process in which fine particles, which are in contact
with cach other, agglomerate when heated to a suitable temperature, which resulis in the

' The development of microstruciure and densification during

decrease in porosity.”
sintering is a direet consequence of mass transport through several possible paths and this
bulk transport eccurs by evaporation-condensation, surface diffusion, volume diffusion,
grain boundary diffusion and viscous or creep Now.

The purpose of simtering is the reduction of compact porosity. Coble" described a

sintering stage as an “interval of geometric change in which pore shape is totally defined

4
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o an interval of tme dunng which the pore remains constant in shape while decreasing
mame.” Three stages of sinterma are an imbal, an mermedoate and a Dinal stage | shown
m Fig. 22(a)-0d3). Dunng the mmal siage, the interparticle contact area mcreascs by
peck growth (sce Fige 2. 24ep and relative densiy incresses from about 60 o 63 percent
Fig. 220 shows the SEM micrograph of seck formation in sintered alumina. The
ntermscdiale stace 15 charactenzed by continuous pore channels that ane comncident with
trec-aran edges. Duringe this stage the relatove density incrcases from 65 1w 90 percent
by having maner diffuse toward, and vacancies away from the long cylindrical channels
The final stage begins when the pore phase 15 eventually pinched off and is charactenzed
by the abeence of o continuous pore channel Individual pores are enther of lenticular
shape, if they respde on the grain boundaries, or mounded, i they reside within a prain
An mmportant charactenste of ths stage s the increase in pores and prain boundary
mobidities, which have 1o be controlled if the theoretical density is 10 be achieved ™
Solid siate simtening anvolves nvovement of atoms that in twm i dependent on temperature
and concentration of structural imperfections such as vacancies and intersbitials.  The
process vanables in simtering are fad simenng wemperture {b) sintering time (©) sintering
atmesphere.  The Faciors affecting solid slate simening are (o) particle size and particle
gipe distnbution (bl particle shape (¢} umformny of green mcrostructure fdi partele

14
composition and e} green sy

Fig, 2.2 ta) & () Inifial stage, ic) Intermicdiate stage and {d) Final stsge of
simtering () Meck formation during first stape and (0 SEM plcture of neck
formation in sintcred aluming (Afrer Hell 37)

fhs
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2.1.2.4.2 Liguid Phase Sintering (LPS)

Liguid Phase Sinterng is a subclass of the sintering process involving particulate
solid along with a coexisting lhiquid dunng some pari of the thermal evele. Two major
sdvantages ofl LPS over solid state sintering are it is more rapid and results in wniform
densification. The disadvantages of LPS are that ceramics densified by LPS has a
susceptibility 'to shape deformation and it may be difficult to control the sintering
parameiers dug 10 additional complications from the liquid phase. The presence of 2
liquick phase greally enhances grain boundary diffusion and grain boundary sliding.
When solids and liguids are present together, capillary forces that result from the surface
tension are generated. These forces can give nise (o strong attractive forces between
neighbouring particles, which when combined with the lubricating potential of the liguid,
can lead 1o very rapid and significant particle rearrangement and densification. Upon
melting, 8 westing liquid will penetrate between grains and excrt an attractive force,
pulling them together. The combination of these forces and the lubricating cffect of the
liquid as it perietrate between grains leads to the following mechanisms that operate in

E-IJCCJ'EH-IHI'.IZMII

a) Particle rearrangement

Initial densification results from particle rearrangement under the influence of
capillary forces and the Olling of pores by the Ligquid phase. The driving force for
rearrangement arises because of an imbalance in capillary pressure as a result of particle
size distnbution, irmegular particle shape, local density fluctuation in the powder compact
and anisotropic material properties. Both solid and liquid are subject to rearrangement
becaus: of unh:iﬂmmd capillary forces around solid particles as dictated by particle
contact and liquid meniscus geometries thal result in shearing and rotational movements
of parucles. Ag density increases, particles expericnce increasing resistance o further
rearrangement due to crowding by neighbouring particles until the formation of a closed
packing structure, Particle rearrangement is very rapid, and if during the carly stages of
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siniermng, the hquid MNows and completely fills the finer pores berween the particles, 100

pertent densification can result almost nstantancously

b Solution reprecipitation

In solwion reprecipitation different solubilitics of the solid in the liguid are
nesponsible for the transpost of the material from the points of solid-solid contacts to the
free surfaces ol the particles. When searrangement becomes msigmificant, additivnal
dnsification cum be achieved by dissolution of the solid at grain contacts thus resulting in
e center-lo-center appeoach of particles  The dissolved solute transfers o the
uncompressed part of the gram structure by diffusion through a liguid phase fellowed by
repeecipitation en uncompressed solid surface fur a multicomponent system, There are
two rate-limitling processes for solubipn-precipitation - diffusion controlled and interface
reaciion controlled matenal wansport.  The densification rate for diffusion controlled

{equation {2.31) and interface reaction controlled (equation (2.4)) material transport are

didp! p ) DOr0

dla = By 3
__ﬁ ) e ' (2.3

fﬂr\ﬂ-fjl_j x{'”r' L2 i

i =E - 24
= i) T (2.4)

where Bfg) and Cre) are the peometrical constams, ¢ is the thickness of the liguid
boumdary, £1 15 e molar volome of the soluie, & is the Boltzmann constant, T is the
absalute temperature, £ s the grain boundary diffusion constant of the solute, K is the

interface reaction constant and « is the imtial particle size,

£} Solid state sintering

Once a nigd skeleton s formed, liquid phase sintenng stops and solid state
sintening takes over, and the overall shnnkage or densification rates are significantly
reduced.  Unless the ligud phase penctrates compleiely berween solid particles, the
presence of the Liguid i ot effective as an and o sintering.

Based on the above discussion. for rapid densifianon to eccur during LPS, the
conditions that have 10 be met are (i) the composition is so chosen that the matenial which

forms the solid phase during sintzring 15 soluble in the hquid phase (ii) the sinering
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temperature must be high enough so that an appreciable amount of liquid phase is present
(i) there must be good wetting of o liquid on solid. ™ Clearly, LPS of cermics is more
forgiving in terms of powder packing. more rapid, and hence more economical than the
solid-state version, The presence of a glassy film at the gran boundaries can have a very
detimental effect on propenies. I the properties required are not adversely affected by

the presence of a liguid. then LP'S is the preferred rooe.™

2.2 SYNTHESIS OF POLYMER-CERAMIC COMPOSITES
2.2.1 Powder Processing Method

In the present study, PTFE/ceramic compaosites were prepared by powder processing
technelogy. In order 1o create an active surface for binding with polymer, the fine powder
of ceramic was mixed with acrylic acid solution for | hour and then dried." The dried
powder was agmn treated with 2 wit% tetra butyl titanate. The use of titanate based
coupling agents provides excellent mechanical and electrical propertics compared to
other organic functional coupling agents like silane. The evaporation of the solvent gives
ceramic pewders cladded with coupling agents. Differemt volume fractions (0 1o 0.6) of
weated ceramics and PTFE powders were dispersed in ethyl alcohol using ultrasonic
mixer for aboat 30 minutes, A dry powder mixiure was obtained by removing the solvent
at 70°C under stiming. This led o the formation of thoroughly mixed PTFE'ceramic
poweers. These homogeneously mixed composite powders were then compacted under
umaxial pressure of 50 MPa for | minute. The cylindrical and rectangular pellets thus
obtained were kept at 310°C for 2hrs,

2.2.2 Sigma Blend Method

The sarting matenals, polyethylene and ceramic were mixed thoroughly in a
kncading machme. The kneading machine consists of variable speed mixer having two
counier rotating sigma blades with a gear ratio of 1:1.2 and heating facility up to 150°C
{Fig. 2.3) The counter rotaling sigma blades ensure fine mixing by applying high shear

force on the dough-like mixture,  Different volume fractions ceramics were added to the
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melled polyethylene and blended @1 suntable temperature for 30 minutes. Thus obtained
composties were thenmw laminated under a pressure of 200 MPa and oplimized
temperature for 15 min. Afler thermolamination, the composites with desired shapes were
polished for diclectric, measurements.  |n the present investigation, HDPE/CeO:
composites were prepardd by sigma blend method.

23 STRUCTURAL AND MICROSTRUCTURAL
CHARACTERIZATION OF DIELECTRIC RESONATORS

231 X-Ray Diffraction

The X-Ray difftaction method s mou uscfol for gqualitative, rather than
quantitative, analysis (although it can be used for both). Qualitative analysis usually
mvolves the idennification of 3 phase or phases in o specimen by comparison with
“sandlard” pattemns {i.c, data collected or calculated by someone else), and relative
sstimation of proponions of different phases in multiphase specimens by comparing peak
intensities aftributed to the identfied phases. Quantitative analysis of diffraction data
wsually refers ie the determination of amounts of different phases in multi-phase samples
and also the precise determination of erystal structure or crystallite size and shape.

An X-Roy diffragtmeier utilizes a powdered sample, an X-ray generator, 8
gomicaneter and 3 fixed-position detector to measure the diffraction patterns of unknowns.
When Monochrmatic !n;m}'s strikex a powder sample mounted on a slide, diffraction
oocurs. in every possible onentation of 20, Mount is then rotated to ensure all diffractions
ue chained.  The difTracied beam mpy be detected by electronic x-ray counters
{detectorsh thal can measlre intensities much more accurately. Computers are used 1o

process dals and make necessary complex calculations.  The resulting analysis is

descnbed graphically as a set of peaks with percentage intensity on the Y-axis and
goniometer angle on the X-axis. The exact angle and intensity of a set of peaks is unigue
i the crystal structure being examined.”” A monochromator is used to ensure that a

e wavelenpth resches the detector, eliminating fluorescent radiation. The resulting

consists of o recording of the intepsity againsl counter angle (20). The trace can
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roddistions employing Philips X-ray Daiffmctometer (Model- Expent Proy, Netherlands

2.3.2 Scanning Electron Microscopy
The Scanming Electron Microscope (SEMI s entical i all fields thar require

charmcten sition of solid matenals. Inothe present investigation SEM s used 1o analyee
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then b wsed o adentily the phases present in the sample. Then use the Brape equation to
solve for the imterplanar spacings (db For all the magor peaks and loek up o match with
ICPDS cards. (JUCPDS - Bt Coamsrmontee on Powder DifTcuon Stadands) Rounnely,
o 20 range of 5 o TO degrees is sullicient 1w cover the most wseful part of the powder
pattern. Comparning the observed ot woarth that m o the POF allows the phoses i the
sample 10 be identificd. ™ " 1o this investigation XRD spectra were recorded using CuKe

riduntions emploving Philips X-ray Diffractometer (Model- Expert Pro). Netherlands

2.3.2 Scanning Electron Microscopy
The Scanning Electron Mwcroscope (SEMY s ontical inoall Gelds it reguine

charuciervsanon of =olid muplerials. In the present investigation SEM is used w amalyie

Fig. LY kncading machine wsed in dwr lah lop Fig. 2.4 Schematic Diagram of SEM {courtesy
vigma hlemding techmbipee. Inset figure ww . parducoede BE M rdsom him)
whavis The sigms adles
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the mucrostructure of sintered and thermally ¢tched surface of ceramic samples. SEM
generates high-resolutnen images of shapes of objects (SEDN and Encrgy Dispersive X-ray
Amalysis (EDXA) is used to show spatial variations in chemical compositions A
schematic diagram of SEM s shown i Fig. 2.4, In this method, an electron beam is
priduced at the top of the microscope by an electron gun. The clectron beam, which
typicaily has an energy ranging from a few hundred eV to 100 ke, is focused by one or
two condenser lenses into a beamn with a very fine focal spot sized 0.4 nm (o 5 nm. The
beam passes through pairs of scanming coils or pairs of deflector plates in the electron
optrcal colurnn, typically in the objective lens, which dellect the beam honizontally and
verucally so that it scans in a raster fashion over the sample surface. When the primary
electron beam intcracts with the sample, the type of signals gathered include secondary
electrons, characteristic x-rays, and back scattered electrons, In SEM these signals come
ool oaly from the primary beam impinging upon the sample, but from other imteractions
within the simple near the surface. The SEM is capable of producing high-resolution
images of a sample surface i ils pnmary use mode, secondary electron imaging. Due to
e manner 11 which this image 15 created, SEM images have great depth of field yielding
@ characteristic three-dimensional appearance useful for undersianding the surface
sructuze of & sample. The reselution of SEM can fall somewhere between less than 1 nm
and 20 nm. An electrically conductive (usually gold) coating must be applied to
ekxtrically insulating samples.  In this study we have used a Scanning Electron
Microscope of Jeol ISM-S5600LY. Japan for the microstructural evolution of ceramic

samples prepared

2.3.2.1 Energy Dispersive X-ray Analyzer (EDXA)

An Encrgy Dispersive Xeray Analyzer (EDXA) is 2 common accessory which
gives the SEM a very valuable capability for elemental analysis. The electron beam in an
SIM has encrgy typically between 3000 and 20000 clectron volts (eV). The encrgy
holding clectrons in atoms (the binding energy) ranges from a few eV up to many

blovalis. Many of these atomie electrons are dislodged as the incident electrons pass

Tl
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through the gpecimen, thus ionizing atoms of the specimen, Ejection of an atomic
electron by an electron in the beam ionizes the atom, which is then quickly neutralized by
other electrons. In the neutralization process an x-ray with an energy characteristic of the
parent atom @5 emitted, By collecting and analyzing the energy of these x-rays, the
constituent elements of the specimen can be determined. Its characterization capabilities
are due in lagge parnt to the fundamental prnciple that each element of the periadic table
has a unique slomic strocture allowing the x-rays that are charactenistic of an clement's
atomic strucgre to be uniguely distinguished from each other. There are four primary
components of the EDXA setup: the beam source; the X-ray detector; the pulse
processor; and the analyzer. Electron microscopes are equipped with o cathode and
magnetic lenses 1o create and focus a beam of electrons. A detector is used 1o convert X-
ray energy wo voltage signals; this information is sent to a pulse processor, which
measures Ihtiiig.mls and passes them onto an analyzer for data display and analysis.

24 M i OWAVE CHARACTERIZATION OF DIELECTRIC
ERIALS

2.41 Introduction

Mi-.-rn;wwc materigls have been widely used in a variety of applicalions ranging
from communication devices to military sawcllite services, and the study of material
properiics at microwave frequencies and the development of functional microwave
materials hi'.IF always been among the most active areas in solid-state physics, materials
science, and| electrical and electronic engineering. In recent years, the increasing
mquiumenl.si for the development of high-speed, high frequency circuits and systems
require l:nmnllclc understanding of the properties of materials functioning at microwave
frequencies. | All these aspects make the characterization of material properties an
i poriant ﬁr!-rld in microwave electronics.  This section deals with the microwave
miethods appled 1o materials property chamctlenzation.

The dlin:'!:r:lric propertics at microwave Treguency range can be measured by

resonand and non-resonant methods. MNon-resonant methods are often used o get 8

72
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gEneral knowledge of elociromagnelic propertics ovier o frequency rangs, while resonand
methods are used to get accurate knowledge of dielectric properties at a single frequency
of al seoveral discrele frequencies.  Precisely measunng the diclecine properics of a
malenal are smportani to predict the system performance.  The generally adopled
methods for chamcterimation of dielectric properties o materials at microwave
fequencies fall into (1) reflection methods (1) transmission hine methods (10 opocal
(methods {iv) perturbation methods (v] exact resonance methods. The choice of method
will depend on the value of &, and loss facior, the amount of matersal availuble and the
accuracy required. Once the resonant fregquencies, (- factors of the resonant structures
and dimensions of the test samples are measured, computations have (o be performed 1o

(htain g, and loss factor,

Optical methods: Uptical methods are apphcable for below wavelength of one
eentimetre. Smee this method requires large amount of matenial, it is not suitable for
DRs.*

Transmission line technigue: This method has a serious disadvantage of the very small
wavepuide sire used below 4 mm, which gives rise to practical difficulties. More over
mperfections i the sample dimensions produce crmors in the measurement. It was
reported that the accuracy of transmission mode measuremenis of the dielectric properties
i more i weak coupling conditions ¥

Reflection method: In this methed, wases reflected from the dielectric are studied. When
the diclectrnic constant becomes large, there occurs considerable error in the measurement
of complex voltage reflection coefTicient ™

Perturbation Technique: The perurbation methods are highly suitable for materials of
small s1e since the materal should not alier the Geld confipuration considerably, These
‘iechniques are suitable for relative permuittivitys less than 10. although this range can be
enbeneled by un exact solution of the resonator containing the :.puim:n." Hence this

kchnique 15 not commaonly used for DR characierization. In the present study this

13
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techmigque & used 1o measure the diclecine propertics of polymer ceramic composites
which are having low relative permittivity less than 10,
Resonance method: This is the mest accurate method as compared 1o the above-
mentioned methods for the measurement of DRs, In this method, the exact resonant
frequercy of the resonator is measured using different technigues.*® From the resonant
characteristics, parameters hike &, ¢ elc are deteemined.

The ideal techmique for the determination of the microwave dielectric properties of
low loss materials 15 exact resonance methods, which will be discussed in detail in this
chapter. Apurt from this technique, alicrnate methods to characienze DRs such as
Whispering Gallery Mode Techmgue and Splu-Post Dieleciric Resonator Method will be
discussed an the following sechion

2411 Whispering Gallery Mode Resonators

Whispering Gallery Mode (WGM) Diclectric Resonators are ofien used i
charactenzing extremely low loss dielectrics, high relative permittivity matenals,
amsotropic dielectrics and formites, WGM DRs are very interesting due to (i) their
relatively farge dimensions even in millimeter wavelength band (i) the quality factors are
very high since they depends only on the loss tangent of the material used as the DR {iii}
the radianon losses are negligble (iv) WGM resonators have good suppression of
spurious modes because the propagation constant along the Z-axis is very small and the
unwanted modes leak out axially and can be absorbed without perturbation (v) they offer
high level of integration to planar circuits.*” The resonant frequencies were calculated
frum the dimensions and relative permutivity, determined by the end-shoned method
assuming &, = &, where «, is the relutive permiltivity paratlel to the anisotropic axis
and £, , the one perpendicular to it. The modes which have high eleciric energy filling
factor (WGM m;ﬂdr.'sl will have the highest quality factor.”
The dielecine loss tangemt for the isotropic diclectric can be determined” using the |

equations
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E‘I‘l: Lﬂ-ﬂﬂ'F_ 'f:, ]+H|'rﬁ.lﬁl (2.5)
= wndiP, +F 4+ R)Gy (1.6)

where R, 15 (he surface resistance of the cavity enclosing the DR,

241.2 Split-Post Dielectric Resonator Method

Split-post resonator methods are suitable for the characterization of diclecinc sheet
samples, including diclectne substrates for planar circuits.™  In a split-post dielectric
resonator (SPDR) method,” the measurement fixture usually has a cylindrical structure
working at a TE mode, and the resenator 15 split into two pans at the electric current node
glong a planc perpendicular 10 the cylinder axis. The sample under test is placed in the
gap between the two parts of the resomitor. and wsually the saniple is at the place of
maximum clectric ficld. The loading of a diclectric sheet sample changes the resonant
properties of a split resonator, and the dielectric propenties 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.

¥ Setsl Enclosare

Fig 1.5 Ceometry of & split-post diclectric resonstor Nxtare for the
messurement of the comples permittivity of dieleciric sheet sample

The proposed geometry of a split-diclectric resonator fixture for the measurement
of the complex permuittivity of dielectric sheet samples s shown in Fig. 2.5, Split-post
dielectric resonator usually aperates with the TEgs mode, which has only azhimuthal

gectne field componeni, so the elecine field remains continuows on the dielectric
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imterfaces. The ficld distnbutions are affected by the introduction of the sample, which in
wm changes the resonant frequency, and the unloaded (-factor of the sample. For low-
loss materials, the influence of losses on the resenant frequencies 1s neghigible, so the real
pant of permtivity of the sample under test is related to the resonant frequencies and
physical dimensions of the cavity and sample only. The calibration techmgue 15 used and
wie compare the difference of resonant frequency of the spht dielectric resonator before
and afier the sample i3 inserted.  The relative permittivity of the sample is an iterative

solulion to the following equation™

£ =14 —deds (147)

where & 15 the thickngss of the sample under test, £, 1s the resonant frequency of empry
resonamt fixture, /. 18 the resonant frequency of the resonant fixture with dieleciric

sample, &, 15 a function of & and &, The dielectric loss 1angent of the sample can be

determined by
L :Ii—..l_ l _..I__ _l_]
TETEAD D O (1.48)
with powhe Kje ) i1.49)
@ oag Kieg k) i1.50)
g | |
rl.‘!;q.ﬂ =I'.,_J:_“., _l|r| F:‘:; “ j,”

where p,, and p,ny are the electric-energy filling factors for the sample and for the split
resonilor respectively, p g 15 the elecnic-energy filling factor of the dielectric split
resonsdor for emply resonant Oxture, O, s the guality factor depending on metal
enclosure losses for empty resonant fxture, (e 18 the quality factor depending on
dielectric losses in dielectric resonators for empty resonant fixture:; and ¢ is the unloaded
guality factor of the resonant fixwre containing the dielectric sample.  The values of

Petiie P and ) for a given resonant structere can be caleulated using numerical

6
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techriques. In lerms of sample geometry, the only requirements are that the sample must
extend beyond the diameter of the two cavity sections and the sample must be fal. This
provides the aceuracy of a resonator technique without having 1o machine the sample,
Typwal uncertzunty of the permuttivity measurements of a sample of thickness & can be
estimated as Aet e (0LD01 S A i) and uncertainty m Joss tangent measuncments A tan a

=2x 10"

24.2 MNetwork Analyzer

Network Analyzer 1s the major instrument used in this investigation for the
charactenzation DRs. A measurement of the reflection from andfor transmission through
i material along with knowledge of s physical dimensions provides the information to
characterize the permittivity and permesbility of the material. Nerwork Analyzer is a
swept frequency  measurement cquipment to completely characierize the complex
network parameters i comparatively less time, without any degradation in accuracy and
precisaon. Two types of network analyzers are availuble, scalar and vector network
mnalyzers. Scalar newwork amalyzer measures only the magnitude of reflection and
transmussion co¢iTicients while the vector neiwork analyzer measures both the magnitude
1od phuse.  Bath the magnitude and phase behavior of a component can be cnuical to the
performance of a commumcations system. A veclor network analyzer can provide
mformation on a wide range of these devices, from active devices such as amplifiers and
mnsisiors, o passive devices such as capacitors and filiers.

A basic network analvzer is designed to show graphically, a plot of the volage
g or loss of 3 network versus frequency. The network analyszer measures the
magnitnde. phase and group delay of rwo-pont networks to characterize their linear
behaviour. A vestor network analveer consists of a signal source, a recciver and a
display. The source launches a signal at a single frequency to the material under test, The
receiver is tumed 1o that frequency to deteet the reflected and transmitted signals from the
maienal.  The mweasured response produces the magnitude and phase data at thot

frequency. The source s then stepped o the next frequency and the measurement is

7
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repreated o display the reflection and ransmissm mcisuiemanl responsg as @ function of
Iresqueney { Bode response plot). The anabyvier con operate in ramp oor in siep msde. Inise
ramp mode the snalyeer directs the source to sweep in @ hnear ramp over the freguency

and i the step mode, i provides mEsimum precision
2.4.3 Measurement of Relative Permittivity ()

SCE II} TG LT
movahie

:;:‘IT’ sample -g— /

——— ---.--u.-'l.—.--.—..--_—.

e S

TN GRE.

Fig 2o fan Hakki € aloman set ugs used lor D sscassircmonts anid (i dicleerne raod
kept emd shortod between two mathematically infinite conducting plates

Mhe complex penmiitiviry of diclectrie resonator 15 often measured by the method
developed by Hakki and Colemian™ and modified by Courtney,™ This set up is shown in
Fig. 24 fak. A cvhindrical disc of matenal having relaiive permitiivity &, lemgth L oand
diameter 1 15 sandwiched between two mathemancally infinite conducting plates (well
porlished copper plates codted with silver or gold), s shown i Fig 26 by, The Thg
mede s widely wied in ches mcthod, 10 the diclectric material 15 setrapee then the
charuscenstic equation for this resonant streciure gperatmg im the TE o migde s wrillen as

J [er ) K 15

2 = {15}

_-flr.rl L
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where Jofird and Serd are Bessel funcvions of the first kind of onders wero and one
pespectively. The &0 and & (@ are the modified Bessel funcions of the second kind of
oeder sero and one respectively. The parameters o and  depend on the geometry. the
resonant wavelength mside and outside the DR respectively and dielectric properties.

Thus

af) {14, )

L \35) | L:8)
a [y 17

,r;_-T [IHJ -|E (2.7)

where | = the longiudinal variations of the field along the axis, /. = Length of the DR,
O = Diamneter of the DR, 4 = free space resonanl wave length. The charactenistic
equation 15 & trareicendental equation and hence o graphical solution is necessary
Comresponding 10 wh value of # there are infinite number of (&) that solves the

chamctenste equamon.  Hakks and Coleman”' obtained a mode chart showing the

vanatson of o values us o funciion of Fand are shown in Fig. 2. 7,

I T P - =
| I
if i “.:-.I.I.T :
' S
i (| %hh':-z«-.\:- ; %
: i
= 2
14 | i =
) s =
: -
LE = ®
) - 3 >
g | i =
304 s )
| "": |.':
18 b B
18
£ ] 4 ] ] 10 12
B
Fig. 2.7 Mode charts of Hakki -Coleman Fig. IH The cavity set up for the
givime o, s fanctions of i measarement of O-faciar.
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The relitive permittivity of the resonator can be calculated wsing the mode chan

parameters (a and ). the resonant Trequency U4) and the dimensions of the dielectric
puck using the equation

e Y] | . " 4 ? )
£, | 2Dy le, + 87 128

Courtney ' proposed two honsontally oriented  E-ficld  probes for coupling
micrewane o e diclectric resonator, whicl enabiled 10 span o wide range of frequeniies,
sitce there 1s mo cut=ofl frequency for eoaxial lines. The TEq, masde s used for the
measarcicnts sonee this mode propagates mside the ssmple bat 15 evanescent oulside the
peomatry of DR, Theretore a large mmount of clectrical energy can be stored i the high
£ diclecinie resomators, . 1 the end shorted condition the £ field becomes 2ero close to
the metal wall amd electric epergy vamishes in the air gap.™ The TE,;, mode is chosen for
micisurement beciuse for this mode only azhimuthal component of elecine feld exists
and the error doe o the wir gap s prctically eliminated i

A Vecwr Network Anulveer (Model 8753 FT. Agilemt Technologivs, Hewlet-
Packand, Palo Aho, UA) b= used Tor aking measurements o mierowave freguencies. The
PP im0 series ipstrmmentation computer, mierfced with network analyvieer makes
e mwesurement quicker and  acewrate. The specimen s placed  approsimately
swrmmetrical with ihe two E-probes, The resonant maodes (represented by spikes i the
resondmee specinim) are visualized by giving o wide frequency range by adjusting the
Network Analveer, To sebect the 5., resonance from the several modes having non zero
. components, the upper imetal plae is shightly tled to introduce an air gap. As the plate
is nilted the entire TAS modes move rapudly o the higher frequencies while the TEg,
mide renmans almost stationary. 1t s well known that in exict resonance technigue, TEg,
is least perurbed by the surroundings. Afier identifying the FE,;, resonant freguency of
central fregquency (4 the span around £ oas redoced us much o5 possble o get maximum
resotution. The 3 dB bamdwidth of the curve decreases and o stage of saturation is

renched when Wi width wall remam the least possible. The coupling loops are fixed of

Hi
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thts parsation comd e ventre Feegueeney can be noted correspoitding to the musoma as £, By
hiwrnmae the et *1 ammld benaebbs "0 of the sople fF s calealated aung couatio 2
Th From thee macke char, e saloe of e cormespamedimge o f6 vaalue s moded. The relative
peimatereany o s catleulated ismg cquation 4285 The advantages of (his method are very
stitipde mmwssaeeeienl conbiparioa aml easy aecess for marsgducing aod remaosing the esi
sarples. This v v ol e Barly swocnrate amd the st Tregquently used wechinigees Tor
e sanemend od pernmlie iy amd s thwtliond 1% |"|-I|‘\l'h.._'| as ook of U interrcitiongl
stisdands 1107 qewbiguaes Tor mwvasteenmnts of the coampley permiitivity of Jow loss

suifuls

244 Measurement of Unloaded Quality Factor (Q,)

Vig.2% Fsperimental set op used in our b s measure the
mriv ras sy dicbecine LLATTRLS rlivs

Thee 1_! fawchunf a1 Ao Tenss iy & Tesarslors 1= iweisuned psmg vartetis aigiliosds
Hawever, all these it Giiled tooaccoani for the pracical olTeets such s moeise, omoss

k. copling foeses, ansssien e delas, amd pmpedance msmatch minoduced by o
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res] mieasuremient system. Inadeguate accouniing of these effects may lead (o significant
uncertaidy i the measared guality Gwetor of the DEs. Moreowver the mrcrowave losy
factors of PRs are affected by many other itnnsic and extrinsic fsclors (Sce section 16
of Chapter 1), When € of @ DR sample & ndisured by the end shorted method of
Courtrey., the mwesesuned O factor s affected by the condector and radiation losses. Hence
tor refuew these effects m our present study, we use o ransmission mode cavity propased
by Krupka ov af (Fie 2807 Fig 29 shows the experimental set up ased in our
laboratory to measure the diclectne properties. The specimen was placed on a low foss
guarte spacer of height 8 oum side o copper cavity of imner diameter 40 nun and heighe
22 mim whose mner side was finely polished and silver plated 1o reduce nndiotion loss,
The use of low Jess single crvstal gquane spacer reduees the effect of losses due 1o the
surface resistivity of the cavity. Samples with Jdiameter length (200 ) o of 18- 2208
preferable o et maximmum mode separation and G svend interference from other modes.,
Microwaves are fed it the sample wang two loop coaxial antenmas, which provides a
magnetic coupling o excie the iransmission mode resonance spectrum ol diclectne
evhmder The coupling is ddpusted (0 be optimum (weak coupling for bigh {2, and strong
couphng for sy <amples) Observe S;0 versus frequency spectrui. In principle the
cavity Bas mfinne number of modes, when exened with mucrowave spectrum . of
freuencies. FE G mesle o identifiod ox the Tundamental owsde wath least pernturhation
when the timable tog dad s sljusied properly. Afler adentiiyving the desired moade, the lid
ts fine twuned 1o gt masimiem separtion between TF o and any nearby cavity mades, jo
attan masiman pessible accursey in the (4 mesurement. Measure T, mode
freguency: amd the anfoaded and the 3 B bandwodth from the resonanee spectrum (Fig
2000wy ealvulare the £ Factor s

!
{/- 5 (2.9}
Fig. 211 shows the macrowave resomance spectrum of Celd: §o,=23]

transmission  cinfiguration The electrmagnetic ficld could  penetrate anto ithe
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conducting walls of the covay wlich Bnvers the measured ¢2 value of the DR Lisunlly
the ciimeensanss of the wovily ane such that the 7F 0 mawde of the DR s the lowese
psorance. Vhe qualiny fhetor dececises when the oty dinmeter/preck diameter ratie is
smalier than three. Henee the cavity nomally used 1= 325 pmes the siee of the sample
The surface resistanee of wopper ean be calealated from the spiaaleny Fovtor of the T,
resohaibee of the empty cav ity looapphy correction to the measured £ of the sample for e
s e o vty walls”

EFY = = W oA e 8 = i _
R
™ e Tt
# i
i gt o
» == A
: /
E
-
H
e
LLLEF R RIRY . = i i
Fig. L18 The metbosl of calewliting {-lactor Fig, 11 1T he micronase resonanoe specinm
fram resonand made using copustion (3.9 of Utk o =200 in iransmisseon conligarathon

24.5 Measurement of Temperature Coefficient of Resonant
Frequency ()

The wemperatare cocfficiwn ol wesonant Tregueney (5} s the parameier which
indscates the st bility of the resonator, The electronie devices with microwayve nesoailon
[ should have 7 values as climg to sero as possible. The 5 can be measured by the cavity
meethosd wsed for measuree the qualiny Getor. The use of invar covily can minnmee the
imaccuracy coused due b the thermal expansion of the covity while heating. The cavity is
then kept on o Bot plate wnd the entie svsten is msalied i sothermal enclosure. The

sl up s them sbowly hested (- 10 nuaote) m the range 25 10 8OOC, The probe of the

K1
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thermocouple # kept just inside the isothermal enclosure so that it docs not disturb the
resonant frequency. Shift in the resonant frequency of TEq: mode is noted at every 2°C
increment in lemperature. The variation of resonant frequency is plotted as function of
temperature and the 1 is calculated from the slope of the curve using the equation {2.10)

B R4 (2.10)
L AT

The temperature coefficient of relative permittivity r, is of considerable interest to
users of dielectne substrates. This can be oblained by the parallel plate capacitor method
using an LCR meter at low frequency (eg.. | MHz) and heating the sample. From the &
noted at different temperatures the 1, can be obtained.

2.46 Cavity Perturbation Method

The modt used technique to determine the measurement of dielectric parameters of
materials depinds on the measurement of either reflection coefficients or resonant
frequencics. In a resonant perturbation method, the sample under test is introduced 10 8
resonant cavity. and the clectromagnetic properties of the sample are deduced from the
change of resonant frequency and quality factor of the resonating cavity. Resonant
perturbation method using hollow metallic cavity is called cavity perturbation method *
Bethe and Schwinger™ firsi proposed the perurbation theory of resonant cavities, In the
past cavily perturbation technique was the only method available 1o obtain approximals
solutions but it applications were limited not only to low permittivity sinples but also to
a specific modes and specific samples.

Cuvity | perturbation methods are widely used in the study of the eleciromagnetic
properties of diclectrics, semiconductors, mugnetic materials and composite materials, It
works well for the determination of the dielectnic characteristics of thin sheet samples of
low and medium dielectric loss.”™™ In the cavity perturbation technigue. a small picce of
the matenal ysually in the form of a disk or sheet is placed in a metallic resonani cavily
operating in 3 known maode. The material characteristics are estimated from the shift m
the resonant frequency and change in the Q of the system.” ™" This technique was
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pioncered by Slater ™ and s a suitable method for measuring the diclectric properics of
materials with permtiviry less than 100 The cavny perturbaton method 15 not a swem
freguency measurement since the measurement frequencies are determined by the cavity
as well as the DR dimensions. Henee 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 15 used and the cavity s excited with optimum ins coupling, typically
the diameter of the ins is equal W the shoner dimension of the Wave Guide (WGY2.2 can
be wsed for the measurement of dielectine properties of the samples. The resopant
frequency and quality Hactor of the cmpty cavity is determined for different cavity modes.
Then the thin sheet sample s inseried and positiencd at the E-field antinode. 1T the
sample is purely dielectnic the maximum electric field can be casily determined by simply
moving the sample actoss the slit, The mode will shufl 1o low frequency side and retraces
from there, The sample 1s kept at the retracing position, this is the electne ficld maximum
pesiteon. 10 1 15 shghtly magmetie the permitvity can be measured only for the odd
modes by keeping it at the middle of the cavity,  The sew resonant frequency and Q of
the sample 15 again measured, The complex relative permttivity (£ =&, +£ ) of the

sample is calculated using the following Equations (2 32.2.34) 77

£t [— a2 (2.3

v e e (2.33)

wnd = — (2.34)

o
where f; = resonant frequency of the empry cavaty, /£ = resonant frequency of the cavity
with sample. 1, = Volume of the cavity and F, = Volume of the sample, ¢, i the gquality
factor of the eroply vaviy and (2, 18 the qualiy factor of the cavity with sample. The

experimentzl crror was found 1o be less than 2% in case of permittivity and 1.3% in the

BA
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case of dielectric loss, Here also the measured (0, and {J, can be corrected by measuring
5y, and 5:; 15 mentioned earlier by proper calibration of the Metwork analyzer. It is better
o use Wave gwde TRL calibration for better accuracy at the ends of the waveguide to
coaxial adaptor. Calibrate the Network Analyzer for full 2 port using TRL calibration.
MNow 5y, and 5;; arc measured at the resonant frequency. As mentioned earlier calculate
the coupling coefficients for the two ports and find the unloaded quality factors (J, and
{,. The main advamage of this method is the casiness of determining the permittivity

and loss using simple device with moderate accuracy.

2.4.7 Radio Frequency Dielectric Measurements

LCR meters are generally used for measurement of the capacitance and dissipation
fuctor of capacitors in the radio frequency region by the well-known parallel plate
capacitor method. ™ One can also measure the & and tan & at radio frequencies by the
parallel plste capacitor method using an LCR meter for new materials. This will give an
approximate idea of & and tan & wluch in m helps 10 calculate the approximaie resonant
frequency of the DR using the equation (1.19) of section 1.5.1, Chapter 1. The
knowledge of the value of the resonant frequency further helps to know the size of the
YR a1 a given frequéncy or the size of the cavity required to measure the Q-factor, In the
present study, the dielectric propertics at radio frequency are measured using LCR meter
{HIOKI 3532-50 LCR Hi TESTER, Japan),

2.48 Error Calculations in Dielectric Property Measurements

The measurement of microwave dielectric propertics is done with two decimal
point accuracy. Usually three samples were prepared in a batch comresponding to a
particular composition and the measurements were made at least twice per cach
specimen  The sample should be well polished to avoid the error due to surface
roughness. The ernor in £ is caloulated wsing the root sum of squares (R53) method. The
accuracy of &, measurement is restricted to the accuracy in measurement of resonant
frequency and dimensions of the sample. The pessible error in the measurement of

Bh



CHAPTER I
penmiitivity is of the order of 0.3%. Such an emor is possible when dimensional
uncemainties of the samples are in the order of 0.15%. Hence the possible errors in the
measured value of relative permattivity of a sample of height (L), radius (r) and resonant
frequency (f,) given by

ol o) & o)]  em

If the independent sources of error correspond w onc standard deviation, then the
errar in & will also comespond 10 one standard deviation.”” The uncertainty in qualiry
factor using Thiy s mode cavity method with optimized enclosure is of the order of 22x10
! The crrors in unloaded quality factor ((,) and temperature coefMicient of resonant
| frequency (r) were caleulated wsing Root Sum Square (R55) method by taking partial
\ derivative of these parmmeters with respect 1o independent variables. A measurement
aalibration is used to eliminare the systemanic (stable and repeatable) measurement errors
aaused by the imperfections of the system. Random errors due 1o aoise, drift, or the
emvirenment {lemperature, humidity, pressure) cannot be removed with a measurement
calibraion. This makes a microwave mcasurement susceptible to errors from small
changes in the measurement system.” These errors are minimized by adopling good
measurement praclices, such as visually inspecting all connectors for dirnt or damage and

by minimizing any physical movement of the 1est pon cables after a calibration.

25 THERMAL CHARACTERIZATION

Thermal analysis s “A group of techniques in which a physical property of a
sabstance and'or ns reaction products is measured as a function of wmperature whilst the
mbstance is subjected to a controlled wemperature program,”™*  Three methods which
provide primarnily chemical rather than physical information about samples of matter are
Thermogravimetry,  Differcotial  Thermal  Analysis  and  Differential - Scanning
Calorimetry.

BT
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2.5.1 Thermo Gravimetric Analysis (TGA) and Differential

Thermal Analysis (DTA)

In & thermo gravimetric analysis the mass of a sample in 2 controlled atmosphere
15 recorded continudusly as a function of temperature or time as the temperature of the
sample is increased,  Thermo gravimetnic methods are largely limited o decomposition
and oxidation reactigns and to physical processes such as vaporization, sublimation and
desorption. DTA 48’ a techmique in which the difference in temperature between a
substance and a reférence material s measured as a function of lemperature while the
substance and rel'rr;m material are subjected to a controlled lemperature program,
Information on the inorganic compounds such as dehydration, oxidation, reduction and
solid-state reactions ir. provided by DTA,

2,5.2 Differential Scanning Calorimetry (DSC)

DSC iz & thaemal technique in which differences in heat flow into a substance and
a reference are meagured as a function of sample temperature while the two are subjected
to @ coptralled temperature program. Baoth the sample and reference are maintained at
nearly the same temperature throughout the experiment. The basic principle underlying
this technique is that, when the sample undergoes a physical transformation such as
phase rransitions, more (or less) heat will need 1o flow 1 it than the reference to maintain
both at the same iemperature. Whether more or less heat must flow o the sample
depends on whether the process is exothermic or endothermic. Differential scanning
calonimetry can be used 1o measure a number of charactenistic properties of & sample like
fusion, crystallizatidn events and glass ransition temperatures (T,), oxidation and other
chemical reactions.™ ™ In the present investigation DSC is used to determine the melting,

and crystallization Il:mpcmnuu of the polymer-ceramic composite.

2.5.3 Thermo Mechanical Analysis (TMA)
In this technique (TMA), dimensional changes in a sample are the pnmarily
measured, with negligible force acting on it, while the sample is heated, cooled, or
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studied ot a fined wmperoture. [t s particularly suted w polymer matenals but a wide
raege of matersils can be examined. In the present study, TMA (TMA-60H, Shimadzu,
Eyoto. Japan) is wsed 1o determine the thermal expansion coclMicient and solicning
wemperanare (b application of load and hemisphere-plugs) of composites. TMA 15 also
used 10 confirm the softening and melting temperature of gluss-ceramic composites used

for Toow femiperature cofingd ceramic applications.

254 Photopyroelectric Technique
An improved photopyroelectne technique™ ™ 15 used 1o determine the thermal
conductivity of the polymer composites. A 70 mW He-Cd laser of woavelength 442 am,
intenzaty moduloted by a8 mechamical chopper (model SE330) is used as the optical
heating source. A PVDF film of thickness 28 um, with Ni-Cr Coating on both sides, is
used us pyroelectric detector. The out put signal 18 measured using a lock in amplifier
(model B 830K Modulation frequency is kept above 60 Hie 1o ensure that the detector,
the samiple and backing swdiim are thermally thick during measurements. The thermal
theckness of the composites is verified by plotting photopyroclectric (PPE) amplitude and
phase with frequency at reom temperature. Thermal diffusivity (y) and thermal effusivity
(e are also measurgd from PPE signal phase and amplitu:i:.-"". From the values of y and 2
the thermal conductivity and specific heat capacity of the sumples are oblained. In the
preseid investigation thepmal conductviy s measured for polymer-ceramie composites

used for microwave substrates and clectromic packaging applications.
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Ce0,-AO-TiO, (A = Ca, Mg, Zn, Mn, Co, Ni, W)
CERAMICS: SYNTHESIS, CHARACTERIZATION
AND MICROWAVE DIELECTRIC PROPERTIES

Thiv chaprer gpives an introduciion o cerim dioxide and
JTuprife struciire. Cetd =05 A0-0.5Ti0 (4 = Mpe. Zn, Ca, Mu,
Co, N, W) dieleciric ceramics fove  been prepared by
comventioral  solid-srate ceramic ronre. The  strucriure,
micrastructure and elemental analysis were done by X-Ray
Diffraction,  Scanning  Electron  Microscopic  and  Energy
Dispersive XN-ray Analysiy fechnigues. The dielectric properiies of
the materials were measured in the 3-6 GHz micrawave frequency
range. The effect of varfous amounts of di-, tri-, tetra-, penta- anid
hexavalern l:i.lf]ll'ﬂ'h et e miicrowave  dielecieic F.I"l'.lpl'fﬂ:l‘\ i.l_,f
Coll e L3 AC=B AT {4 = '”.‘-" L, Ca, Mn, Co, Ni, W) ceramics
hove been investigated.  Improvement in relative permittivigy,
gueality facior and temperature cocfficient of resenant freguency
wits observed with the doping of smafl amonnis of Co04, Cral)y,
g, Celly, WO, and Moy This chaprer also discusses ihe
symthesis, characterization and microwave dieleciric properties of
ATic); (A = Co, Mn, Ni) ceramics for the first time.
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3.1 CERIUM DIOXIDE
3.1.1 Introduction

Cerium dioxide or eeria (Ce0,) is the most stable oxide of cerium. From valence
state theory, cenum s supposed to have two types of oxides, cerium dioxide (Ce0),) and
cerium sesquioxide (Ce,0,). Since Cet), is the most stable oxide, when the cerium oxide

is mentioned, it vsually refers w the etravalent oxide. Cerium dioxide can be formed if

cerium sult s caleingd in oxygen rich environment.” Cenum oxide has three phases:

Cenum dioxde (Cel)y) with the Muore CaF; structure and Cenum sesquioxide (Ce,0,)
having two structural forms, hexagonal (A-type) and cubic (C-type)® The crystal
structures of the three phases of cenum oxide are shown in Fig. 3.1, Usually, cerium
oxide exists a3 a non-stoichiometric oxide which is a mixture of Ce(111) oxide and CelIV)
oxide, while sull retaming the fluonite cubic structure, In oxygen poor conditions, Ce, 0y
with oxygen vacancies 15 formed. In Cey0y, 41 states of Ce are reduced, and the valence
is changed from +4 io +3." At room temperature, the hexagonal Cey()y crystal is unstable
in wir, but stable under anacrobic condition. The cubic Cey0, erystal, which can be
considered as the CeQ)y crystal with ordered oxygen vacancies, 1s known 1o ¢xist in a
nonstoichiomictric state in the temperature range of 1000-1200°C in  hydrogen
atmesphere.’  Cerium oxide is a highly stable, nomtoxic, refractory ceramic material with
a melting point of 2600°C and a density of 7.213 glem’. It has a face centred cubic

Muorite structure with 2 lattice constant of 511 A

3.1.2 Fluorite Structure

The general formula of erystals with the Muorite structare is MX,. Fig. 3.1 (a)
shows the ideal cubic Muorite structure.  Consider the stoichiometry of single unit cell.
Each of the comer cerium ion is 1/8 inside the cell; since there are ¢ight comers these add
up to one jon inside the cell. There are six faces to a single cell, each with a cerium ion
onc-half inside the cell. Therefore a single cell contains four cerium ions. A single cell

alser contans eight oxygen ions, each one located entirely within the unit cell. Since there
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3.2 MILESTONES IN THE RESEARCH OF CeO; CERAMICS

Cornb o promissamg msulating onsterial owiilh mgimy potential applications m
mrrolevironies wnd Do anracted much atiention morecent sears, Cem-hased materiak
harve been estensively investigated as catubysts, stracturl and electronie prommders of
heteropencoars  catalytie  rewtions. onade won conducting solid - elecirolyies i
clecochemical cells, oxygen pumps and gus sensors, ™" Cerda is also a good candida
For stormpe capacitors aind gate msalators me BEAMS aod MEFIS FRAMS.  Cem
angprunpuart b les s ome o the Lew abrasove matenals (o chemmcal-mechanical plionirization
PN o acks anced imtegrated corease 1 has found applications i capacitors and baffer
Fivers of superconductme maenals

fin imder nio nmsderstaond the properties of fme vemi particles, a large number o
studics have been camed oat on catalvie,” | electrome.” lamece vibrational' " and
structural properiies’ s owell as om vanous syitliesis methods™ " for wltrafine com
particles, (b wvestigated the simtering behayour of fine Cel): powder amd foand

thar the aveelerated sadenmg bebavir g0 TOOR0G°C and 160070 15 related with the
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poypen release of Cetd: and the formation of partially reduced CeOpy  Several
vestigations  were made on the reduction of Ce' 1w Ce' using differemt

134, 353617

wehmigues. * Kourouklis ef o/ reporied that at around 31 GPa, the Nuonie
suucture of Cel); transtonms o that of PBCT: phase having a lower symmetry. Cena s
paposced to be a possible gate diclectne matenial in metal-oxide-semiconductor devices
of the next gencration, because Ce(); can be epraxially grown on a 5 111] surface, and
abo has high relative permitivity, working as 3 high-k gate dieleciric suppressing gate
leskage current. ™" Ce0), easily forms solid solutions with sther rare-carth elements and
with clements belonging o the transmion-metal seres.™ """ To clucidate the role of
dopants on the morphology and chemical homogeneity of synthesized powder and on the
smering and pram growth of the compacted powders, Rahman and Zhou'’ have chosen
Cetd: as a model system as o has the advantage of having 3 relatively simple cubic
Mhovrite structure, hogh solid solubility for many cations and does nol undergo any
erystallographic transformations duning the normal range of heating.

Cerum oxude ceramies are of special interest as diclectric resunators for use in
wircless commumication. Ceria exhibits a combination of high relative permittivity (4
and low diclecinic loss (high unloaded quality factor, (1), Recently Samtha o ol
reperted ceria s a good dielectric resonator matenial with &, = 23, quality factor ({2 v of
aboyt 60,000 Gz 4an & GH2) and ryof -53 ppm™C. Bul cena suffers from the drawhack
of relatively high wmperature coefficient of resomant freguency (r), which is not useful
from ihe apphcation pomt of view.  Investigations were made to wune the ool these
serpnics by sold solution formanoen between cena and high posinve r matenals:
CaTely (7, ~BO0 ppm™C) and TiO; (r, 400 ppmCh with high pesitive values of 5 was

HR The effect of addition of various rare

introduced 1o form o solid solution with CeQ);
eanth oxades on the microwsve dielectric properties of cena has also been investigated ™

Recently Kim or ol © made an amempt to modify the microwave dielecine
properties of Tils by preparing the solid-solution xTi0(1-x1Ce0,. Santha er al™
repored the fow-temperature diclectric prepertics of pure and calcium and titanium

dopert Celd: an the mucrowave and far-infrared ([R) frequency range At eryogenic

liu
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temperatures, the (L) increases, reaches 105000 GHz at 30 K and then decreases to a
minimum at ~100 K. Sub millimeter data shows that temperature dependence of
extrinsic losses is mainly responsible for the temperature dependence of the (J factor.

Investigations on the dielecine properties of cena revealed that it can be used a5 2
good dizlectric résenator material if temperature stability is achieved. This motivated us
W investigate on the microwave diclecinie properties of cena based matenals by the
addition of suitable dopants and Torming solid-solution with various rare carth ions. The
use of ceria based composites for LTCC, packaging and substrate apphcations are also
explored in the present study,

3.3 MICROWAVE DIELECTRIC PROPERTIES OF Ce0,-A0-Ti0;
(A= Ca, Mg, Zn, Mn, Co, Ni, W) CERAMICS

3.3.1 Introduction

The growing importance of ceramic dielectrics for applications as microwave
oscillators, filters ete. has led o great advances in the material research and development
of dieleetric ceramic sysiems. Mimatunzation of microwave circuits using bow loss and
temper sture stable dielectric ceramic resonators has spurred the wireless communication
industry cnormousty. The stringemt requiremenis of microwave dielectric properties
prevent the use of all available DRs for practuical applications and keep the development
of advanced malerials for wircless communication as a challenging area of rescarch.®
The diclectric properties of Cel); are tailored by suitable substitution and by the
formation of mixed phascs having opposite 1z [n the present work we examine the
dielectric properties of CeQ. with Ti0y, in a novel group of ceria-titania based mixed
systemn such as Ce();-0.5Ca0-0.5Ti0, (CCaT), Ce0,-0.5Mg0-0.5Ti0; (CMgT). CeOyr
05Z2ni3-0.8Ti0y (CZnT)  CeDu05MnO-05TiO, (CMnT), CeOy-0.5Co(-0.5Tily
(CCoT), CeOy-0 5MI0-0.5T0: (CMIT) and CeQn-0,5W0,-0.5TiD: (CWT), To flarther
improve the dielectric properties, small amount of dopants were added to the calcined
powder before sintering.

10 J
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3132 Experimental
The samples of Celd: 0SAD-ATION 1A - Mg, Zn. Ca. M. Co. N Wi were
preparcd by the comyentional solid state cermic route as described in section 212 of
Chapter 2. Hagh punty chemncals Cedd: (TRE, 99 9%), Tily, (99 8%, CalCOy (99 +%5),
Mt OO0 A ORS00 O, Anl) (990 MeCo, (999+ma), Coa(ly (90, Nita
(9% ) and WO, (99 %) { Aldrich Chemcal Company. Milwaukee, Wi, USA) were uscd
a5 starting powders.  The powder mixture was ball milled i distilled water medium using
rircania balls in o plastic contameer for 24h. The slummy was dried and the reaction nuixtuns
thus obtaimed wis calcined for 6 hat 1 1S0°C for Ca, Mg and Zn based and at 1030°C for
n, Co, N1 and W based ceramics respecuvely, The calomed powders were again
gound well for Th ir an agate mortar and then mixed with 4 wi%e solution of poly vinyl
deobol (PVA, 4 wite, RDH laboratory, Poole, England. molecular weight = 22000,
kegree of hydrolysis > 9%%0) ns the binder. The shurry wis dried and ground again and
snessed imo eylimdrical disks of dameter 14 mm and height about 7 mm under a pressure
Al 100 MPa. The pellets were mitinlly prebeated at a rate of 5°C/min up to 600°C and
waked for 30 minutes o expel the binder and then fired at a rate of 12°C/min up 1o the
smtenng temperature.  The sintering temperature was in the rnge between 1130 and
I330°C (Nabertherm Furnace. Model LHT 0218, Lilienthal, Germany) depending on the
A mtom and the dwell mmie was 2 h. The sinered cormmic pucks were polished and ther
Blk density was measured using Archimedes method. The thermal and ehemical stabsility

of the sintered samples were tested by boiling the samples in distilled water for 2 h

333 Structural Analysis and Microwave Measurements

Crystal structure and phase punty of the sintered and powdered samples were
eumined by X-ray diffraction pattiemns recorded using CuKa radiation with N filter
{Philips Xpert Pro X-ray Diftractometer, Almelo, the Netherlands), The microstructures
of sintered samples were recorded from the surface of finely polished samples which
were thermally ¢tched at 25-30°C less than therr respective sintering temperature for 20

mingtes (Hitacln SEM 5-4300, Japan) Raman spectra from the simtered pucks were

1kl
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e, wiy, o Briena wepam THRR mhexorrdon wiln & AB% ram Yine of un At lases
83 cRcng radialion with nomwaiy < St peewe wedenh oo tee weoeie walace, T W
laser line was [focused onto the sample by a cylindrical microscope lens of S0«
magnilication with a spot diameter of 3 £ | pm. The mucrowave diclectric propertics
such s rclative permituvity, unloaded quality factor and temperature variation of
resonent frequéncy were measured using a Vector Network Anabyzer (Agilent
Technologies, Model No. 8753 ET, Palo Alte, California) attached with a sweep
oscillator and (¢st parameter unit employing resonance method™ ** * a5 explained in
Chapter 2. section 2.4.2 0 2.4.5. Diclectric properties in the range of —253 to 37°C were
measured by placing the copper cavity on the cold head of a closed cycle Gifford
Mebahon cr}ﬁ-cmler (*workhorse™, Cryophysics, Abingdon, UK) were a software
calculated permattivity, unloaded (7 and resonance frequency over lemperature.

3.3.4 Optimization of Calcination and Sintering Temperatures

The calcination and sintening temperatures of CeQy-0 SAQ-0.5Ti0; coramics are
optimized for the best density and dieleciric properties. This 15 done by calcining the
ceramics at different temperatures and then sintering at an arbitrary temperature.  Figs.
3.3-3.6 show tg!rp':ui example of the effect of calcination and sintering temperatures and
their durations; on the density and microwave diclectric properties of CeQ-0.5Zn0-
0.5TiO; (CZnT) ceramics.

First the samples are calcined at differemt temperatures and the density and
deelectric properies of the shaped DR sample (12.15x6.12 mm’) sintered at an arbitrary
wemperature af 1250°C/2h is measured. It is evident from Fig. 3.3(a) and (b) that best
density, &, (J,pfand 1y are obtained for samples calcined at 1150°C. Calcination durstion
is also optimiged by heating the powders for 2 to 8 hours a1 1150°C. Fig. 3.4(a) and (b)
shows the varjation of density, &, Q.5 and 1, as a function of calcination duration whea
sintered at 1 250°C for 2h. The best density and diclectric properuies are found for CZaT
ceramics caleined at | 1 50°C for S hours.
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The CeOp-0.5Zn0-0.5Ti0; samples prepared in the optimized calcination
Iemperature {1150°C) and :Iﬂl.lllti'ﬂl\ {5 hours) are sintered in the temperature range

1200°C-

130°C for 2 h-nuq Fig. 3.5{a) and (b) shows the variation of density, &, 1

and 7 of the samples versus sintering temperature. It is found that the ceramic samples

sirtered

at 1250°C show I:i-ht density and dielectric propertics. Then the sintering 15

eartied ot at 1250°C for varjous durations starting from | hour 10 5 hours and found that,
the bulk density and dielectic properties of the samples show best values for 2 hours of
d:.qni:un as shown in Fig. 3.6(a) and (b). For large duration of sintering temperatures, the

densiry,

£, and {1/ of the samples showed a decrease while 1y has increased. This may be

[r]
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duc to the trapping of pores by grain growth. Abnormal grain growth may lead to
diclectric logs al microwave frequencies. The best density and diglecine properties of
CeOy-N 5Zn0-0.5TiO; ceramics are for a calcination temperature of 1150°C/5h and
sintening temperature of 1250°C/2h. Similarly, the calcination and sintering temperatures
aml durations of CeQ~05A0-0.5Ti0; (A = Mg, Ca, Mn, Co, Ni, W) ccramics are
optimized.

-_—

i

Caluland o | 18907010

59
L - ' —— . - — .
100 14 1% (i ] 1 un by HL [ELT] (14,3 (1]
sdntpring Temjuraiure L) Blrring Termperatwrs (')
Fig. 3.2 Variation of (8] bulk density (p) and & (b) (.xfand r; of
Cel=0.5Fn-0.5TiD; ceramies with sintering temperature
e AL Fo — A
——
LA s Py
o~ o -4
-El I W
oL ot ‘iﬂﬂ! _‘g
E bl 1 mwmk =
Eil!n sy o -4-5_
S sy L abatost a1 11900 7 ﬂﬂg . il 1190159, i
- Sanigred  VENFE [ re 1000 Sntered w1 2T
™ W e &
' 2 1 ! s 1R 3 i .
Santpring thurutsn (1) Firitering durution k)

Flg. 3.6 Varigtlon of () bulk dendlty (p) and & (b) (ogfond r of
Cely-0.5Zn0-0,5TiD; coramics with sintering duration

It has been reported that in titanium based ceramics prolonged heating at high
temperatures leads to reduction of Ti*" 1o Ti"". The T is semiconducting and iis
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peesence leods (o inercase in the diclectne loss. Hence the titame based ceramics are
wually anncaled at about |10-1300°C for oxygenation such that it is converted o T1"

ATALSH 10 the present case we

Hence prolonged annealing improvies the quality factor.
have annealed CeOs-0 5Zn0-05Ti0s ceramics at a temperature of 1150°C for 4-16 hrs,
Ko significant wnprovement i density or dielectne properties is observed. The density,
relative penmittivity and (usf decreased on annealing while £ increased slightly. The
smlered samiples are kepl in boiling water for 2 b There is no change in density,
diclecinic propertics or in XRD panemn when boiled in waler indicating excellent

chermical amd thermal siability of the material

3135 Results and Discussion
1351 Phase and Microstructural Analysis
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Fig. 1.7 XRD patterns of Celly and Cely-0 2 A0-0ETi0,
iA = Ca, Mg £n, M, Co, N, W) ceramies
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The Cetds AR U ITIL TA = Mg, En Ua, M, Co, &, W green compacts an
speteresd nka dense ceramies eseepd those Dol on tungsten, which s daltocnle to sinter
b 3.7 shows the Xeray dittracoon patterns recorded Trom CeQl-0 5400 3Ty, (A -

By, A Ca, Mo, Ce, Mo, Wdieleoine cermmmes asmg Cula mdiahon, The powder

i K SEM melcrupraphs of (a) O old =080 000810y by Celd 05V pO-0.5TiC
fen el Vet S m RS TOh, (i) e p -0 SNV STy (o) Celbp-MS0 ol k- STy
10 e -0, SR8, 5T,
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delfraciion juarterns confrern thai magoreey of the Oef o0 SAL0 8 Frca: §A Ap, Zn. Ca,
Mn, Co. Nl vcewnmies comsi<s of o pluases mamely Oeonte CeOls and perovskate ATiO),
Careful analbvzes of the X-my didfrachon pattern show that Ce(): peaks nearly comaide
with soing of (he peaks of ATl (A = Mg, Fn, Co, Mn, Co, M) In the ceramie with
pnpsten, Celds-0.5W0,-0,53Ti0y, several phases are formed such as CeQy, Cea WO, and
Ce-Toy0. Buyumon of 7' reponted that i the case of Ce(Tig oW, 00, which is same as
the comgsosition studicd in the present case, o ruliiphase composite contaming CeaTip0-,
Ce- Wi, Tolh - und Uiy s Togmiocd

Figure X8 shows the SEM mucrographs of sintered and polished CeCy-0.5A0
VATIOy (A = Ca, Mg, dn, Mn, Co, Niy ceramics reveahing a highly dense product. The
nigtostruciure changes with change in the A7 atom in Celd-05AETIO: (A = Cu
Mg, 2o, Mn, Co, Ny and it shows clearly two types of grains which are later proven to
bebomg 1 Ueld: ond ATV The sverape grain site of sinlercd pure Coldy 15 rather large

(>0 wm. Inthese Celh - ATIOy composites we found much smaller Ce0, BTN 512C5

() Dark

P——— 37 FET: g —
[ Spetromt [ 7] | Spectremz [ ]
Ehemrat | Atewis | Element 3 Slywicls
[T { #7.29 i | 6700
Mg | S Y

Ti__ | 1% ;

Fig. 3.9 FDX& af Celd-0.5VgO-0,5Tid}, composiie proving twa sepurate
phases of Coll; and Mg Tild,
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varying lrom 2 pm o the Ce-0.5Ca0-0 5T 0, (Fig 3.8 (a)) 1o 10 pm n Cely-0.5MgO-
(L5TA0: (Fie 3.8 ibih, In ol cases, the formed ATiO, perovskite phase has smaller gramn
sige than Cetdy The Celd: gruns are polypenal shoped with bregght contnist and the
smadlar AT, (A = Mg, Zn, Ca, M. Co) grains with dark contrast and have well defined
grain boundanes. EDXA analyses of CeQ-0.5840-005T10; (A = M. Ca) shown in Figs
L8 ard 300 respectively confirm the earher XED) resulis that there are two major phases
of ATi0y and Cetds, This resull was dominating in all six ceramic syslems excepl in

CeOp-0.5W0,-0 5T,

f'ﬁ'E tram | [(Spostruma | |
_ Ebeigenrs | Adomsi™e | _Fl_rrnr_rl_l\ i AdminicYe |
B T - T .o T %®ip |
[ o | mnian Ca 0.TE
T T I | ooe
o | om | & | u=u

Fig. L1I0 EDXA of Celd-0.50 a00-0, 5T, compaskte provimg two separale
phases of Celdy and CaTily

Fig. 311 shows the Raman spectrum of CeOp-0.5A0-0.5Ti0; (A = Mg, Zn, Ca,
Mn, Co. Ni, W) The mode at 463 em’' s the characteristic CeQs mode which s linked
1o the Ce-08 vibration, 17 jons are substituted tnto the Tuerite structure the lime width
{(FWHN of the mode and a moede shift will be observed. Here we see clearly that there
is ne such change. This is vet onother confirmation that the Ce(s 15 intect as one of the

phases, Where ever possible, ATiO; standards were compared with the CeQy-0.5A0-

10
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05TiOs (A = Mg, Zn, Ca, Mn, Co, Ni. W) 10 prove the existence of the perovskite phase
Rarman spectra of Celly and CaTr(dy phase are shown in Fig 3.12.

—

Ca0,-0.540-0 5T\, M * Q

Co0,-0.5W0-1.5TID,

=

Ca -0 SMaC8 5TIO,

CuD, 9 $C00-0.5TH0,

iy, 5 SHg0- 05T,

J:-ﬂ'-ﬂ.ﬂﬂﬂ-lj-hﬂl-"

G, 0. SCw-0 $T10

m 120 420 1 08 emt 0 Tin

Fig. 111 Raman Spectra of Celd-05A0-0.5Ti0; (A= Ca, Mg,
Mu, Zn, Ca, Ni, W) cernmics

[ e—etrz-Cetinn
|  =--cemo)

Calily,

il

— e — - — == - B

P AR Bl 3EE apw ﬂ.ql ll-p.'. l:L.‘ll [11] I'l.i Tk idE B8 mER Illl\l

Fig. 3,12 Reman spectra of suggested Celd; and CaTit), phase

3352 Microwave Dielectric Properties

I Table 3.1 gives the sintenng lemperature, microwave dielectric properties (&,

if, vy of CeQ-0.5A0-0.5TvD: (A = Ca, Mg, Zn, Co, Mi, Mn, W) ceramics. The
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different ceramics possess farrly high relative permittivity m the range 17.0 10 65.5 and
quality facior (Auf from 95080 1o 50000 GHz. The CeQ-0,.5Ca0-0.5Ti0); has the highest
relatve permuttivity of £ = 655 and CeOy-003WO-0.5TiO;y has the lowest at £ = 17,0
The CeQ-0L5Cx0-0.5Ti0; has a high ryof 399 ppm™C which i3 due to the high positive
f of CaTid, (BO0 ppm™C) compared with other ATy (A = Mg, Zn, Co, Ni, Mn)
Ce0-0.5Ca0-05Ti0; and CeO-0.5W0H-0.5Ti0,
have positive £, while CeQ-0 SAO00LS T, (A = Mg, Zn, Co, Ni and Mn) have negative

ceramics, which have negative

. The simering temperatsie of the CeD-ATi(), composite ceranucs are in the range
from §130°C w0 15500 which s lower than pure CeQs. The low sintening temperature of
Col-0.5WO-0.5Ti0; is due to the presence of low melting Ce; WO, secondary phase.
The CeQ-05WO-0.5T0; has £ ~17, (L = 40000 GHz and 5 ~ 7 ppm™“C. This
nuderial 5 a0 sutable candidote for millimeter wave communications systems and

microwave subsirate applications.

Table 1.1 The dieleciric properties of Ce(l-0.8A0-0.5Ti(,
iA = Mg, Zn, Ca, Mn, Co, Ni, W) ceramics

' Satiering |
Diens [N} I
N\ ;
il || Tmmu:? il l;.lum?rl o (GHzY | i Ch

" Ceh), 0 4000 5Ti, 1550 58 5.5 | 9500 w
[ Ce0,0 SMg0-0 5T, | 1400 571 | 124 | 17500 | .83
| LU0 8Zn0STi0; | 1250 619 | 61 | io0 43

Uy A S vint-0 5T i), “i200 607 | 63 | 17100 30

Ce-0.5C00-0 5T, s e e ) B ]
| Ceoruswmasmio, 1200 539 | (B0 _| 35300 5%
I : _ TET 543 ITO | 39K 7
|_ L:U_--U.!-"-‘-UHF.STLU, 455!“1-

*incasuted i vacinim

The density of a mixiere of two phases can be caloulaed using the equation

o =Vp +Vp,

(3.1)
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where 1and Vare 1hf volume fracuon, o s the caloulated theoretical densaty and
pand poare the densities of the two compenemts.  The empirical model proposed for
predicting relative permttivity of miviures is as follows ™

Ing, ....=Ving, +V,Ing,, (32

where £, and £, are the relative permittivay of two matenals and £, _ s the relative

permuttivity of the mixed phase ceranuie. To calculate the 1 of mixtures, an empirical
model was proposed as follows”™
r =lr, +VHr,, (33)

LI

there roard roare the temperature coefficient of resonamt frequencies of the two
omponents and £, _ i the resultant temperature coefficient of resonant frequency of
wmixtare. Table 3.3 shows the diclectric properties of CeQ: and the perovskite ATiO,
A= Ca, Mz, Zn. Mn, Co. Ni) ceramics that we are suggesting as the secondary phase
iere.  The details of preparation, charactenzation and dielectnic propertics of these
ompoutds itre given moscction 3.5,

Table 3.2 Microwave diclectric properiics of ATiC),
iA = Ca, Mg, £n, Mn, Co, Ni) and Cel); coramics

Theosedical ¥ e
Mucril denzity (gfem') ™ I}iﬁi! :nﬂ'rlr”l-‘l

CaTi), 4,04 170.0 13900 BN
 MgTib, Tk 170 | 20780 50
£nTud, 517 2.0 (R TR] =50
MaTibn 440 #3150 6
~ CoTil, 352 194 17500 A%
| N0, | 510 19.7 130 ]

CeO; | 7w | 20| eoom 51

By using the equations (3.1)-(3.3) and Cetdy and ATiO, as the two phascs, valucs
af density, £, and r, are calculated and compared with expenmental results, see Fig 3.13.

The experimental values of bulk density do not show much varaton from the values
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caleulated 'us:mg mixture relation. The relative permittivity and 1, shows very good
agreement between experimental and values denived from mixture rile except in the case
of CCaT Tumics. This is yet another confirmation that CeOy-0,5A0-0.5Ti0, (A = Ca,
Mg, Zn, M, Co, Ni} ceramics is a mixture of CeO; and ATiO, phases,

04 & &  Miziure role
@ Thewretben) vals:
m-
2084 -]
o4
-
n-
[ ]
a $ o & o
- 13 4
@
&8 -
=4
-
- a0 4
50 -
= i
@ i L]
m ' I
“-
T - s
(Y
] & s
6.3+ e @
i
-
is:J &
[ ]
M-

CCsT CMgT CMaT CZaT CCsT CNIT
cml-\uu-ml dleleciric ceramicn

FI|| 113 Celeulaied and measared valoes of boll density, £ and 7 for
|L“nl_edn CeOprATHD; (A= Mg, Za, Ca, Mn, Cao, Ni) composites
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Fig. 3 14 shows the vanauen of (A as a function of temperature inthe renge 30-

HOK The quality factor increased considerably on cooling for CeClx-0 SMIg -0, 5Ted,

and 3t 20 K the (3, is as hiygh as W8000 ¢(),xf Sxan Gz which 15 comparable with

L1
L1500
1]
R ]

Qi
Llie- s

i) - il L1 5] 321 I e _l"] |

Fig, 3.14 Variation of {Laf((iHz) over cryogenic femperatures of the
Cel)-05A00ETi0y (A= U, Mg, Mn, £n, Ca, i, W ceramics

wndoped CeOls, which has o (Luf of SKO000 GH a1 20 K™ In all samples, the quality
factor increased initially on cooling and then on further cooling it decreased at driferent
emperatures depending on the AQ material  These poims occurred a1 different
temperatures 1n all materials and are also observed 0 undoped CeQ); where this anomaly
paini is a1 abour 190 K. The mcrcase i the guality factor at low temperatures is due 1o
many factors. one beimg the decrease of the damping of lattice vibrations {phonons ). This
wduces the direct imeraction of the muerowan e Deld wath the latice vibrations,  The
decrease in quality factor and appearance of anomaly points of some of the CeQy-0L8AD-
RITHO; (A = Mg, Zn, Ca, Mn, Co, Ni, W) ceramics may be attributed 1o factors such as
#ygen vacancics and othes charge defects in the composites, depending on the AQ. In
woe of the cases, CeOy-0 5C00-0.5Ti0), the anomaly corresponds 10 an anomaly of the

permittivity which increases at GUK when coohng, idicates o low temperature phase

dange.

k]
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3.4 EFFECT OF DOPANTS IN CeO;-AO-TiO; (A = Ca, Mg, Zn,
Mn, Co, Ni, W) CERAMICS
3.4.1 Introduction
Commercially available diclectne resonator materials for microwave application
shwv Tugeh O s Tageh 2. bun need to be simtered s high temperatunes Tos longer duration

W attain bener densification and thereby improved performance M

They woften
ncorporate sintermg awds and dopants to reduce processing lemperatures and modify the
dielectric properties.  Densification can be promoted by the use of additives. Addimives
aid fabncation by allowing densification to occur at lower temperatures in shorier times
or by imhibiting discontinuous gram growth amd allowing pore elimination (o proceed (o
completion. At least two theones were advanced 10 explain the effect of these additives.
(a1 Liguid phase assistance - Additive with a lower melting point is uscd for densification
by meltng and coaung the ceramic particles, rapid dissolution and transfer of the base
material to 1ill the interpanticle spaces, which leads 1o enhanced densification.  The
addiive has 1w be farrly soluble in the base ceramic and several wi%s of the additive s
necessary 1o pravide sulficient hquid phase o coat all the powder particles. (b} Sold
solution ¢llevt  Additon ol a solute with a different valency enhances bulk matenal
trasport due to the ivtroduction of vacancies in the ceramic.  These vacancies render the
diffusion coellicient extrinsic by making thermal vacancy concentration insigmficant up
to a certain iemperature, 17 added in suificient quantity, o can significantly alter the rate
of material ranspon through the solid phase,

The best microwave diclectric propenties of Ce0,-0.5A0-0.5Ti0: (A = Mg, Zn,
Ca, Mn, Co, Ni, W) ceramics are reporied at a processing temperature in the range 1130-
1350°C wn the carber secthion 3.3, The lugh simening temperature of the ceramics also put
comstraints over therr smmediate wse in practeal applications. Several methods ane
proposed and investigated in Werature, like (i) chemical synmc!-u“':"'" (1) using raw
materials with smaller paricle size™ and (i) liguid phase sintering™ by the addition of

glassy materials, to decrease the sintering temperature and improve the dielectric

I
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popentics of low loss mawerials. However. cach icchnique has got many disadvamages
whih precludes the industnal production of high quality DRs™ Doping of ceramics
wih suitable dopants™******" have been estublished as an effective ool for wning the
propertics of microwave dielectric matenals. Hence to explore the possibility of bringing
down the sintenng temperature and improving the densification and microwave diclectric
properties, aliovalent and isovalent dopanis are added to calcined CeQy-0.5A0-0.5Ti0D,
(A= Mg 7n, Ca. Mn, Co. N, W) powders.  The optimizition of the syathesizong
tonditsons is done prior fo the doping. A comprehensive investigation is made (o study
e cffect of various dopants of different onic radii and valency on the densification,
smterability and diclecine propertics of CeQ2-0.5A0-0.5Ti0: (A = Mg, Zn, Ca, Mn, Co,

Ki, W ceramcs.

34.2 Experimental

The samples of CeO-0.5A0-0.5Ti0; (A = Mg, Zn, Ca, Mn, Co, Mi, W) were
prpared by the conveational selnd state ceramic route as described in section 2.1.2 of
Chapter 2. The caleinztion was done for 5 h at 1150°C for Ca, Mg and Zn based and at
W60°C for Mn, Co, Mi and W bascd ceramics respectively. The resubtant cnspy material
was ground into very fine powder. The calcined CeOp-0.5A0-0.5TiOy (A = Mg, Zn, Ca,
Mn, Ca, Ni, W) precuror was divided into several barches and different wite of dopants
were added 10 selected weight of the parent matenal. The wades w be doped were
aegonzed hused on their high temperature stable valency and depending on the A sile
stom, suitable dopants of various valencics were added.  Accordingly different wi %% of
wnous dopants such as divalemt (MgO, MaQ, Zn0, M0, CoO, CaTidy, ScTi0y &
Cos0u), trivalent (Ie04, ALO,, CrOy, Bi:0y, FeyO4 NdyOy, Smp0y, 5by0y & Lay(y).
ketravalent (£r0;, SnQ-, CeQn, TiOs), pertavalent (V204 Ta;0y NbyOy) and hexavalem
(W0, & Mo0,) were added w caleined powders of the parent materials. The resulant
miture was ground well in distilled water medium, dned and mixed with 4 wite Paly
Yyl Alcohol (PVA) as binder, It was dned agn and ground into very line powder.
Cylindrical ceramic pucks of 14 mun diameter und 6 - 7 mm height were formed under a

s
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uniax al pressare of 100 MPa  Doped Ce(d: -0 3A0-0.5TiO. (A = Mg, £n. Ca. Mn, Co,
Ma, Wb specimens were fired al an opumum temperatuce range of 930155070 2h, The
sintercd  samples were well polished to remove the surface wregulanties and their
densit es were measured by Archimedes method. Phase purity of the materials was
studbed by powder X-Ray diffraction {XRD) analysis wsing CuKe radistion and
micrestruciural analysis was done using scanning clectron microscope. The dielectric
properies (4. & and 5 of the matenals were measured in the mictowave (requency range

as described in Chapter 2, section 24210 2.4.5

3.4.3 Results and Discussion

Depending on A-atom of CeOy-0.5A0-0.5Ti0, (A = Mg, Zn, Ca, Mn, Co, Ni, W)
ceramics, the microwave diclectne propenies are affected by dopants having different
valeneies and only ihose dopants that improved the dielectric propertics are tried in
different conventiations,

Sitering  aids affect ceramues in many ways by changing the density,
microstructure, defeet strocture, and possibly crystal structure. These changes brought
abeut by the simtering mds affect the resulung diclectric propentics. The density ¢, (0, and
roare al affecied by the additives. A higher relauve density results in a higher ¢, The
selection of proper additives, their optimum quantity and optimum processing conditions
are effective n enhancing the quality factor. The parent materials, CeDy-0.3A0-0. 5T,
1A = Mg, Zn. Ca, Ma, Co, Moo W) mixtures are doped with WOy, Mo0,, Sh.04, V04,
TayOu, N0y, Ze0y, S00;, CeOy. Titdy, IOy, AL, Ce0y, BisOy, Fes0y NdiOy, Smy0,
La;0y, Mgld, MaO, Zn0. M0, Cul), CaTi0,, SITi0s & Coy(y to tailor their dielectric
propertic.,

In the Celyp-0.5Ca0-0 5T10; (CUaT) system, addition of 4 wi% Fe:(, and 0.3
Wi Ur:0y shightly mmproves the quality factor of CeQ-0.5Ca0-0.5Ti): from 9500 GHz
1o | 3000 and 10400 GGHz respectively (Table 3.3). However, addition of Cry()y, Fe:0,

I
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Table 3.3 Microwave diclectrie properties al doped
CeDy-0.5Ca0-D5Ti0; ceramic sintered at 1550°C/2h

i_ Dopant | Dopam Density | e | = f
Level | igem’) | (Ciblz) ppm™C
¥ ]
N dopani . SEI_ | uS0D | 6538 199
[ WO, | os 576 | 385 | 653 412
MOy, [ 05 | £75 [ %430 | el4 346 |
| _Nbitl 0% .73 2320 [ 32l
L_Sbh 0% 5,78 HlGs thl.f 145
Sni). 03 579 | ®465 | 626 302 |
(L5 574 KR60 61y 3o
Celd, 1.4 5.80 10200 il 4 Xis
= 20 | sks | 88s0 | 637 356
| Ly, 05 | 56 | #320 | 647 397
Nl [ SR mdal ik & M2
| Bagly (.5 574 R0 6l 389
b5 i i k(M 582 ELLE
245 574 R 1.7 152
Ciraldy 50 576 LT 42.2 44
.0 sS4 £145 TR 12
T 568 4525 3.5 )
| sn | s77 |40 | 350 | o
[TE] .m0 S oik.2 S
25 74 10200 | 505 123
4.0 14 1 3000 473 @
Fe.0n LA 5.2 Haal 44 4 At
b0 5.72 oK 443 3
3] 5.7 14im 43.7 22
0ns 580 AR [T 1M
Akl 2.0 o | RS0 4.0 172
4.5 577 2450 46,8 92
75 873 1 Juu__L 417 I 15

td MnO improves the 1 10 0, 22 and 35 ppm”'C from the originally 399 ppm~C
mspectively.  The tonic radias of Cr' (0.615A), Fe' (0,55 A) and Mn™ (0,67 A) are
comparable to the ionic radius of Ti" (0605 A)™  Hence Cr'', Fe' and Mn'" may
diffuse into the Ti'" site. Fig. 3.15 shows the EDXA spectrum of 6 5 wi®s Fe0; added

Ce0:-0.50a0-0,5Ti0; coramw. The prosenve of two types of grans CaTity, and CeOy

r?
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pives evadence for the mixture behaviour, Analysis of CaTiOw gram (spectiam ) cleardy

shows that Fe'' entees the CaTild; gronn and there 5 no presence of Feo an the Cely

gram {spectrum 23 Fig. 3,16 shows the vanaton of rowith concentration of Cr-0,, Fe,0y

ad Mpd dopants i the Celdde-03C20-0.5Ti), composite. The r, decreases with the

ibareastng amount of Cratdy, Fesddy and Mo additivies

T m— Y N —
Flymgnts | AMomic®s | k Irr.-rn:h- L Adamie s
ik BYLT K 1 |'.'_'.'1
Lmk : 1324 | Ca K 044
Ti K 121 Y
ek | i | [ Gel | aria
Ll [T 1

Fig. 15 EDXA specirum of 6.5 wi*s Feyy added Cel)-0.5Ca0-0.5THD, ceramics
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L] | H 2 i 5 i 7 L] L]
[ angansy atiss af Nopand fur 59

Fig. .16 Tuning of vy towards eeve in the Celdy-CaTily composite
uskng different amount of Crgddy, Feglhy and Mot} dopani

The CeO-05MpO-0.5Ti0): (CMeT) ceramics has £ = 224, Oaf - 17500 Gliz
aed 0 <62 ppm M0 Addition of small amounts of WO, Mo, Sh.0,, Fe 0y and Mn
| under 2 wi™) increases the qualuy factor (Table 343, Toanium based ceramics have
W Ti" oxidation state. Tt has been reported™ that heating at high temperatures in air wall

lead 103 reduction of Ti'" w0 T1™, This reduction is well known to increase the diclectric
bss” Hence the addition of oxidizing agents such as WO,, MoO,. b0, Fe.0, and
MrD may be expected 1o maintain a high quality factor. A quality factor {/xf = 90000
GHz s found by the addition of 2 wi®a WO, o the Ce0y-0 SMgO-0.5Ti0; composite
with ¢, = 11 4 and 7, = -50 ppm’'C. By adding 2 wi®a WO, + (L5 wita TiO; o this system
10/ of 87700 GHz with & = 21.3 and slightly improved 1, = -48 ppm"/C 15 produced.
Samilnrly, addition of 1.2 wis MoO, + 1.2 wie TvO: gives (Lf = 60250 GHz. Although
#e quality factor 15 considerably improved by small amount of dopants there is not much
mprvemient in esther the relative permutvity or 1

The Celhlb 520l STHY. (CAn T hax QLf © 24100 GHz. & = 26,0 and £, = -3
por T Addiion of ¥ wis Coy0; improves the quality factor of CZnT ceramcs 1o
3100 GHz but there 15 o decrease n & (Table 3.35) Co'' (063 :ll.j is having an ranic
ndius comparable to that of Ti" (0,605 .-Ji]l and hence partial substinution of Co o T sie
may be the reason for the mdorcase in qualay facter. All other dopants such as WO,

e
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Mo0,;, Sb0y, Fe 05, MnO, NbyOs, V0., NdyOy, CryOy, Zr(y, Tay0s, Lagy, BiyOy,
Sn0; degrade the properties of CeQy-0 5Zn0-0.5Ti0y ceramics. None of the dopants
increase the relative permittivity or tune the 1.

Tahle 3.4 Micrawave diclectrie properties of doped
Celly=-0.58Mp0-0.5Ti0, ceramic sintered at 1400°C/Zh

Dopant Dopant l'-'mip Qutf & Y

level (gfem’) {GHz) (ppm™C)
_Awt¥s)

| Mo dopants - [ 5] 1 7500 224 62

1 1N 5.60 2560H) 216 45

20 5 64 S0000 21.4 -50

Wik 0 5.6l 41500 .1 51

4.0 557 | 27000 20.8 4%

0.6 5.38 28800 20.5 55

Mo, 1.2 5.51 33850 20.9 -56

25 5.7 25000 19.2 -53

3.0 5.40 17400 | 20.1 -63

Ny 1.0 5.51 3050 22.1 -54

Wy 1.0 5.55 13250 214 =51

1.2 [ET 25500 225 FT

Sb:0y 25 597 18700 126 -64

50 5.69 14430 | 247 -39

Ta,0y 20 575 6450 228 44

Sn0. 0.5 5.74 16500 224 -54

Zrl), 0.5 571 12200 223 -52

| B0 20 5.70 8350 229 -55

Nd;Oy 1.5 5.71 11ss0_ | 228 48

Cry0y 0.5 5 6 16700 22.1 40

La;0, 1.5 6.28 | 3100 223 -55

0.5 5.6 19950 22.2 52

Fey 1.5 569 13900 126 58

13 5.65 7020 20.1 59

0.5 513 21500 22.3 =53

binid 1.0 5.74 128150 135 51

e 2.0 5T 18620 2.5 58

| WOpT0, | 2005 | 564 87700 21.3 48

WO T 20:14 553 TG00 1.2 -5

WO, +Till: 2.0:2.5 5.47 16400 0.3 -55

WO+ CaTildy | 2.0:1.0 5.64 24250 223 47

MoOpTid; | 1.2:06 [ 551 47050 21.0 -50

MO+ Til] 1.2:1.2 5.51 60250 213 =54

MoOy+TiO; | 1.2:24 5.39 29204 20.5 -6

MoQhrCaTrOy | 1.2:1.2 | 5353 15950 216 FE
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Table 3.5 Microwave dieleeivic properties of doped Celly-0.52n0-0.5THD;
ceramic sintered at 1250°C/2h

Dopant | Dopam ]Dmsﬂ.jy dxf & } T
feved | (gfem'y | (GH2) ppmSC)
by

| Mo doponts | - 619 (24100 | 261 | 43
=0 .10 590 _EHEU' 243 -41
Mal), 0.3 587 L1250 | 2.1 =38
Sp;0, | 18 | 610 [ 8350 |62 .37
V.0 10 | S&y | 8550 |24.2 | 36
Ta:04 20 611 | 3100 | 27.1 )
Wb [I;_!':_- 6,03 5050 | 266 =33
Zr0). 0.8 612 | 23000 [ 261 37
& .0 615 | 23800 | 26.1 =15

L5 B.10 | 21800 | 25K -3
B0, | 35 581 | 3400 | 23.5 | 45

Fes | 10 | 611 | 19850 | 259 | a2
Laglh L5 616 | 15100 | 265 | -43
|_Crth 10 | &i10 | 13300258 | 43
Ml 3y 1.5 6513 | 10300 | 26.7 -30
10 | 608 |[29700 | 254 | 4D

Coslds 40 | 600 |22850 | 237 | 46
80_ | 597 | 33100 | 220 a8

T 05 | 607 [21400 (257 42

Pure CeOy-0.5Mn0-0.5Ti0y (CMnT) ceramics has & = 26.3, @ = 17100 GHz
nd 7= -30 ppm~C. In the case of CMnT ceramics only an excess addition of MaO (0.5
wis) improved the quality factor to 20350 GHz (Table 3.6). The enhancement in quality
factor with Mn™" dop'ng may be duc to u charge compensation mechanism that takes
place in dielecinc resonator materials involving Ti (Mn® + Ti"e Mn" + Ti")"
However, addition of WO;, Mo0,, 5b:0,, Nd,0,, Nb-O; and Ta;0; considerably
improves the 1z By the additon of 3.5 wi% WO, and 5 wi%e Nd;Oy the relative
permituivity increases from 26.3 10 40.6 and 37.9 respectively, The ryis improved from -
3010 2 ppm.°C by the addition of only | wi%i SbyO,, -14 ppm/°C by the addition of 1.5
wits Nd;Oy and -5 ppm™C by 1 wi%e MoO,, | wite WO,, 0.5 wi?s NbyOg and 0.5 wt%
Te,0y respectively.  In all the latter three cases Qo decrease by maore than fifty

percentage.
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Tahle 3.6 Microwave diclectric properties of doped O Q-0 5% ni 05T i),
coramic sintered at 1 20000/ 2h

Diospani [Jogrant i‘.'hcns-{:.' (haf & )
level (giomy | (i) ippm™C) |
2 W) l
o dopant . 6.07 170 | 3 1 .30
Wiy, s | sS4y D] . -4
I 4 ut 7300 4 -5
| & 805 1530 155 il
_— | 35 5.93 2660 4056 93 |
Mo, 05 503 S000 373 -17
I LR 5980 215 S5 |
1 25 552 | 3900 21.7 1
Shelh 0.5 559 10370 213 -2l
- 10 5.80 6200 8 -
[ MbOs 05 .00} 1400 289 -5 |
[ TasDn 0% .07 1600 90 5 |
Vo0, 05 5.85 BlSo | 257 26 |
Inty L0 600 | 11700 | 254 -1%
Snil; 0 [ 14700 | 266 -2
#10). 0s sol | 12000 | 263 -33
Nelsth 05 6.04 S 27.1 =21
1.5 6,01 EE 27.7 -14
15 6,02 1230 114 6
L S0 | SuM 1330 174 ELs
Fe;s | DS fir | 2950 200 -3
L Uiy 05 | el 1760 | 279 -2l
Col (K3 .00 1nfon | 244 -53
MnO) 0. 604 | 2350 | 254 -4]
| J_ 1.0 398 19500 | 24.8 -49

The undoped CeO-03Co0-0.5TD, (CCoT) ceramic sintered a1 1200°C72h has &
=22, (haf = 50000 GHz and ¢ of 47 ppm™C. An addition of 0.5 wi% of WO, increases
the (Lxf to as high as TOOM0 GHz with an improsement in ¢ (from -47 1o -30 ppm~C). [n
a sumilar way, addmon of T2 wnes the @ 10 positive value, Addition of 10 wi%e Trd,
increases the (L o 62550 GHez. By combining these two dopants, 0.5 wis WO, and 20
wito Ty, a (af of 38200 GHz, & = 21.2 and 1, = 5 pp™C is obtained (Table 3.7).
lon ¢ radius of W* (0.6 A) and Ti'" (0.605 A) are similar to that of Co™ (0,65 A). Henoe
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CHAPTER §
substitution of W*" improves the quality factor of CCoT ceramics by stabilizing the
exidation states of bath Ce and Ti.

Table 1.7 Microwave dielectric properties of doped Ce()y-0.5C00-0.5Ti0,
ceramic skntered at 1 200°C s

Dopamt | Dopant | Densaty | ot/ 5 r
level igem'y | (GHz) IppmCh
[wi%a) |
No : 6,20 4%750 | 220 a7
dopanis SN0
W, 35 .05 65750 | 220 -52
1 605 | T0000° | 210 30|
[ Shyths a5 612 | 37850 | 222 | .83
N0 0.5 $99 | 25500 | 21.8 | .50
T, [] £92 61TDD | 248 -30
I 498 62550 | M0 -15
mn 4.14 sarso” | 228 1
0 194 431007 | 210 56
50 383 Wrs | 250 105
Al 372 Sa0S0° | 259 151
Feddy 0.5 £, 00 16000 [ 312 -57
Las(h 2.5 6.10 6750 | 219 -54
Crady 3.5 <80 28950 | 115 -39
Bigh | 05 | 601 3150 225 42
 Ssm0, | 08 611 | 24350 | 116 | .54
STl 1 6,17 9700 | 230 -43
CaTiO, [ 6.10 A0 | 236 42
i 62 2550 | 240 .36
WO+ Ti0: | 0510 | &40 | 59700 | 250 1]
WO Ti0: | 121D 534 53150 | 240 .12
WO+Ti0y | 0520 490 | 582000 | 21.2 -

*  measured in vaowam

The undoped Coly-0 3NI0-0.5TiD; (CNIT) ceramic sintered at 1200°C has & =
I8, @f = 25300 GHz and 1, = -5% ppm“C. Addwtion of WOy, Moy, Cry04 and Fe, 0y
mmproves (1xf shightly and addition af Tay0Os, Bix(hy, Fex(h and WO, increases £ slightly
The ionic radii of W*' (0.6 A), Ma"™ (0,59 A, ©F (0,615 A) and F¢® (0.645 A) are
similar to that of Ti*" (0.605 L), Henee Cr'”, Fe'", W™ and Mo* may diffuse into the Ti"*
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site and improve the diclectng propermies. Addimion of 1 wi%s Mo, tune 1, from -35 1o -
21 pp L i Table 385

Table 3.8 Microwave diclectric propertics of doped CeCly-0,5800-0.5Ti0y ceramie

Dopant | Dopat | Sintenng ﬂm.ﬂ'lly Q. P Ty
level temperiture | [gfem} (Calle) ippm™C
[ i) | ('C) For 2k
Mo | - 1 200 5318 25300 1.0 -58
dopants
Wi, s I 240 ] 27150 &7 -5
I | 235 526 26750 9.8 53
MO, | 05 | 1240 156 32500 14.0 45
| 1 208 68 00 | o 2
Sh-dd, 03 1240 R | 23010 16,10 -5
_______ S T 4.6 24400 20,5 -0
Nhah 5 1 241 562 18150 21.2 =1
25 | 1230 627 25750 184 4%
| Ta:0; [E 1240 5 70 18500 | 301 -55
[ Bi,0y, | 05 1240 f 2K 1T | 210 73
Fe:lh s 1 240 | 4 26ADE Mo -5
AL S D | 240 445 | 23400 180 -5l
LaizChy .5 1244 472 | 18150 180 =51
| T | 240 4 6K 0150 174 «71
5 Crylh, s 1240 .01 | 27300 17.2 46
LA 1 1240 B 26804) 134 -54
I~ Amglly 5 1210 4.17 226y 14.5 47
| 1 1205 432 1450 | 120 -l
[ Ndsi), 04 1170 435 21100 14.3 .42
| | 1210 4 il 208000 151 -52

I'he undoped CeOp-05WO -0 5Ti0y (CWT) cormmic simtered at | 130°C:2h has g
17, Qaf = 39800 GHz and 1, ~ 7 ppm™C. The Quf of CWT system shows an
enhancement in {xf up 1o 45500 (GHy when measured in vacuum. This system tums out
o b the most complex composie, Addinon of even a small amount of dopan (005 wi%)
decreas 24 the quality factor and relative permitivity. Addition of 10 wt% CeQ; improves
the r, 10 5 ppm™C with & = 163 and Qxf = 53000 GHz (Table 349 [n all cases,
undoped or doped, the CWT svstem has a low smtenng temperature around 1130°C. The
sintering temperature of CWT is decreased from 1130°C w0 950°C by the addition of 0.5
wite of 502004080, 1050, (ZHS) glass  The 05 wi% ZBS added CWT has £ = |
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T4 P = 10700 Gz and £ = 32 ppm™C. Hence it can be used as a possibie candidate
lor LTCC applicatons

Tabde 3.2 Microwave divlectric properties of daped el -008 WO -0L.8TIO, ceramic

I Dopant | Simtering rmm Outf I 5 —l
By ooy | e | gem') | (Gitz) “ | womec)
Mo dopants - 1130 545 | 39k00 | 170 7
= 45550"
Ny, D, 0.5 L0 457 | 11900 | 120 5
11 1o 5.08 o450 | 119 13
Sb,0, 05 130 53 | 18700 | 161 -7
48550
I RRLE 550 7000 | 180 =11
48350
Ta:0 K] Nie | 469 | 16800 | 12 14
| 11 542 | 13600 | 14 13
) A 31350
o, i 1130 Sa0 | 1e200 | 168 | 12
S5100
| [ 1130 537 | 14300 | 16 20
el 34000
Cely 5 L0 564 | 14300 | 157 19
A0H00
L R 582 | IR6O0 | 163 5
S3000°
Fealh 05 TED 565 | 22450 | 158 1%
37950
[ i s66 | 14100 | 169 1%
3RT00°
L0 i3 1130 5.4h 19350 | 158 25
_ 410507
Cra0, X3 130 S31 | 20750 [ 153 19
<1050
| e | 536 | 20800 | 17.0 17
R . | 51500°
Bis0yy s (FRi] | 58§ 13250 | 170 0
S A M 1
Ny [ o5 | 1w 54 25 {1567 ¥
' | 35900°
| 110 56 | 14400 160 6
20400°
SEn0 A0B0, 1050, | 03 9s0 | s42 | 10700 172 32

* measured in vacuum
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Lable 310 Summury of mivrowave dicleeiric properties of Celd-A0- 10,
P O Mg, o, Mo Ca, S5 W composites s their most promising dopants,

AT Llnprm AT Fi r Ty
alsnpinen level | (Gt L
[T B ]
CCal - QLR B5 5 LUt
el 100 " 330 150 il
LS T - 7800 | 224 =]
CaleT-Wey 3 A 24 -5n
B rnl = Mot | M| T
LR AT TR H EERIT 224 -4
T (A ; [T | 263 .3
T N ] SRl AT 5 -5
[ ol ; sigea | 220 A7
ClnT 8 WO 10 Tooa™ | 216 30
CCw] s WILATIO | s 3 (a2’ | 22 4
Ll . 25 3 | =41 AN
% Al | RER LT N =21
’_ LT . 455000 | 170 7
| CWE - Celd- 1 S| 163 4
-

AR B TEEC TS T ATV

:

s ity

[ Tt

3 8 3
Fig, L7 Vardation of (1, v fwith dopants Toe O el AT,
(A= Mg e, 0w N diclecirie coraimin

The Cetd-AD-Titd: (A 0 Ua, Me. S, Mo, Ce, N, W) ceranncs have
permtiviy G, 0o the rmnge 170 1w 65,5 and quality factor {¢f up 10 50000 GHz.
ramges frinm 3909 ppm 0 e <62 ppm O Additon of diflerent dopanis improves
mivrowitse diclectric propoertics as shown in Fig 317 and Table 300, The
pravprerties e vblnned for Cet)-0 5Me0-05Ti0; doped with 2 wi Wik, It

viery Digeh G ol IR &Gl e, o - 21 4 omd 5 =30 ppam "0
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35 SYNTHESIS,CHARACTERIZATION AND MICROWAVE
DIELECTRIC PROPERTIES OF ATiO; (A = Co, Mn, Ni)
CERAMICS

351 Introduction

The strucrural amd nuerpstruciral analysis showed that CeO,-0.5A0-0.5TrD: (A
=Me Zn, Ca, Mn, Co, Ni) cornmics s a composite of Nuorite Ce()- and perovskite
ATeOy A« Me. An, Ca, M, Co, Mib. A survey of hieramre shows that microwave
dieectric properties of ATIO (A = Mn, Co. Nij has not been reported and this monivated
us b miake o systensiic study of ATl (A = Co, Mn, Mi) ceramics

Severtl studies on ABLY, tvpe muteniads hive been reponted with useful microwave
delectric properties. 0 The CoTiOy preparcd by solid-state  reaction at high
temperature has been studied for possible use as a humidity sensor and catalyst. Chu o
al " reported the gas sensitivity of nanc-CoTiO, for detecting ethanol gas. Luo et al”™
srthesized ZnTi0, and 1 Zn, ,Co,ITIO, (v = 0.5-1) ceramic powders at a low temperature
by a sol-gel route including the Pechim process.  The dielectne propenies of (£n,
Lo Tty were measured ar different frequencies and at x = 0.5, the muaximum value
eusts for both relative permuttivaty and loss tangent. MaTi0, and NiTiO, nano powders
were prepared and structural properties were  investigated W The synthesis  and
wuctural detmls of matenals haviog the AR, foem with ilmenite stracture have been
subed ' but the diclecinie propertios have not been reported.  Non-stoichiometric
MTIOy (M = M, Pb, Fe, Co, Mn. Cu and 203 have been siudied as functional inorganic
mateninls with wcke u;!pln:.mmm in electmades of sohd oxide fuel cclls (SOFC), metal-air
bemers, pas sensurs and high performince catalysts. ™ ™ The ATiXy (A = Mg, Fe, Co,
Mo, Ni} compounds (ilmenites) have a shghtly distorted hexagonal closed-packed
amngemcnt of atoms and can be regarded as an extremely distorted perovskite denived
Hrom the archetypal struciure by extensive polyhedral rotation.  The tlmenne stracture 15
tmordered denvative Jf the corundum structure. 1t is adopted by AB'X, and A'B7X;
tompounds when A and B catsons are stmilar i stze and the A canon s moch smaller

fun the X anion.”" Typically, ilmenite-type structures are formed when the Goldschmidt

I'l'l
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CHAPTER}
tolerance facior () s less than 0,75, g idmenite, FeTid; (¢ = 0.73) and pickiclite,
Mg Tl ¢ = 0070 In thus chapter we report for the first tme the microwave diclecine

propertics of a new group of AT, (A = Co, Mn, Ni) ceramics.

3.5.2 Experimental

The ATIOL (A = Co. Mo, Ni) diclectric ceramics were synthesized by the
conventional solid state ceramic route as descrbed i Section 2.1.2 of Chapter 2. High
purity chemcala ot hy ANk, MnCEY, (Aldrich, 999+ =), MO (A dnch, 99 %.) and
Tild: (ALInch, 99,9 %) wire used as starung powders,  Stoichiometne proprortions of the
chemscals were weighed and ball mulled for 24 hours using zirconia balls i distilled
waler medm,  The slurry was dricd and then caleined for 5 hours an 10758°C, 1100°C and
H25°C for Co, Mn and N1 based ceranncs respectively,  The  well ground calcined
powder (0.1 pm) su obtained was then pressed into dise shaped pucks of 14 mm
dismeter and about 7 mm height a1 a pressure of about 120 MPa using a WC die. The
preen compacts were fired at 4 mae of 5 'min up to 600°C and soaked at 600"C for 30
minutes to oxpel the binder. The pellets were sintered in air i tempesatures i the range
between 1350 - 147570 depending on the A awim at a heating rate of 1070 min. After
simering the samples were allowed o cool down 10 room temperature at 2 rale of
5 'min. This is [ollowed by anncaling the ATiO, (A = Co, Mn, Ni} samples in air &8
1250°C 8h, 1105000 and 1225°C78h respectively.  The samples were then polished 1o
remove surface amregulaniies. The densities of the samples were measured by
Arcumedes method  Phase purity of the matenals was studied by X-ray diffracticn
techmique using Cuko radiation and nucrostructural analysis wus done using SEM
techaiques. The diclecine propertics {0, & and 5 of the matenials were measured in the

microwave frequency range a5 Jescribed in Chapter 2, section 24,210 2 4.5

3.5.3 Results and Discussion
The svothesieme  condinons  suell 25 calomanon  emperatune,  sintcring

temp rature, anncaling temperature and their durations are optimized for ATk, (A = Co,
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M, Ni) diclcctric ceramics to obtain the best density and dielectric propenies, There is
a0 change in density, dielecirie properties or m XRD pattern when sintered ATi0, (A
Co, Mn, Ni) samples are boiled in water indicating excellent chemical and thermal
sability of the matenal.

Fig. 3.18 shows the vananon of pereentage density with sintering temperature for
ATIOy (A = Co, Mn, Mi) diclectric ceramics. The CoTiO, ceramic which has a black
olour shows a densificanon of Y%8.5% on antering ar 1375°C/20 and golden Brown
todoured MiTidy shows a densalication of 92% on sintering at 1475°Ch. However,
black coloured MnTiOy ceramic puck shows a relatively low percentage density of E%%
on simering at 1350°C/2h.

oo

—— MATIO

by ——CaTiO,

F e =
By
< 9
g
2 -
£ om
i
L2

L

1260 (1M 135K 1400 (450 1880
Slatering Temperature (C]
Fig 318 The variation of percentage density with sintering

temperature e ATIC, (A = Co, M, Ni) ceramics
In titanium based ceramics titanium is 10 Ti' oxidation state, It has been reponed
tar™ prolonged heating al high temperawres will lead to the reduction of Ti'" to
Ti"which may degrade the diclectne properties. Hence, we have anncaled ATiO; (A =
Co. Mn, N1} ceramics at various temperatures and optimized their annealing temperature
o get the best quality factor (Fig 3.19). The opumized annealing temperatures are
1250°C, 1150°C and 1225°C for ATIO; (A = Co, Mn, Ni) ceramics respectively, Fig.

120 shows the optimization of anncaling duration of ATIOy (A = Co, Mn, Ni) ceramics
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and for all the three ceramics the oplimized duration is ¥ hours. The uniform colour of

ATIO (A = Co, Mn, Nib samples docs not change on annealing.

.
N, —a— MelEs ) o
= CT el ._;Jalgfi:f:;;bhﬁhh_“‘
L ]
=t a1k
- Rt = 50000 - —a—aTit,
] 1] e N T,
= 04 =
= u_“'
MUS LR e
el AT vis'c
chs | — e e
S L i AT= 1135°C
11 TR 1080 124 L RO e =
Amnraling Temperature (') Anncaling durathss (in Bsurs)
Fig. L1% The variation of (f o with anncaling Fig. 330 The varlation of {xf with annealing
temperature for AT (& = Co, M, SN0 ceramics. duratbum for ATHY (A& = Ca, Mn, Ni) coramle,
Annraling duration is ® hour AT- Annesling temperaiore

3.5.3.1 Phase and Microstructural Analysis

The XED patterns of ATiOy (A = Co, Mn, Ni) ceramics recorded uwsing CuKa
radiation wre <hown in Fie 121 The powder patterms are indexed and are comparable
with JUPDS file card numbers 150866 (CoTi0u), 290802 (MnTilhy) and 3308060
(WaTiy ). XKD paviern of MiTily snnealed st 1225°C78h s shown in Figure 3.21{c).
AT (A = Co. Mn) ceramics are single phase and an additional second phase of TiyOy
JCPDS card no. 23-606) 15 found in NiTi0,. Kofstad"' reported that at temperatures
above 1300°C all the oxides of tilamum (T, T, Ti04, Ty, Ti0s) are formed &
reaction products depending on the oxygen pressure and elapsed time of reaction. The
ATIO, ceramics are hexagonal with space group R 3 (148) and having six formula units
per unit cell

The 1wlerance factor for ABO, ceramics 5 caleulared using the following
5
l.'_]l.I:I.lIIJI'I

£t (3.4)

il ;JEr, sr ]
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where r,, ry and g arc the jonic radii of the constituent jons.™ The tolerance factors (1) of
ATIOy (A = Co, Mn. Ni) ceramics are caleulated to be 0.72, (.73 and 0.74 respectively

limenite type structures are formed when the Goldschmidt tolerance factor (7) is less than
D.TS.II

Fig. 3.21 XRD patterny of ja) CaTidy (b) MnTil, ()
NITilh (wnnealed st 1235°C8h) ceramics ¥ - ThO,

Fig. 3.22 shows the SEM mucrographs recorded from sintered and thermally
exhed ATIOy (A = Co, Mn, Nij dielcctric ceramics.  SEM picture of CoTiO, is
bemogeneous with an average grain size of 30-55 pm and MnTiO,y grains about 50-100
um. Figure 3.22{d) shows the SEM micrograph of NiTiOy anncaled at 1225°C/8h. The
microstructure of MiT10; shows large umiform grains of 15-35 pm with Tiy0, secondary
phase (4-15 pm) in the grain boundary. Although SEM study of NiTiO, shows dense
geamics, the percentage density is only 92%. This 15 due to the lower density (4.05
gem') of TiyO, phase present in NiTiOy. In general the ATiO, ceramics have relatively
large graims,
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Sl TH443 II-.__EII = i Tl Yiiies BT ERLBEFM

|-|_|_I T3 &EN) |'.||-\,'|||:|u.p!n wof ja) O aTECh, thy Mn Tk, de) SETR, () STTH0,
anncaled af 1225°%CBh cornmies

3.5.3.2 Microwave Dielectric Properties
Fig, 3,23 shows the varaiion of miorowave dielectric properiics wiih sinbering
temperatare of AT (A © Co, M, Ni) ceromics. The relative pormuttivety amd qualsty

facwor moreuse with smtening température reach a maxamum value an 1375, 1350 and
[475°C and then decrease for ATiOs (A = Co, Mn, Nij ceranmies respectively.  The
relotive permitliviey and gualiny factor show the same trend a8 that for percentage
demsslicieton i ATICH 1A = Uo, Mn, S ceranics

[ decremses with simenng femperature for ATick (A - N Nab excepl for
Calid cernmics Fig 324 shows the vanotion of diclectric properiies before and afiy

anncalineg of AT, A Cos, Mo, Mi) cerammes. Both CoT:0, and MnTi), show s

constderable merease i Junf whereas NiTilh; shows only o shight increase in the quality
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iFig. 3.19). The relative permitlivity does not show any appreciable change with
mnealing but 1, increases o the negative side
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Fig, 1.23 Variatlan of {8) ¢, (b) @0 and ic) Fig. 3.24 The microwave dielectric
Ty with sintering lemperature of ATIO, propertics (g, Qg and v of ATIO,
i %= Co, M, Nij ceramics (A = Ca, Mn, Ni) ceramics

Teble 3.11 gives the optimized synthesizing conditions and microwave dielectric
poperties of AT, (A = Co, Mn, Ni) dielectric ceramics. The as-sintered CoTiO, has a
Qafof 37500 GHz which increases to 62500 GHz on annealing at 1250°C for 8h. The
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ManTid, cerames anncaled wt 11507 8h has o {207 of 15200 GHz The NiTi), has a
L of 13900 GHz when annealed at 1225°C8h. Popov and Levitskn™ reported that Ti
in U0, get reduced to 1V high temperature producing oxygen vacancies

Tahle 311 The svnthesiving conditions and diclectric properties of
AT (A = Ca, Ma, Mi) dielectric cermmics

] : LEET i
. . Jag ! L
Satcrisl X 51 ;;‘;:m::: AT Obwernd | 1ty 1GHe) b
L) 1) ™y i “ I:l.. ibcfre | fafter | ippm™C)
P o : _Amni | Annb
LaTatd, | LOTR5H [ 13753k KA | 250k %% 17800 | G350 A
| inTurn {05k | 1350 2k ETNi] INEITE ] i %A 1S XK) 1
! PR RN R R B je— ' - e e ——— e g = F_ e ]
{ silati, | MR Sh ) 14754k | 920 1224 8h e L 1 B J. A

CT-Calcination Temperature, 5T- Sinienng Temperature, AT- Annealing Tempernure

The presence of oxypen vacancies deteriorates the guality factor. Anncaling the ceramic
saniples decrcases the oxyaen vacancies and improves the quality factor. The MnTi0,
have poor densalication and SiTi0 contains a sevond phase. Hence these matenals have
relatively low gualiny factor as compared o that of CoTiCy, The o of all the three
cermics s about <50 ppm T

MaTi) hos the highest g, of 243 and CoTicl and MiTi0, hive o of 198 and
1497 respectively. The relanve permigtivities of AT, are cornectod for porosiry using the

folle wing equation derived by Penn et ol ™

e
o) =) [0 T}i -1_']-::-7"1.] (35)
where £ 'i_u the measured relative permintivity of the compound which comtaing »
fractional porosity P and (£ ] s the actual relative permintivity of the diclecine. The
percentage deviation of ohserved &, from porosity corrected o, 15 maximum (16%) lu_i
M Ty due to its lower percemage denany. CoTiOy which has 3 maximum percentags
denst v (98 3%) shows only a very shight deviation (1.5%) while NiTity (92%) show

e ceviatien
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The & of ATIOy (A = Co, Ma, Ni) diclecine ceramics 15 caleulated using the
following Clausmes-Moszatt equation and are given in Tahle 3,12

W+
h:. ]____. = A E{Eq'

2 {3.6)
W -dma,

where ay, s the total dielectre pul:lri;.'rability“?and Vo is the molar volume. The ubserved

£ s n very good agreement with that caleulated using Clausius-Mossoui equation.

Table 3,12 The diclectric polarizability and relative permintivily
of ATi() (A = Co, Mn, Nij coramics

- s

L Parosay Claussivs- Mossott e & l
Mharcral Corrected £, (). (e Ax (V)
CoTic 198 ; 20.0 [.1
MinTilh M43 6.8 0.2
NiTi0, 19.7 1738 1.5

The ATi() (A ~ Co, Mn, Ni) ceramics have moderate relative permittivity and
qualiy factors. However, their high negative 1, precludes immediate use in practical
gplications 1t may be possible 1o improve their 1 by suitable doping and by sold-
sletion fonmation.

36 CONCLUSIONS

F Microwave dielectne ceramics based on 2 ceria-titanin based system [Cel;s-
0 5A0-0.5TiO; (A = Mg. Zn, Ca, Mn, Co, Ni, W) are prepared by solid-state
peaction method.  Tlwese coeramics syslems are 3 composiie consisting of
flusrite CeQ- and ATi0, with high density and interesting individual diclectric
prapertics depending on the coexisting ATIO: being formed.

# The symhesizing conditons of the ceramics are optimized and dielecing
prapertics are measured in the microwave frequency range. The ceramics have
relative permittivity (r,) 10 the range 17.0 to 65.5 and quality factor v/ up lo
50000 GHz. The ¢, ranges from 399 ppm/'C to -62 ppm®C.
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# The quality factor increases considerably on cooling for Celh-0.5A0-0. 5T,
(A = Mg, Zn, Ca, Mn, Co, Ni, W) ceramics in a manner, which is similar 10
pure Cey. Highest (2, 1s observed for the Ce0,-0.5Mg0-0 5Ti0; system and
at 20 K reaches as high as 9R000 (= 539000 Giiz)

# The effect of dopants on the microwave diclectnic properties of Ce(),-0.5A0-
AT (A = Me Ao, Ca, Mn, Co, Ni, W) ceramcs are investigated, Suntable
dopants of various valencies are added o twne the microwave dielectrie
praperties. It s found that small amount of depants could dramatically alier the
dielectnic propertics.

F CeO0.5C0-0.5Ti); composite doped with B wi% Cr.0; decreases the 1
from 399 ppm"C 1o soro ppm™C. CeOu-0 5MgO-0.3TiO: doped with 2 wi%
WO gives a very ligh Q.o of 90000 GHz.

= AT (A = Co, Mn, Ni) diclectnic coramics have been synthesized by the
conventional solid state ceramic route. ATiO, (A = Co, Mn, Ni) ceramics have
hexagonal symmetry with B 3(148) space group.

# The symbesizng comdmions of ATO; (A = Co, Mn, MNi) ceramics are
optimized and annealing of these ceramics for 8 hours improves the quality
factor.  The relative permimivity vanes from 19 to 25, Ouf from 13900 w
62500 GHz and ¢, of abou -50 ppm/™C

The symbesis, characterization and microwave dielecinic properties of CeDy
05AO0-05TiOy (A = Mg, Zn, Ca, Mn, Co, Ni, W) ceramics are investigated in this
Chapter. The effect of dopants which control the microwave dielectric properties of the
ceramics are also discussed. This Chapter also reports the synthesis, characterization and
microwave dielectrie propenies of ATIO; (A = Co, Mn, Ni) ceramics Tor the first time,
The next Chapter discusses the BaO-CeD-TiD; ceramics for DR applications,
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MICROWAVE DIELECTRIC PROPERTIES
OF Ba0-CeO.-TiO, CERAMICS

This chapter discusses the microwave dieleciric
praperties af BaO-Celly-Ti), ceramics. The properiies were
Sfound to depend on the Ticd; and CeQ, content in the BaO-
CeO-Ti0, ceramic. The influence of dopants like WO,
-JJ'H‘I:}J. Sﬁzﬂh r.rﬂ'_-;, Tﬂ'_-ﬂ_r., h‘b}ﬂﬁ. E.rﬂ,. Sﬂﬂ_ﬁ. Tfﬂ_;n_ Frjﬂj.
C.F';rﬂ'j, Smiz0y, Aly0y, MaCa, N, Cul) & cﬂ;ﬂ; on the
microwave dielectric  properties  of Ba0-3CeQ~4Ti0,
ceramic were also investigated. Small amoant of Cu0 doped
with BaO-3CeQ~4Ti0; ceramic lowered ithe sintering
temperature from [260 te 1050°C withour degrading the
microwave dieleciric properties.  The (I-x)Cell-xBaTi 0,
ceramics prepared by the solid-state ceramic route is @
cemposite consisting of fluerite CeQ; and BaTi 0y phases.
The density, relative permittivity and temperature coefficient
of resomamt freguency of mixtures predicied by the
appropriate  mixing relations agree well with the
experimental vafues in (1-x)Ce0=xBaTi Ly ceramics. The
effects of addition of B,0, and CuQ on the simtering
temperature and microwave diefectric properties of 0.5Ce0 -
0. 5RaTi )y ceramics were also investipated.
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41 SYNTHESIS, CHARACTERIZATION AND MICROWAVE
DIELECTRIC PROPERTIES OF BaO-CeO,-TiO; CERAMICS

41.1 Intreduction

The rapid advance in wireless commumcation in the past decade was because of
the revalutimary progress in the discovery and development of increasingly sophishicared
miateritls. The use of these matenals in the circunry of wireless devices, microclectrone
technology and . monolithie microwove  micgrated  circuits IMMICY have led
dramatic decrcase i the sire and weight of devices such as cellular phones in recent
voars. The excellent performance of the circuit is mainly controlled by the properties like
relative permitlivity e, ), unloaded quahity Factor (€0 and temperature vanation of
resonant [requency ir) of the materals used.  The scarch for new matenals is in rapid
progress wawing b the dove Tor further system minitwnzabon and improved  Glierng

Ll

capatrlines ™! Bumberger et o reponad the exastence of o new  compound
SrCe: T, wak pseudo cubne structure m Sr0-CeQs-Ti0: system.  More recently,
Subodh er ol " reported single phase compounds in the Sra.CeaTis. Oy, . senies with
reasomably good diclectnic properties,  Henee we have mode an attempr w prepare the
analogous compound Ha - e T 04,

The BaTilh,, Ba:Tedd, and BaTi,, in the Bath-Til): binary sysiem are low loss

wing)ag

declectric coramic materials for microwave communicatian Ceramics based on the

wermary BaO-TiO-RE O, (RE = Rare carth) are extensively used i the manufacture of

LS LR

clectrome  components Many studies proved that these ceramics comaned
secondary phases like RaTi0,, Ti0., RE:Ty0 e in addition to the major phases like
Ba, REeo, TigOu" ' Although considerable amount of work has been done on the
phase formation, structure, mcrostructure and microwave diclectric propertics of BaQ-
Tik-REA), (RE = Rure carth) coramics, very Ligle attention was given to Ce-based
compounds.,  Cerum oxide (Celd:) s an altractive insulating material because of its

chenuecal stabiliny, close lathice match with silicon and interestmg microwave dielectric

properties which is discussed i section 3.2 of Chapter 3 In contrast to maost of the rare-
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earth elemenis, wiieh are stable i g i ossdation siate 3+, cenum 15 most stable in
exidation state 4+ Ceriumi111) oxide (Ce:0,) 1 highly unstable and ignites in air even at
room temperature. ! The stability of (3+) and (4+) valence states of Ce depends on the
exygen partial pressunc, lemperature and ervstal lattiee environment. Low oxygen partial
pressure and high temperature stabilize the Ce'” valence state.™ Hwang of ol studicd
the effect of Ce substitution for Ba sites on the dielectric propertics and micro structural
development of BaTi0,. Makovee and co-workers noted that Ce is incorporated as Ce'
isto the Ba® ' site m presence of excess Til):, and as Ce®’ into the Ti' site in the presence
of HaQ) in the ambient stmosphere, because of the multivalency of Ce ions. " 1t was
reported that the solubility of Ce in (Ba,..Ce,)TiO, is approximaiely 8 mol%, while that
of Ce into Tt in the Ba(Ti ,Ce, 30, solid solution 15 more than 30 mol%,  Equilibrium
in the temary Ba0-Ti-Cetd, system was deseribed by Guha and Kolar™ and no temary
compounds were detected. Extensive mutual solid solubility was observed between
BaTi; and BaCeOy. Kolar™ also studied the phase equilibna in the system BaO-Ti0;-
Ce0,. Hoffman and Waser’™ used chemical method for the preparation of BaO-Celd,-
Til); compounds, Sreem ovlanadhan ef ol ** reponed the microwave dielectric properties
of BaD-2Ce0:-nTiCd; (1 = 3. 4, 5) ceranucs and obtained the symmetry of these
oompounds using FT Raman specira.  The microwave diclectric propenties of Ce(,-
BEAD-LETION (A = M. £n. Ca, Mn, Co, N1, W) dielectric ceramics were discussed in
the section 3.3.5.2 of Chapier 3. In this chapter we repon the syathesis, characierization
and the effect of T, and Celdy; content on the structure and microwave diclectric
properties of Bat)-Ce0,-Ti0; ceramics.

4.1.2 Experimental

The samples of CeOy-HBal)-Ti(d; were prepared by the conventional solid state
eeramic route as descnibed in Chapter 2, section 2.1.2. High punty chemicals CeQ; (IRE,
§9.99%), BaCO, (Aldrich, 99+%5) and Ti0. {Aldrich, 99.9%) were stoichiometrically
weighed and then ball milled in distilled water medium using zirconia balls in a
polyethylene container for 24 h. The slurry was dried and then calcined for § hat 1150°C.
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The calemned powders wene again ground well for | honoan agate moerar and then mixed
with 4 wi %a solution of puly vinyl alcobol (PYA) as the binder. The slurry was dried,
ground and pressed into cylindncal disks of diameter 14 mm and height about 7 mm
wider a pressure of 100 MPa The pellets were imtially preheated at a rate of 53°C/min up
e GOUCC amad soaked for 300 minutes 1o expel the binder and then fired at a rate of
FFChmn up to the sintening temperature. The samples were sintered in the lemperature
range between 1200-1280°C for 2 b, The sintered samples were well polished and their
bulk densitics were caleulated by Arclumedes method, Structural phases were identified
by powder X-Ray diffracvion (XRD) wechmgue using CuKa radiation. Scanning electron
mucrographs were recorded from the surface of sintered and thermally etched samples 1o
analyre the microstnseture of the ceramics.
The dieleciric propertics &, (2, and &, of the materials were measured in the
microwave frequency range wsing resonance technique as deseribed in Chapter 2,

sechions 24 2o 2 4.5

4.1.3 Results and Discussion

4.1.3.1 Characterization and Microwave Dielectric Properties of BaO-
2Ce0-nTiO; (n=6...... 15) Ceramics

The epumized smtering temperature to get the best density and  diclectne
properties is 124000 2h for BaO-2Ce0.-1T10: (0 = 6., 15) ceramics, The XRID patterns
0" Bal-2Ce0,-nTiO: (n ~ 6, 8, 10, 12, 15) ceramics recorded using CuKea radiation are
shown o Fig 4.1, XRD studies reveal that these are multiphase compounds containing 4
mwixture of CeQ: (ICDD Card No, 34-0394), Ba,TiOy (1ICDD Card No. 35-0051) and
Tud:(21-1276). As the value of » increases the intensity of rutille phase increases. This
is clearly evident from the peaks of TiOs at 276, 36.2 and 54.3 degrees respectively.
XRID swudves indicate that the expected BayCea Ty 5.4, 15 not formed in analogy with

S T TTON § DO

The phase diagrams of BaO-REO4-nTi0y (RE = La, Nd; n = 3, 4, 5) compounds

have been studied in detail by many researchers.™ " Those reports showed that cerum
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would nor come under this phoase disgram because of the +4 valence. XP5 studics by
Sreemontanadivan of wl showed thay Ce exists as o muxwre both as Ce' and Ce'' in
BaO-Ce O e-nTi): e = 3, 4, §) cermmes in the 406 stoichiometry near the sinlenng
pemperatuee of 12707 The SEM nucrograph shown in Fig. 4.2 confirms tha Bad.

20e0:- 100 ceramie (sintered at 124070 h) 15 a mixiure of CeQy, Bay TiyOy, and Ti0),

Bl b 2wl -AETI0N

-....._-‘I-L...—-J-...—_-.ruu.-_-t-.—.ﬁ..ﬁ-.—

HaAE-Jd4 80 02 Full
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Fig 4.1 XRI} paiterns of Bald-20e0-nTill, Fig. 4.1 SEM micrograph of Ba(-2Ce0y
for = 6, M, 10, 1 205) ceramics. C-Celds, 10T, eoramls slnlered at 12400020
T-Til M, 'I'H-lj Tkt |1

Fig. 4.3 shows the densuy and nucrowave diclecinie properties of Bald-20¢(0,-
AT w6 15 ceranmies simered ot D23000 2h The density is decredasimg with the
valag of o i BaD- 200 nTalds (= A 15) ceramics. The relative permuttivity of Bald-
WoeObeenr Th0s (mr o & 15 ) ceramics vanes from 415w 639, O around 25000 GHz and
fvares from 40 o 270 ppm®™C, The mutile phase mereases with # and hence the 1
becomes more positive with increase in the value of i oin BaQ)-2Ce0s-0Ti0; (n = 6., 15)
ceramics {r; of Tl 5 =400 ppm™C) " The relative permittivity also shows a linear
mncreass as o oncreases m Bl -20e0 -0 Tilds (n = 6. 153) ceromics.  This s also due w

the iscreasing amount of high peemiitiviry nnile phase (e, = 105 with the value of &°
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CHAPTER 4
shown in Fig. 4.4. Analysis of the XRD patterns show that the BaO-pCeOu-4TiO; (p = 4,
7,10, 13} ceramics 5 a mixiure of fluonte CeDs (JCPDS Card No. 34-039%4) and BaT,0u
(}CPDS Card No. 34-0070). As the value of p increases the intensity of Ce0; peak
mcreages. This can be clearly seen from the XRD peaks of CeD; at 28.4, 33,1, 47.5, 56.3
ad 59 degrees. Fig. 4.5 shows the SEM micrographs of BaQ-3CeQ;-4Ti0y ceramic
pntered at 1260°C/2h. The SEM photograph indicates that the matenial is sintered into
dense ceramuics.  The microstructure also shows two types of grains - CeOy and BaTiuOy.
Cey is having an average grain size of 2-6 pm and BaTi,O, grains are clongated and are
ap 1o~ 20 pim in size.
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] L] ) [ H 14 ¥
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Vabue ol p bn BaO-plel) 4THD, Vishse of p I BelhpCel) 4TI,

A
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Fig. 4.6 Demsity {p) and microwave diclectric properties (£, (0 and ) of
Hally-Celd- 4110, 4p = 3, 13) coramics sintered st 1260°C72h

Fig. 4.6 shows the density and microwave dielectric properties of BaO-pCeO;-
4Ti0, (p = 3...13) cerumics sintered ar 1260°C/2h. The density increases from 5.50 to
645 with the value of jr in BaO=pCeOp4TiOy ip = 3...13) ceramics, which is due to the
kigh density of cerium 17.21 g/em’) compared to that BaTiOy (4.52 giem”). The relative
permittivity of BaO-pCe0p4TiO; (p = 3...13) ceramics varies from 32.6 o 26.1, Qo
from 25400 1o 36800 GHz and 1 varies from -11 to -41 ppm®C. The relative
permittivity decreases with the value of p due to the low g, of CeO, (¢, = 23) compared 1o
that of BaTiOy (e, = 33). The 1y becomes more negative with increase in the value of p
8 BaD-pCe0,-4TiO; (p = 3...13) ceramics. This is due to the increased amount of ceria
vith the value of p (r;of CeQ; is -53 ppm/~C).
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4.2 EFFECT OF DOPANTS ON THE MICROWAVE DIELECTRIC
PROPERTIES OF BaO-3Ce0:-4Ti0; CERAMIC

BaO-30e0,-ATi0), coramic s selecied as a representative material 1o stwdy the

effiect of dopants since BaO-3C¢O,-ATi0: ceramie has fairly good dwelectnic properties (o,

326, Qo= 25400 GHy [ar 4,536 GHz) and re=-11 ppm™C) in is intrinsic form itsell.

The optimized calomation and simtering temperatures of Ba0-3Ce0,-4TD; ceramics are
1050°C5h and 1260°C/2h for the best dielectoe properties.

4.21 Experimental

The Ba()-3Ce0-4Ti0); ceramic was prepared by solid state reaction method as
described in section 4.1.2 of this chapter.  The calemed BaO-3Ce0--4T10: powder was
divided mto several batches and different weight % of dopants was added to the sclected
weight of parent manerial  Different wi™s of various gh purity dopants sech as divalent
(M0, Wik, CuO & Co0y). trivalent (FeoO4, Cra0hy, S0, SmigOhy, AlCh), retrovalen
(£rid:, Snld:, TiC ), pentavalent (Va0 Tax0d, Nb:Os) and hexavalent (WO, & MoO,}
(atl ch:micals were of Aldoch Chemical Company, Milwaukee, USA) were added 10
calcined powder of the parent materials. 1t was then mixed well for | b in distilled water
and drsed. The resultant mixture was well ground and mixed with 3 wie PVA | It was
then again dricd and cybindrical pellets of dameter 14 mm and height 6-7 mm were
formed under 3 uniaxial pressure of 100 MPa. The green pellets were then sintered in air
at 1 200-1280°C 2h Ihe well pohished simered pellets were then used for

characterization as given m section 4.1.2 of this chapler

4.2.2 Results and Discussion

4.2.2.1 Phase and Microstructural Analysis

K-Ray diffraction pattemns of pure and CuQ doped BaO-3CeO-4Til), ceramic are
shown m Fig. 470 1.5 wi % CuO added Ba(-3Cc0,-4Ti0, ceramic has peaks of
BuCuld, (1000 Card Mo, T9-083%) in addwion 1o that of Ce. and BaTi0,.  In Bad-
ICe0-ATIO; = 2.5 wi %o Cul) added ceramic, BayCuDy phase (1ICDD Card No. 80-0415)
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& present in addition 1w BaCu0O;, CeQy and BaTi Oy Many of the peaks of BaCu(); 15

everlapping with that of BaTuOy

(=)

BOT+2.5 wi%e Culd

|

Intensity (in arbitrary units)

BUTH1.S wite Culd

28 {in degrees)

Fig. 4.7 XRD patterns of (2} BaO=3Ce0~4TIO (BOT) ceramic sintered at 1260°C/2h
{b) BCT # 1.5 wi% Cul wintered ar 1050°C2h and {c) BCT + Iwite Cul) sintered al
1IMC 2k, %~ BaCully, = - Ba,Coly, C-Ce0)y, B-BaTi0,

SEM micrographs of 1.5 wi% and 2 wi% CuQ doped BaO-3Ce0y4Ti0; ceramic
# shown in Fig. 4.8(a) and (b) respectively. The CeQ; and BaTisOq grains are of size
iout 2-5 um and 10-20 pom in pure BaQ-3Ce0,-4Ti0; ceramic (sec Fig. 4.5) SEM
pictere confirms the presence of BaCuD, phase in 1.5 wil CuQ added BaQ-3Ce():-

{Ti0; ceramic, The small round shaped grains with size 0.2-0.5 pm are of BaCuQ;. The

tize of CeQy and BaTi0; grains is decreased to 1-3 wm and 1-2.5 pm respectively when
Ba0-3Ce0<4TiO; ceramic is doped with 1.5 wi% Cu(. This is due to the low sintering
gmperature of Cul doped BaQ-3Ce0-4Ti0, ceramic. BaO-3Ce0:-4Ti0g+ 2 wity CuQ
eeramic shows Ba;Cu(), phase (marked in Fig. 4.8(b)) of size 0.1-0.3 pm in addition to
CeDs, BaTi,Oy and BaCu(); grains. The size of Ce0;, BaTiyOy and BaCuOj; grains
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wereised e 235 pm, 4-5 pmoand 0.5-1 pme This is due e the higher sintering

veimperaiure of Halk 30t Toth « 3 w®s Cul) cermme {1125

Fig. 8 SEM micrographs of (o) Bat:3eO0-4To iBOT) + 1.5 wi®s Culd
sinlered af 105070 2h and (b BOT 2 wi% Culd simbered af 11257 3

4.2.2.2 Microwave Dielectric Properties

Fhe nucrewave deeleging properies ol Bar-3Ce0)--4 T2 ceramic aml the effec
of dopans are prven i Table 400 The microwave diclectric propertics of the sintered
Bald- 300 =2T il ¥ cerame has o relative permittivity (e, ) of 3260, qualiny facior iehx)
00 Gl tar 4.56 Gllzp amd the wmperamre varaton of resonant frequency (5 ) <11
ppm . The quality factor 15 found 1o inercase with the addition of 0.3 wi® WO,
MoO),, Skt V.00 TaAd, Wby, FeoyOu, Ur0e, ALQY, Cody and Cul).  Farther
addition of these dopints decreased the quality Factor. There 15 not much vamation n the
relative permuitevity and 5wl the asddition of dopanits

Fig. 4.9 shows the varation of density, relalive permittivity, sintening iemperatare
and (hxf with dofferemt wite of Cul). The density of Ba0-3Ce0:-ATiO, ceramic first
imcreasss and then starts diecneasing with CuD addinen. Small amount of CuCr (005 wit)
enliances the density by Liguid phase sintering ™ The simering temperature decreases

from 126070 and reaches o momomouom of 10500 for 1.5 wi®s Cul) aod then staris



CHAPTER 4

Table 4.1 Microwave diclectric properties of doped BaO-3Celd;-4Ti0, dieleciric ceramic

1 { '.'mpmrl.r e | | Simering |
| Densiey | O ! L)
K {;T;'j {g/em’) | (Ghz) |+ (ppmC) E}FTI:“I“;
No dopant - 5.51 | 25400 | 326 -1l 1260
"ol 05 | 546 | 27250 | 320 12 1260
1 547 | 20450 | 325 -9 1250
Mo 0.5 548 6200 | 322 =11 | 260
= | 543 | 20400] 318 -10 1250
Ta:0s 0s 554 | 29750 | 326 13 1260
I 551 | 19860 | 328 -10 1260
V;0, 0.5 S51 | 29200 | 321 12 1250
Kot I 549 | 28140 | 320 -12 1250
Sbi0y 05 S51 | 28200 | 32| -13 1260
2 1 552 | 20080 | 328 -9 1260
NbyOs 0.5 550 | 3200 | 324 -12 1260
1 550 | 20720 | 327 -9 1260
Til) 0.5 554 | 24050 | 328 13 1255
Sy 05 554 | 24900 | 328 -13 1255
Z10: 0.5 553 | 24430 | 327 12 1255
A1 ns 550 | 31100 | 325 13 1255
: I S44 | 620 | 324 -9 1255
Fe.0s 05 552 | 26100 | 326 12 1255
; | S46 | 17460 | 326 -10 1255
Cryl, 0ns 553 | 27ad0 | 327 -14 1255
| 551 19100 | 325 -10 1255
Smi0y | 0.5 553 | 17220 | 327 11 1255
0.5 552 | 26350 | 326 12 1255
L i 544 | 9870 | 217 2 1255
MO, 0.5 5§51 | 17970 | 327 11 1255
MO | 05 554 | 23800 | 326 -11 1235
0.5 555 | 28230 | 3128 12 1175
s | 538 | X410 | 3116 -11 1100
1.5 5.21 32200 Ll =12 1050
] 509 | 25000 | 296 -13 1125

increasing with CuQ addition. The decrease in sintering temperature is due to the low
mehting phase BaCuQy. The relative permittivity also shows the same trend as that of
density. The guality facter increases with the addition of Cu reaches 3 maximum at 1.5

wie ({20 = 32200 GHz) and then stants decreasing. The BaCuO), phase formed with the
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addien of Cul} may be low loss and this enhances the quality factor with CuQ doping.
The decrease in quality factor of 2 wi% CuO doped BaQ-3Ce0,-4Ti0; may be due 1o the
formation of lossy Ba;Cu0, secondary phase. The r; remains almost the same with Cur
addition (see Table 4.1). £, and ¢y of 1.5 wi% CuD doped Ba0-3Ce0,-4Ti0; ceramic are
30 and -12 ppm/C respectively. Thus suitable doping can improve the microwave
diclectric propertics with a lowering of prepuration temperature and Ba(}-3Ce0,-4Ti0: +
1.5 wis CuO can be used as an ideal candidate for LTCC applications using copper
electrode.
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Fig. 4% Variatien of (a} Sintering temperatare and Joof (b) Bulk Density (p) and
Retative Permittivity of BaO-3Ce0 AT, ceramic with Cul) dopant
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43 SYNTHESIS, CHARACTERIZATION AND MICROWAVE
DIELECTRIC PROPERTIES OF (1-x)CeO;-xBaTi,0y (0 S x 51)
CERAMICS

43.1 Introduction

BaO-pCeOy-4Ti0): (p = 3,...13) ceramics consists of iwo phases - CeQ; and
BaTiDy. The present work is a systematic study of ([-v¥CeO-+BaTi,0y to confirm the
mixwre  hehaviour of BaQ-pCel)-dTil, (p 3,13} ceramics With interesting
microwah ¢ diclectnic properies

The diclectric properties of Ce); have been discussed in the section 3.2 of Chapier
1. Temperature stuble compositions are obtained when suitable dopants were added o
Ce0, ™ The studies of O Bryan ef al.™ and Masse er al.’' first demonstrated that
barum ianates, including BaTOyw could be superor microwave resonator materals
Subsequently, large number of investigations have been carried out in this area. " The
BaTi 0y phase was first reported by Satton™ and the crystal swucture of this phase was
ientified as orthorhombic. Mhaisalkar et al.” reported that BaTi Oy has o, of 38, Q,xf of
2700 GHz and 1, +15 ppm™C."™" Choy and Han" synthesized BaTi,Os by pechini's
method and the sintered ceramics have good dielectric properties. Temperature stable
ceramics were obiained wath the addition of Mn(); and CuQ ﬂnpﬂnﬁ.w The present
wvestigation gives evidence to the mixture nature of {1-0)CeOpxBaTLOy ceramics by

eeempanng the expenmental results with those obtained by mixiure rules.

412 Experimental

The samp es of BaTiOy ceramics were prepared by the conventional solid-siate
peramic route as described in Chapter 2. seetion 2.1.2. High punty chemicals (Aldnch
Chemacal Co., Milwaukee, US.A) Balo, (9924 o Ty (99.9%) were used as
saring powders.  Stoichiometric proportions of the chemicals were weighed and ball
milled for 24 hours using zirconio balls in distilled water modia, The slurry was dried
and then caleined for § hours a1 1050°C. The fincly ground calcined BaTyOy powder and
CeOy (IRE, 99.99%) powder were stowchiometrically weighed and mixed in appropriaie
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proportion to get (1-x)CeO-xBaTiyOy (0 < x <1) ceramics. It was then mixed with 4 wi
% PVA, dred and then pressed into dise shaped pucks of about 14 mm diameter and
about 7 mm height a1 a pressure of about 100 MPPa using a wngsten carbide die. The
green compacts were fired in air at temperatures 1260 -1650°C and the dwell time was 2
hours The samples were then polished to remove surface imegulanities and used for

charactenzation,

4.3.3 Results and Discussion

The synthesizing conditions such as calcination temperature, sintenng emperature
and thewr durations are optimized for (1-x¥CeO;-xBaTOy (0 = £ =1) dielectric ceramics

o abtain the best density and dielectric properties.

4.3.3.1 Phase and Microstructural Analysis
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Fig. 410 Powder X-ray diffraction patterns of {1-0)CeOprBa Tl 0y ceramies
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The XRD patterns of (l-v)CeO-xBaTiylk 0 < x <1} ceramics recorded using
Cuko mdation are shown in Fig 4100 Analysis of the XRD patierns shows that the
ceramics 15 a risire of Muonte Ceds (ICDD Cand No. 34-0394) and BaTi 0 (ICDD
Card Moo 3400700 Pure Ce(ds haos o cubic fuorite struciure with space  group
Finidm 225§ and BaTuDy 12 orhorhombic with space group Pnmmi5%),  The lattice
paramcier for Celdy s a 4045051 A and for BaTwOy are a = 62894043 A, b
[4.5635(2) A, v = 3.7719{3) A It s evident from Fig, 4,10 that the intensity of XED

caks cormespording to BaTa0h i the naxre 18 increasimg with the value of x
| E i

Fig. 4.11 SEM micrographs of () Ceid: sintered ar 1630°C2h (b) 0.7C ey, - 0.3 BaTi 0,
sbivtered at 12600020 jeh LI edd; - 0.7 BaTi i, sintered at 1260°C2R
(d1 HaTiOy sintered at 130070/ 2h

Fig. 4.11(a)-(d) shows the scanning clectron micrographs of sintered, polished and

thermally etched (1-x¥CeOy-sBaTylh (v = 0, (025, 0.75, 1) revealing the formation of
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dense ceramics.  The two end members have distinet mictostructares. Pure Ce(ly (x = 0)
has faceted grains of large size up o 25 pm while BaTis0s (x = 1) exhibits elongated
grains of about B-10 pm. In the mixture region (x = 0.5) & heterogeneous microstructure
with both elongaled and faceted grains are formed and the grain size of CeO; decreased
o 2.5-5 ym. This decrease in grain size of Ce(y; is due to the lower sinlering

temperature.

4.3.3.2 Microwave Dielectric Properties
The CeQ; sintered into 94% of its theoretical density (7.21 glem’) and BaT 105 up
to 93% of its theoretical density (4.52 glem’).  Fig. 4.12 shows the variation of bulk
density of {1-2)Ce0,-vBaTi Oy as a function of BaTi 0 content. The density decrcased
with increasing amount of BaTuOy from 6.78 10 4.23 g,."cm]'. The density of the mixiure
15 calculated according to the equation
P =K + Vi (4.1}

wheras Puse, 15 the calculated theoretical density of mixtures and p and p.are the
densities of CeO; and BaTiOy respectively. The density of (1-x)Ce0,-xBaTi,0 (0 < x

=1) ceramics calculated by mixture rule is also shown in Fig. 4.12.

7.a

L] - T T 13 L] T
(1] [ 1% | 0.4 0.4 [ 3 ] I.a
Volume fractlon of BaTi D,

F'II. .-I.I] Variafion of e:pﬂhl:ql.ll sad calculated density
with BaTiLOy bn (1-xpCe0-xBaTLOy ceramics
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The microwave diclectine properties of (1-x)Ce0-xBaTwOy (0 = x <1) ceramics
are shown in Fig, 4.13. Fig 4.13(a) shows the vanaton of relative permittivity of CeO,
with BaTud, addition. CeO; has a relative permittivity of 23 and that of BaTi,0y is 36.7,
The relative permittivity of a nuxture can be calculated using the general Maxwell-
Wagner formula®™

X Vi (4.2)

where ¥V, and &, are the volume fraction and relative relative permitiivity of the
material and & 15 a constant which depends on the type of mixing rule.

it = | {serial mixing model)

= .| {parallel mixing model)

a = I {logarithmee mixing model)
Using the rule of mixtares, the relanive permittivity of the muxture is caleulated and 15
plodted as & function of BaTw(y as shown in Fig. 4.13(a). Serial mixing rule fits best
with the expenimental values compared to parallel and logarithmic ones. The relative
permatiavity increases with the addition of BaTy0,, which is expected due to the higher
relative permittivity of BaTuyl,

The twmperature vaniation of resonant frequency, ©; for experimental and
cadeulated salues of (1-x)CeO-xBaTuOy (0 < x <1) ceramics s plotted in Fig. 4.13(b}
The 1, of the mixture phases can be computed using a gencral mixture rule”’

r =W, «Vr,, (4.3}

The 1 deviates from the mixture rule for values 1.3 < x < 0.7, The deviation of & and 5
from the predicted muxing relations is duc 1o the dissimilar microstructural shapes of
Ce0; and BaTi, Oy in this region.

The vanations of unloaded quality factor of the vanous mixture phases with
ircreasing BaTi0y content are plotied in Fig. 4.13(¢c). The Qxf of end member
compositions, Ce(d; and BaTy(y, are 53000 GHz and 19500 GHz respectively. The
quality factor shows a sudden drop at x = (0] and then gradually decreases with increase
ie BaTn Oy content.  The small amount of BaTi,0y may contribute to the sigmificant
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decrease in (Lxf because BaTiy Oy possess a lower quality factor as compared 1o CeD;. It
must be noted that the microwave quality factor, which depends preatly on the
synthesizing conditions, porosity. grain morphology, densificaton etc., doesn't show any

specifiv relationship with the rule of mixtres*"***
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Tae vanation in structure, microstructure and microwave dielectne properties of
(1-0)Ce0h-xBaTiy0y (0 £ v <1) ¢ceramics confirm the mixture behaviour of BaQ-pCe0p
4Ti0; (p = 3....13) ceramics,
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44 LOW TEMPERATURE SINTERING AND MICROWAVE

DIELECTRIC PROPERTIES OF 0.5Ce0;-0.5BaTi, 0
CERAMICS

441 Introduction

Lows-temperature co-fired ceramics (LTOCs) have been widely invesnipated
because of their extensive appheations for the multilayer microwave components which
can mumaiunze the microwave devices, In the multilayer structures, the sintering
semperatere of the diclecric materials has 0 be reduced below 950°C so as 10 co-fire
with ighly conductive embedded electrode such as Ag (the melting point of Ag 15 about
961°C)" But a high sintering temperature of > 1200°C is required 1o obtain dense
B3CE0.-0 5BaTi,Op (CRT) ceramics. The different methods wsed 1o reduce the sintering
temperature of diclectrics are: (1) addinon of low melting point compounds such as
Bi0, B0y, Vo0, and glass*™** and (2) use of starting materials with smaller partiicle
sizes which can be obtained by chenucal processing.™

Scveral stilics of the cffect of glass on the densification and dielectric propenics
of BaTi,0, ceramics are reported i the hiterawre.™"" Kim of @l ' reported BaTi O,
ceramics with good nucrowave diclecinc properties: ¢, = 33, (L = 27000 at 9 GHz and
t* +7 ppm”'C with #ine boresilicate glass addition by sintering al 900°C/2h, Yang ef
oY mvestipated owering the sintering temperature of BaTi 0. ceramics by adding
MgO-Cal:ALO:-510; plass, Wet chemical methods were also used w0 lower the
sintering temperature of BaTi,Ov ceramics. Weng ¢ of = produced BaTi( ceramics of
£=35.6, {Jof = 42500 at 6 GHz and 1, = +12 ppm™C by the polvmeric precursor method
md sintered at 1 250°C, The present section discusses the effect of low melting point
compounds, B0, and Cul) on the simening lemperature, microstructure and microwave
dieleciric properties of temperature stable 0, 5Ce0)-0 5BaTi 04 ceramics.

44,2 Experimental

The BaTi Oy coramivs were prepared by the conventional solid-state ceramic route

gdescribed in Chapler 2. section 2012 Tt was then mixed with CeO: powder in the ratin
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I:1. High purity chemicals CeQ; (IRE, 99.99%), Ti0; (99.9%) and BaCO, (%9+%)
{Aldrich Chemical Co., Milwaukee, U.S.A) were used as starting powders. To the mixed
0. 5Ce(3,-0 5BaTiyy ceramic, different amounts of B-0y and CuD was added. To check
the reactivity of glass-ceramic with Ag, 20 wi% Ag powder was added. It was then
ground well, mixed with 4 wis PY A, dricd and then pressed into cylindrical pucks of 14
mm diameter and 6-7 mm height at a pressure of about 100 MPa. The green compacts
were then sintered in air at temperatures in the range 900-1260°C/2h. The samples were
well polished and wsed for structural, microstructural and microwave dielectric

churactenzation.

4.4.3 Results and Discussion

The synthesizing conditions such as sintering lemperature and its duration are
optirmized for low temperature sintered 0.5Ce0;-0.5BaTy,Oy dieleciric ceramics to oblan
the best density and dielectric properties.

4.4.31 Phase Analysis

C-Cel,
B-BaTi O,
*-BaTHBO,], J

= -Ba,CulBO,),

N hw

Intensity (in arbitrary units

L

10 20 11} 40 50 &0
26 (in degrees)
Fig. 4.14 Powder X-ray diffraction patterns af (o) 0,500, - .50 TLI, (b) 1T wi %
B0 wdded 05060 - 0.5BaTi0h de) 12 wiSs B0y« 1 wi%s Dol wdded
0.5C ey = 0.5BaTL, 0, ceramic
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Fig. 414 shows the XRI? of CBT (0.5CeCk0 SBaTnOh), 12 wi®s B0, edded

CAT and 12 wi%% B.0y ¢ 1 wi% Cul) sdded CBT ceramic. The XRED peaks

comesponding 1o BaTiBO,) (JCPDS Card No. 35-0K25] secondary phase are present in

addition 1o the peaks of the main phases CeQs and BaTiy0u m 12 wis B,O; added CBT

ceramic. New XRD peaks corresponding o the secondary phases BaTiyBO,); and

Ba;Cu{BO, ), " appeared on the XRD pattern of 12 wi% B0y + | wi% CuO added CBT
ceramic (Fig. 4.14 (b) and (c)}

4.4.3.2 Microstructural Analysis

SEM nucrograph of pure CBT and 12 wi% B;0y added CBT ceramic sintered at
1025°C is shown in Fig. 4.15(a) and (b). The SEM micrograph of |2 wi% B0, added
CBT reveals that it is a mixture of CeQ,, BaTi 0y and BaTi(BO,); phases. The uniform
grain growth s observed for sample sintered at 1025°C. The effectiveness of sintening
ands depends on several factors such as sintering temperature, viscosity, solubility and
ghsx wettability. ™ The main requirement of liquid phase sintering is that the liquid phase
should wet the grains of the ceramics. Generally, the chemical reaction between sintering
aids and cerarics cun provide the best wetting condition,” however, a chemical reaction
resuits in the formation of the secondary phase. SEM picture of 12 wits ByOyadded CBT
ceramic confirms the presence of BaTiBO,): secondary phase.

Figs. 4.15(c) and id) show the microstructures of 12 wi% B0y + 1 wi% Cu
added CBT ceramic sintered at temperatures 950 and  1000°C  respectively.
Microstructurcs show rypical characteristics of LTCC, where ceramics are distributed in
the matrix of dense glass.”” SEM pictures confirm the formation of a low temperature
phase BayCu({30:); when 1 wits CuO is added 10 12 wi%e ByO; added CBT ceramic. The
Culr mselfl cannot considerably decrease the sintering temperature of the B;O, added
CBT ceramic.” Ba:Uu(BO.), phase exists as the liguid phase and ussists the sintering of
CBY ceramics. Ba;CufBOy ), meled during the sintering and aided in the densification of
CBT ceramic. The essential element of hiquid-phase sintering is the presence of a low-

temperature phase that must be able w directly or indirectly accelerate a reaction with the
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TRy pliiss d i o ficaton a5 wi® B0 wite Cull) sulded CHT coramic s
AP um Sl @ sinfenne temperature af 95407 The increase in solenng (Cnperaire
cnhance the porosity due 1o the evaporntion of lguid phase as illustroted i Fig 4.0 50d),
i wneh these relatvely larpe pores seem o result from the coalescence of onguolly
siall pores. " The presence of migcropores can alse be due to the intemal stress associated
with the ervstallization of | igh fempenifur: pliase as well as due o the coclficient of
thernal expunston mismatch among different phases e increase i porosity leads (o

the dlecrense i densiey of the sintered body

Fig. 405 SEM micrographs of (a) 0.5C ey« 0.5 BaTi, 0 sintered ai 1 260°C2h () 12 wi%

B0y mdded (LS00, - WABaTLO, ecramic sintered st 1025°0CMh (2] 12 w1 B0, +1 wi®s

Cobd added 050 e0d: - 0.5RaTi 0y cerambe sintered at F50°C 40 1) 13 wi%s Byl o] wi®s
Cutd ndded 0500, - 0,58aTiAd coramic sintered af 10007 4%
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4433 Microwave Dielectric Properties
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us & function of sintering temperatore

The bulk densities of CBT ceramic with vanous amount of B;0; addition at
different sintering temperatures are shown in Fig 4.16(a). Densities of B0, added
ceramic i lower than that of CBT due to the formation of BaTi(BO,); phase which has a
kower density (4.21 gfem’). For various amount of B0, addition (1-15 wi%) density
mcreases and then decreases with sintering temperature. For [, §, 10, 15 wi% B0,
addition maximum densities oblained are al sintering temperatures 1075, 1050, 1050,
1025°C respectively. Maximum density of 3.81 g/cm’ is obtained for 12 wi% B;0, added
CBT ceramic a1 1025°C. In order 10 reduce the sintering temperature further different
amount of Cu (0.5, 0.75, 1 wi%%) is added to 12 wi% B,0, added CBT and the variation
of density with sintering temperamre is plotied (Fig. 4.16{b)}. The densities of CuQ
sdded specimens first increases reaches a maximum wvalue and then decreases.
Maximum density of 3.65 glem’ is obtained for | wi% CuO added sample at a sintering
temperature of 950°C.

Fig. 4.17(a) shows the variation of relative permittivity with sintening temperature
for different amount of B+O, added CBT samples. The relative permittivity depends on
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the density and phase constituents. The £ of By(), added samples is very much less than
that of pure CBT. This is due to the lower relative permittivity of BaTi{BO,}; phase,
BaTi(BO,); sintered at 1D00°C has & = 101.5 and Q0 = 23000 GHz" With 1-15 wi%
B0ty addition. the & moreases with sintering temperature reaches a maximum value and
then decreases. The relationship between relative permittivity and sintering temperamre
shows the similar trend as the relationship between density and sinlering temperature.
Mavmum & (252} 15 obtmined for 12 wi% B0, added CBT sample sinteced at 1025°C.
The maximum & for 1, 5, 10, 15 wi% B,0, added CBT samples at their optimum
sintering femperaiures are 2005, 228, 229 and 186 respectively.  The vanation of
relative permittivity with sintering temperature for CuD added CBT + 12 wi%e ByO,
ceramic is shown in Fig. 4.17(b). Maximum & of 16.2, 17.7 and 20.6 are found for 0.5,
0.75 and | wi*s Cul) added samples when sintered at temperatures 1000, 975 and 950°C
respectively, The decrease in relative permittivity with sintering temperature is due 1o the

formation of porous microstructure (Fig. 4.15(d)) and low bulk density (Fig. 4.16(b)).
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Fig. 4.17 ¥ariation of & (a) with By confent in 0.5Ce0y-0.5Ba Tl 0y ceramie
(b with Culk in 12 wi% By, sdded 0.5Ce0;-0.5BaTi Oy

Fig. 4.18(a) shows the vanation of the temperature coeflicient of resonant
frequency for different weight percentage of By0, added CBT ceramics. The 5 increases
with the addition of higher amount of B,0, which is due to the formation of BaTi(BOy)
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CHAPTER 4
phase. The roof 12 wite B0, added specimen s found ro be 90 ppm™C, When Culd of
verveng amtount is added to 12 wi®s B, added CBT ceramie, the rate of inerease of § 15
reduced (Fig. 4.18(b}) The rrincreases gradually with increasing CuQ content. The 5 of

CBT + 12 wi's ByOy + 1 wi®s Cud) is decreased to 48 ppm/'C from 90 ppm™C for CBT +

12 wi™e B0y cemmic
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Fig. 4.18 Variation of ¢ ia) with By content in 0.53Ce0;-0,5Ha T, 08 ceramic
(b) with Culhin 12 wite B0, added 0.5Ce(;-0.5Ba Tl

Fig. 4.'%a) shows the varation of (Auf with simesing temperature for different
weight percentages of B.O; added CBT ceramics. The {2/ values of CBT ceramics are
strongly dependent on both sintening temperature and amount of B0y addinen. With
mcreasing simiening temperature, (hf value is found to increase 1o 8 maximum valee and
thereafler decreases. A similar resull was reported by Zhang ef of.  when Znl)-B,0.-
810 glass was added 10 Zn0-TiO: ceramics. For CBT cermmes with 1, 5, 10 wis B:O,
addition and sintered at 1075, 1030, 1050°C, maximum (v values are 9500, 16650 and
IS990 GHz respectively, Wnh 12 and 15 wi%e ByOy addition the sintering temperature 15
lowered 1o 1025°C with {20/ values 20600 and 15200 GHz. The maximum . at low
wemperature is due to the increase in density and the maximum {24 value corresponds (o
the maxamsum density. The (2.xf did not vary much from the pure CBT speeimen due 1o
the similar (2, of BaTifBOL), phase (@0 = 23000 GHz).™" The vanation of (1 with

untening temperature for different weight percentages of CuO to CBT + 12 wits B0,
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CHAPTER 4
ceramic 15 plotted in Figo 4.19(b). The Q. value increased with sintering femperature
reaches a maxymum value and then decreases. The sintering temperatures for (L5, (.75, |
wi% Cud added CBT + 12 wi% B2, ceramics are 1000, 975, 950°0 with maximum
oy values 20620, 18100, 17000 Glz respecuwvely, For LTCC apphcations, the
sintering temperature should be less than the melting point of silver (960°C) and hence |

wi2s Cu(r added CBT + 12 wi®™y BoOy ceramic is suitable Tor LTOC
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Fig. 4.19 Varintion of (Lrf (a) with By, content in 0,80 e -0, 5Ba T 0y ceramic (b)
wlth Cal in 12 wi% B0, sdded 0500 -05BaTi, 0y ceramic

Inicmsity (i arbiirary unit)

1 A a0 50 et T
10 jin degrees)
Fig. 4.20 X-ray diffraction patterns of 20 wi%  Flg 4.21 SEM micrograph of 20 wi% sllver
silver edded 0.5Ce0-0.5BaTi 00 + 12 wi% B0, added 0.5Ce0;-0.5BaTLO, + 12 wi% B0, +
+ 1 wits Culd ceramic sintered ar $50°C 4k 1 wi%e Cul ceramic sintered ot 350°CHR
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For practical applications, the silver electrade has to be attached 1o the LTCC. For
weceessful application, the silver electrode material should not react with the ceramic. In
order to study the reactivity of silver with the B0y and Cu0 added ceramic, 20 wt%s Ag
i added to CBT + 12 wi% By + 1 wi% CuO ceramic. Figs. 4.20 and 4.21 show the X-
rmy powder diffraction pattern and the SEM picture of the above silver added
composition respectively. The powder diffraction patterns of Ag were indexed based on
ICPDS File Card Mumber 4-783. It is evident from these figures that silver remains
enreacted with the ceramic-glass composite, which is ane of the requirgments of LTCC.
Although the BaO-Ce0,-TiQ; compositions are mixiure of CeQ;, TiD; and BaTuOy
phases, they have good microwave diclectric propertics. It may be noted that many

compositions currently in the market are mixtures of a few phases.

45 CONCLUSIONS

¥ Ba0-2Ce0;-nTiO, (= 6...15) ceramics are multiphase compounds containing
CeQ,, Ba;TiyOp and TiO; and they do not form the expected
Bay.,CeaTis00p 503 compounds in analogy with 51,0 Tiga0 s,  The &
increases from 41,5 10 69.9, .5/ decreases from 27400 to 23200 GHz and 1
increases from 40 to 272 ppm/'C with the value of u in BaQ-2Ce0y-nTiO; (n
= 6...15) ceramics due 1o the increasing amount of rutile.

¥ Ba0-pCe0,4Ti0, (p = 3...13) ceramics consists of CeQ; and BaTi,0y phases.
The &, Jecreases from 32.6 to 26.1, Q.x/ increases from 25400 to 36800 GHz
and 1y increases to the negative side from <11 1o -41 ppm/C with the value of
p in BaO-pCe034TiO: (p = 3...13) ceramics due to the ingreasing amount of
verne

» BaD-3Ce0:-4Ti0y ceramic doped with 1.5 wi% CuO sintered at 1050°C/2h
has &, = 30, Q= 32200 GHz and 1y = -12 ppm/C and can be used as an ideal
candidate for LTCC applications with copper clectrode.
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e lnCeCh-rBa Ty (0 < v £1) coranncs are prepaied by the solid-stae
veran toute,  Meray diffrachon patterns and SEM analyses ideeate thar (1-
VIl Tl D 00, 00 v o D werammes are ol o twa pliase compeasile u,'unxi-'-lu'lg._:
of Muonte Celds and BaTudl, The 0.5Ce0-0 5BaTi0), samples sinterced af |
126070 2h exhibit excellent microwave dielecivic propertics: £, = 345, (Lof= |
0TS Gt 3.2 Gz and £ = 2 ppmd

Fo The densitv, relative pemmittivaty and wemperature coeflicient of resonan
frequency of mswres predicted by the appropriate mixing relatons agree well
with the experimental values for (1-0)CeOa-xB3a T, (U < ¥ <1} ceramics,

= The addibon of B0y and CoO sigmificantly lowered the sintering temperanue
of 1 ACE -0 A DO eeramme 10 95000 The 0050 a0 ,-0.5RBaT 0y + 12 wi
Bk = 1 owie Cut) and sintered at 950°C for 4 hours shows «, - 2006, (L=
17000 G dat 5.7 Cikleh and £ = 4% ppm©C

F Sibver remns unreacted with the 05000 5BaTuO0# 12 wite Bk wi%

o e commpesite, whisch soone of the reguirements of 110

The present Chaper discusses the microwave diclecinie propemics and low
o perature aintenng of Ba(-CetdeT10. ceramics using low meltng point compounds.
The forthcoming Chapier deseribes the synthesis, characienzstton and  microwave

died ot properties of two new cerames hased o cenum,

Lot



CHAFTER

46 REFERENCES

[ ]

11

¥

n

W

n

W, Wersing, Electrome ceramics, B. C. H. Stecle {Editor), Elsevier, Amsterdam, {1991)

5 ), Fiedeiwszko, [ ©. Hunter, T, lioh, Y. Kobayashi, T. Wishikawa, 5. M. Stitzer and K.
Wakino, AEEE Trans. Microwave Theary Tech., MTT 50, 706 {2002).

K. P, Surendran, M. R. Varma, P. Mohanen and M, T. Schastian, S Marer, Kez., 17, 2561
(2002),

P. V. Bijumon, 5. Solemon, P. Mohanan and M, T, Schastian, J Mater. Sci. Mater. Eleciron.,
14, 5 (2000), :

H. I Lee, K. 5. Hong and §, J. Kim, Marter. Rex. Buwll., 32, B47 {1997}
R. Ubic, . M. Reaney and W. E. Lec, fnr. Marer. Rev., 43, 205 (1993},
C. E. Bamberger. T. I. Haverlock and O. C. Kopp, J Am. Ceram Soc|, 77, 1659 {1994),

. Subodh, J. James, M. T. Sebastan. R. Paniago, A. Dias and K. L. Moseira, Chem. Marer.,
19, 4077 (2007). !

K. W. Kirby and B. A. Wechsler, /. Am. Ceram. Soc., 74, 1841 (1991).

D, E. Rase and R Roy, /. dm. Ceram. Soc., 38, 102 {1955).

T.Negas, R 5. Roth, H. 5. Parker and D, Minor, J. Solid State Chem, |3, 297 (1974),
Jr. H. M. O"Bryan and Jr. J. Thomas, J. Am, Ceram. Sac,, 57, 45D-:I'J‘;H}-

P Laffez, G. Desgardin and B. Raveaw, J Mater. Sci., 27, 5229 (1993),

H. Ohsae, J. Sugino, A, Komura, 5. Nishigaki and T, Oluda, Jpn. .q Appl. Phys., 38, 5625
(1999).

R. Ratheesh, H. Sreemoolanadhan, M. T. Scbastien and P. Mohanan, Ferroelecrrics, 211, |
[15998). !

5 Solomen, N, Samha, [, N Jawahar, H, Sreemeolanadhan, MT Sebasttan and P,
Mohanan, . Mater. 5o, Marer, Electron., 11, 395 (20000,

H Ohsato, J. Eur. Cerorn, Soc,, 21, 2703 {2001).
D Kolar, Muter. Res, Symp, Proc,, 453, 425 (1997).

170



EHAarrER 4

5]

b ]

|

e

g
.

) H Hwang and ¥. H. Han, Jpn F Appl Phys , 39, 2701 (2000)

¥ Henmings, B, Schreimemacher and H. Schreinemacher, S Eur. Cerovn. Soc, 13, B1 {1794)
. Mukover, £, Samardaije and D, Kolar, J. Solid Stefe Chem,, 123, 30 [ 19946),

F P Graha and D, Kolar, S A Ceram, Soc., 56, 5 (1973)

C. Hoffmann and B. Waser, Ferroelecirics, 200, 127 (1997

H. Sreemoolanadhan, M. T, Scbhastian, R. Ratheesh, K. Blachnik, M, Woehlecke, B.
Schuscider, M. Mewmann and P, Mohanan, J Solied Srove Cheme, 17T, 3095 (2004),

L. P Mudrodubova, K. E Lisker, B. A, Totenberg. T. F. Limar and A. N. Borich, Ser.
Rodisdes. Bodinkowsp, 1, 3119832,

M. T. Subastian, Owlecrric Marertals for Wireless Cormmumicanion, Elsevier Science
Publesliers, O forel, § 2005),

M. T. Sebastian and H. Jantunen, fai. Mor, Rew, 53, 57 (2008).

M. T. Scbhasiian, M. Santha, P. V. Bygumon, A-K. Axclsson and N, MeMN. Alford, S Eur
Ceram. Soc, 14, 2551 (2(HM)

[ H. Kin 5. K. Lim and O An, Mader. Letr, 52, 240 (2002).
Jr 1L 8L Bryan, Ir. J Thomas and ). K. Plourde, L Am. Ceram, Soc,, 57, 450 {1974}

D ) Masse, B, A Pucel, 13, W, Readey, E. A. Magnire and C. P. Hartig, Proc. JEEE, 5%,
162K (19713

* D.F. Rase and R. Koy, J dm. Ceram. Soc., 41, 102 (1953)

T. Kegas, G, Yeager, 5. Bell, N, Coats und 1. Mims, S Anr. Ceram, Bull, 72, 80 (1993),
W. O Sation, J Chem, Phiz,, 19, 33 (1951}
5 G Mharsalkar, D W, Headey and 5. A Akbar, 2 A Cergen, S, T4, 1ER4 1991,

0. ) Masse. R. A, Pucel, D. W, Readey, E. A, Magnire and C. P, Harig, Proc. IEEE, 8,
1628 (1971)

5 (3 Mhaisalkar, W. E. Lecand . W. Readey, J. Am. Cerawr, Soc,, 72, 2154 (1989

I Choy and Y. Han, J Am. Cevam. Soc, TH, 1169 {1995)

m



CHAFTER &

® ¥.C Liou, K-H Tseng and T-C Chung, J Ewr. Ceram. Soc., 27, 3027 (2007)

W. D Kingery, H. K. Bowen and R. Uhlmann, Introduction te Ceramics, 2™ Ed., John
Wiley & Sons Lid., New Jersey, (1978)

A E Palading, J Am. Ceram. Soc.. 54, |68 {1971},
D-W. Kim, H-]. Youn, K. 5. Hong and €. K. Kim, Jpn. £ Appl. Phys., 41, 3812 (2002).

K. . Surendran, M. Suntha, P. Mohanan and M. T. Szbastian, Eur P J B, 41, 301
{2004).

WS K TH Kon  E 8 Kimand K FL Yoon, Jow J App. Phyv., 37, 5367 (1995).
® P.Liv E.S. Koo and K. H. Yoon, Jpn. J App. Phy.. 4D, 5769 (2001).

¥ 0, Demovsek., A, Nacim, (. Preu, W, Wersing. M. Eberstein and W. A Schiller, J Fur
Cerar. Soc,, 21, 1693 [2001)

H. Kagata, T. Inoue, I Kate and | Kameyama, fon, £ dppl. Phys, 31, 3152 (1992),
W.C Teow. C. F. Yang, ¥, C. Chen and P. 5. Cheng, J. Eur. Ceram, Soc., 20, 991 {2000),

H T Kim, 5 H Kim, § Nahm, ). . Byun and ¥, Kim, J Am Cerom Sac, 81, 1043
{1999,

® ¥, Xu. G Huang and Y. He, Ceram. e, 31, 21 {2005).
Y OCF. Yang, Jon. J App Phy., 38, 1576 (1999)
® M. H Weng, T. Liang and C . Huang, J Eur. Ceram. Soc., 22, 1693 (2002)

MM Kim, J-B Lo, 10 K, & Mahm, J-H Pak, J-H Kim and K-5 Park, S, 4w Ceraee. Soc,
B9, 3124 {2D06),

¥ W.D. Kingery, J Appl. Phys., 30, 301 {1959).
B H Jeanand §, C. Lin, J Ao Ceram. Sac , 83, 1414 {20001,
* Y1 Sco, D H.Shinand ¥, §. Che, J Am. Ceram. Soc.. 89, 2352 (2006).

7 M- i Kim, . M. Nahm, W-5 Lee, M-J Yoo, N-K Kang, H-T Kim and H-J Lee, Jpn. J. Appl.
Py, 44, 3091 (2005).



CHAPTER 4

"M Valane, D, Suvorow, R, C. Pullar, K. Sarma and Me. N, Alford, J Ewr Ceram. Soc., 16,
2777 (2006),

* Q.L Zhang, H. Yang, J. L. Zou and H. P, Wang, Mater, Lett, 59, 880 (1995).

* W. Huang, K. 5. Liu, L-W. Chu, G-H. Hsuie and 1. N. Lin, J. Ewr. Ceram. Soc., 13, 2559
(2003).

173



LOW TEMPERATURE SINTERING AND
MICROWAVE DELECTRIC PROPERTIES
OF Ce,(WO,), AND Ba,CeV,0,, CERAMICS

This chapter reporits for the first time the microwave
dielectric properties of two new ceramics based on cerium -
Ces (WO and Ba,CeV il These two materials have been
synthesized by conventional solid state ceramic route. The
influence of glasses such as By}, Zn0-B 0, BaQ-Bi0
Si0y, Ln(-B,0-5i0; and POO-By()-5i0; on the sintering
temperature and microwave dieleciric properties of Ce,(W0y,
and Ba,CeVy};; ceramics have alse been investigated.
Addition of small amount of glasses improved the properties
af Ced W0y, and Ba,CeV 0y ceramics. The results of this
research established low temperature synthesis of Ce W),
and Ba,CeV 0, ceramics with improved microwave dieleciric
properties  for dielectric  subsirate and possible Low

Temperature Cofired Ceramic (LTCC) applications.
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51 SYNTHESIS, CHARACTERIZATION AND MICROWAVE
DIELECTRIC PROPERTIES OF TWO NOVEL DIELECTRIC
CERAMICS

51.1 Introduction

The developments of microwave dielectric materials for applications in
compnunication systems, such as cellular phones, wireless local area networks, direct
broadcasting satellite (IDBS) and global positioning systems, have evolved in an
unprecedented path for the last decade.'? An increasing effort has been directed towards
attaining the minjaturization of components with the multilayer microwave integrated
circuits (MIC), i.e., integration of passive componenis such as inductors, capacilors,
resistors and line resonators into the substrate which cirries the integrated circuits,™
Morzover, the extension of the carrier frequency from industrial, scientific and medical
{15M) bands to the millimeter wave range is expected in the near future as the research on
ultrehigh-speed communication systems is currenily underway. These substrate materials
neodd 10 have a low ¢ wvalue, in order to minimize the cross-coupling effect with
comluctors, and a high quality factor ((x/} value 10 ingrease their selectivity. A near
zerp emperature coefficient of resonant frequency 15 also required in order (o ensure the
stability of the frequency against temperature changes. Though extensive research has
been made on single phase DR materials using cerium, very few reports has been made
on (13 microwave diclectric properties.™’ Hence we tried to prepare new single phase
cerium compounds having good microwave diclectric propertics and low sinlering
temperature that can be used for Dilelectric Resonator and substrate applications

Several researches on compound formation in rare carth tungstates have been
reported """ Me Carthy er al."' prepared and identified. many compounds: R,0,/W0,
= 3/1 {La-Lu, Y}, 5/2 (Gd-Ho., ¥}, 744 (Nd-Lu, ¥) and 1/1 (Nd-Lu, ¥) etc. The system
based upon CeyOy is difficult because of the instability of Ce,0y. Yoshimura er al"
identified the stable phases in the system Cey03-W0;. The subsolidus phase relation was
also discussed for the temary system CeQy-Ce;0.-WO,.  Borchardi” reported that
Ce.0y 3W0,; was only one compound which was produced by the reaction between Cely
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wd WO, mnoarr. The microwave diclectne propertics of CeQ-W0,-TiD: cerarmes has
ween feported i section 3.3 of Chapter 3 as ¢, = 17, Quf = 45550 GHz i vacuum and r,
w7 ppmC. The Cet W), has o monochnie erystal struc fure’”, though the microwave
diele¢ttic properties of the ceramic have not been reported 1o date.

A considerable amount of work has been done on the phase formation and
gructure of AD-V,00 (A = Ba, Mg, Zn) and Ce-V-0 compounds,' ' *"™T Y Tipis o
& ™ reported the stubility and oxygen jon conductivity of zircon-type CepAVOL A =
Ca, ). A comparison between the Raman spectra of Cey CaVlagw and Cey. B, VO,
in which Ca®* and Bi*" are substinsted for Ce™” in CeVO, has been reporied by Hirta o
al® Tn the AC-V,00 (A = Ba, My, Zn) inary system., A{VO,); (A = Ba, Mg, In) are
low Dass dhelectric coramic materials for mucrowave communication.” Chapler 4
dsoysses the mucrowave dielecine properties of BaO-CeQy-Ti0); sysiem. Although
wasiderable research has been done on BaO-V.0y and CeOy-V0: system, very linle
attermion has been pand on the BaO-CeO+ V.04 system and its dieleetric propertics

The present investigation repons for the first time two new diglectne ceramics
based on cerium having low relative permittivity - Ba,CeV, 0, and Ce:{ WD, ).

§12 Experimental

The Ced WOk and BayCeV 0y, ceramics were prepared by the conventional
3d-stale cepmic route as described in Chapter 2, section 2.1.2. High purity chemicals
(Treibacher, 99.9%), BaC0; (Aldrich, 994+%:), VyOu (Aldrich, 98+%) and WO,
m G+Neh were used as the stlaming powders,  Stoichiometnic proportions of the
wals were weighed and ball milled for 24 hours using zieconta balls in distilled
ﬂl media. The shirry was dnied ond then caleined at 925°C/8h and 725°C/5h for
:ﬁ:[jl'-’ﬂa]; and Ba:CeVi0)); ceramics respectively. The calcined powder was then ball
millal for 24 hours. The finély ground calcined powder so obtained wis then pressed
mio d s shaped pucks of 20 s dhameter and abour 10 mm height ar a pressare of abou
120 MPa using a WC die. The green compacts were fired at a rate of $°C/min up 1o
HO°C and soaked a1 600°C for 30 minutes tw expel the binder. The pellets were sintered
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inoar at emperatures o the range 950-1050°C and the dwell time was 4 hours  Afber
simtering the spmples were allowed o cool down o foom wemperature of the e
MCloun,  The samples were then polished 10 remove surface imegulantics.

Bia Va0, which formed as a secondary phase along with the BaCeVil)y ceramic
also prepared separately using the same method mentioned above a a caleination

temperature of 625°C 5h and & simering temperature of 700°C/A4h.

The sintered samples were well polished and therr bulk densities were found hr1.

Archimedes method Structural phases were adentified by powder X-Ray diffraction
(ARD techmgue using Cula radabion, Scanning electron micrographs were recorded
frosmt the surtace of sintered thermally etched samples w analyee the microstructure of the
ceramics. The microwave diclectne propertics were measured employing resonance
method™ <" 45 deseribed in sections 2.4.2 10 2.4.5 of Chapier 2.

5.1.3 Results and Discussion

The synthesizing conditions such as calcination temperature, sinterng temperaur
sl their durniions are optimized for Cea{ WO, and Ba;Ce'y0y cermmics 1o obdain the
best density and dielectne properties. The samples are having good thermal and chemal |
stability as explmined m section 3.3.4 of Chapter 3.

Figs 5.1{a) and 5.2(a} show the vartation of density with calcination lemperature
for Ced WOy, and BaCeV 0y ceramics respectively, The densaty increases and reaches
a maximum at a calomation temperature of 925 and 725°C and then decreases for
Ced WOy and BapCeV,0)y; ceramics respectively.  The vanation of density with
sinterimg temperature for Ce WOL); and Ba,CeV,0;, ceramic are shown in Figs. 5.1(b)
and 5.2(b) respectively, The densitics range from 4.8% to 589 gem' and 4.18 to 435
g'q:n-" for CeAWOy ) and Ba,CeVi0,, ceramic respectively. Maximum density of 5.89
-g,un-' or Ced WO and 435 gewm’ tfor BaCeN 10,0 6 obtamed al a sumerng

pemperaate ol V00 and A025°0 respectively. The density decreased  wilh farhee

mcrease 1n sintenng lemperature. The maximum densificanion of 7% 15 obuined for
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CHAPTER 5

Ce(WO,)y ceramics at a sintering temperature of 1000°C (theoretical density = 6.77

giem®).*

LY

g

B

Bulk Demity (giem’)
|

Ll

[

Fig. 5.1 Yariatlon of bulk density of Cey(W0,); ceramic with (a) Calcinatlon temperature
snd gintored ui 10 for 4 hours (b) samples calcined at 925"'C/8k and siatered
sl different temperstures for 4 howrs

E & &
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&

Cbeted w735 C/5h
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Fig. 5.1 Variation of bulk density of Bay{'eV'y0y; cernmic with (o) Calclasilon temperaiure
and sintered at 1025°C for 4 howrs (b) samples caleined at T25°C/5h and sintered
ul different temperatures for 4 hours
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5.1.3.1 Phase and Microstructural Analysis

5 |

® HaV i)

[ k]

Intensity (in arhitrary uniis)

Intenshty (i arbitrary wnity)

| P T ——— T T T T
W O35 M NS 40 45 S0 S5 6o 15 M 3 M M M 45 S0 55 W

2 fin degrees) 1 {im degrees)
Fig. 5.3 X-Hay diffraction pattern of Fig. 5.4 X-Hay dilfraction patiern of
o Wi,y ceramic sintered at 1000 45 BayCeV o0 coramic sinfercd 1025°CY dh

Figs. 5.3 and 5.4 show the powder X-ray dilfraction pattern of CeaW0,), coramic
and Ba,CeVi0y, ceramic sinicred at 1000 and 1025°C for 4 hours respectively.  The
powder pattern of Ces{WOy), ceramc exlibis a single phase nature with monoclinie
symmetry i agreement with [CDEY file card numbers 31-0330. All peaks are indexed
and the unit cell paramcters arc o= TRIZA, b= 11730 A and ¢ = 11.600 A, The XRD
profile a Fig 3.4 shows tha Ba,CeVy0y; ceramuc s the mam erystalling phase, in
associanon with a second phase Ba.V,0y, [ICDD File No. 36-1466). The powder patiem
of Ba:UeVs0y, 1 compared with the JCPDS file No. 450093 Ba, V.0, has a space
group | 2:a with latice parametersa = 1507 A, b=8941 Aand c = 1016 A,

SEM mucrographs of Ce0Wi0y 0, and Ba.CeVy0), ceramic sintered a1 1000 and
1025°C for 4 hours are shown an Figs. 5.5 and 5.6 respectively, The SEM studies on
Cead WO b ceramic show that the densification 15 poor and the average grain size 1s about
1025 pm. Small cracks are scen on the microstructure and this is the cause for poor
densification n Cead WO, ceramic.  BayCeV, 0y ceramic sintered at 1025°C exhibits

dense nucrostructure and has two types of grains which are identified as of
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Fip, 8.6 SEM micrographs of HasCeV iy,

Fig. 5.5 SEM microagraphs af Cep Wi,
ceramic slntered 1025°Cr 4k

cernmic simered ai 10007 /4h
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EHAPTER !
By OVt and Ba V0, The avermnpe swe of Bu,CeVi; grain @5 about 10-25 pm
Small round shaped gramns of size about 2 um are of BaV,0,  EDXA analysis of
BuCeV,y0y, ceramic shown in Fig. 5.7 confinms the carlicr XRD result on the presence

of the secondary phase Ba, V01,

5.1.3.2 Microwave Dielectric Properties

The varation of ouerowave dielectnie propertes of Coa W0, wod Ha,UeVi0y
ceramics with sintering temperature are shown in Figs. 5.8 and 59 respectively. The
relativee permuttivity increases with sinlening lemperature up to a maximum of 108 (for
CeAW3,0,) and 149 (for Ba-CeV,0y, coramme) m 1000 and 10253°C respectively and
decreare on sintering further at higher lemperatures. The increase in relative permuttivigy
is due w the ncrease in percentage density.  The relationship berween relative
permittivity and singtering temperature show the same wend as that of density and
sintering temperature (Figs. 5.8(a) and 5 %a)). With increase in sintening emperature,
(o wercase, reach o maximum value and thercafler decrease for Ced WO, and
Ha.CeViOy ceranes. The vananion in &, and (217 15 also consistent with that of density
variation  The maximum (af of 10500 and 12700 GHz is obtained by sintering at 1000
and 1025°C for Ced WO, and Ba.CeV,0,, ceramics respectively. At low sintering
tempersturnces, the mocrowiay e guality Tactoes wre low due 1o the poor density and when the
sintenng temperature increase above 1025°C abnormal grain growth oceur which degrade
the quality factor (Figs. 5.8(b) and 3.9(b)). Imhomogencous grain growth at bigh
sifilernyd temperatures mercases the number of lattice imperfections and the dielectrie
loss increase ™ The most important grain characteristics for microwave dielectric
properties are the average graim size, the grain size distribution, the grain morphology and
the grain onentation.  Several studies revealed that the presence of o liquid phase, s
mereased concentration of structural detects, closed porosity et cause gron growth

NLTRTE

which m wm influence the diclecine properiies The incredse i Sinlenag
temperature Trom 740 o 820°C of Bi-TiDy, ncreases the mean gron size from =10 o

=20 pm "' Penn er af " reponed that the diglectnie loss of aluming is increascd when the
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gramn s12¢ exceeds -4 pm, In aluming, when pure powder compacis are simtered, some
gratns  prov extensively 1o enonnous siee with pores trapped  within those large
Eriins U Mol e el reported that maossture trapped i the pores mcreascs the
dielecine loss. The microstructures of the ceramic bodies proved that sintering at higher
emperatures result o abnommal grom growth and corresponding mocrocracks occur in a
pelyerystalline ceramie The internal stress and crack formation are responsible for the

e
deteroratnan of diclectne propertics when dbnormal gramn growth oceurs
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praperties af Cey WO, L ceramic sintered proporiiey of BayCeV 0 ceramic siniered
atl 10M°C A jud e (b (laf and af TOXS'CHN (a) e, (b) (g and

Fig. 58(b) and 5.%b} shows the wfluence of the simering emperaiure on the
alues of CedAWO, ) and Ha,CeVy0, samples, The r values ranged from -60 1o -34
ppmC and - 18 to 14 ppmC for the Ced WO,), and Ba,CeV,0,; samples sintered in
the temperature range of 900-1025°C and 950- 1050°C respectively.
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The Bay V.0, which formed as a sccondary phase along with Ba;CeV,0,; ceramic

has been separately prepared as a single phase material, The Ba,V,0y, sintered at

T00'C/4h has a percentage density of 94, relative permittivity (£,) = 12, quality factor
(Q.xf) = 22500 GHz and r; = 67 ppm/™C.

52 LOW TEMPERATURE SINTERING AND MICROWAVE
DIELECTRIC PROPERTIES OF Ba;CeV,0,; AND Ce;(WO.);
CERAMICS

5.2.1 Introduction
In LTCC technology, the dielectrics are needed to cofire with electrode metal
such as silver, depending on the requirement of the small delay time of the signal and low
power consumption.”” Most of the commercial low loss dielectric materials used for
high-frequency applications show high quality factors and relative penmittivities, but
have a high sintering temperature above 1300°C. The commonly used two methods to
reduce the simering temperature of dielectric ceramics are addition of low meliing
glasses™ " or low melung peint materials’ * and chemical processing.'” The first
method has been commenly found effective to decrease the firing emperature in spite of
slight degradation of microwave dielectric propentics of ceramics. Intensive research i
being carnied out on liquid phase sintering using low loss glass additives because of the
potential they offer and being the least expensive, ****74%  The CeW0,); and
Ba;CeV,0y, ceramics synthesized has high sintering temperature of 1000 and 1025°C
respectively and hence they cannot be cofired with silver electrode (meling point is
961°C) for LTCC applications. Hence their sintenng temperatures need 1o be lowered for
LTCC applications. This can be achieved by the addition of low melting and low loss
glasscs.
In this section we report the utilization of small levels of B2Oy and borosilicass

glasses 1o the Ce(W0O,); and Ba,CeVy0y ceramics in an allempl (0 prepare ceramics |
with a sintenng temperature less than $50°C that could have potential applications “

cofired circuit componenis,
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5.2.2 Experimental

The CeAd WO, ) and BaCeVy0),, ceramics were preparcd by the conventionl
slid-state ceramic oute as desenbed m sechon 512 The glass powders used in this
imvestigtion were Ho0)y jabbreviored as B Sntk-HaOy (2H) BaO-BA)-510; (HBES),
In(-B,0,-5:10; (ZBS) and PHO-B.0-510: (PBS) For synthesizing glasses, high purity
[Aldrich, 99.9 ") oxides/carbonales were weighed sioichiometrically and mixed for two
hours in an agate mortar with pestle using distilled water as the medium. It was then
melted in 3 platinum crucible above their deformanon tempernture (see Table 1.2 m
Chapter 2). quenched and powdered. The caloined Ce(WO, ), and Ba;CeV 0 powder 15
sbsequently muxed with different weight percentages of vonious glasses.  The mixed
powders were then deed and PYA was added 55 6 binder. Tt was then ground well and
gamulated before messimg o pellets. The pellets were sintered at temperatures i the
nnge BS0-1000°C in air for 4 hours. The bulk densities of the sintered samples were
measured usmg Archimedes method The structure of the samples were characienzed
wing X-ray diffraction, microstructure using SEM. elemental analysis using EDXA and

microway e characienization using resvmanee lechnique desenbed in section 2.4.2 10 243

in Chapter 2

523 Results and Discussion
5231 Density and Microstructural Analysis

The samples are having good thermal and chemical stability as explamned in
gction 334 of Chapter 3. Cilasses such as B0y (B), Z00-B,0, (ZR), Ba0-B.0.-510,
{BBS), Zn()-B.0 -5 O, (ZBS) and PLO-B-0,-5i0; (PAS) are added 10 Ce,{W0O,), and
Ba,CeV, (3, 1o lower the smtenng temperature. Figs. 5,10 and 5.11 show the vanation of
density with simitering temperature of 0.2 wt™ different glass added Ce:(WO,); and
(Ba:CeV, 0y, ceramic respectively.  The densaty of glass fluxed ceramic increascs with
:'Hmng lemperature, reaches o moximum and then decreases.  For all glass doped
| BaCe V0, ceramics, density is masimum ol 975°C. Maximum density of 623 glem
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ifor Cea('Wi0,) ) and 4.58 pem’ (for Ba:CeV,0,,) 15 obtained for 0.2 wi% PBS added
RaCeV iy ceramic a1 a sintering temperature of 925 and 975°C respectively. The high
density obtained for PBS glass fluxed ceramic is due 1o the high density of PBS glass
comparel to other glasses used m the present study. Optimized densities of B, Z8, BBS
ard ZBS added Ced W) and Ba,CeVyDy, ceramics are 6.08 and 4.36, 591 and 4.19,
6.19 and 4 38, 590 and 437 glom’ respectively. The shght increase in density wath the
addition of 0.2 wi® B, ZB, BBS, ZBS and PRS glass could be antnbuted to the liguid

phase sintering. which promoles rapid densification.
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Fig, 500 Variation of density of 0.7 wi?s Fig. .11 Variation of density of different
of dilferent glass Muwed Ced Wi, coramic wi® £BS glass Maved BayCoV o0 coramic

Fig. 5.12 shows the companson of densities of 0.2 and 0.5 wi% ZB and ZBS glass
Muted Ceaf WOL), ceramic The density is decreased from 5.8% 1o 5,81 gem’ and 590 to
585 gem’ with the addition of 0.5 wi®s ZB and ZBS glass respectively. The variation of
densay with different wive 0 £B5 glass added BaCeV Oy ceramie i e temperaiune
range R00-1000°C s shown in Fig. 513, The decrcase in bulk density at higher sintering
tempdrature s probubly due 1o the inhomogencous evaporation of the liquid phase from
grain boundaries causing incomplete wening ™ Addition of 1 wi®s ZBS glass 1o
Ba,C:Vi0), lowers the sintening temperature from [025°C 1o 825°C. The addinon of

funther amount of ZBS glass does not lower the sintenng wemperature,  Maximum value
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of density (4.46 g/icm’) is obtained for | wi% ZBS glass added Ba,CeV,0), ceramic
sintered ar #2590,
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Fig. 512 Variation of density of 0.2 and 0.5 wi®%  Fig. 513 Variston of denslly of 0.1 wi%s of
TB and 7RSS glass Muzed Ced Wik )y ceramic different glass Noxed Ba,Ca¥V, 0y, ceramic
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Fig. 5 14 Shripksge curves of (a) Ce (W0,); ceramic doped with 0.2 wi%: ZBS glaas and
{b) BayCeVy0y; cerumic doped with | wi%e ZBS glasa

Fig. 5.14 (a} and (b) shows the shrinkage curves of Ces{WO,); cerpmic doped with
0.2 wi%s ZBS glass and BayCeV,0, + | wi% ZBS glass respectively. The onset of
whrinkage occurs around 300 and 600°C respectively for Ce(WOL), ceramic doped with
0.2 w1% ZBS glass and Ba,CeVy0,, doped | wi% ZBS glass respectively. The shrinkage
is complete only beyond 925°C for both the samples.  An 11 % shrinkage at 925°C is
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CHAPFTER §
to Ba;CeV,0y improved the sinterability of the ceramic. The presence of dense grains
indicate the improveinent in the sinterability due to liquid phase sintering in | wi%s ZBS
glhss added Ba,CeV,0,; ceramic. During sintering, low melung glass exists along the
dielectric grains n liquid phase. The glass phase assists in the densification of the
ceramic through liquid-phase sintering.™ " Addition of 3 wi% ZBS glass increases the

porosity” which in tum decreases the density of the ceramic,

52.3.2 Microwave Dielectric Properties

The Cesi WO, ) and BayCeV;0,, ceramic sintered at 1000 and 1025°Cidh has a
relative permittivity of 10.8 and 14.9 with a quality factor of 10500 and 12700 GHz and
temperature coefficient of resonant frequency, -39 and -14 ppm/C respectively.
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Fig 5.17 Variation of (a) £. and {b) {xf ol Fig. 5.18 Variaton of (a) £, and {b) {0 ol
0.2 wi%s glass Mumid Ceg(Wikshy ceramic 0.2 wie glass Muned BayCelV;0y, ceramle

The £ and Qpf of 0.2 wi% different glass added Cey(WOy)y and Ba,CeV,0y,
ceamic are investigated by sintering at temperatures in the range £850-1000°C, and the
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resultz are shown in Figs. 517 and 518 respectively. The £ increases with sinieri
temperature reaches o maximum value and then decreases. The relationship b
relative pormattivily and sintening temperafure shows the similar rend as the relationsh
between density and sintering temperature Maximum & of 109, 10.2, 120, 11.3
11.9 1 obunned for 002 wits B, ZB. BBS, ZBS and PBS glass added Ce{WO,), ceramy
respectively. For 0.2 wi% B, ZB, BBS, #B5 and PHS glass added Ba;CeV,0y, _
maximum & obtained 15 14.9, 149, 15,0, 15.0 and 15.2 respectively. The high £ of PB
glass added ceramic s due 1o the high £ of PBS glass,
The quality factor increases reaches 3 maximum and then decreases with sintering
temperature for Ce,d WO, ) with all glasses. The quality facior increased from 10500 GH;
for pure Cey(WOL ) to 12650, 20000, 20150 and 16200 GHz for 0.2 wi% B, ZB, BB§
ZHS and MRS doped Ceai W), ceramecs respectively (Figo 5.17(h)). With the addinog
of 0.2 wi%h of glusses o BagUeVyOyy cerumic, the (L i found 1w increase for 2B
{13300 GHz) and ZB5 (14100 GHz) (Fig. 5.18(b}}). The quality factor is nfluenced b
many factors meluding bulk density, grain boundary, secondary phases and other defestt
as well as anharmonic lattice vibrations.™ The best property 1s obtained for 0.2 wit Z8
and ZRS Nuxed with et WL and 0.2 wi®s ZBS doped BoCeV 0, ceramic. Hemoe
detailed siudy on the microwave dielectric properties of different amount of ZB and ZB§
glass Muned Cegl Wiyl and ZB8 glass doped BayCeVy0y, ceramic 15 carmied out |
The varution of & and Quif with different wt% ZB and ZBS glass floxed
CedWO,), and ZBS glass Muxed Ba,CeV, 0, ceramic are respectively shown in Fign
319 and 2200 The relative permittivity decreases from 112 wo 10.9 when 0.5 wth mﬂ
glass is added and from 11,3 to 10.5 when 0.5 wi"e ZBS 15 added to Ce,{WQ,), l::ﬂﬂ'lkl
I is found that relanve permittivity shows a close relation with bulk density for different
ampunt of ZBS plass fluxed Ba,CeV 0, ceramic. The quality factor decreases with the
sddition of ZB and ZBS glass in CedWO,), ceramic. Maximum quality factor of Iﬂﬂll
GHz and relative permitivity §1.3 15 obtained for 0.2 wi% ZBS glass Muxed Ce:(WOg) |
ceramic sinfered at 900°C4h. Maximum value of density (436 g.-"ﬂn'}. relative
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CHAPTER 3
permitisvaty (13.1) and quality factor (20300 GHz) is obtained for | wi*s 7BS glass
doped Ba:CeVy0,, ceramic simered at 825°C. Addition of further amount of ZBS glass
decreases the quality facior due o the increase in porosity and the fact that glass has a
higher dielectric loss. ™
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Fig. 5.20 Variation of () £ and (b {xf

Fig. 5.19 Variation af {2) £, and {b) oo
of 0.2 and 0.5 wi% ZB and ZBS plass of different wi*s ZBS glaw fluxed
H-l;fl\".ﬂ.. goramic

Muzed Cey(WIL), ceramie

The vanution in 1, with the addition of different wi% of glass added Cey(WO,),

and Ba,CeV,0,, ceramics are shown in Figs. 5.21 and 5.22. In glass fuxed Ce(WO

eeramics, 17 15 decreased with the addition of 0.2 wi%s B, £B and ZBS glass (i, of pure

oW ceramic is -39 ppm™C). The 0.5 wi%e addition of ZB and ZBS glass 1o

Ced Wi}, ceramic decrease the o to -23 and -25 ppm"C respectively. A decrease in 1y

from -21 10 =12 ppmC 15 observed for 0.2 w1 % PBS added Ba,CeV,0, ceramic. The 5
af Ba:CeV,0 ) ceramic increases and reaches -42 ppm™C for 3 wi% ZBS addition.
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The reasonably good microwave diclectric properties of 0.2 wi% ZBS doped
CeaWoy and 1 wi*s ZBS plass added B3a.CeVi(dy show that they can be used

possible candidates for LTCC substrate applications

5.3 CONCLUSIONS

F Two new microwave dielectric ceramics based on cerium - Ceyf W), and
Ba-CeVaOy have been synthesized and their structure, mecrostriciure and
microwave dielectric propertics are investigated

P The Ced Wiy sintered at 100°C4h has a relative permatiivity of 108
with a quality factor of 10500 GGH and temperature coefticient of resonant
frequency. -39 ppm™C

# s difficult 10 obtain BagCeV0); as a single phase matcrial. The XRD
pattern, SEM micrograph and EDXA spectrum of Ba,CeV,0y, reveal thata
second phase Ba V0, is Tormed along with Ba:CeV (), ceramic

P The Ha:CeV oy, ceramie teontain a small amount of Hag Ve, ) sintered o
[025°C b has o relative permittivity 149 with a qualey factor of 12700

GiHz and temperamre coeflicient of resonant frequency, =14 ppm/™C
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 The Ba\ /0, which formed as 3 secondary phase slong with Ba,CeV0y,
ceramic has 8 percemtage density of 94, relative permithivity 12, quality
factor 22500 GHz and 1, = -67 ppm™C at a sintering temperature of
TO0C/dh

» Glasses such as B0y, Zn0-B,0;, Ba0-B;04-8i0,, Zn0-B10,-510; and
PBO-B304-5i0, are added 10 Ce:(WO,); and Ba,CeV,0,; ceramics to lower
the sintenng lemperaiure.

» The microwave dielectric properties of 0.2 wi%s ZBS added Cey(WO,):
ceramic and | wi% ZBS plass added Ba,CeV;0,, ceramic sintered at 906G
and 825'C are & = 1 1.3 and 15.1, Quxf = 20200 and 20300 GHz and ;= -27
and -21 ppm~C respectively

P The 0.2 wi% ZBS doped Ce:(W0Ou); and | wite ZBS plass added
Ba,CeViy0y ceramic can be used as possible candidates for LTCC

applications

This Chapler discusses the synthesis, characterization and microwave dielectnc
propertics of two new compounds based on cenum - Ce{WO,); and BayCeV,0,,. The
mext Chapter gives the influence of rare carth substitution in Ce site on the siructure and

microwave diclectric properties of cerium oxide.
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MICROWAVE DIELECTRIC PROPERTIES OF
Ce,RE, .O,, (RE = La, Nd, Sm, Eu, Gd, Dy, Er,
Tm, Yb and Y), 0= x= 1 CERAMICS

This chapter discusses  the solubility af |
different rare earths and ytirium jons in ceria
Ceramic comipositions in Cey RE, 0, (RE = La, Pr,
Nd, Sm, Eu, Gd, Th, Dy, Er, Tm, Yb and ¥), 0sx< |
frave been prepared by solid state ceramic rouie. The
solubility limit of cach rare earth ion in cerig has
been found owr uwsing, XRD, SEM end EDXA
amalysis,  The variation of microwave dielectric
properties with the cencentration of rare earth in
ceria has been measured. Several high @ dielectric
resonator materialy were identified in Ce, RE. 0y,
{RE = La, Nd, Sm, L, Gd, Dy, Er, Tm, ¥b and ¥},
cevamicy  for 0sx<]  which are suitable  for

applications in felecommunication devices,
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6.1 INTRODUCTION

Towe development of micnvwave commumication technology has been promoted by
microwave dicleetnic ceramics. One of the usual method for developing new high Q or
high £ rucrowave ceramics i by formation of solid solutions. Ceria (Ce0;) 15 a fluorite-
structured oxide that forms extensive solid solutions with a variety of alicn cations. Rare-
carth (RE) substituted ceria 15 an imponant material in view of applications in oxygen
concentration cells and in solid oxide fuel cells ' RE substituted ceria is very stable and
exhibits hugh oxyien melity. Dense cena based clectrolytes are fabricared via solid-
state reaction by heat-treating a mixture of the individual component oxide powders at
~1300°C 1o yield a single phase solid solutien and then refiring the solid solution powder
at even higher temperatures of 1700 -1800°C." Common synihesis approach of nano-
sized ceria and rare earth substituted ceria at lower preparation temperatures include
hydrothermal and solvothermal synthesis,"™” sol-gel synhesis,™® spray pyrolysis ete."”
When a Ce'” cationic sub luttice gets substituted with a tnvalent RE ion, oxygen
vacancies are created in anionic sub lattice in order to compensate the effective negative
charge produced by the substituent cations.'' Geometry, struciure and propertics of these
defects resulting from the true atomic substitution not only depend on the crystal
structure. elecirome charge, wne radius, electronegatvity ete. of the dopam b also en
is ol fraction within the host mawnix,  This, in tum will increase oxygen diffusion
within the host lattice and drastically affects oxygen uptake and release by the system.”
A considerable amount of work has been done on the conductivity of RE doped ceria.
The appropriate doping of the cernum oxide lattice with gadohinum oxide as a dopani can
be written, in the Kréger-Vink'' notation, as

Gl 0, b 20e!, = O —+ 2Gd,, + V3" + 2Ce0, (6.1}

where 17} represents oxygen vacancy. These oxygen vacancies promole the oxygen-ion

mugration that s charactenistic of substituled cena. It is also known thal a high
comcentration of oxygen vacancies eventually decreases the conductivity, and increases

the activation energy."
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The elecirical conductivity of ceria has been extensively investigated with respect
o different 1ons (Ca®', ¥, La", Gd", Se¥, S¢, Sm™ ™™ and substiment

canceniration. The wnic conductivity of ceria resuliing from oxygen vacancies

WA an increase in the amount of

depends on the substituents and their amount.
substitwent compounds tends to form 4 second phase due to the solubility limit and this
reduces the conductivity.” The critical substituent concentration to achieve the total
conductivity was reported 1o be approximately 20 mol%, which was due 1o the formation
of microdomains.** Balazs ef af.™ reported that the addition of 10 mol% substituents did
nat appear 10 affvet the sintering propertics with the exception of some rare carths. They
also reported tha: the ioni¢ radius of the subsiituent did not affect the conductivity of
geria, O the all RE:Oy substituents, Smy0; and Gd.Oy substinuted ceria was found to
have the highest electrical conductivity at a fixed substitution level, since Sm;0y and

8,26, 27

(é,0, doping imduces the least distortion of the paremt lattice. The conductivity

values varies with the amount of rare earth though there is a contradiction among the
literature reports regarding the exact composition having highest conductivigy ™"
Steele™ reported that the ionic conductivity at 500°C of Cegofidy y0 45 was higher than
that of CegawsYa 30 sins, Ceaalidy 20, o and CegaSmy 0 o4 respectively. Longo er al ¥
reported that yitrea is the most seluble rare carth oxide in ceria lattice with excellent ionic
canductivity. Comprehensive studies on Y.Oy-substituted Ce(: have shown its
conductivity vanesd substanvially with the substiuent concentration (0.05-10 mol%
Y0¥ Wang er ol showed that the change of the lamice conductivity with
substiuent concentration corresponds to the change in the activation energy of oxygen
vacancy diffusion. The substitution of cenum oxide in the senes Cey ,RE,0:.,7 (RE =
nthanides™ or ¥"', x = 0.1, 0.2, 0.3) produces its characteristic high oxygen-ion
mobility” and exhibits electronic or mixed ionic-electronic conduction in reducing
amospheres. ™™ Electronic conduction can also appear when the grain size of pure ceria
is below 100 nm, !

The clectrical properties of hecavily substituted cena with nano-sized grains are

currently under investigation in different laboratories around the world. The boundary
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between tonic and electronic regime will be observed at a grain size of 20 nm at 500°C."
There are recent claims that the ionic conductivity of Ceaslngs0y5 (RE = Sm, ¥)

WA A clear

increases with decreasing grain size at temperatures below 200°C.
dependence of de conductivity with gran size for Y-substituted CeO; has also been
reported”’ while they have observed an enhancement in conductivity for Y- substituted
Cet);™ in relatively mild reducing conditions of nitrogen gas. There are also indications
that a decrease in grain size induces an increase in electronic conductivity.*’

Mc Bride er al.** swudied the relationship between the intensity of Raman peak at
the high frequency side of the Fy, band and the content of oxygen vacancies in the solid
solutions Cey ,RE,O:, They found that the relative intensity of this Raman peak
ngreased with the oxygen vacancy concentration and the line width of Fi; mode was
broadened for substituted ceria® The microwave dielectric propertics of ceria® have
been discussed in section 3.2 of Chapter 3. Although considerable amount of work has
becn reporied on the conductivity of rare eanth substinited ceria, no report has been
pulilished on its dicleciric propenties. This has drawn our attention and stimulated us to
synthesize, characterize and measure the microwave dielectric propertes of rare earth
substituted cenia for the first time.

6.2 EXPERIMENTAL

The Cey.,RE, 04 (RE = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb and Y), for
0z¢x | ceramics were prepared by the conventional solid-state ceramic route as described
in section 2.1.2 of Chapter 2. High purity chemicals of Treibacher Industries, Althofen,
Austna - CeQy, Lay0y, Pre0y, NdyOy, SmyDy, EuyOy, GdyDy, ThiDy, Dyi0y, EnQy,
Ty 0y, YbaOy and Y20, (all having purity 99.9%) were used as the starting powders.
Staichiometric proportions of the chemicals were weighed and ball milled for 24 houns
using zirconia balls in distilled water media. The slumy was dried and then calcined for §
hours at 1100°C, ground well and again calcined at [300°C/5h.  The calcined powdens
were then ball milled for 24 hours. The fine powder was then pressed muo dise shaped
pucks of 20 mm diameter and about 10 mm height at a pressure of about 120 MPa usings
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WC die. The green compacts were fired at a rate of 5°C/min up to 600°C and soaked at
H00°C for 30 minutes o expel the binder. The pellets were sintered in air at lemperatures
n the range between 1500 — 1675°C depending on the rare carth ion and the dwell time
was 4 hours.  Afler sintering, the samples were allowed o cool down o reom
temperature at the mte of 3°C/min.  The samples were then polished 1o remove surface
imegularies.

The densities of the samples were measured using Archimedes method.  X-ray
diffraction patterns were recorded from powdered samples using CuKa radiation and
SEM muwrographs and EDXA were recorded from the surface of thermally etched
samples. The microwave dielectne properties (e, QL0 and ¢} were measured employing
resonance method ™™ as described i sections 2.4.2 to 2.4.5 of Chapter 2.

6.3 RESULTS AND DISCUSSION

The Ce; ,RE, (., (RE = La, Nd, Sm, Eu, Gd, Dy, Er, Tm, ¥b and Y) for 05
xsl green compacts are sintered into dense ceramics and their sintering lemperature and
durations are optimized to obtain the best density and microwave dielectric propertics
The ceramics prepared are having excellent chemical and thermal stability as explained in
section 3.3.4 of Chapter 3. The Ce, ,RE, 0,4 (RE = Pr, Th) ceramics have no resonance
and hence thewr properies are not investigated. Eventhough “RE’ represents rare eanh,
ytmium is also ingluded here for convenience. Cey RE, 054 (RE = Eu, Er, Dy) ceramics
has been studied in detail as representative of Cey [REOy4 (RE = La, Nd, Sm, Eu, Gd,
Dy, Er, Tm, ¥'b amd %) solid solutions,

6.3.1 Phase Analysis

Fig. 6.1-6.3 show the XRD panerns of Ce, ,RE,Oy; (RE = Eu, Er, Dy); fsvs/
ceramics, The XRD patterns of pure CeQ; (ICDD Card No, 34-0394) and Ers(), (ICDD
Card Ne-. 43-1007) is also shown for comparison. The crystal structures of CeO; and rare
earth oxides are fluonte and C-type respectively. It can be seen that the samples

erystallize in a Muorite structure with the complete absence of the component oxide,
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RE-€1, 'RE = Ly, Er. Dy}, which indicates the formauon of complete sohid solution at o
Ll 005 and 023 for EBu. Er and Dy respecuvely. Similar results were reported
Kuharuangrong”' that 20 mol%s Er- and 30 mol% Dy- substituted cena exhibit the
phase avd structure of Celde. Trejo o o™ reponted the perfect fluorite sqrun:tun:d'![
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Lelb b 0, *
E §
-
2 -
) 3 =
= :
'E E‘l-l-:"!-'uln : ::r
. : :
: - bﬂ"
P
£ Bodroon, R
= | —Y i“ : 1 E O -
s J l il 5
W @ M 4 S ex W M M 4 % & N
2 lin dojrees) 2 fim degree)
Fig. 6.3 XKD patterns of Ce, Iy, Fig. 6.d XRD parterns of Ce JRE, O, (RE
fo = 0L 25, 0.4, 0T, LES) coramics = ¥h, Toy, Er, ¥, Dy, Gd, Ew, Sm, M, L)

corarnics in the salubility Hmie
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For x = 0.1-0 5, the peaks of Ce, ,RE,Oy; (RE = Eu, Er, Dy) ceramics shift towards left
and at x = 0.7 onwards the peaks start shifting to right side. This indicates that there is an
additienal solid solution formation a1l v = 0.7 in all RE (RE = Eu, Er. Dy) substituted Ce,
JRE D5 ceramics,  After x = 0.7, the struciure shifts towards that of REy0y in Cey.
RE, 0y (RE = Eu, Er, Dy) ceramics. A similar variation of XRD patierns is observed
for other RE-substituled ceria (RE = La, Nd, Sm, Gd, Th, Tm, Yb and ¥). The sohd
solubility limit of RE in cena is determined as explained above and the XRD patierns of
Ce, . RE, 0,4 (RE = La, Nd, Sm, Eu, Gd, Dy, Er, Tm, Yb and Y) ceramics at the solubility
limit in the increasing lonic radius size is shown in Fig. 6.4. The peaks of Ce ,RE,Oy4
ceramics shift to the lefl with the increasing ionic size of the substinited rare canth. No
other additional diffraction peaks other than that of cena is observed below the solubility
limit of Cie. RE, 045 (RE = La, Nd, Sm, Eu, Gd, Dy, Er, Tm, ¥b and Y} ceramics.

6.3.2 Microstructural Analysis

S5EM micrographs of Ce, RE, 0. (RE = Eu, Ef); 2 = 0.1, 0.7, D.85 ceramics is
shown n Fig 6.5(a)(f). All these ceramics have good densification.  SEM
microstructure of pure CeQ; is shown in Fig, 4.11 of section 4.3.3.1, Chapter 4. The
SEM image of CeysEuy 0 e shows large grains of size approximately 5-12 pm and
nearly circular grains. The SEM picture of Ceg jEug -0 g5 also shows that it consists of
large grains of size approximately 4-7 pm and very small nearly circular grains of about
05 pm. In CeyisEugysD; 575 ceramics, two phases are clearly seen from the
microstructure - large grains of size 2.5-4.5 pm and small graing of 0.5-1 pm. The
malysis of EDXA data given in Table 6.1 shows that both the grains seen in
Cegebug /0y g ceramics are having the same compaosition. But in Ceg yEug 10 55 and
CenisEuggsOy . ceramics, two different solid solution phases co-exist. The SEM
nicrographs of Cey Er0Dsy (x = 015, 0.7, 0.85) ceramics (Figs. 6.5(d)-(N) are
wmogencous with good densification, Ceg gsEry 140, o3¢ ceramics is having well-defined
grain boundaries with large grains of size 5-12 pm and small circular shaped grains. The

nicrostructure of Ceg jErg 40 4 cerimics also shows two types of grains = large grains
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-

e d e

Fig. 6.5 SEM micrographs of (a) CepsEug 0w (B) CegaEug Dy () CrgsEugmll s
fd' l.-f'q “.IE Fapsldyas (€] Fh |!':f| A0y a4 [n' {Ih”EH_ﬂ.{.h_ﬂi ceramics

having 1.5-3 pm and small grains having 0.5-1 pm. The Ceg jsEryqsldy 475 céramics are
having two types of grains having lighter and darker contrast. Both are having

approsimately same size of 0.3-2.5 pm, The EDXA daa grven in Table 6.2 clearly
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shows that both the grains are same having the same composition and Ceg gsErg 140 921 15
single phase. The elemental analysis of two types of grains in CegsErg 70, and
Cey ysErggs0y 1 shows that two different solid solution phases is present-one phase
having the same compaosition as that prepared and other having different composition.

Table 6.1 EDXA data of Cep,Eusg ; (x= 0.1, 0.7, 0.85) ceramics

Element S 1 CeqsEry 0y s CgisErguy( s
Grain| | Grain2 | Grain | | Grain2 | Grain | | Grain 2

Ce (somic % 49,21 4297 18 45 17.31 54 B.97
Er {atomic " 5.7 B.15%5 3504 41.82 46.451 4% 63
0 {abomac %) 4108 | 4828 1650 40,57 AR08 5140

Table 6.2 EDXA data of Cey Er,Opy & (x = 0.15, 0.7, 0.85) ceramics

I Elgmeni CegaFug 0w Ceg Fug Ol s chllﬁh_ual.:n

Graimn | | Grain 2 | Grainl | Grain2 | Grads | | Grain 2
Ce {abomuc %) HH 4451 27.80 ri [ ¥ 207 | 607

Eu {atswemc %) Gl iln 17.5¢ 3965 10.R1 40 |4
0 [atomic %) 45.92 5019 4454 35.13 12| 3me

5.3.3 Microwave Dielectric Properties

&8 B3I 04 o6 BT 1D
Walue ol ¥ in Ctl_ll1ﬁ"

Fig. s Varistion of balk density with the composition af
x in Cey RE, Dy 4 (RE = Nd, Eu, Er, Dy, Sm) ceramics
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543, 627, 547 and 5 56 wom' for Ce, HF,0.; (RE = Nd, Eu, Er, Dy, Sm) ceramic
0,7 1% due (o the formation of a new solid

LA AFTER§

The densities of Cey RE Oy (RE = Nd, Eu, Er, Dy, Sm) ceramics for dilferent
values of ¥ 15 plotted i Fig 6.6, The density of pure cena is 683 glem’. The densities
of Ceyp RE, O (RE = Nd, Eu, Er, Dy, Sm) ceramics decrease with the valee of 1, reach

0.5 and stan increasing from v = 0.7, The density is decreased 10 547,

respectively. The imcrease in density at x =
solution phase az evident from XRD, SEM and EDX A resulis,

Table 6.3 Microwave diclectric properties of Ce, RE, Uy,
(RE = Nd. Eu, Er, Dy, 5m), 8=c=/ solid soluiions

T, Iy
r' Material 5 'g;li e

| CeolNdO, 199 | 3100 | -55
Uy aMNda o0 7 17.0 | 22750 -Gh
5 Coew eNdy 10 10 183 | 43700 | .63
L s Mk a0l 474 17.2 I 1 Ty -1
Cegabug 0y ae 254 | TO300 Bl
1 CegpBug 0 5 6% | 2640 1
{.r"" lE'luIc.- ;.Ur 14 I'ﬁl IIITI.IJ =52
'I LAY 1 TR 190 | 603040 =54

{ Crapclimnuiar | 169 | 64700 | -39 |
g skl D aza 207 | 23w =il
iV 7Y Y I6.3 20 1 ~42
':Egu[‘:fn i.ﬂq 1} 163 I.W‘Eﬂ "!
{-'11 I-F:ru?{..:l‘l w4 17.1 15350 =4
o L |l||':l|r .1‘]. LT 15.2 17650 =4l
Cenallyy, 00 4 6k T &0 =57
Cenalynalh s iT0 | 28100 -48
LAC P § 7S § P 179 7 26300 47
Ot s Dy 100y 17 ai0 =435
Efq.nl]}'uplur W1 1ﬁL1 5200 A%
Ceg 25 =0 g11 16,8 | TS0 -5
ey St oy 20 17.7 | X050 A0
g piitng 0w 19,7 TOAS0 51
'[_ C a1 S 458 185 | s2080 | 58
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ceramics for different values of ¢ s given in Table 6.3,

The microwave diclectric properties of Cey RE,Oyx (RE = Nd. Eu, Er, Dy, 5m)

The relative permittivity

decreases wirh the value of ¥, reaches munmum at v = 0.5 and then stans increasing from
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=07 for Cey RE Qs (RE = Nd, Eu, Er, Sm); te<e=/ ceramics, As the value of x
incremses., the relative permittivity decreases for Cey Dy Oy ceramics. Thig variation in
relative permittivity is due to the presence of secondary phases at x = 0.7 in Ce| RE, Oy,
(RL - Nd, Ew. Er, Sm) ceramucs The variation of relative permittavity with the amount
of RE is samic as that of density vanation in Ce,, RE, Oz s (RE = Kd, Eu, Er, Dy, Sm)
ceramics. A maximums relavve  permitivity of 254 and 262 is obtained for
Cep uEntg (O e and Cieg Dy 10 g coramics respectively. The highest relative permittivity
al the solid solubility hmit is due 1o the high density and single phase natre of the
ceramics at e partecular compas o

The guality Tactor decreases with increase in the substitution of RE nll x = 0.5 and
then stants increasing in Cey RE, Oy (RE = Nd, Eu, Er. Sm) ceromics, The quality factor
reaches a minimum of 22750, 24700, 13950 and 24050 GHz at x = 0.5 and then increased
to 44700, 60300, 15350 and 79450 GHz at x = 0.7 for Ce;, ,RE, 0z (RE = Nd, Eu, Er,
Sm) ceramics respectively. In Cey Dy, 045 ceramics, the quality factor decreases from
TS0 GHe for x = 0.2 w0 15200 for ¢ = (L85, A high quality factor of 70300, 70150 and
M350 GHz s obtaned for CeyoEug (O urs, CegaDyaOhy and Cey18Smyg 10, g coramics
respectively,  The lugh guality faciors obiained for Cey oEus (O urs and Ceg yDyo 20, 4
ceramics 15 due to the single phase nature of the ceramivs, A highest qualiy factor of
450 Gl Cey Simig 10 0 cermics may be due 10 the fommation of low loss
secondary phase. The gquality factor of a particular inaterial depends on the densification.
presence of secondary phases and the sohd solubilty limit. The coefficient of
lemperature variation of resonant frequency decreases with the RE addition for Ce,
BEO (RE = Eu, Dy, Sm) ceramies. In Ce RE, Qs \RE = Eu, Sm) ceramics, the 1
decreases up 1o « ~ 0.5 and then stans imcreasing, In the case of Ce, [ RE, 0,4 (RE = Er,
Nd). ry increases and stans decreasing at x = 0.7, This change in the value at x = 0.7 15
due to the presence of two types of solid solutions at thal composition.  Ceqobiug (O e
has the highest negative 1 of 64 ppin™C and Ceg y5Eugesl)) s has the minimum value of
9 ppm®C.  All the ceramics prepared has a high negative 1 which precludes s

mmediate practical applications
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Table 6.4 Table showing the ionic radius, soluhility limit and microwave dieleciric
praperiies i the solubility lmit of Cey, RE 05 (RE = La. ¥d. Sm, Eu,
Ced, Dby, Er, Ton, Y and %) corsmics

Tonic mdivs | Salubiliey 1
Muterial iA) of RE limit c {Eﬁﬁj IPPHEI-I"TI
o] LK)

Cey, La,0g 1160 028 193 14700 o
Cei NdyOog | 1105 | 04D 19.9 17050 -55
CeynSm, Oy | 1079 0.25 168 29050 -56
Cer-Eu 1.066 0.0 254 TOI0HY «fid
Ce,..Gd 0 1.053 0.50 14.9 15300 -62
Cip Dvalls, 1.027 0.20 L 6.2 TS0 =57
Cer Erg |00 0.1 2.7 20300 -40]
l:'l."!:_..Trh.l.]; i 0,994 0.2 17.3 TTRS0 -1
gy, ._"hl"_bd};.. (L4985 0.25 JI!.I 4 TEK HF
Cey .Y, 0 1019 030 | 139 1500H) -53

Table 6.4 gives the jonic size of the substituted ton, solubility limit and miceowave
diclectne propertics ol Cey RELO: L (RE - La, Xd. Sm, Eu, (id, Dy, Er, Tm, Yhand Y)
ceramics. lonic radios of C¢' ion is 097 A" No correlation of ionic radus of
substituted 1on with solubility limit of Ce,. RE, Oy, is established. It is also established
that miceowave diclecine propertics of ceria does not depend on the onic radius of the
doped wons.

6.4 CONCLUSIONS

# The Ce, REO:(RE = La, Nd, Sm, Eu, Gd, Dy, Er. Tm, Yb and ¥) for 0525/
solul solutions are prepared by solid stale ceramic route.

¥ The solid solubility limit of each rare earth ion in ceria is found out from XRD,
SEM and EDXA analysis. The XRD, SEM and EDXA analysis revealed that
thers exisis two types of solid solutions for v = 07 in Cep. RE,O:4 (RE = Eu, Dy,
Er) ceramics,

» The microwave diclecnic properties of Ce, RE, O (RE = La, Nd, Sm, Eu, Gd,
Dy, Er, Tm, Yb and ¥) for different compositions from 05 s | are measured and
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found that these properties depend on the sohid solution formation at differem
concenranons of substited won.
¥ The best propertics are obtained for CegoEug Oy 45 (2, = 254, Qxf = 70300 GHz,
&= <64 ppmC) Cep Dy 09 (& = 262, @urf = T0150 GHz, 5 = -57 ppm/°C)
wnd Ceg vimig 70 g (£, = 19.7, QLaf= 79450 GHz, 5= -31 ppm/C).

This Chapter discusscs the solubility and microwave diclectric properties of differem
compositions of rare ¢arth and yitrium ions in ceria. The next Chapter discusses dilTerent

cena bused compesites for ¢lectronic packaging and substrate applications.
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CERIABASED COMPOSITES FOR
ELECTRONIC PACKAGING AND
SUBSTRATE APPLICATIONS

Thix chapter reporis three ceria based composifes,
The first section discusses the effect of glass additives on
the microstructure, densification and  microwave
dieleciric properiies of cerium oxide. The results of this
research established low temperature synthesis of Ce(),
ceramivs with improved microwave dieleciric properties
for dieleciric rexonator and possible Low Temperature
Cofired Ceranrios (LTOC) applivations. Cerium oxide
filled  polvietrafluaroethylene  (PTFE)  composifes
preparcd by powder processing fechnique and high
density pelyethylene (HDPE) composites prepared by
melf  miving method for microwave substrate
applications are discussed in the second section of rhis
chapter. The variation of dieleciric, thermal and
mechanical properties with volume fraction of filler
foading ix alse described, The last section of the chapter
divcusses the Cell-LagSrgCallyy compositex for

electromechanical applications.
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7.1 CERIA-GLASS COMPOSITES FOR LOW TEMPERATURE
COFIRED CERAMIC APPLICATIONS

7.1.1 Introduction

Recently, the development of low emperature co-lired ceramics (LTOC) has been
getting much interest duc to the applicanon of multilayer integrated circuit (MLIC), such
as chp LC filters and antennas.' The most important parameter for the LTCC technology
15 e low sintering temperatuee, and it enables the advantageous ublization for today's
pacxaging concepls in nucroelecironic and microwave modules. Since the LTCC tapes
cun be simered ot low temperatures 1< 950°C), the embedded microwan e components and
transmission lines can be fabneated using highly conductive and inexpensive metals such
a5 stlver. gold or copper with lew conductor loss and low electrical resistance at high-
lrequencies” This is an advantage over other ceramic technologies. The LTCC is wadely
wsed for substrate, semiconductor package, passive integrated device and miodule
applications in wircless communication.’” A low dielectric loss or high quality factor
(¢2a) and a small temperature coefficient of resonant frequency (1) are essential for
praciical apphcatons. In addmon, a low relatve permittivity (e < 15) marenal is needed
for substraic applcations to avoid signal delay’ whereas a high relative permittivity (g, >
0y is preferred for miniaturization.”  The sinlening temperafure must be kess than the
melting poant of the electrode matenal such that the ceramics can be cofired with the
clecieude.  This is an impopant requirement for LTCC techrology. A number of
strategies have been reponted to lower the simtering temperature of ceramics (a) addition
of luw melting point glass”  or low meling pont materials such as CuQ, V0., BOy"
{h) using starting materials with smaller particle size'” and (c) development of novel glass
free low-sintering dieleciric ceramics.'’ Recent research trend suggests ihat, liquid phase
sintering wiing low loss glass addinves is widely employed since i is the least expensive.

Most of the known commercial ceramic materials like BaMpg,Tazq 0,
Badn  Tay O, (#0,5n)Ti0y ctc. need simening temperatures above 1300°C, which limaie

their use in LTCC applications. Many attempts were made to reduce the firing
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temperature by the addition of vanous low melting and low loss glasses, """ CuQ and
Vi) are well-known ligquid-phase sintening promoters,  But there are reports that muli-
companent glasses are more effecove than single component glasses to lower the
sintering temperature of ceramics without much degradation in the physical and dielectne
properties of the matrix.""" Wu er o’ reported the microwave diclectric propentics of
vanous borgealicate glasses,  Afier conducting a detaled investigation on the dielecine
propertics of glasses at ulira-ligh frequencics, Navias er al.'" noted that the dielectric
loswes of horosilicate glasses are comparatively lower than alkali containing glasses. This
is due 1o the fact that i the latter, alkali ions which are weakly held in the glassy
network, absorh energy and eventually give rise to diclectric loss. On the other hand,

borosilicate glasses'™ "

having continuous atomic structures, with 510y and BO,
configurations joined 1o form (-51-0-B-0-) linkages, will have high clectrical resistance
and low dieiectric loss. The microwave diclectric propertics of a few borosilicate glasses
(Bal-B,0-5i0;, PHO-B,0,-5i0; and Zn0-B,0,-510,) have been reported™” recently in
which 11 was observed that the r, of all these glasses are negative, Several authors
reported the lowenng of sintering temperature of ceramics such as MgAl O, and CaZrOy-
CaTiOy by adding hthium based glasses such as Li;0-MgO-Z00-B;0,-510; and Li;0-
By0 510 tespectively ™" Studies were abso conducted on B0 -Zn0-B,0,-510; glass
for making. it # suitable additive for LTCC applications,™"

Cerium oxide has been wudely uwsed as a substrate or buffer layer for
superconducting microwave devices because of ns low diclectric loss, excellent lattice
matching and a pood matching for thermal expansion™  The microwave diclectric
properties of cena have been discussed in section 3.2 of Chapter 3. But cena requires
high sintcring temperature of above 1600°C which i ume and energy consuming for
industrial production™ A considerable amount of work has been done to prepare cernia

T
' solvothermal

by chemical methods hke urca-based hydrogenous pr:uipilatiun.““
synthesis,™ elecirochemical synthesis,™ hydrothermal synthesis™ ete. The section 4.4.3.3
of Chapter 4 discusses the vanation of microwave diclectric properties of B3Oy and CuQ

added 0.5Ce0,-0.5BaTi0y ceramics.  Hsu et of." reported the dielectnic properties of
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B0 doped U9RCeO--0.02CaTi), ceramics. A considerable number of rescarch has
been dene on the imteraction of glasses with low loss microwave dielecines. However,
the vitreous phase densification and diclectne loss of silicate/borate or borosilicate
Elasses in cerium oxwde lor LTCC materials, has not been reporied before. This has
drawn our attention and provided motivation to study the effect of glass flux on the
simering behaviour and microwave diclectne propertics of cena for LTOC applications,
HO0=-5000, AL-Si00, Anl= By, BaU-B20-Si0y, 2030510, MpO-B.0,-510,,
Li;0-B;0,-510;, PhO-B.0-510,, MgO-ALO-510y, BiOy-Zn0-B:0,-510; and Li;0-
Mp0-Zn0-B:0,-510; glasses and H,0, are used in the present investigation 1o lower the

sinstering e mpersiure of Cels,

7.1.2 Experimental

The glass powders used in this investigation were B.0, (abbreviated as Bj, B.Oy-
S0y (B5), Fn0-B,0, (ZB). ALO-Si0; (AS), Ba0O-B;04,-5i0; (BBS). Mp0-B.0,-5i0,
(MBS), PRO-B-O-510; (PBS). Zn0-B;0,-510, (ZBS), IMgO-ALD-5510, (MAS),
L1:0-B;0:-50; (LBS}), Riy0p-Zn0-B.00-510, (BZBS) and LiyO-MgO-Zn0-B.0,-5104
(LMZRBS). For synthesizing glasses. high punty (Aldrich Chemical Co.. Milwaukee, WI,
LiSa, =990 "a) pxides/carbonates were weighed sipichipmencally and nixed for two
wours i an agate mwrar with pesile using distilled water as the mediom. It was then
melied in a platinum crecible above thew softening temperamre (see Table |2 of Chapter
13, quenched and powdered.

High purity CeQ: powder {Treibacher Indusiries. Althafen, Austria, 99.9%) used
in the present investigation was iutally heated at 1000°C/3h to remove any volatile
impuritees and then mixed wath different weight percentages of the glasses for 2 hours. 4
wi%s aqueons solution of polvviny! alchohol (PVA) was added as a binder. The powder
was umaxiully pressed imto cylindncal compacts of 20 mm diameter and %-10 mm in
thickness under a pressure of about 130 MPa in wngsten carbide die. These compacts
were heated at a rate of $°Comin up o 600°C and soaked at $00°C for 30 minutes to cxpel
the binder.  They were then sintered in the temperature range 900-1650°C for 4 hours n

'Il-'.
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air af & heating rate of 10°C/min and the samples were then cooled to 1000°C at a rate of
3°C per minute, The sintering temperature was optimized for the best density of each
glass coramic composition, The polished ceramic pellets wath an aspect ratio (duameter 1o
height) of 1.5 w 2.2 which s ideal for maximum separation of the modes, were used for
MICroWave Mcasuremenis

The bulk densities of the sintered samples were measured using Archimedes
method, The powdered samples were used for analyang the X-ray diffraction patierns
using Culkl, radiation and the susface morphology was studied using SEM metheds.
EDXA was used for elemental analysis, The coefficient of thermal contraction of the
samples was measured using » thermo mechanical analyzer (TMA-60H Shimadzu,
Kyoto, Japan) in the temperature range 30°- 1000°C. The dieleciric properties & {J.¢fand
g of the matenals were measured in the microwave frequency range Wsing resonance
wchnique™ ™ as described in Chapter 2, sections 2.4.2 10 2.4.5.

7.1.3 Results and Discussion
7.1.3.1 Sintering of Glass Fluxed Ceria

The synthesizing coaditions such as sintering temperature and their durations are
opumized for glass added Ce0); ceramics 0 obtain the best density and diclectric
propertics.  There is no change in density, dielecine properties or in XRD pattern when
sintered plass added CeO; samples are boiled in water indicating cxcellent chemical and
thermal stabality of the matenal

Table 1.2 in Chapter | gives the physical and electrical properties of the glasses
used. Twelve different glasses are added to CeQ); initially and the vanation of sintering
wemperature, density and microwave  diclectric  propertics  with  different  weight
percentage of glasses (up o § wi%) are studied. Table 7.1 gives the sintcring
temperature, density sod microwave dielectric properties of CeDs Muxed with different
weight percemapge of BS. AS, BBS, MBS, LBS, MAS and LMZBS glass fnits.  The
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simering temperaiure decreases with the addivion of increasing amount of glass friis in
veria. The 5 w1 addinon of AS and MAS glass does not further decrease the sintering
temperaune from 1425 and 1400°0 respectively. The 0.5 wi® of glass NMuxed Cel; gives
the maximumn density and best microwave diclectnic properties,  With higher amoumt of
glass addivion, density 15 decreased and microwave diclectric propertics get detcriorated.
Hence we did not study the effect of higher amount of BS, AS. BBS, MBS, LBS, MAS
and LMZBS glass frits on the microwave diclectric properties of CeQy.  Five glasses
(B0, 28, ZB5, PBS and B7BS) were selecied for further study since they showed
reasonably high (2 facior and decreased the sintering temperature.

Fig. 7.1 shows the vamation of sintering temperature as a function of weight
percemage of B0y, 2B, ZB5, PBS and BZBS glass. The undoped cena has a simering
tempeerature of 1650°C. The sintering tlemperature of ceria decreases with the addition of
glasses. which becomes significant for glass content greater than 5 wi%., Addition of 0.2
wie 0 Holds, £0. L5, MBS and BABS, lowers the sintering temporature o 1625, 16U,
1575, 1600 and 1550"C respectively. Addition of 20 wi% of B;0y, ZB and PBS and 12
w1% of ZBS lowers the sintering temperature ta about 900°C whereas addition of 10 wi%
BZBS lowers the sinlenng wmperatire to 950°C. Thus the sintcring lemperature is
significantly deereased by the addition of the above glasses. Further increase in the glass
content had no effect on the sintering temperamare. It is known' that boron based glasses
are more clfective in lowering the sintenng temperature and this is due to the low
softeming temperature of B:O4(450°C), The lowenng of sintering temperature of cena by
the addiion of 2B, ZBS and PBS glass is due to their low softening temperatures (610,
582 and 442°C respectively).  The sintering temperature of BZBS glass added CeQy
could not be decreased below 950°C since the melting point of BZBS glass is 950°C,
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Fable 7.1 Table showing the sintering temperstare, density and microwave diclectric
praperties of pure and glass Moxed Celdyceramics

! Smermg I n
Cilars Ammsuni ol Densry e R .
Cale 1 glass fwits) -:fﬁ::':T [giem'l Ta (GHz) {ppen”Ch
Pure €20, o 1650 6.%2 110 | 60200 -33
.+ ] 1625 Gl .9 SO0 ]
BS n4 1574 G20 e 38000 -53
L 1425 54K 176 | 32250 -49
50 1400 502 160 | 10000 A7
i 1 &k LAR Ny I RS0 3%
05 1324 [l . | I%R50 -54
A% (1) 1425 Son 192 28750 -5
50 1425 500 156 | 9500 61
02 TG T 148 | B00OD T
0.5 1525 21 155 TR 47
HBS I 41 4,93 150 | 15400 A
L | 1M 467 g% | k00 | -50
"_ e e T %2 | ioon | 3% |
s 1528 607 183.8 Jaion =52
MRS 1 137% 325 158 1350 =44
5.0 1 250 | 460 149 9150 A4
iz L |' 592 19.5 [ERILH sl
ns 1535 .09 M5 | 32000 50
MAS 1.0 (BT 157 18.2 LK) 51
50 1400 520 13% | 6400 ELS
0,2 1625 5 4 Mk | RSO0 1)
s 1575 f, [ 204 LRI 52
LAS (1] 1450 %34 17.0 13150 62
| 5.0 1378 480 | 163 | 9e50 51
bu 02 1625 504 197 | 16300 T
05 15350 [ [ T AT =55
LMEBS 1.0 | A0 5.3 17.0 ] =57
50 1375 4 85 | 14.5 400 -55

Fig. 7.2 (a) and (b) shows the shninkage of CeQy +20 wit¥e B0, and CeOy+ 10 we
BZBS respectively, The sumeple sintered with B0 shrinks at a shightly lower lemperature
than that added with BZHS glass. The ounset of shrinkage occurs below 700 and B00'C for
B,0; and BZBS added CeQ: samples respectively. The shrinkage is complete only
bevond 1000°C Tor B0, and BZBS added CeQ; samples.
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7.1.3.2 Phase Analysis

s

Intemuiry [in arbifrary amits)

Intenaity { in arbitrary onits)
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X8 {in digroes) 26 (in degroes)
Fig. 7.3 Powder X-ray diffraction patterns of Fig. 7.4 Powder X-ray diffraction patterns of ()
a0 1 wi%a (b) 5 wi%e fc) 10 wi% BEBS and (d) 15 wi% ZBS (b) 10 wi%s PRS and (<) 15 wi% IH
20 wi%, Byt added Celdy ecramic, O- Celly, added Celdy cerumic, U= Celly,
= CeBUy,, W.Ce(BOy), X. CefnBy0,, * - POR,0;
Fige. 7.3 {a}{c) show the XRD patterns of 1, 5 and 10 wi%s BZBS added Cely
ceramics. The XRD pauern of | wi% BZBS added CeD; ceramic did not show any

additional aeak., Mew peaks of CeBO, [JCPDS Card Me. 21-0177] are found in the XRD
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paitern when further amount of BZBS (2% wi) 5 added o Celd..  The amount of
CeBO has increascd with increasing amount of BZBS i CeQy. Ce(BOy )y phase [JCPDS
Card Mo 23-0877] coexists with the Ce(); phase in the XRD pattern of 20 wi% B.O,
added Ce0)y ceramic (Fig, 7.3(d). Fogs. 7.4{a)-ic) show the XBD pattern of 15 wi%s
ZBS, 10 wis PBS and 15w1% ZB added CeO; ceramic. The new peaks corresponding to
CeZnB, O [JCPDS Card No. 86-1884] are found in the XRD panern of 10 wi®s ZB and
15 w1% ZBS added ceramic whereas peaks of PbB,O, [JCPDS Card No. 15-078] are
found in the XRD profile of 10 wi% PBS added CeQ; ceramic,

1.1.3.3 Microstructural Analysis

The varation m mucrostructures of different compositions of BZBS and B0,
wded Ce; ceramiv sintered at different temperatures could be observed from SEM
photographs. Pure CeO; ceramic sintered at 1650°C/4h exhibits a dense microstructure
and has faceted grains of large size up to 40 pm (Fig. 7.5(a)). SEM micrographs of 0.5, 3
iad [0 wi®. BZBS added CeD: ceramic sintered at 1550, 1050 and 950°C respectively
are shown an Figs. 7.5(b)-(d). Figs. 7.50¢) and (1) illustrate the SEM micrographs of 0.5
ad 20 wi%s B0, added CeQ; coramic sintered at 1600 and 900°C respectively. 0.5 wis
BZBS and 13,0, doped CeO: ceramic shows a relatively dense microstructure with no
wcondary phases. A1 5 and 10 wite BZBS addinons, elongated BZBS phase appeared in
#e SEM micrograph, Many of these elongated grains are found to be hollow. At the end
of these tbular grains, they have hexagonal shape, hollow core wath a diameter of 2-3
pm, length of about 12-25 pm and wall thickness of 0.5-1 pm. Microstructure of 10 wi%s
BZBS added CeO; cvramic shows typical characteristics of LTCC, where ceramics are
duributed i the manx of dense glass.” Presence of Ce(BO:), secondary phase is
eonfirmed from the SEM picture of 20 wi™s ByOy added CeO,.  Flake like grains scen in
the SEM picture are of CeiBO:),. The main reguirement for hiquid phase sintenng to
occur ks that the liquad phase should wet the grains of the ceramics. Generally, the
themical reection between sintering aids and ceramics can provide the best wetling

condition, with the formation of sccondary phase.™ The addition of 10 and 20 wi% BZBS
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imcreases, the size of cenm pram decreases, The stee of CeOdy praon 15 abowt J0=20 pm, 2-

4.5 pm and 00513 g for 0.5, 5 and 10 wi%e BZBS addition respectively. Similar trend
ol reducrtion m prain sive from 20-37 pm (for 0.5 wie) o 1=1.5 gm [(for 20 w1%) is

ehserved for B0, added veranwe.  These results are anagreemwent with the report ol
Corker ef o™ indicating that a higuid phase sintering produces a smaller grain size than s
solul-state simtering process. This decrease i size of the grains with the addiion ol glass

15 also due o the low simering lemperature of ghiss added ceramic compared 10 that af

%
PUre specimen

[Grain1 | Grain 2 | Gratn 3 |
| Elements | Atomic®s | Elemenis | Aromic%s Elements | Atomibc%s |
[ OK__| 1940 OK | 432 OK | IR0H
| Cel_ | 08% | ceL | %619 | Cel. | 367
[ BK | im0 | 1. | m TR I
| 5K | 1087 ] ._ T
[ 7K f: T2 T D |

Bil 564 e e G

Fig. 7.6 EDXA Spectrum of § wite BEBS added Ot sintered at 1050°C/4h

Fig. 7.6 shows the EDXA spectrum of 5 wits BZBS added Ce€hs ceramic. The
EDXA data of clongated gramn show that the cation composition 15 close o 5.64% Bi,
51.8% B, [0.87% Siand 31 4% Zn (the ideal is 35%, 27%. 6%, 12%). F longated grains
are of BZBS phase with sonie B’ (Melting point of B0, is 825°C)" evaporated due
the high sintering temperature of 5 wi%s BZBS added CeQs (1050°C) Fig. 7.60b) shows

the enlarged portion of the hexagonal shaped grains. The EDXA data of small round
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shaped griins confirms the presence of CeBO; phase which is evident from XRD
simalarly, Fig. 7.7 shows the EDXA specirum of 200 wi% B0 added Ceds ceramic
cimtered at 900°C/dh. The EDXA data shows that the cationic composition of CeOs gram

15 Ce (47,15 "o and that of flake hike Ce(BO;), gramn s Ce (20,31 "a) and B (59,12 %)

[Gran1 | | Gramz 3 I

| Elements | Atomic% | Elements | Atomic% |

[ ox_ sz95 | Ok | 0% |
_ Cel._ | 4015 Gl | M|
i T | Bk | ssaz |

Fig. 7.7 EDXA Spectrom of 20 wi%e Bl), added Celdy sintered at 5007/ 4h

7.1.3.4 Density and Microwave Dielectric Properties

The low wmperamre simtering of low loss Celd; cornmic s imponant for
cosintening with electrodes and also for lowering the cosi of production. This can be
achrevesd throwpl vitreous phase simtering by the additeon of glasses. Bt esoess addition
of glass has been proven to degrade the dielecine properties of the ceramic although the
sinlering temperature s lowered,  Introducing a glassy material into matrix plays a
prvotal role in controthing the phase evolutien and densification phenomena. As a wypical
case, the behavior of percentage density and microwave quality factors of Cel); mixed
with 0.5 wi%s BZRS glass as a function of sintering temperature is shown in Fig. 78
The density increases with simlering temperature, reaches a maximum (648 giem') at
15350°C" and then decreases with further increase in lemperature. This varisnon in density

is duc to the evaporation of the plass and the resulting trapped poresity associated with
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pram growith al higher wmperawres,” The relanonship berween quuhity facior and
smtering temperature shows the similar wrend as the relationship between density and
sintering lemperature. Maximum quality factor of 69500 GHx (at 5.92 GHz) is obtained
a g sintering temperature of 1550°C. At low sintening temperatures, the microwave
quality factors are low duce 1o the poor densification.  The samples sintered at
temperaturss higher than 1550°C show a decrease in quality factor and is attributed to the

lowening of densiy and associated porosity.
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Flg. 7.9 Variation of bulk density a5 & function of B, ZH,
LB, PRS and BELBS glass addinives

The densities of vanous glass added CeQ; i different compesitiens is shown in
Fig. 1.9, Density of CeOy increases for addition of glasses up 10 0.5 wi%. The densay
decreases as the weight percentsge of glasses increases beyond 0.5 wi%. This is due 1o
the relatively low density of the glasses as given in Table 1.2 of Chapter 1. B;0; has the
fowest densay of 246 g em' and BZRS has a densiny of 4.34 gh;m' Low contict angie,
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
fonned at a lower temperatare would act as a shon circuit medium for grain (o grain

materials transport.™ The primary glass B.O, is regarded as a typical glass network

2124



CHAFTERT

former that has u lower glass transition temperature,’’ The density then starts increasing
at 10, 15, 10 and 5 w1 for 28, ZBS. PBS and BZBS glasses respecuvely. This increase
in density 15 due to the formation of high density secondary phases as a result of higher
weight percentage of glass addition. Maximum density of 6,92 g,':m" is obtained for 12
wis RZRS added Celh ceramic. Morcover, the density of Ce{BO);, CeZnR-0., PHBLO;
and Cel(}, phases formed due to the addition of B,0,, £B. ZBS, PBS and BZBS glasses
are respectively .43, 4.41, 5,87 and 5 46 giem® ™ The densities of the sccondary phases
formied arc higher than the respective glasses used (see Table 1.2 in Chapter 1)

Relative Permittiviry i)
= E B ¥

16+
144
12+
=i 5 10 15 m %
Weight Percentsge of Glass

Fig. 7.10 Varistios of & as » function of B, AR, ZBS, PES and BEBS glass additives

The undoped CeOs sintered at 1650°C has ¢, = 23. Qf = 60200 GHz and v, = -51
ppmC. Fig, 7.10 shows the variation of relative permituvity with different wis of glass
addsd Cel)y. The relative permittivity depends on the density and phase constinsenis.”’
The relative permuttivity shows 3 maximum value for 0.5 w12t of glass added Ce0).. The
increase of the relative permittiviry is attributed to improved densification due w hquid
phass sintering *" The relative permittivity decreases with the addition of higher amount
ol glass frits due to the lowet permattivity of glass flux compared to pure Cel); (see Table
1.2 i Chapter 13 The low relative perrmittivity of secondary phases formed due 1o B0y,
ZB. ¥RS, PRS and BZRS addition may also attribute to the decrense in permitivary. 1 s
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gencrally agrecd thal a non wetting plassy network leads to porosity and hence the
densitication will be lower if the solubility of the ceramic in the liquid phase is poor. The
relative permittivity of 20 wi%s 7B, 12 wi% ZBS and 20 wi% PBS added ceramic
sintered at 925, 900 and 900°C are 16.1, 159 and 16 respectively. Maximum relative
permuttivity (22.4) is obtained for 10 wits BZBS added ceramic sintered at 950°C and
minimum value (13.2) for 20 wi% B.D, added CeQ: ceramic sintered at 900°C, The
glass forming oxide B20, have the lowest relative permittivity and most additional oxides

produce increase in &, "
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Flg. 711 Variation of {.5f a5 s function of B, ZB, ZBS, PBS and BZRS glass additives

The microwave dielectric properties of glass added ceramics depend on their
density and presence of secondary phases.”'* Fig. 7.11 shows the variation of quality
factor as a funclion of ditferent amuount of glass additives, The maximum quslny (acta
for the plasses a 0.5 wi% i due to the good densification obtained for this composition,
0.5 wis BZBS plass added CeQ; ceramic shows the highest quality factor of 69500 GHz
Small amount of giass additon increases the density amd improve the microwave
diglectric propenies of the host matenial, because the liguid forming composition enables
betier pore climination by ¢nhancing the material transport.” The addition of more than
0.5 wita of all glasses considerably degrades the quality factor. The addition of excess

plss to a cemmic lowers the sinicring temperature accompanied by significant
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detertoration in the microwave dielectric pmpmies.“‘“ The quality factor is decreased
with higher percentage of glass additives due to the formation of secondary phases. The
network formers contained in the glass materials may absorb the microwave power
profoundly in high frequency region, degrading the quality factor of the material "
Morcover, the grain size of the CeQ; ceramic decreases with the amount of B;O; and
BZHS glass (Figs. 7.5(a)-{M) and hence the effective grain boundary area increases.
Wersing has reported that grain boundanics, secondary phases and dislocations cause
losses in real inhomogencous ceramics,” These losses are caused by either dipole
relaxation of impurnlics concentrated at the interfaces (grain boundanes) or relaxation of
space charge polarization present at the interfaces.”’ The quality factor of CeQy ceramic
with 20 wis ZB (sintered at 925°C), 12 wi% ZBS (900°C) and 20 wi% PBS (900°C)
addition are 6200, 15500 and 5850 GHz respectively. The quality factor for 20 wie
By and 10 wit% BZBS added CeQ, ceramic sintered at 900 and 950°C are respectively
24700 and 12000 GH=

M —a— 0
—1
ETS —b— ZRS
1 e RS
£ 40+ —— BTN
‘Er.H'l .
"
=80 4
LLTE
el =
i-';‘I‘I‘!-I!-'I'ﬂI.i
Welght Percentage of Glasa

Fig. 7.12 Vartstion of ras a function of B, #8, ZB5, PBS and BZBS glass additives

The variation of 5 as a function of different amount of glass additives is shuwn in
Fig. 7.12. The vy of glass added Ce), is increasing to the negative side with the addition

of glasses except B;0,. This increase i 1, o the negative side is due to the negative rof
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these glasses '™ With the addition of § wi% B0, to Ce0,, 1 shifts to a less negative
value 408 ppm/'C from -53 ppm®C for pure CeQ;. A similar vananon in 1, value 15
observed for ByO, doped 0.98Ce0,-0.02CaTi0, ceramics.”' The increase in r; with the
addition of £B, ZBS, PBS and BZBS glasses are due 1o the formation of glass based
secondary phases. The ¢, of 20 w1% ZB sintered a1 925°C, 12 wi%a ZBS and 20 wi% PBS
adided Ce()y sintered at 900°C are -61, -39 and -61 ppm/'C respectively. The 1 of 20
wits B.0, and 10 wite BZBS added Ce(y ceramic sintered at 900°C and 950°C
respectively are ~46 and -57 ppm™C. There 15 no significant improvement in ¢, with the

addition of glass fmits 1o CeOy ceramic.
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5 ™
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Fig. T.13 X-ray diffraction patterns of 20 wi% sliver added (a) Cel); Nured
with 10 wi%s BEBS (slntered ut 950°C14h) und (b) Celd; Nured
wihih 20 wie ByOy (sintered at $00"Ci4h)

For vo-firing upplications, the glass ceramic composite should not react with the
commen electrode materials such as silver. Figs. 7.13 and 7.14 show the XRD patterns
and SEM micrographs of 20 wi% silver added Ce(s with 10 wity BZBS and 20 wi¥s
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B0y sintered at 950°C and $00°C for 4 h respectively. The powder diffraction patterns of
Ag were indexed based on JCPDS File Card Number 4-0783. Fig. 7.15 shows the EDXA
spectrum of 20 wi%e Ag added CeQ; fluxed with 20 wie B0, sintered at 300°C 2hrs (Ag
marked in Fig. 7.14 (b)). The EDXA data of 20 w1% silver added CeQ, with 10 wi¥
BZBS (Ap marked in Fig. 7.14 {a)) 15 Ag (93.34 at%). It is worth to note from these
figures that silver remains unreacted with the ceramic-glass compaosites, which is one of

the requirements for LTCC

3, AT SR L, by - .
Fig. 7.14 SEM Micrographs of 20 wi% silver sdded () CeOy Muzed with 10 wi% BESE
{sintered at 950°Crdh) mnd (b) Celd; Muved with 10 wi%e ByD, (sintered at 900"Cidh)
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Fig. 7.15 EDXA Speciram of 10 wi% slilver added Cedly Nuned with 20 wi's
B0, (sintered ot $00°Cidh)
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Addition of BS, AS, BHS, MBS. LRS. MAS and LMZBS glass frits although
lowesed the simtenng temperature of Celdy ceramiies, the dielecine propertics are very
much degraded.  From the above analysis made on the glass added CeO: ceramics, it s
concluded that 10 wi BZ0BS and 20 wit?s B,0. added Ce0; are good candidates for low

temp srature cofired corumic applications.

7.2 POLYMER-CERIA COMFOSITES FOR MICROWAVE
SUBSTRATE APPLICATIONS

7.2.1 Introduction

High density larpe scale integrated packaging technologies have been developed
for high performance and mgh funciionaliy of communication electronie devices such as
celtular phones and wircless personal diginal assistants (PDAs).  The microelectronics
indusiry 15 drniven by advances in integrated circun (1) 1echnology and hence electronic
packagmg has advanced m oll aspects 1w omeer the miercommection needs of [0
Materials used in mucroelectronic packaging have o simultaneously fulfill diverse
requitements, like low diclectne loss, low relative permittivity, moderate moisture
absorplion resistance, a low voelTicient of thermal expansion, high dimensional stability
and miechanical stiffness.’’ Flectrical characteristics of the microelectronic devices such
as signal atenustion, propagation velocity and ¢ross talk, are influenced by the dielectric
propertics of the package subsirate and encapsulation material™ A low diclectric
constant minimizes capacitive coupling as well as signal delay and low dielectric loss
reduc s signal attenuation along with better device performance. ™™

Thermal considerations in the electronic package have become increasingly
important because inteprution of transistors has resulied in the escalation of power
disstpation as well as an increase in heat flux at the devices. Hemee the desire for
impreving thermal properties of materials for clectomc component parts is getting
stronper and the material performance has become a critical design consideration for
packiges.” Historically, metal components in integrated circuit packages have provided
thermal paths for the removal of heat; however, this mechanism has reached its maximum
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polential.  As a result, the polymenic matenals in the components are increasingly
important as theemal paths for the remioval of excess heat that builds up, Unforunately,
potymerd malenals ate snhenenily poor thermal conducwors, and they must be modificd to

assist in heat removal from electromes™ ¥ %0

Cerumie powder reinforced polymer materials have been extensively used as
packaging substrates™' ™ These arc generally comprised of micron-scale inorganic
particulate illers pixed with 2 pulymer matnx, Polymers and ceramics represent the
extremes i electrical and thermal performance of packaging matenals. Bunon o af ™
proposed composile strategics combining ccramic and polymer mairices 1o achicve a
superior property balance. Fillers can improve the mechanical,™® thermal "™ optical

and elevincal pmﬂiﬁw.m.u of

a polymeric material. Ceramic-polymer composites
form a potential material group suitable for producing demanding and Ffunctional
packages that combing the elecirical propertics of ceramic and the mechanical Nexibility,
chemical stability and low temperature processing possibilitics of polymers ™™™
Maoreover, the relative permittivities of filled composites can be varied over u wide range

by the choice of the shape, size and connectivity of the constituents in the polymeric

5, TR
IMatrex.

Fluoropolymeric materials are the most desirable polymer matrin for flexible
substrate fabrwaton due w their superior high froquency clecineal properties and
excellent  tempersture and  solvemt  resistance. Among  furopolymers
polytetrafiuoroethylene (PTFE) is the most preferred host matrix for packaging and
subsimte applications because of wts very low relative permittivity (¢, - 2.3), extremely
low loss (ran & ~ 107 at | Milz), excellent chemical resistance, easy machinabality and
good limensional stability.” PTFE has a high virgin crystalline melting point (342°C),
and extremely high shear viscosity (10'' Poise at 380°C) in the meit.™ However,
disadh antages of PTFE subsirate include a high lincar coefMicient of thermal expansion (>
100 ppm™C) and low surface encrgy.” The other disadvantuges are the difficulty in
processing PTFE-based laminates and ihe relatively high filler loading required for

E

prepaning dimensionally stable PTFE composites. & substantial amount of work has

ke
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been reported o modify the diclectnic and thermal properties of vanous polymer/ceramic
composites for packaging applications ****" Recently. Chen et al® reported the
microwave diclectme propertics of PTFE-5i0); composite and due to its low dielectne
constant (£ = 4) it cannil be used for the minmtunzation of microwave devices. Price ef
al.™ veported the themmal conductiviey of PTFE and PTFE composites. PTFE based
composites involving gh diclecine constant (~100) low Joss ceramics are reported
carlier,™

The use of high density polyethylens (HDPE) by the commumications industry as
the dielectric i submanne cables encouraged us io nvestigate the effect of CeO: filler
loading on the microwave diclectne properties of HDPE-CeQ), composites. Polyethylene
i5 & non-polar palymer which has a melting temperature of approximately 160°C," Due
o its cexcellent charmetenstics such as very low dielectric constant (£, ~ 2.6). low
diclectric loss (fam o = 107" m | MHe#) better chermical resistance and insulating
properties, HDPE has significant applications as an engineering material. Krupa ef al ™
studied the thermal ad mechanical properties of polyethylene-graphite composites. The
effects of boron nitride content, particle size of HDPE and temperature on the thermal
conductivity of HDPE-boren nunde composites have been inwshgil.:d.“ There are
repents on the processing and mechanical properties of muliiwalled nanombe (MWNT)-
HDPE composites.” The effect of matenial parameters and processing conditions on the
foam morphologies and mechamcal properies of HDPE-clay nanocomposites have been
studied by Jo er ol Even though the mechanical properties of HDPE composites are
well studied, less attention has been pand 10 1is clectncal and thenmal properties.

For electronic packaging and substrate applications, low & (<25) ceramics having
low dielectric loss are preferned. Te(): has a relabive permittivity of 19 but it is very
expensive and hence not cost-cffective.”’  The SrCeyTi0y, composite based on PTFE
has 2 high dielectnz loss of (LO1-0.05 (for 0.1-0.6 F at 7 GHz and 1s not suitable for
substrate upplications.™ Ceria possess good diclectric and thennal properties. It has &
relative permittivity of 23, dielectric loss of ~107* a1 7 GHz. thermal conductivity of 12

bR

Wm'C and thermial expansion coclficient of 109 ppm™C, The present wuork
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investigates the dielectnic and thermo-physical properties of PTFE-CeOy and HDPE-
CeOs composites at oom emperature for the first ume to wnderstand the electrical
pertiormance. thermal suabiliny and heat transport performance. The study alse discusses
the companson of experimental results with theorctical predictions from well-known
models i literare,

7.2.2 Experimental

Ce(), (99.9%, Indian Rare Earh Lid, Udvogamandal, India)-PTFE (Hindustan
Fluorocarbons, Hyderabud, India) composites were prepared by powder processing
techadogy as explained in section 2.2.1 of Chapter 2. In order 10 creale an acuive surface
for binding with polymer, the fine powder of CeD; was mixed with acrylic acid solution
for | hour and then dned. The dried powder was again treated with 2 wi%e tetra butyl
tirangic. The volume fraction of the filler for a given weight fraction is calculated using

the S

¥, W, (.1

V. = ey
Vy=¥o FovipipXI=-F,)

(]

where 1", and ¥, are the volume of filler and matnix respectively. B, o, and p_are the

weigh: fraction of filler, density of filler and density of matnix respectively.

Different volume fraciwons (0 to 0.6) of weated ceramics (CeOy) and PTFE
powders were dispersed in ethy] alcohol using ulirasonic mixer for about 30 minutes. A
dry powder mixiure was obtaincd by removing the solvent st 70°C under stiming. This
led to the formation of thoroughly mixed PTFE-CeQ; powders. These homogeneously
mixed composite powders were then compacted using a tungsten carbide die under a
uniaxial pressure of 50 MPa for 1 minute. The cylindrical (dimensions: 1 1x1 mm’®) and:
rectamular pellets (dimensions: 25x3x1 mm’) thus obtained were kept at 310°C for 2h

The HDPE-Ce®: composites were prepared by sigma-blend  technigue as
explained in section 2.2.2 of Chapter 2. The HDPE is first melted in kneading machine
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huving sigma blades st 153070715 mon. Dallferent wolume fractions (0 to 0.5) of Ce(d:
ceramies were added to the melted polyethylene 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 men using a die. After thermolamination, the composites with
destred shapes were pohshed Tor churcterizition

The density of the composites (2 was determined using Archimedes method. The
water absorplion measurements were conducted following ASTM D570 using disk-
shaped specimens having diameter 11 mm and thickness 3 mm. The samples were
weighed and submerged in distilied water a1 25°C for 24 h. The samples were removed,
wiped dry and the amount of water absorbed was caleulated based on the weight gain of
the samples,

The compasites were characterized by X-ray diffraction technique using CuKa
radiation and the surface morphology of the composites was studied by Scanning
Electron Microscope. The low frequency dielectnic propertics were measured using an
LCR meter. In order to investigate the lemperature vanation of relative permativity,
these samples wiere heated i a uniform temperature enclosure from 25-70°C and the
comresponding relative permittivities were measured at | MHz The microwave diclectric
propertics of the sample at the frequency 7 GHz were measured using the cavity

* as described in section

perturbation technique using HP 8510 C Network Analyzer™®
2.4 of Chapter 2.

The DSC analysis was done by Perkin Elmer DSC 7, Massachusetis, USA, The
mstrument was computer controlled and calculations were done using Pyris software, 5-
10 mg of samples were sealed in aluminum pans and heated from 25°C 1o 600°C at rate
of 5°C/mun. and cooled to 25°C at the same rate. Heat treated cylindrical samples of
dimensions (diamete: = 8 mm and hesght = 10 mm) were used 1o measure the coefficient
of thermal expansion (CTE) of the PTFE-CeQ; composites using a thermo-mechanical
analyzer in the temperature range 25°C w0 270°C. A photopyroclectnic (PPE)
wchnique™™ as discussed in section 2.5.4 of Chapter 2 was used to determing the

thermal conductivity of the PTFE-Ce(); composites. Thermal diffusivity (e) and thermal
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effusivity (¢) were also measured from PPE signal phase and amplitude.™ From the
values of & and ¢ the thermal conductivity and specific heat capaciy of the samples were
obtained
The micromechanical propertics of PTFE-CeQ; composites were measured using
micro wardness weser AClemer Model 4, Geowany). Both the surfaces of the samples
were polished to have optically fian surface for indentation. The specimen was subjecied
to a load of 50 g and dwell ume of 10 s, For pure ceramic sample the load was increased

to 400 g. A total of ¥ readings were taken 1o get the average hardness

7.2.3 Theoretical Modeling
(a) Relative permittivity

Piecise prediction of elfecuve relative permittivity of polymer-ceramie compasites
15 very imnportant for the engincening applications, Composite dielectric is chaotic or 15 a
statistical mixture of several componems.™ The simple volumetric faw of mixing for two
component system is given by

e, =V +V g, (7.2)
where ¥, and V., are the volume fractions and c; and £, are the permittivities of ceramic
filler and polymer matnx respectively and ¢4 is the effecuve permittivity of the
compos te.

Several gquantitative rules™™ ™™™ and simulation techniques™ '™ predict the
dielectne behaviour of a composite sysiem based on experimental results and theoretical
derivation. In the present study, following equations were used 1o calculate the cffective
relateve permittavity of low filler content compasites:

1. Lichienecker equation: '™

In oA F: |.El£_ +“ '—I"II I'l'l..l:r (1.3)

2. Serial mixing rule.™
_[ = F‘. !'_'= T4
Ea & Ea (14)

233



CNAFTER *

3. Effective Medium Theory:"™

£ H——Ih _E]___‘ 17.5)
r]' FI-E —.E J
[y, Wite =g
1¢ £, +.‘-!: (7.6)
i, w:. ) '
Wi 3
£

w " Es = IF —fa T7
Sk = LA
8yt iE, £, +2E,

4. Jayasundare-Smith Equation: "'

I |:I P'jirrl

'Ei"=
.[]- ¥, ]1 ¥,

5. Maxwell-Garnett Equation:"™

where & ,€,.£, are the relative permitiivities of composite, filler and muatrix
respectively and ¥ is the volume fraction of the filler,

In the Effective Medium Theory (EMT) proposed by Rao er al.,"™ compasites can
be treated as an effective medium whose relative permittivity is obtained by averaging
over the relative permuittivity of the constituents. In EMT modei equation (7.5) s used to
calculate the effective relative permittivity of the composites. The value of o is
determined empircally which is found to be 0.3K for the PTFE-CeQ composites. Earlier
reports™ showed un n value of 0.35 for well-dispersed polymer ceramic composites.

(b} Thermal Conductivity

Determining the thermal conductivity of composite matenals is crucial in a2
number of indusirial processes. The effective thermal conductivity of a heterogencous
matenal 15 strongly affected by its composition, crystal structure, distribution within the
medium and contact between the particles. Numcrous thevretical and experimental

spprogches have been develuped w determing the precise value of thermal conductivity
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Comprehensive review articles have discussed the applicability of several models that
appear 1o be more promising.' 0

For 3 two component compaosite, the simplest model would be with the matenals
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."
In the present study, following models were used to caleulate the effecuve thermal
conductivity of polymer-ceramic compaosites:
I. Geometric Mean Model:

k =k 1k (7.8)

where k., & and k, are the thermal conductivities of composite, filler and mamnix
respectively and F;is the volume fraction of the filler in the compeosile.
1. Effective-Medium Theory (EMT) Model

The Effective-medium theory (EMT) assumes that the composite system is a
homogenecus medium and the EMT equation for thermal conductivity can be derived

TIELIY

through the Laplace equation for thermal transfer, which can be ¢xpressed as

k_-k k, -k,
Ml EPYY | g | =0
"k +2k, Tk +2k S

where V. is the volume fraction of polymer in the composite and &, k; , k.. I; same as in
eqn (7.5).
3. Maxwell - Euchken Model

Maxwell, using potential theory'", obtained an exact solution for the conductivity
of randomly distributed and non interacting homogeneous spheres in a homogeneous

medium and 15 given by

(7.10)

k ::..t *I‘H'*zrnrii.l'_}-]
VN, St P, - k)
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4. Cheng - Vachon Model

Based on Tsao's model which gives the thermal conductivity of two phase salid
mixture'"”, Cheng and Vachon assumed a parabolic disiribution of the discontinuous
phase in the continuous phase. The constants of this parabolic distnbution 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 muxture was

denved o terms of the disiribution function, and the thermal conductivity ol the

constituents. For &, > k.,

—— e N
; . ul'[_i_+.ﬂ'{k,ut_}}ri Clk, - k)

e | 11

& i E - ¥ o R R
,*frJ;, k_[d, - Rk k1 1.'["‘-'3""-"-”'11[1"'. k_)

-3

§ —

k.
{7.11})

h [T i
where B=1I,|3P%' =<4 f%y

{c} 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 considerable amoun: of work has been done to predict the thermal expansion
cocflicienss of composites.'™"""" The rule of mixtures serves as the first-order
approxime tien tw the overall caloulation of the co-efficient of thermal expansion of the
composite "' This can be expressed as

@ =V,a,+ {! -y, }-1'.1 17.12)

where o, o, and @ are coeflicient of thermal expansion of the composite, matnx and

filler respectively. Tumer developed a model that takes into account the mechanical
interaction between different materials in the compesite.™ Based on the assumption that
all phases in the composite have the same dimension change with temperature, he derived

a refationskip which is expressed as
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(1-¥,)B.a,+V B a,
(1-¥, )8, +V,8B, V7.13)

where By, B, are Bulk Modules of filler and matrix respectively. Schapery developed a
model to predict the upper and lower bounds of the CTE of a composite. ™' The two
heaunds are given by

" E.l ':'B- _B:H-ﬂr =&l

& =T 7.14

' B (8.-8,1 i)
B, (B, -8a, -a,

ar =, + ot Bt (7.15)

"E (8.-8,)
where superscript “u™ and “ refer to the upper and lower bounds, respectively. It can be
suven that the upper and lower bounds as calculated from the Hashin-Shirikman model are
wied 1o caleulate the Jower and upper bounds in the Schapery model. Hashin and
Shirikman model'™ assumes a homogeneous and isotropic reference material in which
e constituenis are dispersed. Depending on whether the stiffness of the reference
material 15 more or less than that of the reinforcement, the lower and upper hounds are
calculated as

1=F
: = (7.16)

[

B -8, (38, =-40,)

B" =8, +

¥,
T
(3B, - 40G)

B=f_+ (7.17)

& -8

I -

where G; and G, represents the Shear Modulus of filler and polymer respectively.

7.2.4 Resulits and Discussion
7.2.4.1 Densification and Microstructural Analysis

The density of a two-component mixiure should depend on the densiies of the

mgredients and also on their volume percentage.  Fig. 7.16 (2) and (b)) depicts the

2
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measurcd and theoretical densities of PTFE-CeQ; and HDPE-CeQ; composites
respectively as a function of velume fraction. The density is measured uging Archimedes
method and compared with the mixing rule'™

p, =¥ p «¥F _p_ (7.18)

where p o o are the densities of composite, filler and matrix respectively, The

experimental values for lower volume fractions agree well with the theoretical values for
PTFE-Cel ¥ compasites

s P, | [P0, o |

4] Thewebal
== [ yruiri u] Felel
= Al e eriamglar S
£

a LS
L4
1.5
184 =]
80 41 0 03 94 05 06 €0 61 0 03 64 05
\ e fruction of Col), Volume fraction of Cel),
Fig. 7.16 Variation of density with volume fraction in 5} PTFE-CeOy compoasdies
(b} HDPE-Cetl; componlies

In the case of HDPE-Ce0): composites, the experimental and theoretical values agree well
for all volume fractions. The measured densitics of both cylindrical pellet and
rectangular sheet increase with filler content due to the higher density of Ce(). The
deviation of measurcd densities from theoretical values increases with the filler content
for boih PTFE and HDPE composites. For cylindrical pelles of PTFE-CeO, composites,
the deviation of 0.29% for 0.1 1 suddenly increascs from 0.2 F; onwards and reaches a
maximum value of 19% for 0.6 ¥, This may be due to the increase in void formation
inside the composite for higher Gller content. 1n HDPE-Ce(), composites, the deviation
increases from 0.44%% for 0.1 V; 10 2.4% for 0.5 V. The densification of PTFE-CeO;
composites 15 found o be 96.6% for 0.1 J; filler loading which decreases with filler
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coment and reaches @ value of TE% with 0.6 1 filler,  The percentage deviation of
relative density 15 less for HDPPE composites compared to PTFE composites.  This may
be due 10 the difference in the methed of preparation of composites. The relative density
varies lrom 99.4 w0 97.5% as the volume fraction of HOPE-CeD» increases from 0.1 10
0.5 ¥y Ce; loading For cylindnical samples. & maximum deviation of 2.5% is obtained

fur 0.5 Frof HDPE based compaosites,

Table 7.2 The thearetical, experimental density and volume of alr in PTFE-CeO;
and HDPE-Cel); composites

r PTFE HOPE
cg e Ao | Nemw [“iomg | Porny Ar, | e | Viwn | Feerr Pheveiy
T qremt | jgpem' | Dol | ek ] fpem'h  (gloml | (vels) | dvettal %)

B0 | 1is ENT 60| v T4 | 4% | ooan | 0o | wemn | 03
[T F N R X7 BERE) [E I 58 47 284 | wodr [ o
[F] L bk 151 [EE] A ) B i ] AL [LXH %27 oy
TR T 100 T T 173 THE D kT 1IN 4
04 T L T T um :"1:5:1: LT BEiEE | %A He i
0 s 145 | Wy T ) K] 4 dun_ | aw7d | 4w FET]
[T} CRL) 10 il s Ma | 0

Aszuming that there are three phases in the composie- matrix, filler and air,
volume fraction of air in the composite can be calculated by equation'™

pAl=-Fr+p V=p_ (7.19)

where " s the volume fraction of air in the composites, p . o .0 are the theoretical

densitics of composite, density of air and experimental densities of composites
respectively,  Table 7.2 shows the theoretical depsity. cxperimental density and porosity,
uf the composites with varying filler content for PTFE and HDPE based composites. It
can be seen that the porosity of the composites increases with the volume fraction of
CeO; in bath types of composites. A similar variation of porosity is reporied by Xiang er
al ' far SeTI0L-POFE composites.

Tasle 7.3 and 7.4 gives the water absorption values of PTFE and HDPE
composites respectively.” The water absorption values of PTFE based compesites are
higher then that of HDPE based composites. A maximum value of 1.55% is obtained for
0.6 ¥, PTFE-C'e0s and 0.52% for HDPE-CeO; composites respectively.
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Fig. 717 (a) shows the microsinuciure of hea wreated and ground Cel): powder

used in the presem study,  The size of the Celrs powder 15 approximately 2-5 . The
surface morphology and fller distribution are studicd wsing Scanming  Electron
Microscope and the results of PTFE composites (1 = 0.1, 0.3, 0.6} are shown i Figs.
T.17ib)-(d) and of HDPE composies (1 = 0.1, 0.3, 0.5) are shown in Figs. 7.17(e)-(g)
The awcrograples reveal tha the CeO: particles are uniformly distnbuled throughout the
PTFE and HDPE matrix. For higher volume fractions (3] = 0.3, 0.5) of the composites,
there 15 aggregation of Cel): parnicles, With the mcrease of filler content, the aggreganan
of cermme partacles increasges (Fig. 7.070d10 i both PTFE and HDPE composites, The
merease o porosity ol the composie with the volume fraction of Ce(dy is due 1o the
aggrepation of ceramic particles in the continuous PTFE matrix. For higher mixing ratos
the connechvity among the ceramie pariicles increases, which in turm improves the
properties.  The connectivity of the individual components s important since it controls
the electric Mux pattem as well as mechanical and thermal properties."™" Comparison of
SEM micrographs of similar volume fractions of PTFE and HDPE composites confinn
that the porosity s higher for PTFE based composites. Fig. 7.17(h) shows the fractured
surface of 0.3 1) HDPE-Ce); composie.  The higher densification of HDPE-CeQ.

coriposiie s confirmed from the microstructure of 0.3 15 HDPE-Ce(}; compasite

7.2.4.2 Thermal Analysis

The TGA mepsurcments of PTFE-Ce()s composites show that the heat resisiance
of PTEE a5 very god Thee polymer begins (o decompose arosid 53000 amd o resadue 13
ubserved o A00'C which corresponds to the CeO: content as shown in Fig. 7.18a).
Table 7.3 Nats the decomposition wemperature (T of PTFE-CeQ; composites for
differemt filler contenmis of CeQs It shows that the total mass loss values are i good
sgreement with the amount of CeO; originally mixed into the different volume fractions
ol PTYE-Ce0r, samples and the decomposition temperature was not affected by the CeQy
content. This is due to the unreactive pature of PTFE matnx with CeO,. Fig. 7.18 (b)

shows the TGA measurements of HDPE-Cel)y compusites. The TGA measurement of
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virgin HDPE <hows that i starts decomposing around 280°C and decomposition s
complete arourd 500°C. The decomposition temperature of pure HDPE 15 around 347°C,
which increases with CeQ; loading and reaches 453°C for 0.5 V i.c., the thermal stability
is improved with filler concentration.  The total mass loss values obtained from TGA are
in agreement with the amoum of Ce0; originally mixed into HDPE-CeQ; samples and
are given in Table 7.4
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Temperature {'C) Temperature ('C)

Fig. 7.18 TGA corves of {a) FTFE-Celly composites {b) HDPE-CeD, compasines

A typical DSC thermogram of 0.3 ¥, Ce(; - remnforced PTFE is shown in Fig. 7.19
{a) in which two peaks appear at 19.9°C and 327.3°C, respectively, in the heating mode.
The meelting point of PTFE is around 325~335°C and it has several first or second ender
wransition temperatures ranging from <110 to 140°C."* PTFE shows low-lemperature
phase transitions al about 19 and 30°C al aimospheric prﬂsuu.'" The crysial struciure
of PTFE = inchinwe at temperatures helow 19°C and above that temperature the unin cell
changes 1w hexagonal. The three-dimensional register of chain segments gets lost in the
temperature range of 19-30°C and the preferred crystallographic orientation disappears.'™
Therefore. the result suggests that the CeOy filled PTFE compesites absorb heat o
change the crystal formation at 19.9°C and melt at 327.3°C."* The sample also get re-
crystallized by cooling from the molten state so as to ohserve the crystallization
iemperature T,.  The crystallization behavior of matenals is charactenized using
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crystallization temperature, 7, and the onset crystallizavion temperature, T, Filler
induced changes in T, T.. T, and T, of virgin PTFE and PTFE-CeQ; compasites are
determined wsing DSC in the temperature range 0-350°C (see Table 7.3). Bath
emdothermic and exothermic curves of PTFE-Ce(); composites are similar to those of
pure PTFE. T, T.. T,and T, of the PTFE-Ce(); composites are very similar o those of
pure PTFE, which smplies that the existence of the CeQy filler has no effect on the
melting and crystallization behavior of PTFE. This is due to the chemical inertness of the
PTFE matrix with CeQ; and the resultant very weak interface between the matrix and the
filler.

Table 7.3 Summary of data obtained via TGA and DSC measurements lor
virgin PTFE and PTFE-Ce(); composites

Celly | Celky '

EMT'-‘ 10 content® | content® L | Ll T | & T mﬁﬂm

PTFE-C 0. e g (O T 00| 16 (%
100-1) 00 | 00 [ 519 |00 | 3385 3162 | 3125 0.53
90-11) 30| 350 | S2% | 192 [ 3264 3174 | 3137 0.72
80-20 486 | aa® | 530 | 198 | 3272 | 3168 | 3128 087
70-3) $90 | se0 | 529 | 199 | 3293 | 3167 | 3125 0.95
0-41) 690 | 6%5 | 538 | 19.6 | 3298 | 3170 | 3133 103
50-3) 110 60 | 430 | 195 | 3265 | 3167 | 3126 136
) | win | wno | <7 [wp (s [alad [anaa [ v§s

(T8 the semperahire at which 10 wifs of the sample o low afier heatisg o sioogen simasphens by TOA, T, w the
fun? onder Irsfosinen iemperanire, Foooe de melting semperature, 7, i the temperature of oryvstallizaman, T. s et

wnset crysislligtion ienperabare. B i the weight Teaction of Col); contend i the FTHE-CeC): compaice, H'." 1
the weight fract on of el conient m the FTEE -Cel); conrpusns by TGA, |

Table 7.4 Summary of data obiained via TGA and DSC measurements for
virgin HRPE and HDPE-Cel); composites

CompesuEon CeDy Cedly Ti Ta T. T, Water
o’ coneen’ | comtem® | (0 | 1°C) 1°C) (°C) | absomion
HDPE-LCeld; e W il
10 - iF L) 1] 147 1301 1191 156 0.20
0= 0 a5 7 47 1 427 | 3']_& 11 L:.' .6 0.2l
020 5.5 & K 414 130.2 L1859 id 0.25
T 3 Tak A T B A 50F L300 I'IE_._Q il 0.31
il 44 K35 G5 431 1298 (ET] 153 047
5050 K44 5.7 453 | 1297 | 1186 | 11832 052

245



CHAPTER 7
Fig, 7.19 (b} shows the D80 curves of different filler loaded HOPE composites in the
temperature range 0-300°C. The melting temperature of pure HDPE is 130.1°C and the
addition of Ce0: 1o virgin HDPE showed no significant effect on the melting point of
polymer {Table 7.4 There 15 no sigmificant change in the T, and T, of HDPE composites

with filler loading and are given in Table 7.4
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Fig. 7.19 Heating and cooling DA curves of Fig. 7,20 XRD patterns of {a} virgin
{a) FTFE-L ¢0); composites (b) HOPE-Cell, FTFE (b) 0.3 ¥y of PTFE-Celd,
camposiles composiic

Figure T.20 shows the N-rav diffraction of PTFE aml 0.3 volume fraction { 1))
PTFE-CeOy composite. PTFE 15 a semi crystalline polymer. The XRD pattern of PTFE
shows a strong crystalline peak superimposed over an amomphous halo as reported. ™" The
strong crystallime peak of PTFE is observed at 20 = 18, The composite (L3 Fy) was
examined with XRD to study any possible interactions with CeQy (Fig. 7.20(b}). The
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XRI) peaks comesponding to Ce(h are indexed based on JCPDS file no. 34-0394. No
umdentilied ar undesired secondary phases were observed in Ce(), liller added PTFE.

7.2.4.3 Dielectric Properties

The frequency depemlence of relative permitvity of the PTFE and HDPE
compasites with the different volume fraction of CeQs [ller 15 shown in Fig, 7.21 {a) and
(b respectively. CeO:and PTFE have relative permittivities of 23 and 2.3 respectively at
I MHz. In the PTFE-Celd; composites of all volume [ractions, permittivity remamed
almest constant in the frequency range 0.5 Ktz 1o 3 MHz. It reveals the good frequency
stability of CeQ).-PTFE compositcs over a wide frequency range.  Devarmu of al.'”
reporied a simalar observation i BaTiO-polvionde nanocompesite films.  In HDPE-
CeDy composites, at the lower frequéncy range the relabive permittivity decreases with
frequency for all volume Tractions. [t s believed that o decrease in the dipolar
polarizaticn of the matrix and the aceumulanion of charges at the interface between
ceramic particles and polymers results in a large scale field distortion.""' Afier about 100
kHz. the chamges hecome smaller Cheng or o, reported simlar varation of relative
permittivity with frequency for BaTiOg-epoxy-resin. The plots of both PTFE snd HDPE
compasites further exhibat that the relative permittivity increases with CeQ- content.

Fiz. 7.22a) and (b) shows the variation of diclectric loss with frequency for
different compositions of PTFE and HDPE composites in the range 0.5 KHz 10 3 MHz
For both PTFE and HDPE bascd composites, at each Mreguency diglectinic loss imcnzases
as the concentration of Ce(); s increased. The increase in dielectric loss for higher
volume fraction of the filler is due 10 the increase in porosity.'”  For each volume
fraction, the diclectric loss shows a sharp decrease with frequency up to 1 MHz and
thercafler the decrease s small and gradual.  Thes means the extent of interfaceal
polanzoation s substantially augmented as the frequency is gradually reduced and the
Cel); is increased. yieldhng quite a high value of loss at cach compaosition. In pokymer
compee e matenils, interGivial polarzation 15 always presem because of additives., fillers

ar even impurities having masses larger than low molecular weight dipoles that make
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[t is known thit both relative permittivity and diclectric

loss depend on electromie, e, dipole-onentation amnd space charge polanizations. The
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Fig. 7.21 The variation of relative permitnivity

ol different volume fractions of (a) PTFE-
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Fig. 7.2 The variztion of diclectric loss of
dilferent vodume fracilons of (a) PTFE-Ce0y,

composites by HDPE-Cely; composites
with frequency

present system of compact is a biphase mixture of two diclectrically different matenals,

where ceria is ionic and polycrystalline and PTFE is semi crystalline and non-polar.

Such a mixture with a distiner imerphase should be appreciably lossy at low frequencics;

it has displayed a large space-charge effect owing by Maxwell-Wagner polanzation. The

dispersion regions become somewhat brosder ag the amount of Ce0: 15 increased for bath
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PTFE and HDPE composites. Khasigir ef o'’ reported o similar broademing of

disperiion curve with titama addition for polystyrene-ulama COmpasile.
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Fig. 7.23 Variation of relative permittivity (o and dielectric loss with volume fraction s
1| MHe und 7 GHe of (1) PTFE-Celly eomposites i11) HDPE-Cel), composites

Fig. 7.23 (1) and (11} show the varation of relative perminivity and dielectric loss
al | MHz and 7 GHz for both PTFE and HDPE composites, The relative permittivity and
drelectric loss increase with the increasing amount of CeO; addition both at | MHz and 7
Gy, The merease in relanve permittivity s expected as the (e, cerarmic has higher
relative permuttivity compared to that of polymer matrix. The dipole-dipole interaction
mcreases and contributes to higher relative permittivities as CeQ; fillers come closer at
higher filler loading (see Fig. 7.17 (¢). (d) of PTFE composites and (f), (g) of HDPE
composites). The relative permittivity and diclectnic loss of HDPE composites are higher
than that of PTFE composites. When the Cet); is mmor and forms a dispersed phase in 2
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Lelly-PTHE compusite, the relative permiuviiies of composibes are determiined mainly
by the conbinuous mairx {e, of PTFE and HDPE are 2.3 and 2.6 respectively) instead of
the minor filler,”™ The relative permittivity of Ce(s-PTFE composites at 7 GHz (2.1 - 5)
is less than that at 1| MHz £33 - 64) (20.2). The diclevine loss of the Cc0y-PTFE
composites (0.1 - 0.6 V) at 7 GHz {0.0022-0.0064) is higher than that at | MHz (00012 -
0.0036) (£1x107). Similarly. the £ of CeOy-HDPE (0.1 - 0.5 V) composites st 7 GHz
and | MHz are i the range 2.8-6.9 and 3.2-7.3 respecuively. The dielectric loss of these
composites is (LR036-0.0085 (at 7 GHz) and 0.0022-0.0076 {at | MHz). The pellets uscd
for lew frequency measurements (dimensions: | 1x1 mm’) have relatively higher density
than :he rectangular sheet (dimensions: 25%3x 1 mim') used for microwave measurements.
Hence the relative permittivity of samples at microwave frequency is smaller in addition
to the difference in the polarization mechanisms, The dielectric loss which s the main
factor affecting the frequency sclectivity of o materal 15 influenced by miany factors such
as purosity, microstructure and defects.'” There are defects such as porosity and the
interface phase between Celd; and PTFE in the composite materials, which can influence
the relative permittivity and dielectric loss of composites.” In addition, the increase of
CeD. amount couses the increase of interphase between CeO; and PTFE and hence the
influence of nterface polanzation on the dielectnic loss becomes more sigrliﬁcam.""
Yutzo ¢f al.'" reported that interphase introduced in a polymer matrix by inorganic filler
15 clear compared 1o that by polymer blends and mierfacial relaxation occurs under field
around 30 Hz and cause increased tan &, The interphase region is comprised of polymer
molecules that are bonded or otherwise oriented 2t the filler particle interface resulting in
unique physical and electrical properties.™™' "' Vo and Shi"*" model predicts that the
effective relative permittivity of a polymer-filled composite matenal is dependent not
onhy on the relative permittivity of the polymer and filler phases and the concentration of
the filler, but also on the relative permittivity of the interphase region and the volume of
the interphase region.  The interface characteristics that change the relative permitivity
of the compaosite 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 chemcal
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structure ol the interphase region 15 o function of the polymer and its interaction with the
surface of the filler particles, a change of the bonding between these two phases will alier
the molecular polanzibility and hence a change in the effective relative permittivity of the
composite. *' The relative permuttivity values of the interphase regions are less than the
relative permittivity of either the filler or matrix phascs themselves, Polymer aricniation
or bonding at the surface of the filler eliminates one or more degrees of freedom for
movement and alignment of the polymer chains under an applicd electric Dicld, which
restricts the dipole polanzaton of the polymer molecules within the interphase region and
hence a recuction in the relative permittivity.'" Todd er af. " repored that if the relative
permithivity of the polymer is less than the relative permittivity of the filler, the effective
relative penmittivily decreases with decreasing interplase relative permittivity.  The
volume fraction of the inerphase region is dependent upon the volume fraction of the
filler which increascs as the particle size of the filler decreases due to the increase in
srface area of the smaller filler. The chemical structure of the interphase region may be
the predorr mant factor, which affcets the relative permattivity of  PTFE-CeQy system.

The vaniation in relative permittivity with temperature of the FTFE and HDPE
hased composites 1s shown m Fig 7.24(a) and (b) respectively. 1t should be noted ihat
the vanatin in relative permituvity of both PTFE and HDPE based compaosites are very
small,  As the wemperature increases the relative permittivity decreascs. A negative
deviation of L6 %y from the room emperature 15 observed for 01 15 of PTFE-Ce0).
systent.  However, as the volume (raction of CeOy increases the change in relative
permittivity with temperature increases and reaches a maximum value of 1.5 % for 0.6 ¥y
In HDPE-CeQy system, a percentage deviation of 0.8-2.6 is observed as the volume
fractioin ancreases from 01-05 This slow decrease in relative permittivity with
temperature for both the composite systems is due to the large difference in thermal
expansion coeflicicnt of polymer (CTE of PTFE is 109 ppm/™C and that of HDPE 15 230
ppmC)™ and CeO, filler (127 ppin™C)'**, which would disturb the aggregation of polar

componens causing a decrease in relative permittivity. 44
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Fig. 7.24 Varistion of relative permittivity with temperature for differeal
vilume Tractions of (@aIPTFE-Celdy composhies (b} HDPE-Celd; compaosite

The predicted values of relative permiluvities using equations {7.3)-{7.7) arc
compared with the experimental results a1 7 GHz for PTFE and HDPE based composites
and is shown in Fig. 7.25 {a) and (b). In PTFE-CeQ; composites, i1 is seen that for lower
volume fractions (up to 0.3 FJ, Serial Mixing Model and Maxwell-Gamett Equation
holds good and thervafler it deviates from the experimental values. Predicted permittivity
using EMT model deviates from the expenmental values for PTFE-Cel); composites. In
HOPE-Cel)s composiles, Litchnecker and Jayasundare-Smith equations are valid up 1o
04 1, Maxwell-Gernett and EMT model equations agree with the experimental values

for lbower volume fractions only. Cenerlly all theoretical predictions are valid for low
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ML This is due 1o the imperfect dispersion of ceramic particles at

filler contznis,
higher fil'er contents and also 1o the air enclosed by the composites. The complex
effective permittivity will depend on the permittivity of each phase in the mixture, their
valume fiaction, shape and size of the ceramic panicle. porosity and interface between
components and eventually on the spatial arrangement in the mixture." Inclusion of all

these parameters makes the caleulations tedious
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Celdy composites st 7 GHe Ceddy compoalies

Fig. 7.264a} and (b} shows comparison of experimental and predicted values of
thermal conductivities using equations (TH-(7.11) of PTFE-Ce(; and HDPE-Cell,
composites with varying fller contents. For both PTFE and HDPE based composites,
therma! conductivity increases gradually with Ce; filler loading due to the higher
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thermal conductvity of Celds (12 WimCl. Thermal conductivity 15 improved o 1.85
Wim"C (standard deviation + 001 Wim"C) for 0.6 F, from 0.265 Wm"C for pure PTFE.
In HDPE composites, themmal conductivity increases fram 0,54 10 3.22 WO as Celds
loading increases from ¥, = 0w 0.5, This s due to the presence of more connecting path
between Diller without desturbing the matrix. A similar observation of vanation of themal
conductivity was reported by Kim er ol in AlN-epoxy composites.  Expenmental
results of PTFE-CeQ; composies are close 1o the predictions of Geometric Mean Model
and Chen-Vachon Model while for HDPE-CeO; composites, EMT model holds good
with the expernimental values  Predicted thermal conductivity using EMT model holds
goedd for lower volume fracuons (up w 0.2 F) of PTFE-Ce(); composites and thereafier i
deviates from the expenmenial values. The EMT model considers the composite system
1o be hemogencous with an sdeal interface. As the volume fraction of the [ller increases,
the mismatch between the matnx and the filler in the form of interfacial gap becomes
serious which 1s bad for heat conduction.'”  Generally, all theoretical predictions are
valid for low fller contents.™"™ Agari er o™ reported that in thermal conduction
systems contamng a high volume of fllers, particles imeract with each other and afTect
the s toom of partecles i a composite, Hence it 5 considered that the powder properigs
of particles (the ease of forming an aggregate of particles, hmit of packing eic.) greatly
affect the thermal conductivity of the composite. Maxwell-Eucken model predicts values
sigmificamly higher than the experimental data in PTFE-CeQ: composites while in
HDPE-CeO. composites the values are below experimental data.  This difference in
values with experunental Jata 15 due 1o the fact that it does not account for differences i
morphilogy or the effects of chain formation.  Theoretical models account for variations
i the siee. shape, imnnsic thermal conduectivity and siate of dispersion of the fller. The
wide vartation in filler geometry, onentation and dispersion makes it difficult w compare
compasites filled with different compounds, Moreover, the interfacial boundary thermal
resistarce between the filler particles and the mamnx referred 1o as Kapita resistance’ ™ is
not taken into sccount while caleulating the thermal conductivity of PTFE and HDPE

based Celd, composites. 1 is nol possible o measune it on the molecular level where i
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takes place.”™  Moreover in the theoretical models explained above porosity of the
composites 15 nofl accounied.  Ax oa resull, experrmental amd  theoretical  thermal

conductivity data are often not in agreement."™
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Celly compoyites (h) HDPE-CeDy campailic ) HDPE-C 0, compasites

Fig. 7.27(a) and (b} shows the companson between the experimental data and
theoretical models (equations (7.12)-(7.17)} for cocfMicient of thermal cxpansion (CTE)
al PTFE-Ce(); and HDPE-CeOy composites with varying filler fractions. The CTE
decreases with the aincreasing amount of Celd. content for both PTFE and HDPE
composites. CeQy has CTE of 12.5 ppm~C (Standard deviation, 0.04 ppm™C) m the
temperature range 25 o 270°C. 1l a composite is heated, the polymer matrix will expand
more thar, the ceramie fillers. However, if the inter-phases are capable of transmitting
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stresses the expansion of the matrix will get reduced.'™ CTE is improved to 229
ppont C from 993 ppanC dfor IPTRE) for a Aller loading of 006 I, As 1) mcreases from
0 to 0.5, CTE varies from 230 to 78.5 ppm™C. The parameters used for the prediction of
CTE are . (@ = 9.3 ppm™'C and ayypy = 230 ppm™C), ay= 12.58 ppm/C, 8, = 220
GPa . B, (Bpre = 0.4 GPa and By = 1.46 GPa) . K; = 149 GPa and K. (Kerey = D.55
Gl and Kppiey: = 030 GPa). The CTE values caleulaied using rule of mixtures |eguation
(7.11 ) are shghtly higher than the corresponding experimental values for both PTFE and
HDPE based composites.  This may due to difference in microstructure, bulk modulus
and thermal sofieming of the components in the composites, which are not accounted in
this refation."™ The values of CTE caleulated using Turner equation (7.12) also shows a
large deviation from the experimental values for both PTFE and HDPE based
composites. [t can be seen that in both the composites and for all volume fracuons, the
CTE obtained lies in between Schapery’s upper and lower bounds (equations (7.14) &
(T80 The deviation from expermental data is smaller for Schapery’™s apper bound
than the lower bounds, Similar variation of CTE is reported by Wong er af "™ while
caleulating the CTE values for epoxy resms flled with silica, alumina and aluminum
mitrade.

Micro indentation with a pont indenter invelving a deformation on a very small
scale 5 one of the simplest ways to measure the mechanical properties of a polymer
compesie. Fig 7.28{a) and (b} shows the vanation of micro hardness with CeQs filler
lvading i PTFE and HDPE based composites. Vickers microhardness tesis are
perfonned for o range of indemation diagonals. Micro hardness of 700 kg/mm’ is
obtained for the sintered and dense CeO: for a load of 400g. An average Vickers's
hardness of 7 and 9 kg mm® are obtained for virgin PTFE and HDPE respectively. As the
volume fraction of CeCh loading increases, the hardness also mereases i PTFE and
HIDPE hased composites, An imerease i hardness o 17 kgmm?® is obwained for 06 1
PTFE-Ce0; composite,  In HDPE-Cel): composite the microhardness obtaimed is 28
kg/mm® for 0.515,  Optical microsvopic images of PTFE and HDPE based composites
alter indentation are shown n Fig. 7. 2900
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Though the dielectric loss and CTE is slightly high for HDPE-CeQy composite, i
has reasonably good relative permittivity, thermal conductivity and mechanical properties
compared to PTFE based composites.

7.3 CERIA-La;sSr;sCo0,5 COMPOSITES FOR GIANT
PERMITTIVITY APPLICATIONS

7.3.1 Introduction

The electronic packaging industry is continuously secking ways to increase the
integration density of printed circuit boards (PCBs) as part of an efforl 1o miniaturize
glectronic equipments.  Towards this goal recent years have wiinessed an increasing
deound on high relative pormuttivity - materials  for its poteniinl  application
electrostnictive and embedded passive devices."™'® [t is widely known that several high
permittivity  materials such as  PRZrTO; (PZTL'™  Ph(Mg.aNbyq J0.-PYTIO,
(PMNT)," SOPBINi, sNbyy b04-35PETiO,- 1 5PbZr0, (PNN-PT-PZ),"* are indispensable
o modemn electronic devices. Lead based ceramics are not environmental friendly and
have high dielectnic loss compared 1o low loss ceramics. Moreover, these matenials are
ferroclectric and have strong temperature dependent propenties. A very high relative
permittivity with weak temperature and frequency dependency is observed in
polycrystalline CuQ, which s comparable o those of recemtly, discovered non-
fermoclectric CaCuyTiO,: and Li and Ti doped Mi0 ceramics."™ ™" Almost all the
investigated matenials for passive embedded technology are composites.

Elecirically percolative composites have attracted much attention because they can
possess a high relative permuttivity at a ertical concentruiion of Gllers and thus can have
potential applications as diclecines for energy storage capacitors and electrostnctive

devices. The conductor-insulator composiles of several kinds were extensively studied to

EThITa There are

undersiand the insulator-conductor transition in percolative networks.
reports that a certan kind of two-phase composite could improve the diclectric
properties. ™ Composites with conducting phases dispersed in an insulating matrix

exhibit high permittivity near the percolation limit of the conducting phase. In the
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context of mgh », composiics several polymer-ceramic.'”™ polymer-metal and
ceramic-met il 1.'l.:mrl-cln.'r.:ln.:!i"'l Y have been extensively  studied Polymer  based
commposites are (lexible and have low processing temperature.  However, ils permiitivity
is low compared w ceramic metal composites.  Commonly used metallic powders in
ceramic metal composites are Al, Ni, Cu, Ag, Pi. Pd. Among these Al Mi, Cu have
exsdation problem and need inen atmosphere a1 higher sintering temperature. P and Pd
are 100 expensive and silver s one of the Tew metals that can be Tired o air a1 bagher
temperature without oxidation. But it melis above 960°C and cannot be used at sintenng
temperatures above 950°C, Generally, ceramic metal composites (cermets) are sintered

IR chow that silver can diffuse along

at the simtering temperatuee of ceramic. Reports
the open pores and escapes at higher sintening temperature. [t is reported that in ceramic
silver composite, the simlening temperature has a crucial role i determining  the
percoiation threshold. Hence the sintering temperature of the ceramics should be reduced
below the melting poimt of silver.  Another difficulty with cermel composite is that it
shows a naTow smearing regron and hence difficult 10 obain a filler loading close 1o
percolution threshold,

Reports shows that the cubie crystalline Lag «51p4Co0y . (LSCO) ceramic has

MLEALIELIE and avoids the oxidanion

conductivity (200 S om) comparable o thot of metals
problems of metal. This motvated ws 1w stely the effect of conducting phase
Lt oS0 Co 0 A LSO on the imsulaing matnx Ce€)a. As the strontium content of L,
S Ul perovekile inereases, s crystal structure shifis from rhombohedral 1o cubic
{for x > 0.4). Cerum vxide has been chosen as the insulating phase due 10 its good
diclectine ['\Tl.lf.l'ﬂ‘l'lll.':h.:l In the present work the elecinical properties of Ce()y-LSCU
composites are investigated  The present study reports for the first time the giamt
permitivity of cerame-ceramic iwo phase composite i which one phase s insulating

and the oth:r conducting

7.3.2 Experimental
The samples of Cell= L5000 composites were preparcd by the conventonal solid-
siate cgratnic route. High purty CeQs powder (IRE, 999 %) used in the present
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mvestigation was imitially  heated w0 1000°C w0 remove any volatile impurnitics
Lag Sr,Co0y o o008 (LSCOY ceramics were prepared by the conventional solid-state
ceramie raule as descnibed in section section 2.1.2 of Chapter 2. High punity chemicals
Las0y ( Addrich, 99.9%), 500 ( Aldach, 99 +%) and CoyDy (Aldrch, %9%) were used as
starting powders.  Stoichiometric proportions of the chemicals were weighed and ball
milled for 24 hours using #ircoma balls in distilled water media.  The slurry was dried
e them caleined For 5 Bowrs at THOC, The calomed powder was then ball malled for 24
howrs. Dafferent volume fraction of fine LSCO powder were added 10 the CeO); powder
and mixed again i distilled woter medium. 4 wi % Poly vinyl alcohol solution was then
added to the powder, mixed, dried and ground well. The powder was uniaxially pressed
imo dise shaped pucks of 11 mm dameter and about | mm thickness at a pressure of
abou 100 MPa using a ungsten carbide die. The green compacts were lired at a rate of
S°Cimin up to 600°C and soaked a1 600°C for 30 minutes to expel the binder. The pellets
were satered in air at temperntures i the range 1050 -1250°C and the dwell nme was 2
hours. Afer sintering, the samples were allowed to cool down to room temperature at the
rate of 3°C/min. The samples were then polished 1o remove surface irregulanties.

The densities of the samples were measured by the Arclumedes method. The
powdered samples were used for analyzing the X-ray diffraction patterns using Cuko
fadianen and the surfe morphology of sintered samples were stidied using a scanming
clectron microscope,  The polished thin pellets were electroded by coating silver on bath
sides in the Torm of ceramic capacitors and were used Tor dielectnic measurements using
LCR mete- (HIOKI 3532-50 LCR Hi TESTER, Japan).

7.3.3 Results and Discussion
7.3.3.1 Densification of Ce0;-LSCO composites

The synthesizing conditions such as sintening temperature and their durations were
eptimized for LSCO added Ce; ceramics o obtain the best density and diclecine
propertics. The samples are having good thermal and chemical stability as explained in
section 334 of Chapter 3. The theorctical density of Ce()-L5C0 composites 15
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calculated using equation (7.18), section 7.2.4.1. Fig. 7.30 shows the variation of bulk
density with sirtenng temperature for all volume fractions of LSOO added Celds ceramie,
The density increases with increase in sintening (emperature, The variation in perocntage
densilication with different volume fracoon of LSOO added Celd: ceramie sintered at
11530 and 1250°C respectively 15 shown in Fig. 7.31.  The percentage densification
increases with volume fraction and reaches a maximum value at ¥; = 0.4 and then
decreases.  The percemage densification of samples sintered at 1250°C is higher than
that sintered a1 1150°C. This is due to the increase in grain size and simulianeous
reduction in parosiy with increase in sintering temperatire.  The densification of Cels-
LSCO composite incrcases and reaches a maximum at 0.4 Fy and then decreases for

samples sintered at 1150 and 1250°C.
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fracrion of LS00 added Cell; ceramics Celd-1.5C0 ceramics

7.3.3.2 Phase and Microstructural Analysis

The XRD patterns of LSCO added CeQ; 1s shown in Fig. 7.32. The XRD patterns
of 0.40 volume fraction |} LSCO added CeQ, samples sintered at 1150 and 1250°C
show that it is a mixture of Ce(); and LSCO, The XRD patterns of CeQ; and LSCO are
mdexed according w 10T File XNos, 34-0394 and 36-13%4 respectively. I 15 clearly
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cvident froum the XRD pattern of CeQ,-LSCO samples sintered at 1150 and 1250°C that

no additional phases are present.
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Flg. 7.3 XKD patterns of {a] pure Ceddy (by 0,40 1 Celdy -LSCU compasiic sintcred
at TIS0°C fep 040 ¥ Celly -1L500 composite sintered at 1250°C (dj pure LSOO

SEM nucrographs of 0.40 volume fraction LSCO added CeO; samples sintered at
1120 and 1250°C are shown in Figs. 7.33a) and (b) respectively, Both the
microstructures show two types of grains - brighter contrast 15 of CeQ. and darker
contrast 15 of LSCD. The 04D F, LSCO added CeO; ceramic sintered at 113070 shows
thut the ceramic has a porous microstructure. This is due to the low densification of
cerumic at LIS0°C (see Fog. 7.31). The grain growth of the sample s observed with
mcrease in the sintering temperature, resulting in the decrease of porosity (Fig. 7.33(b)).
The LSCO grain stans meling for the sample sintered at 1250°C.  The grain size of pure
Ceddy ceramie simtered at 1650°C2h is approximately 40 pm (see Fig. 7.5 (a), section
T.1.33). For the sample sintered at 1150°C, both CeQ:; and LSCO grains have
approximately 0.4-1 pm size and that sintered at 1 250°C grain size is approximately 1-3
and 5-10 pm respectively,  The reduction in size of CeQ: grain from 40 w 5-10 pm for

sample sintered at 1650 and 1230°C respectively b5 due o the lower sintering
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7.3.3.3 Dielectric Properties

The vanation of relative permattovity with sintering temperature for different
il fractions of LSOO added Celd, samples s shown o Fig. 7.3, For all volume
fractions except 01 and 102, the relative permituvaty increases with sintering emperature
reaches 3 maxanum at 113000 and then on further the inerease m permittivity 15 small
The vanaton i the eelative perminttny iy with silerng ICmperatine 15 more promnent for
those corpaasies with 500 content preile thin 0.2 volume frachion.  For composiies
contmmng LSUO less than 0.3 F,, the vamaton s much more gradil AL sintering
termnperateres below 1250°C, the 1L5C0 particles are distribated in the CeQ. matnix. The
size of LS00 groms below 125000 15 small compared 1o that at bigher iemperature (soc
Fig. 738 Henoe the surface area increases, the number of particles at a particulir
virlumwe teclon of composite imercases, and the imterparnicle distance decreascs When
the LSCO particles come closer, ol a paricular imerpanicle distance, an overlapping of
daffised double laver charged clouds pround the conducting particles can ogeur "t The
resubiing: electromugnene couplbing between the neighboning partieles increases the local

field, and thereby enhances the dipole moment of indiadual particles i the composite
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This, inn tum, can lead 1o multipolar interaction between the particles.'™™ The net effect
of this multipolar interaction between all the particles can account for the rapid increase
in relative permitiivity  and conductivity of the composites at the percolation threshold.
As the sintering temperature increases, agglomeration of LSOO particles occurs. Hence,
the size of the L5C'0 particles increases with the sintering temperature and results in an
incroase i inlerparacke distance and decrease n number of LSCO particles. This can
lead 10 o decrease in the relative permittivity with an increase in sintering temperature.”™
Anather reason for the decrease of relative permittisity at higher sintering temperature
may b due to the reduction of Ce® to Ce'' at temperatures greater than 1200°C. The
high e ectrcal conductivity of LSCO depends on the strontium content (x), oxygen
deficiewy (#) and temperature, ™™™ According to Jonker,' in La, Sr,Co0y .. when
a St ion oceupies La®" site and if x > 0.4, the charge compensation is accomplished by
the formation of O vacancy. The ionic radius of Ce'" and Ce™ are 1.34 and 1.14 A
respectively, The jonic radius of Ce’" is comparable to that of La™ (1.36 A) and S¢*'
{144 A) and hence Ce™ will be substituted in the La'Sr site of LSCO.'™ The value of 4
{oxype vacancy ) decreases only when Ce"' is substituled in the Sr'° site. The reduction
of Ce" 1o Ce'’ oceurs at temperatures greater than 1200°C.'" XPS analysis is required
te conlirm the valence state of Ce in CeQy-L5C0 composite at 1150 and 1250°C. Thus
the optimum sintering temperature of the compasite 15 found to be | 150°C as far as the

relanve permiiiny !|.1'_|' 15 coneermed,

LEE =0,

2' ——,

L+ e W,

i R

e Y,

‘A ol

E_' —— Y,
34
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1.84
104
(BT
ia4

T ¥ T v ¥
[ L s [Fi ] [F1

Sintrring Temperraturr
Fig. 7.4 Variathon of relative permittivity {e.) with sintering tempersiure
for different volume fraction of L300 sdded Ceyeeramic

2l



i AMAPTER ™

pL ﬁi'i-hl
L
43— nzrc
40 —— 250°C
&
lE.1'|-!|-'|
154
1404
154 X
o 62 6y 04 08 81 02 83 84 BS
Viluene Fraction of LS Viohuse Fraction of LSCD
Fig. T35 Varistion of relative permitthity (e Fig. 7.36 Varlaton of conductivity with
with volume Tragtion of volume fFaction of Celly-
Celdp-L 500 compasites LSOO composites

Mhe vanation i relative permittivity and conductivity with different volume
fractions of LSCC sintered at 1150 and 1250°C are as shown in Figs. 7.35 and 7.36. An
abrupt increase m the relative permittivity (g, = 10"} is obtained at 0.40 ¥, of LSCO, and
this s laken as the percolation threshold, The sharp increase of relative permittivity can
be explained by two mechanisms: the generation of a dielectric field around conducting
particles and the formation of microcapacitors through solation of LSCO with thin
diclectric layers. It is reporied that a dielectric field develops around the conducting

MU The sharp increase in relative

particles  dispersed in insulaling  materials,
permillivity 15 a result of an mterfacial polarization phenomenon thal occurs at the
interface of the dissimilar materials.'™  The charge cariers in the different phases of the
composite are trapped ai the interfaces within the dielectrics. These charges are unahble 1o
discharge freely and give nse o an overall field distortion, which results in an increase in
capacitance amd relative permittivity. In Ce0y-LSCO compasite, the dielectric field
developed around the LSCO particle can result i an increase in the effective relative

permittivity. The LSCO conducting particles in the composites act as intemal electrodes
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of a umt micro-capacitor.  Such regrons coninbute o an extremely large capuacitance,
which adds up macroscopucally and results i a large relanve permitivity.  The vanation
of conductivity with volume fraction follows the same trend as that of relative
permittivity and volume fraction of LSCO and it is shown in Fig. 7.6, As the volume
fraction of LSCO wwreases, the LSCO particles merges and at the percolation limit, there
v 3 continuous path of adjacent allowed sies across the system and this leads 1o the
sudden wmcrease m conduchivity,  In compusites, the conduction occurs either by the
wransfer of electrons between the particles in intimate contact or by the wnneling of
clectrons between the grins whose distance is less than 100 A" A 1150°C, due o
iarge number of LSCUY particles moa pamicular region, the imcrcased carrier concentration

increases the probabality of clectron hopping and hence higher conductivity than at
| 230°C

=l
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_ 404 Y
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ez Frepmeney (1) Tengeerarure (7C)

Fig. 737 Wariatlon of relative permiiiiviny (6] Fig. 704 Yartation of relative permitisiey
with frequency far different volume fraction of ;) with temperaiure for different valume
Celly-L500) compoites sintered ait 150 Traction of Celb-LS0C 0 compensbics
The vanaon of relative permtiivity with frequency For dilferent wolume fraciions
of Cel)y-LSCO composites sintered at 1150°C are shown in Fig, 7.37. The relative
penmittivity increeses gradually with the LSOO content up to 1= 0.2 and beyvond that the
relative permittivity increascs by several orders of mognitude, The decrease in relative

penmintivity with frequency is slightly higher than that below 15 = 0.3, Due 1o the direet
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refation with polarization, relative permittivity has a strong frequency vanation as
differemt polarization mechanisms become active. Fig. 7.38 shows the temperature
dependence of relative permittivity of Ce0.-LS8CO composites with different volume
fraction of LSCO messured a1 | Milz It is clear that for all the volume fractions of
LSCO, the relative permittivity is almost independent of temperature in the range -30 to
e

Enhanced electrostnction 15 related 1o an enhanced relative perminivity, This
suppests that the electrostnction can be enhanced by increasing the relative permuttivity
of the composite so that the same electric ficld can induce a higher polarization and thus a
higher  electrostricnor.  The present  ceramic-ceramic  composite  overcomes  the
dissdvantages of cermets such as oxidation problem and evaporation of metals at high
sintering temperatures. Cel)-LECO composites can replace the present cemmets used

cleciromechamcal and embedded passive devices

7.4 CONCLUSIONS

“ Ceria-Glass Composites

#F Effect of B0y, Bo04-510: ALD-510;, Zo0-By)y, Ba0-B,0,-5i0,, MgO-
Bi0-8i0., PhO-R0-8i0: Zo0-H.0,.8i10.. 2Mg0-ALO-58i0,, Li,0-
Ba0y-510:, Biy-Zn0-H05-5i00; and  LiO-MgO-Zn0-B,0:-5:10; glass
addition on the structure, density and microwave dielectric properties of
CeO: ceremics have been investigated.

¥ The X-ray Diffraction studies imdicate the presence of ColBOa,.
CeZnBy0y, CelnB,0y, PbB.0O, and CeB0O; phases with the addition of
higher weight percentage of B0, Zn0-B0y, Z00-B104-510;, Pb-B,0;-
510y and B5,04-Zn0-B04-510); respectively.

P Maximum qualiny factor of 695040 GHz {at 5.92 GHz) 15 obtaned for 0.5
wi%s Bi(l-Zn0-B;0,-510; added CeO; ceramic al a sinlering lemperature
of 1550°C which also showed the best densilication

s
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= Addmon of 135, A5, BES, MBS, LBS, MAS and LMS5ZB plass (riis
although lowered the simening wemperature of Celd; ceramics. the diglectric
properties are very much degraded

F The mcrowave dielecirie propenics of Cel; added with 20 wite B0,
(simtered at Y00"C) are v/ = 24200 GHez, £, = 132, r; = <46 ppm“C and
that of Celd: added with [0 wi™s BESE (sintered a0 950007 ane Qa0
12000 Gl = 224, 1= 57 ppm™C.

= XRD, SEM and FDIX analysis revealed that there s no reaction of 20 wits
Bt and 10 wite BESZ sdded Celdy ceramic with silver,

7 Fom the analysis of above resulls it is obvious that CeQ; + 20 wits B:0,
and Celds + 10wt Bealdy-Znld-B.0 =500, are promising materials for low

temperature cofired ceranic applications.

< Ceria-Polymer Compaosites

F PTFE-CeO: composites are prepared by powder processing method and
HOPE-Cetd, composites by sigma-blend technigue.

F SEM microgrepls show that with the inerease of filler content. the packing
of porticles grew demser and indicated the excellenmt compatibtlity between
polymer and Celd. particles.

# The dielectric, thermal and mechanical properties of both PTFE and HDPE
vompasties are studied i relation o Gller concemration,  The relative
permutiivity (2,0, diclecinie loss (tan o1 and mwcrohardness mcreased with
cresse i Ce0s content. The thermal conductivity (&) increased and
coeflicient of thermal expansion (e, ) decreased with merease in CeO;
comtent for both PTFE and HOPE composiies

# For 006 volume Traction loading of the ceramic, the PTFE composite has &
= 5 g tan & = (L0 a1 T Ciklz), & = LXS Wom''C, w0 El‘iﬂ’ﬁ:
and Vickers' microhardness of 17 kgmm’. The 0.5 volume frmction

Jisk
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HDPE-Celd: composite has £ = 6.9 and tan & = (L0085 (a0 7 Gilzp k=
2 WimR, e, = 78S ppm O and Vickers” microhardness of 28 kg ma

e Ihiferenmt theorctical approaches have been emploved o predict the
effective permittivity, thermal conductivity and coefiicient of thermal
expansion of composite systems and the results are compared with that of
experimental data

= Due o the reasonably pood diclectrie, thermal and mechanical propenies of
HIIPE composite (0.5 V) compared 10 PTFE composites, 0.5 V, HDPE
Cel: can be considered as o possible candidare Tor microwave subsinil

appibications

@ Ceria-Lag Sy «Col)y , composites

# The samples of CeO:-L5C0 [insulator-comndietor) composites arc prepamd
by the conventional solid-state ceramic route. XRID and SEM results show
thant the composaie 15 s misture of Cedds and LSCO

» The vanabon of refative permittivity with simenng temperature shows that
the permittivity is maximum at | 150°C for ¥, = 0.4, Funther mcrease i
sintering lemperature decreases the permutiivity in CeQye-LS00 composies.

# For all volume fractions of LSCO, the relative permuttivity of Cet:-1.500
composites 15 almast independent of temperature.

F CeOnlSCO compossies ¢an seplace the presemt cermets  wsed in
electromechancal and embedded passive devices due 10 its high relative

I!ll."l!"l]'l!lll'n':ll:r'.

264



CHAFTER T

7.5 REFERENCES

M. T. Schastion and H. Jontunen, b, Afarer. Rev,, 83, 57 (2008,

5 T Ishiwvaki, M, Fupta. H. Katago, T. Uwano and H. Mivako, JEEE Tranc. Microwave
Thewnry eoned Teehmed. 42, M1 T | 1964},

Y. lnumuka, Afuledenvers Fow Temperatiwre Cofived Coramics oL TOC) Technology, Sponger
| 200k5),

YRR Tumimals R, S Am Cerum. Soc, T4, B95 (1991 )
onow, Long and B M, Luk, IEEE Antennn Propagation, 43, 517 {1945

ORI Yeon, 5 Yoo, WS Kam, I B Kimond E S Kim, Jpe S dppl Ples, 38, 5616
[ 1995y

I. Takida, 5, F. Wang, 5 Yushikaws, 5 T, Taiog od B E, Mewiailnun, . Adm e S,
TT, 2455 ( 1994).

H. Kagata, T. Inoue, ). Kato and [ Kameyama, Jpa. J. Appl. Phvs, 31, 3152 (1992),

H.T. Kim, 5. 1. Kim, 5 Nahm, 1. . Byun and Y. Kim, J Ae Ceramir. Soc . 82, 3043 (1999]
"%, Tolmer and G Desgarding S Am. Ceram. Soc , 80, 1981 (1997,

" T Takaneks, K. Maruyama and K. Sakata, Jpn. J Appl Plas., 30, 2236 (1991},

K. P Surenddran, P Mohanan and M. T, Schastian, J. Soltd Stare Chem,, 177, 4031 (2004).

" M. Juntunen, R Rautivaho, A. Unsimaks and 5. Leppavuorn, J. Evr. Ceram. Soc., 20, 2331
{ M)

"OlA Lee J-H Lee and 10 K, J Enr Ceromr. Soc., 26, 2135 (20046)
owowW Liwand P Lin, Marer, Cheor amd Plies., 92, 98 { 2005)

W Jantusen, A movel Low Temperanere Coofinmg Cerumic (LT0C)  muteral  for
telecommrnication devices, PhD, Thesis, University of Qulu, Finland, (2001 )

7



CHAFTER T

"M Wu and H-L Huang. .. Ner-Cresfad, Sof, D60, 116 (1999)

* L Noviasand B. L. Green, ] Am. Cermn Soc., 19, 267 [ 1946)

® % N Salaina, 5 Salman and H. Darwish, Ceram, Jur., 21, 159 (1995)

* N Mon, Y. Sugimoto, . Harada and Y. Higuchi, £ Eur. Ceram. Soc., 26, 1925 (2006).

= L

.1 Chod, J-H. wan Park, J.-H. Park and ] -G Park, Mater. Letr., S8, 1102 (2004), |

© 0. Demovsek, A. Nacini, G. Preu, W. Wersing. M. Ebersicin and W. A, Schiller,|J. B
Ceram Suc.,, 20, 1693 [2001),

* & Thomas und M. T, Schasuan, Marer Res. Bull.. 43, 343 (2008).

Sy wamiba MOT Schastenr, P Solamme 30e N Alord, K Sanm, B Pallar, 5 H-Tmbﬂ.-li-
Fashikin, P. Samakhing and ! Peteel, S Am Cerovn. Soc., B2, 1233 (2004).

M. T. Schastian, N. Santha, I, V. Bijumon, A-K Axelsson and Me N. Alford. / Eur Ceram.
S, 24, 2883 (2004), ’ : e '

E. Mutijevic and W, P Hsu, Cordlorsed aned ferface. Scr, 118, 506 (1987),
AUl W. Cheng and L. D Schmidt, S Am. Cerami, Soc, 76, 2115 (1993),

E. Verdon. M. Devaletie and G. Dumazeau, Mater Lewr, 25,127 ( 1995},

YU Ahow, B ). Philips and ), A, Switrer, 1 4w, Corin, Soe. TR, 981 (1995},
M. Hirano and E. Kato, J Maver Sci Lewt 15, 1249 (1996),

C-H. Hsu, Ceram. faf, 34, 245 ( 2008)

B, W, Hakk and I D. Coleman, I8E Truni an Wicrowave 'nr.r::lr}' Tech, MITT-B, 402
L U] |

W E. Couwrtney, JEEE Trenes. an Microwine Thearr Tech MTT-18, 476 (1970)
). Krupka, K, Derzakowski, B. Riddle and J. B.-Jarvis, Meax. Sci Technol_ 9, 1751 :104

M-H Kim, 5. N. Nahm, W-5 Lee, M-J Yoo, N-K Kang, H-T Kim and H-] Lee, Jpn. J. Jkl
P 44, 3090 NS,

T LM Jean and 5. C. Lin, L Am. Spram, S, B3, 1417 (20004

=7



-

L1}

(RN S

0 L Fluang, M Yo, 1L Louand W, B Wang, Mear Letr, 59, 550 ¢ 1995)

ML Corker. B W, Whatmore, . Ringgaand and W. W Wolny, J Ewr Cerumt Suc, 20,
2034 2000,

0. Fonp. W, Lo, 1L Shi, LK, Giow, MW, Zooand W-J, W, & Am Cerame Sy, B9, 1733
§ 20K )

M.OT  Schustian, fhelovire Moforrals  foe Wieeloss  Uosmmennivation,  Blsevier Sciciue
Publisiers, {x fond, 1 200K

T. Takada S, F Wiang, 5 Yoshikawa, 5-1 Jang and R. B, Mewnharn, £ Aor Coregpn 5o, 77,
190 R

Mo Rabann, eramge Prsceaing amd Sutrerog, ot Ed |, Sarced Dekker Ine, New York,
(R

LA Jean ol T, K Gopaw, S Merier 8es, 10132 (1995)
W00 Cand Mos. 130877, B6-1ER4, 21-0177, 15078

LH Lim LoO Son, 8 N, W5, Lee, M. 1 Yoo, N, G Gang, H. ). Levand Y. 8 Kim,
Jpwt . Appl Pl 43, 33K (2004

5= Uheand Yl L Jpw 0 Appds Pl 40, 3305 (2000)

P Liw, E S Komand KL Yoo, Jper 5 fpgel. Pl 40, 5700 (2000 )

A Hogumon and ST sebastian, Mater See and Eag 8. 123, 31 (2005),

D B, RS Do, €3 Woon and O K, Kim, S Ewe Cerom, Siwc, 23, 2597 {2003
W Wersang. Current Chpangon g Seefied Statee amd Woner Sci 1 T1S 01990)

NOMe N Altord. ) Breese, X Wang. 5 J Pon, 8. Dalla, 5. ). Webb, N Ljepogevie and X
Aupi, F Faer Loram Sene | X1 20405 § 00011

D Shazmma, A N ariaeo and G, 1 Rosamian, A Ceram S TS 2305 193]

DL Chung, Vhetesiods b Efecieosne Pockegone, Bullerworth, Heinengon, Washimgion,
LT

I Giarrow and | Turhk, Sfenncbip Module Technodagy Hamitbook, Me. Graw-Hill, New York,
{1995}



L NAFTER T

MoOB Tan, Swhsirates for S Densine Pocboee Eagueering, Tsinghua University Press,
Heing, { 20813 )

I Cluialan, J A& Hobterr, | O Milano and § L Vemet, Macromol Ohonr. Phyr, 208, 2387
AL

B R Tummala and k) Rymaseewski Wiroeleoromes  Packoaging Hpﬁhd‘ -
MuafrandRembold, New Yok | 19Ri)

" P Procter and 1 Sele, Peag af S Elvvtrenc aud Compenents Tech Conferenge (Admm

b

Covn, Dnsdapute of Plectncal amd Flecrme Fagpmseer. New York S35 01990

" Huand, G Kubnlein, 5 Ine sod T Sclobara, (EEE Trums Comp, Pockoging ed
Munrafar tarsey Tochmafogn =N A, 17, 827 0 |99,

B Hill. Proc ol die Toch Poogroass Sweface Mot Techoology  Aveocioniog
Svempasiem (Rescarch Foasgle Park, NC) 125, Surface Mount Technology
Edlana, M, 1HI6,

E. Rerchonis, Micemedoemreniey Teolvwolug Folymers for  ddveeced  friaging o
Fackagimg. ACS Sympossum series ( Amenican Chenucal Sodiety), Washington, DC, (1995}

DS Soane umd ¥ Martvnenko, Polimers e Miroefecrronics. Frundamemials’ and

Aprpedivattony, Elsevier, New Yok, 1 19585

"D Buten, B.A Yoo, B OH Fresch, W Y Haw, 11 Belt, M A, Subrahmanian,

fhung, B F Gewdd, Ao T Whnttacker and [3 G Onn, dohances in Ceraniices, piiblished
the Amercan Ceramie Society, Wesierville O, 2b, 153§ 1939

W Bare. U Albano, 1. Beves and N Duswtingucse, Seef il Ot Teodnmed 158159, 404
il 1A

"L Fan, . Dang, C-W Nan and M Ly, Elevrros fum. dora, 48, 205 {2007)

1. Korab, I Stefanik, 5. Kavecky, I* Scbo and G. Rorb, Comp. Parr A0 Appl, Sci, and
Nnnf, 33, 577 (02 )

B Bagg. Aoty Poddve Sod, 1E9, 0 0 199%)

N I Kam, L Oh, 5T Oh and 11 Moon, Mer Lett, 81, 420 2001

YL Yang and U L. Schruben, Pofv Eagg e Sec 6, 1HIFF{ 1994)

Y P Momunsa, H Zos L Apckis and E V. Lebedey, Powd Techmol . 140, 49 ( 2004)

an



CllarTER ™

" F . Balt Callepa. T A beguenra, 13 B Bueda omd J Alonso-1opes, J Marer, 5o Len, Ao
165 { 1984)

" A A Okblopiova amd F. Y Shits, Mook Coompe Mater., 40, 145 (2004 )
Ty M Wang. D.C Juand ¥ Zhou. Prezoetectrics and Acconstoogrics, 24, 225 (2002)
" ¥.C.Chen, H-C. Linand Y-D Lee. F Polv Res. 111 (2004)

1.3 L. Thomas, Micrmaerve Meranls amd Falwvacation Fevtnngues, Artech House, Inc. USA.
|
i l9g).

F.H Allen, B K. Traskes and 13 A Allen, LS patent No, S922453 ( 1999)
L. A Bur, Palimer, 26, %61 { 1955
D. M. Price snd M. Jamals, Thermuchimpca Adorg, 392-393, 21] (2iM32)
™ D) Arherand G 5 Swer US patent, 5, 1449, $90 19492}
I L A. Pelesko and (. A Kregsanann, J Eng. Mtk A2, | (1997
Do Arthur, G. 5 Swer, A F Horm 0 ed 1, Kby, UL S atent Koo 384 181, (1995),
SN M Wang 0.C Jaand ¥ Fhou S Polv Bes, 10, 247 2003
U X Luand G Xu, J Appd Puly, Sci. 65, 2733 (1947)

* G. Swbodh, MV Manjusha, J Philip and M T Schastian, J Appl Pule S, 108, 1716
(2008

¥ Y.L Chen, H-C Limand ¥-D. Lo, Paddi. Bass. 10, 247 2

B Y. M Wang, 0. C Jia and ¥ Zhou, Pezoelectr doomstonps, 24, 225 (2002)
" 1. Krupa, | Novak and | Chodak, Svesbenc Metals, 145, 245 (2004

" W, Zhou 5 On H Zhaoand N L, Vet Res Boil 42, R0 2007)

® ¥, Zou, Y. Feng. L Wang and X. L, Clarbom, 42, 271 12004)

® ¢ Jomd H E Nagwb, Poly . 48, 1349 2007)

" G Sabodh, M, Joseph. P Monananswd M. T Sebastum, F fen @enant S 90, 35007 ( 2007k



G, Subodh, C. Pavitran, P. Mohanan and M. T. Schastian, J Ewr Ceram. S
{2007,

M. Osaka, 5. Miwa and Y. Tachi, Ceram. far, 32, 659 (2006).
“ L F.Chen, C. K. Ong. C. P. NeO, V. V. Varadan and V. K. Varadun, Woerewave,

Measurewent and Marerials Characierization, John Wiley & Sons, England, (200

¥ A Prakash, ]. K. Vaid and A. Mansingh, [EEE Trans. Microwave Theary, Teok
791 {1979).

® C.P. Menon and J, Philip, Meas. Sci. Tech., 11, 1744 (2000).

"' M. Marinelli, F. Murtas, M. G. Mecozzi and 5. Martellucci. Appl Phys A;

Process, 81, 387 (1990)
" M, T. Scbastian, C. P. Menon, 1. Philip and R. W. Schwartz, / Appd Phyr., 94,0

W. 5. Misa, 5. Rajesh, K. P. Murali, V. Priyadarsini, 5. . Potty and H. Ratheesh
amd Tech., 68, 106 (2007).

"™ A H.Sihvols, JEEE Trans. Geosci. Remote Sens., 16, 420 (1 985)

"' M. Jayasundere and B. V. Smith, J. App!. Phys., T3, 2462 (1993)

K. Waking, J Am, Cerem. Soc., T6, 2958 (1993)

"' ¥ M. Poon and F. G. Shin, J. Mater. Sci., 39, 1277 (2004).

"™ L. Jylhai, J. Honkamo, H. Jantunen and A. H. Sikvols, J Appl. Pins., 97, muit

"™ B. Sareni, L. Krahenubuh, A. Beroul and C. Brosseau, J. App! Phys, 81, 23751
"™ ¥ Rao, J. Qu, T. Marinis and C. P. Wong, JEEE Trans. Comp Puckug. Tech, I

Eo?

Trams, Microwave Theory and Tech,, 47, 1577 (19949),
"™ R.C. Progelhof, . L. Throne and R. R. Reutsch, Poly. Emg 5ci, 16, 615 (1976)
"% ). K. Carsan, 5. J. Lovett, D. J. Tanner and A C. Cleland, J. Finnd Eng.. 75, 297
""" H. 1. On, Plastic and Rubber Proces. and Appl., 1,9 (1981)

. 275

L. M. Walpita, M. R. Abern, P. Chen, H. Goldberg, 5. Hanely and W, M. F/ 1u

MITT I

200



CHAFTER 7

"' 1. Wang. I. K. Carson. M. F. North and D_ ). Cleland, fmt. J Mear and Mass Transf. 49, 1075
12006),

"% B. Hakansson and R, G. Ross, / Appl. Phys.. 68, 3255 (1990),

""" R. Landaver, In: J. C. Garland, D. B. Tanner (Editors), Am, fnst. Phys. Conf Proc :Elecirical
ﬁ?;}ﬁ” and aptical properties of inhowmogeneons media, Am. Inst. Phy., New York,

"1 Maxwell, A Trearise on Electricite amd Magnetism, Dover, New York, (1954).

" TN G. Tsao, Ind and Eng. Chem.. 53, 395 (1961).

"™ E. H. Kemer, Proc. Phys. Soc.. 698, 808 (1956).

"1 A, Wakashima, M. Otsuka and 5. Umekawa, J. Comp. Mater., 8, 391 (1974)

""" T. Ishikawa, K. Koyama and 5. Kobayashi, J. Comp. Mater, 12, 153 (1978).

" M. Orrhede, R, Tolan and K. Salama, Res. Mondestr. Eval, 8, 23 (1996).

¢ P Wong and R. S. Bollampally, J Appl. Poly. Sci., T4, 3396 (1999).

"R AL Schapery, J Comp. Mar., 2, 380 (1965).

"5 Z. Hashin and 5. Shtnkman, J. Mech. Phys. Solids, 11, 127 (1963),

UM G Grewe, T. R, Gururaja, T. R. Shrout and R E. Newnham, [EEE Trwns. Lilpasonivs.
Ferraelovivies and Freguency controd, T, 500 [ 19940).

“UF, Xiang, H. Wang and X, Yoo, J. Eur. Ceram. Soc , 27, 3093 (2006).

' 5. D. Malachlan, M. Blaskiewicz and R, E. Newham, J. Am. Ceram. Soc., 73, 2187 (1990)
"™ ¥.C. Chen, H-C. Lin and Y-D. Lee, J. Poly. Res., 10, 247 (2003).

T A Androsch, B. Wunderlisch and H. 1. Radusch, /. Therm. Amal, und Calor., 79, 615 {2005).

"** M. Endo, K. Yamada, K. Tadano, Y. Nishino and §. Yano, Macramal,, Rapid Comtm., 21,
A06 { 200N,

" P I Rac and B. M. Datchaum, Polverer, 45, T615 (2004),

™M N G Devaryw, E. S, Kim and B. 1. Lee, Microelectron. Eng., 82, 71 {2005),

ey



CHAPTER *

"L Ramago. M. Reboredo and M. Castro, Comp Parr 4 Appl Sci. Manuf, 36, 1267 (2005),
" K-l Cheng, C-M Lin, 5-F Wang. 5-T Lin and C-F Yang, Mav. Lewr., 61, 757 (2007)

™Dl Kue, CC. Chang, T-¥. Su, W-K. Wang and B-Y. Lin, J Eur Ceram. Sew, 2. 71
(20010

"™ 8 Yu, P Hing and X. Hu, S App! Phys., 88, 98 (2000).
"1, Khaswgie, H. S, Mati and P. © Bandhopadhyaya, Marer. Scr. and Eng., 100, 245 {1993),

"1 Zhang. H. Fan, S Ke. ¥ Shi, X. Zeng, M. Bi and H. Huang, Kev Eng. Marer, 1M-
A5, 1053 2007},

"L Y. Zhang end X, Yau, Dielectrsc Plysics, Xi%an Naoteng University Press, Xi‘an, (1991).
N M Zhao, Y. G Wuand 2. G Fan, J Appl. Phys, 95, 8110 (2004).,

" Z Yutao, C. Theng. J. Weifang, X. Hengkun and L. Yaonan, far. Sywnp. an Electrical Insul,
Merer, 77 (1995),

ML S O and RO Picu, Pody. Coanp, 23, 110 (2002

"3 Quand C. F. Wong, fEEE Trans Ceunp. Pockag. Tech, 15, 53 (2002),

" M. G Todd and F. G. Shi, Microelecrron, S, 33, 627 (2002).

"' H. Vo and F_ (3. Shi, Maroelectron 1., 33, 400 (2002)

MG Todd ard FL G, Shiod Appd Phis, 94, 4551 (2003}

Y M G Todd and F. G. Shi, JEEE Transuciions on Comp, und Puckag. Tech., 26, 667 (2003).
"W Grover and ALK, Ty, Ceram Ter., 31, 7659 | 2005)

"' G M. Tsangais and G. C. Psarras, J Mater Sci., 34, 2151 (1999),

" M. A Berger and R. L. McCullough, Comip, Sci. Tech., 22, 81 {1985)

"% AN Sihvola JEEE Trans. Geosci Remode Sens.. 26, 420 (198%),
N Javasundere and B, V. Smath, J dppd. Ploss, 73, 2462 119493

UK. Wakine, S Am. Ceram. Soc., 76, 2588 (1993).

277



CIAFTER ™

" Y. M. Poon and F. G. Shin, J Mater Sci., 39, 1277 (2004)

" Brosseou, P, Quetfeles and I' Talbot, J Appd. Phis.. 89, 4532 4 2000}

"W Kim, ) W Rae, [ Choiand § K. Yong, Polv. fng. Sci., 39, 756 (1999).

" H, He B Fu, Y. Han. ¥ Shen and X. Song, J Mar Sci, 42, 6749 (2007)

" 1, Kumlutas, 1. H. Tavman and M. T, Coban, Conp. Sci, and Tech,, 63, 113 (2003,
" ¥, Agari. A. Ueda, M. Tanaka and S. Nagai, J. dppl Poly, Sci., 40,929 {1990).

" ¥ Beneviste and T, Miloh, fir. J. Eng. Sci, 24, 1537 (1956).

"R Hill and PN Supancic, S Am. Ceram. Soc., 87, 1831 (2004),

™R, Hill and PH, Supancic, . dm Ceram, Soc., 85, B51 (2002),

"' L Haolliday and L. Robinson, /. Mar, Sci., 8, 301 (1973)

e E.'. Subedh, M.V, Manjusha. J. Philip and M. T, Sebastian, J dppd. Polv. Scr, 108, 1716
i IR

"' F.J, Bala’ Calleja, Tremds Polv. Sci., 2,419 (1994)
™ ¥ Rao, 5. Ogstani, P, Kohl and C. P. Wong., J. Appd Poly. Sci. 83, 1084 (2002)
" C. Huang, . M. Zhang and J. Su., Appd. Phys. Lert., 82, 3502 (2003).

"™ P-H. Xiang, X.-L. Dong. C-D. Feng. R.-H. Liang and Y .-L. Wang., Mater. Chem. Phys., 97,
410 (2006).

*'¥_ Bai, Z-Y. Cheng. V. Bharu, H. § Xu and Q. M. Zhang. Appl. Phys. Lewr, 76, 3804 (2000)
" D) Lewis, I3 Gupta, M. R Notis and Y. Imuanaka, J Am Cevenn. Soc., 79, 261 (1996).

™ M A Subramanian, [ Li, N, Duan, B, A Resner and A, W, Sleight, J. Selfid Srave Cheim,
151, 323 § 20040,

"™ ¢ L. Homes, T. Vogl, 5. M. Shapiro, 5, Wakimoto and A. P. Ramirez, Siemce, 193, 673
2000}

"L W, W Nan, YOI Linand Y Dheng, My Bev Lot B9, 21706401 ¢2002)

" & Sarkar, P K_Jana and B, K Chaudhun, 4ppl. Phs, Ledi., 89, 212905 (2006)

278



CHAPTER T

D). Hergman and D Stroud, Solid Srore Fhvs., 46, 147 {1992),

™ 1P, Clere, G. Giraud. J. M. Laugier and ], M, Luck, Adv. Phys., 39, 191 {1990).
™ W, Bochu, M. N Deschizens wnd | C Juuben, 1. Solid Stare Chem., 29, 291{1979)
"™ K. S 12eepa, M. T Scbastian and | Jumes, Apypl. Phy. Led, 91, 202904 (2007)

[3. M. Grannan, J . Garland and D B, Tanner, Phys. Rew Ler., 46, 375 (1941},

"N Cho IL ) Youn, D. W, Kim, TG, Kim and D. 8. Hong. S Am. Ceram. Soc., BI, 3038
(1998),

"™ I, lawang, M. Yasunoka, M. Sando. M, Toryama and K. Niihara, J Amr. Ceram, Soc.,
80, 791 {1997}

™ ¥, Chenand W, H. Tuan, J. Am. Ceram, Soc., 83, 1693 [2000).

BH L.t Ame, Cerar. Sen, T2, T70 [ 19489)

"5 A N Perov, O R. Kononchuk, A. V. Andeeev, V. A Cherepanov and P. Kofstd, Solid
Srate fomcs, B, B9 [1995),

LM VanderHaar, M. W, D. Otter, M. Morskate, H. J. M. Bouwincester and H. Verweij. ).
Elecrrochem. Soc_, 149, 14] (2002)

" H Ohbayashi, T. Kudo and T Gejo. duw 2 Appl Phvs, 13,1 (1974),

"™ A, Chanani, M. Mathew and D. D. Sarma, Phy. Rev, B. 46, 9976 (1992).

" F. Cluro, Phvs. Rov. 8, 25, 7875 (1983,

" ¥ Sone. T.W.Noh, 5.1 Lee and ). R. Gaines, Phys. Rev. B33, 30, 1986,
" g Gueorge, ) James and M T Sebastian, J. tme. Ceriam. Sec., 90, 1522 (2007}

") Mizusaki, Y. Mima, 5. Yamauchi, K Fueki and H. Tagawa, J. Solid State Chem., B0, 69
{1550

"™ T Ishigoki, 5. Yamauchi, J. Mizusaki, K. Feuki and H. Tamura, J. Solid State Chem., 54, 100
11984}

"G M. Jonker, Phitips Res, Rep., 24, 1 {1969).

"R, D, Shannon, Acte Crsiallage., A3, 751 (1976}

M



CHAPTER T

" 1. Sreenwolanadhan, M. T. Sebastan, R. Rathecsh, B Blachmk, M. Wochlecke, B
Schncider, M. Keumann and P, Mohznan, J Solid State Chent, 177, 3995 (2004),

" P Chylek and V. Srivastava, Phys. Rev. 5., 30, 1008 (1984),

" W. ) Kaiser. E. M. Logothetis and L. E. Wenger, J Phys C: Solid State Phys., 18, L 837
[1985).

" 5. H. Foulger, J. Paly. Sci. Part B Poly. Phys., 37, 1E99 {1999),

" 1.1 Nong L. S. Schadler and R. W. Sicgel, Appl. Phys. Letr., 82, 1956 (2003).

280



CHAFTER ?

' M. Sreemooclanadhan, M. T. Secbastian, B, Ratheesh, R. Blachnik, M. Woehlecke, B
Schaeider, M. Meumarn and P, Mohanan, J Solid Srare Chens, 177, 1995 (2004)

™ p, Chylek and V. Srivastava, Phys Rev. B, 30, 1008 (1984),

" W ). Kaiser, E. M. Logothetis and L. E. Wenger, J. Phys. C- Solid Stare Phys., 1B, L 837
i 1985).

" % H. Foulger, S, Poly. Sci. Part B- Poly. Phys,, 37, 1899 (1999),

11 Hong, L. 5. Schadler and R. W. Siegel, 4pp/. Phys. Lewr.. 82, 1956 (2003),

20



CONCLUSIONS AND FUTURE
CHALLENGES

" This chaprer features summary of the
research work described in this thesis. The
significant highlighis of the results presented in
ecach chapter are outlined in chronological
arder. The prospecis for extending the work in
Juture directions such as in the area of
dielectric resonalors, low temperature cofired
ceramics and polymer composites are also

discussed




CHAPTER K

The thesk: presents microwave diclectric properiies of ceria based ceramics useful
as dielectric resonators (DR) and low temperature cofired ceramics (LTCC) i the
miceowave integrated circuns. Ceria based polymer composites useful for electronic
packaging appl catons and Celdy-Lay, o8r, «Co0hyy composites for electromechanical
applications are also discussed in the thesis. The microwave dielectnic properties of the
ceranmics are tatlored by several methods such as doping, glass addition and selid solubon
formation in the Ce-site of Ce0s with suitable substineenis,

The Mfirst chapter of the thesis explains the fundamenial concepis related to
dicleeinic resonators, low temperature cofired ceramics and polymer/ceramic compasites.
The sccond chapler describes the syathesis and charactenzation techmigues of the
dielectric ceramics and polymer compesites in the radio and microwave frequency
region

Chapter 3 outlines the gencral introduction about fluorite structure and a briel
history amd lnerature survey related to the diclectric study of cerium oxide ceramiacs.
This chaper details the synthesis, charactenzation and microwave dielcctric propertics of
Ce0:-0.5A0:03Ti0: (A = Mg, Zn, Ca, Mn, Co. Ni. W) ceramics. These ceramic
systems ar¢ 3 composite consisting of fluonte CeQ: and ATiOy with good densification
and interesting diclectie properies depending on the coexisting ATiC) bang formaed
The ceramics have relative permittivitics (£) in the range 17.0 to 65.5 and quality factor
2.5 up to 50000 GHz, The r; ranges from 399 ppm™C to -62 ppm™C. The quality factor
increased considerably on cooling the CeOy-0.5A0-0.5TiO; (A = Mg. Zn, Ca, Mn, Co,
Ni. W) ceramics in o manner, similar w pure CeQ;, Highest (L is found for the CeOy-
0.5Mp0-0.5Til)s system and at 20 K it reaches as high as 539000 GHz. The effect of
dopants on the microwave diclectric properties of CeO;-0.5A0-0.5Ti0, (A = Mg, Zn,
Ca, Mn, Co, Mi, W) ceramics ar¢ investigated.  Addition of Cry0y o Ce0y-0.5C20-
05T, system improved the 1 to zero ppm™C from the originally 399 ppm™C
respectively. A quality factor of Y000 and 87700 Gz is found by the addition of 2 wi%s
WO, and 2 wi% WO,10.5 wite TiO; respectively to the CeQ;-0.5Mg0-0.5Ti0;
composite with & - 21 and ¢~ -50 ppm™C. By combining 0.5 wt¥s WO, and 20 wi%e
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CHAFTEN §

Tildy 1o CeOw0.5Co0-0.5Ti0: ceramic, a (hof of 38200 GHx. & = 212 and v, = 15
ppmC 15 oblained.  ATiOw (A = Co, Mn, Ni} diclectric ceramics synthesized by the
conventional sobd state ceramic route have hexagonal symmemry with R 3(14R) fpace
group. The microwave dielectric properties of ATiO; (A = Co, Mn, Ni) ceramics are
reporied for the first time with & in the range 19 10 25, (.o from 13900 to 62500 GHz
and r; of about =50 ppm~C.

The fourth chapter gives the preparation, characierization and microwave

diclecine properties of BaQ-2CeQpnTilk (n = 6...15) and BaO-pCe0:-4TiO; p =
1,130 ceramics. BaO-2C:0.-aTiQy (1 = 6. .15) ceramics are multiphase compounds
contmning CeOa, Ba;TiO:, and Ti0, while Ba0-pCe0:-4TiO; (p = 3...13) ceramics
consists of CeQy and BaTil), phases. The &, increases from 41.5 to 69.9. Q. decreases
feom 27400 1o 23200 GHz and £, mcreases from 40 to 272 ppm™C with the value of # in
Ba)-2Ce0-4Ti fa = .. 1 5) veraniees due w the increasing amount of rtile. The &
decreases from 32.6 1o 261, ¢/ increases from 25400 to 36800 GHz and 1yincreases to
the negative side from =11 2 <41 ppmC with the value of p in BaQ-pCeOp-4TiO: (p =
3...13) ceramics due to the inereasmg amount of cera. The effect of different dopanis on
the microwave dielectric properties of Ba0-3Ce0;-4Ti0; ceramics is studied and BaO-
el -4Ti0, doped with 1.5 wi% Cul) sintered at 1050°Ci2h has &, = 30, Q= 32200
CiHz and 7= =12 ppm™C. This can be used as an ideal candidate for LTCC applications
with copper electrode, The 1.5Ce0;-0.5BaTi,0y sample sintered at | 260°C/2h exhibits
excellent microwave dielectmic propertics: £, = 34.5, Qxf = 20750 GHz and ¢ = 2
ppm”C. The 12 wi% B;0; and | wi% CuQ added 0.5Ce0,-0.5BaTi, 05 ceramic sintered
at 930°C for 4 hours shows ¢, = 20.6, (J,xf = 17000 GHz and 1, = 48 ppm™C. Silver
remams wnreacted with the 0.5Ce0.-0.5BaTy Ot 12 wits B0+ 1 wits Culd composite,
which 15 one of the requirements of LTCC.

Chapler 5 reponis for t9e first time the microwave diclectnic properties of two new
ceramics based on cenum - Ce{ W) and BaCeV 0y, for microwave substrate
applications.  The CedWOL). and BayCeVil)y, ceramics sintered at 1000 and 1025'Cidh
have a relative permittivity of 10.8 and 149 with quality facters of 10500 and 12700
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CHAPFTER B
Gllz and tempersture cocificient of resonant frequency, -39 and -14 ppm/“C respectively.
The Ba V00 which fonmed as o secomdary phase alomg with BaCeVall o ceramie hus
been prepared separately and has relative permimivity 12, quality factor 22500 GHz and
= =67 ppm”C a1 @ sintening temperature of 700°C/4h, Glasses such as B0y, ZnO-
B0, BaO-B.0,-500,, Za0k-B.0,-510; and PbO-B;0:-510s are added to Cexi WL, and
BaCeVy0y, ceramic to lower the sintering temperature for LTCC applications. The
microwave diclectric properties of (0.2 wi ZBS added Ce.iWO,), ceramic sintered al
900°C and 1 wi'a ZBS glass added Ba,CeV,0,, ceramic sintered a1 825°C are .= 11.3
and 15,1, Q= 20200 and 20304 GHz and 7, = -39 and -2| ppm/'C respectively. The
0.2 wita ZBS added Cei(WOL), and 1| wie ZBS glass added Ba,CeV 0y, ceramic arc
possible candidztes for [ TCC applications.

The influence of rare carth substitution i Ce site of CeQ; coramics are outlined in
Chapter 6. Ceranne compositions in Cey RE, O (RE = La, Nd, 5m, Eu, Gd, Dy. Er,
Tm, Yband Y), 0 < x £ | have been prepared and the solubility of different rare carth
and yitrium ions in cena s found oul.  The microwave dielectric properties of Ce,.
JRE O34 (RE = La, Nd, Sm, Eu, Gd, Dy. Er, Tm, Yb and Y) for different compositions
from for 05 < / are measured and found that these propertics depend on the solid
solution formation at different levels of substitution won. The best propentics are obtained
for CegeEuy 0 e (2 = 254, Oxf = 70300 GHz, 1 = -64 ppm/C): CegeDys 2044 (g, =
26.2, 0/ = TS0 GHz, = -57 ppmC) and CegySmg 10y s (e, = 19.7, Quxf = 79450
GHz. = -51 ppm/C).

Ceria bhased composites for microwave substrate and electronic packaging
applications ate Jdescribed in Chapler 7. The first section of this chapter discusses the
plass-ceria composites for LTCC applications.  [Different weight percentage of glasses
such as ByOy. B.0-510;, AlLO,-510., Zn0-8,0,, Ba0-B;0,-5i0; Mp0-B,0:-5i0.,
PEO-BA-Si0h, ZnO-BOGSi) IMpO-ALD-SSI0., 1R0-B00-5:10., Ri.0,-Zni)-
B:0.-510; aml Liy0-Mg0-Zn0-B,0,-5i0, arc added 1o CeO; powder. The 0.5 wi% of

glass Muxed CeDy gives the maximum density and best microwave dielectric propertics.



CHAPTER &
Ce0d- adided with 20wy HaO fximtered ) W0y shows g, o= J3.20 00 vf = 24200 Gile r
= Af ppin'C and that of CeO; added with 10 wi% Biy0y-Zn0-B,00-510; (sintered 2t
GE0°C) has ¢, = 224, Quxf = 12000 GHz. 1, = -57.2 ppm™C. No reaction with silver is
phserved for 20 wits 0:0y and 10 wis BiyTh-Zn0-By0:-500; added Celd; ceramic.

The second section of Chapler 7 deals with the polymer/ceria composites for
electromie packaging applicatisns, PTFE based composites are prepared by powder
processing techmque and HDPE composites by sigma-blend method. In bath PTFE and
HDPE based composites, with the increase of filler conten, the packing of particles grew
denser and indicated the excellent compatibility between polymer and CeQy particles.
The relutive permittivity 1 &g). diclectric loss [tun &) and microhardness incrensed with
increase in CeDs contemt  The thermal conductivity (&) inereased and coclfcient of
thermal expansion (@) decreased with increase in CeO; content for both PFTFE and
HOPE composites, For 0 & volume fraction lvadmg of the ceranig, the PTFE composae
has &4 = 5 and tan & = 0.0064 {at 7 GHz), & = 185 Wim'C, & = 22.9 ppmC and
Vickers' microhardness of |7 kgmm'. The 0.5 volume fracuon of HDPECeO,
composite has £ = 6.9 and tan & = 0.0085 (at 7 GHa). & = 3.22 Wim'C, & = T8.5
ppm ™0 and Vickers' microhardness of 28 kgmm’. Different theorctical approaches
have heen cmploved to predict the effecuve penminwvity, thermal conductivity and
coefficient of thermal expansion of composite sysiems and the resulis are compared with
that of experimental data. Due to the reasonably good dielectric, thermal and mechanical
properties of HDPE composite (0.5 ¥} comparcd fo PTFE composites, 0.5 ¥, HDPE-
L'eD), cun be considered as a possible candidate for microwave substrate applications.

The last section of Chapter 7 explains the giant permittivity of CeOy
Ly 8, «C00s., (LSCO) composites. The variation of relative permittivity with sintering
emperature shows that e permittivity is maximum at 1150°C (or all volume fractions
The permiutivity decreases with further increase in sintering temperature, The relative
permittivity is maximur (¢, > 10°) at 04 1, of 1.5C0 at 2 sintering temperature of

HISO°C. For all volume: fractions of LSCO, the relative permittivity of CeQ.-LSCO

P
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CHAFTER X

composites is almost independent of temperature.  CeQ-LSCO composites can replace
the present cermets used in electromechanical and embedded passive devices due 1o its
high permittivity.

The following table gives the imporant and selective ceria based microwave
dielectric resonator and LTCC matenials, their sintering temperatures and microwave

iclecinie properties developed duning the course of this Ph. D work.
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| sl | | ST P, £ Quf T |
M | Alaterial O S TR T iGley | ippm™Ch
B Cet; [Tk | aR2 | 230 | s0c00 | -53
2 Cetd -0 3Cat)- ST, 1550 | 381 [ S5 | 8500 W |
i Celdelh SMpOl S Tikd, 1400 173 23 | 17500 -2
R SR T o S39000° g
4 Lol th 5 2n 000k 5 Taly 1350 o, 1% 6.1 24100 43
4 Cel )l SNt 4T0)- 1200 | 607 263 | 17100 T
i Ll deDh 50000 ATl I 200 b, 20 220 | 30000 47
7 Lel).-0 AM0-0.5 T, 1200 % 190 | 25300 -
u Cel 0, SWE- A Tal), NET £45 170 | 435500 7
9 CeO-0 5Cale STO: 1530 | 577 | 350 | 43s0 1]
HEwite Lkl S|
10 Celr-0 3MpO-0. 5T, 1400 3 14 | 90000 =50
. . v 1Lt T . | MR,
B TR TR TN TR FLEE ETHT] 3 nai HTITI i |
| + 3 wite Wik 5 v Talds
12 Cel-0.8C00-0 ST, 1200 | 605 20 | 70000 -
| - 1| wis WO,
13 [ CeO:-0.5C00-0.5Ti: 1200 | 490 | 21.2 | SRI00 ]
O St WO 20w Til):
14 | Cel08Ca0.0 ST, [TET] (¥ 160 | 53000 5
i LU -
15 CoTeld 1375 | 491 198 | 62500 T
THE MnTid 1350 | 400 | 24 5200 -5
17 _ NITi0, 1475 | 469 149, 00 A1
IR | BaO0-2Cc0-TTi0, | 1240 | S04 | 413 [ 26000 37
[ 19 Ba-3CeO:-1Ti): 1260 |  5.51 36 | 25400 A1
AT .50l SHaTuld, 1 2040 53 15 [ 0750 ]
2 BueViOy 1025 44 149 | 12700 -14
12 Cesl WL, 1 060 5.9 108 | 10500 -39
23 Ba, Vi, Tidh 186 120 Il_f:l_Uﬂ a7
M Cer iNda 0, w1 1600 | 692 1%3 | 44700 il
| B | CenaFugiw [ 1625 | w7R | 254 ] o0 | 64
=h Cenbtnaldic 1650 1 600 Zho | THSH | -0)
1] Cig 150 1)) o1 1650 | SK2 | 197 [ 79450 -5
B | 0SCeD-0S5RaTidly 4 12 | 950 aEI | on 17000 FE
Wi B0 | wta Lt o |
(29 | CeqWin), (02w /7BS | 900 | S89 | 113 20200 | -39
in BaCeVa0 41 wits K25 446 151 | 20300 =20
Fii1-Bat),-5i00
il CEG_- - M wits H-_'«(.h WM 4.55 .II._;_ 24 2041 iy
12 Celd: + 20 wits BZHS G50 GHE | 224 | 12000 A7

*measured in vaguuny, - measured ac 20K, ZRS-Znt-B:0-5i0; BZBS- BiyOy-2n0-Hp0,-Sil);
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CHAPTER K

As 18 evident from the table, diclectne resonators with 10 € £ < 70, 4000 5 Q¢ 5
539000 CGiHz and +399 < ¢ -65 ppm™C have been developed during this investigation. In
the present work several tempersture stable polymer-ceria composites having relative
permiiiviry i the range 2.10-6.9 and diclectric loss in the range 0,000 2-0.0085 have
been developed.  Giant permittivity (g > 10°) Ce0s-LSCO composites suitable for
clectrostrictive applications have alse been developed in the present study.

The possible error in the measurement of perminivity is of the order of 0.3%
Such an emor 15 possible when dimensional uncertannes of the sample are i the order of
0.15%. The uncertainty in the quality factor using TEys mode cavity method with
optimized enclosure is of the order of £ 2x10", In the cavity perturbation methed, the
cuperimental error 15 found 10 be less than 2% in the case of permittuvity and 1.3% in the
case of diclectric loss. The uncerainty in loss tangent measurements is of the order of £
2x10" or £ 0.3 tan &. Within a batch and from baich to batch deviation of about 10-20%
in (L (21000 GHz), 3%: in relative permittivity (£ 1) and 10% in 5 (£ § ppm™C) is
vhserved.  These deviations are essentially due to the slight varialions in porosily,
microstructure and crysta. defocts.

The scope for the extension of the work described in this thesis lies manly in three
areas. Ome of the newest and most prolific of the advances in wireless communication
has been the development and implementation of tape casting as 3 manufactunng process
for the production of thin sheets of ceramic matenals for LTCC wchnology. The primary
onc is to prepare LTCC apes using the LTCC materials developed in the present study,
The sintering behaviour, shrinkage. dielecine properties. mechanical properties and
chemical compatibility with ¢lecirode materials of the LTCC tapes should also be
vestigated.  Althoughk the smtering wmperature of the matertals in the present
investigation is reduced by the addition of low melting oxides and glasses, it negatively
affected the mwcrowave dielectric properties.  Hence chemical synthesizing lechnigues

like hydrothermal, co-precipitation, citrate-gel, sol-gel etc. would be of great intercst.
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CHWAFTER ¥
It is established that the dicleciric propertics of single crystals are superior to their
polyerystalline counterparis. Hence mnother future directing i dieleciric resonator
rescarch 15 1o grow single crystals of AT, (A = Co, Mn, Ni) ccramics for microwave
applications. However, growing large single crystals of these materials is challenging.
The polymer composiles developed in the present investigation must be utilized 1o
fabricate substrates for antenna and ponted circuit board applications. Broadband DR As
of differcnt geomwtries and DRA array using temperature stable DRs should also be
fabricated using the developed DR matenals.
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