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PREFACE

Complex oxides have yielded numerous interestingenads of great
importance to solid-state chemists, condensed malttgsicists and materials
scientists. They exhibit interesting transport pmies such as
superconductivity, metallic conductivity, semicootivity, magnetism, etc.
Semiconducting oxides are a very important group noditerials; their
applications span through photocatalysts, negateraperature coefficient
(NTC) thermistors, gas sensors, etc. NTC ceramimsimonly polycrystalline
spinels (MMnO,4, where M=Fe, Co, Ni, Cu and Zn) with a combinatmn
cations of transition metals, are the known maleriar thermistors. NTC
thermistors are widely used in automotive, hougdiapces and aerospace as
elements for suppression of in-rush current, teaipee measurements &
control etc. However, the applications of these emals are limited to
temperatures below 300°C due to their instabilibd achanging electrical
characteristics at high temperature. Hence thera reed to develop new
materials having good electrical characteristidsigih temperatures.

A new class of semiconducting ceramics in differgniictural families:
pyrochlore, powellite and tetragonal tungsten beohave been developed by
exploiting the variable valency of cerium (Ce). @aary oxides in A-Ce-M-

M'-O (where A = Ca or Ba, M = Ti or Nb, M' = Nb, ,Tllo or W) system have



been synthesized and tledfect of cerium concentration on the structure,
microstructure and electrical properties have beardied. The electrical
conductivity measurements show that these oxiddsbixsemiconducting
behavior in a wide temperature range of 30°C t0°600’he semiconducting
nature of the compound is due to the conversicBedf to C€* in the lattice to
maintain the oxygen stoichiometry in the structi8aitability of these single
phase ceramics for high temperature NTC thermigpplications have been
analyzed and aging tests were performed at 500r@ period of 500h. These
ceramics fulfill all the requirements of a materiat high temperature NTC
applications. Thg constant(300°C to 600°C) of 5000 K—-11000K provides a
sensitivitya in the range of- 0.6% &o-1.5% K'at 600°C. The aging factor is
found to be in the range of 1-3% for a period 00l0The NTC parameters
can be tuned to the desired value by changing thec@hcentration in the
compositions.

The first chapter of the thesis gives a generabchiction to different
crystal systems and semiconducting oxides. An ogenrof the literature on
semiconducting properties and NTC thermistors #&e presented here. The
conventional solid state route adopted for the gra&gon of complex
semiconducting ceramic oxides and different charaztion techniques used

are given in chapter two. Chapter three discussegffect of Ce concentration



on the structure, microstructure and electricapprbes of the CaGE&NbO;.
5(0.5< x <1) compositions. The X-ray photoelectron spectrpgc@XPS)
confirms the presence of cerium i 8tate. The powder X-ray diffraction
(XRD) analysis explains the displacive disorder tire cubic pyrochlore
structure. The conductivity phenomenon of thesepmmds as a function of
temperature and frequency has been studied.

The fourth chapter describes the Ca-Ce-Ti-Nb/Ta¥3tesn with
pyrochlore structure. XRD and Raman spectral studiebstantiate cubic
symmetry with Fd3m space group. The effect of sintering temperature on
structure, microstructure and electrical properigealso discussed here. The
fifth chapter discusses enhancement of the NTC gitgs of the
(Ca.75CeTiog)(TipsTays)O; ceramics by addition of different amount of rare
earth oxides such as ¢, SmO; and ;03

Chapter 6 gives a detailed description on novelC&aNb-Mo/W-O
NTC ceramics. The XRD and Raman spectral analysifirens the powellite
structure withl4,/a space group. The thermistor const@maries from 5000K
- 7000K in these compositions and the sensitiatynithe range of - 0.7% /K
to -0.9 %/K at 600°C.

The tetragonal tungsten bronze structured NTC desim Ba-Ce-Ti-

Ta-O system is described in Chapter 7. The stractand microstructural



change with compositional variation in these conmuatsuhas been observed by
XRD and scanning electron microscope (SEM). Thedaotivity mechanism
is analyzed using the impedance spectroscopy. ©hsilplity of using these
semiconducting oxides for high temperature NTC i@ppibns has also been
evaluated. The significant conclusions drawn frdra above studies along

with the scope for future work have been discussélde final chapter.



Acknowledgements

Many people have helped me in different ways and at different times during
the course of this research work, I would take this opportunity to thank some of
those few without whom this thesis wouldn’t have been a reality.

I am deeply indebted to Dr. Peter Koshy, Sr. Deputy Director and Scientist
G, National Institute for Interdisciplinary Science and Technology,
Thiruvananthapuram for his incessant encouragement, thought providing
discussions and unfailing guidance at every stage of my PhD work, It is with great
pleasure that I express my earnest gratitude to Dr. P. Prabhakar Rao, Dy. Director
and Scientist F, National Institute for Interdisciplinary Science and Technology,
Thiruvananthapuram for teaching me how to organize scientific thoughts, to write
scientific documents and to present research effectively. The guidance and support
that he has provided at various stages of research programme have been invaluable.

I express my sincere thanks to Dr. K, Ravindran Nair, Scientist (Rtd.)
National  Institute  for  Interdisciplinary  Science and  Technology,
Thiruvananthapuram for the fruitful discussions in the early stages of my research

worR,



I would like to convey my gratitude to Dr. Suresh Das Director, NIIST,
Thiruvananthapuram and former directors Dr. T.K, Chandrashekar and Dr.B.C Pai
for the infrastructural facilities provided.

I express my thanks to Dr. Kalliyanakrishnan V, Scientist G, SCTIMST,
Thiruvananthapuram for providing the Raman spectroscopy facility. I am also
thankful to Shri. Suresh B, ICON Analytical for the XPS analysis.

I am grateful to the Department of Science and Technology, New Delhi,
India, for the financial support provided to carry out this work,

I sincerely thank Dr. K,G.K, Warrier, Dr. M. 1. Sebastian and Dr. V.
Syamaprasad for extending the research facilities.

I would like to thank, Shri. M.R, Chandran for helping me out with the
SEM works and Mr. M. R, Nair and Mr. V. SreeRantan for their untiring and
immediate help.

Words are inadequate to express my heartfelt gratitude to my colleagues
Ms. Jayasree V, Ms. A.V. Anjana, Mr. Sibi K, S, Ms. L. Sandhya Kumari,
Mr. A.N. RadhaRrishan, Ms. Mariyam Thomas, Mr. S. K, Mahesh, Ms. S. Sumi,
Ms. S. Sameera, Ms. Mary Linsa K.S and Mr. D.S. Vaisakhan Thampi with
whom I have spent many memorable occasions and who have been very helpful and

supportive both in personal and academic.

vi



Special thanks are due to Ms. S. Sumi and Mr. A. N. RadhaRrishnan for

proof reading this thess.

I wish to thank, my parents and brother for all their love and emotional
support. My husband Krishnakumar holds a special place in the making of this

thesis through his strong support and unfailing endurance.

Last but not the least, I acknowledge God Almighty for being always with

me.

Deepa M

vii



Preface
Acknowledgements
Contents

List of Tables

List of Figures

CONTENTS

CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW
1.1 Introduction

1.2  Semiconducting materials

121

1.2.2

1.2.3

124

1.2.5

1.2.6

1.2.7

1.2.8

1.2.9

Properties of semiconductor
Intrinsic semiconductors
Extrinsic semiconductors
[11-V Compounds

[1-VI Compounds

IV-VI Compounds

[-111-V 1, Compounds
Organic semiconductors

Oxide Semiconductors

1.3  Negative Temperature Coefficient of Resistance
(NTCR) properties

viii

viii

XV

XVi

10

11

12



14

15

16

1.7

Pyrochlore structure

1.4.1 Displacive disordered pyrochlore

Powellite

Tungsten bronze structure

Scope of the present work

CHAPTER 2. METHODS OF PREPARATION AND
CHARACTERIZATION

2.1

Introduction

2.2 Solid state route for ceramic synthesis

2.3

221

2.2.2

2.2.3

224

2.2.5

2.2.6

2.2.7

2.2.8

Selection and weighing of raw materials
Mixing and drying

Calcination

Grinding

Addition of binder

Compaction

Solid state sintering

Finishing

Characterization technigques

231

232

2.3.3

234

X-Ray diffraction technique
Raman spectroscopy
Scanning €l ectron microscopy

Energy dispersive X-ray spectroscopy

19

26

28

33

34
35

37

40

40

41

42

42

43

45

45

45

48

49



2.3.5 X-Ray photoelectron
spectroscopy(XPS)

2.3.6  Impedance spectroscopy
2.3.7  Conductivity measurements

CHAPTER 3: STRUCTURE AND ELECTRICAL PROPERTIES
OF NONSTOICHIOMETRIC SEMICONDUCTING
PYROCHLORES IN Ca-Ce-Ti-Nb-O SYSTEM

3.1 Introduction

3.2 Experimenta
3.3 Resultsand discussion
3.3.1 Powder X- ray diffraction analysis

3.3.2 Scanning electron microscopy and

Energy dispersive spectra

3.3.3 X-Ray photoelectron spectroscopic

studies
3.3.4 Impedance analysis
3.3.5 Electrical conductivity studies

3.4 Conclusions

52

53

56

58

59

61

63

63

67

68

69

79

81



CHAPTER 4: PYROCHLORE TYPE CERAMIC 82
SEMICONDUCTING OXIDES IN
Ca—Ce-Ti-M-O (M = Nb OR Ta) SYSTEM

EFFECT OF CERIUM CONCENTRATION 83
PART | 41 ON STRUCTURE AND ELECTRICAL

PROPERTIES OF Ca—Ce-Ti—M -0 (M=

Nb OR Ta) SYSTEM

4.1.1 Introduction 84
4.1.2 Experimenta 86
4.1.2.1 Preparation of samples 86

4.1.2.2 Characterization techniques 87

4.1.3 Resultsand discussion 88

4.1.3.1 XRD and structure 88

4.1.3.2 Raman spectroscopic 93
investigations

4.1.3.3 X-Ray photoelectron 98

spectroscopic studies

4.1.3.4 Scanning electron microscopy 100

and microstructure

4.1.3.5 Impedance spectral 101
measurements
4.1.3.6 Electrical conductivity 106

4.1.3.7 NTC thermistor characteristics 111

41.4 Conclusions 113

Xi



PART Il 49

INFLUENCE OF SINTERING
TEMPERATURE ON MICROSTRUCTURE
AND ELECTRICAL PROPERTIES OF

(CaCQ)JsTi_o.zs) (Til.ZEJVl 07907 AND
(Cag 75CeTig 25)(Ti1.sM.5)07 (M=Nb or Ta)
CERAMICS

4.21 Introduction

4.2.2 Experimental

4.2.3 Resultsand discussion
4.2.3.1 XRD and structure

4.2.3.2 Scanning €lectron microscopy
and microstructure

4.2.3.3 Electrical conductivity
4.2.3.4 NTC thermistor parameters

424 Conclusions

CHAPTER 5: ENHANCEMENT OF NTC THERMISTOR
CHARACTERISTICS BY RARE EARTH (Gd, Sm
AND Y) DOPING IN (Cg7<CeTio29)(Ti1Taos)O7
PYROCHLORE

5.1

52

5.3

Introduction

Experimental

Results and discussion

5.3.1 X-Ray diffraction analysis

5.3.2  Scanning electron microscopic studies

5.3.3 Impedance spectra measurements

Xii

114

115

115

117

117

120

123

129

131

132

133

134

136

136

137

139



5.3.4  Electrical conductivity and NTC 145

thermistor parameters
54 Conclusions 151

CHAPTER 6: SYNTHESIS AND CHARACTERISATION OF 152
NEW POWELLITE TYPE SEMICONDUCTING
OXIDES IN Ca—Ce—Nb—-M-0O (M = Mo or W)

SYSTEM
6.1 Introduction 153
6.2 Experimental 155
6.3 Resultsand discussion 157
6.3.1 Powder X- ray diffraction studies 157
6.3.2 Raman spectroscopic analysis 158
6.3.3  Scanning electron microscopy and 161
microstructure
6.3.4  X-ray photoelectron spectroscopy 161
6.3.5 Impedance spectroscopic anaysis 163

6.3.6  Electrical conductivity studiesand NTC 169

thermistor parameters

6.4 Conclusions 173
CHAPTER 7: TETRAGONAL TUNGSTEN BRONZE TYPE 174
SEMICONDUCTING OXIDES IN Ba-Ce-Ti-Ta-O
SYSTEM
7.1 Introduction 175

7.2 Experimenta 177

Xiii



7.3

CHAPTER 8: CONCLUSIONS AND FUTUURE SCOPE OF THE

731

7.3.2

7.3.3

734

7.3.5

Results and discussion

Powder X-ray diffraction analysis
Raman spectroscopic studies
SEM and microstructure

I mpedance spectroscopic studies

Electrical conductivity and NTC

thermistor characteristics

7.4 Conclusions

WORK

8.1 Significant Conclusions

8.2  Future scope of thiswork

LIST OF PUBLICATIONS

REFERENCES

Xiv

179

179

180

182

183

189

192

193

194

196

197

200



Table
No.

3.1

41.1

4.1.2

42.1

5.1

5.2

6.1

7.1

LIST OF TABLES

Table Caption Page
No.

Lattice parameter, A/B ratio and electricahaactivity

data for various compositions in Ca-Ce-Ti-Nb-O syst 06

Density, electrical conductivity data and tidat
parameter for various compositions in a92
Ca—Ce-Ti—M-0O (M = Nb or Ta) system.

B Constant,a and Activation energy for Various

. . . 112
compositions in a Ca-Ce-Ti-M -O system (M=Nb or Ta)

B Constant, Density and a for
(Ca.75CeTip25)(Ti1sMo.5)O7 and 130
(CaCe 75Tig.25)(Tiy 29V 7507 (where M=Nb or Ta)

B Constant and sensitivity o for
(Cay7s5Ce,RETip25)(TipsTa50; (RE=Gd, Sm, Y; 148
x=0, 0.25, 0.5, 0.75) in the temperature range0o°G

to 600°C

B Constant, a, and Activation energy for
(Ca.75CeRETi29)(Ti1sTa 507 (RE = Gd, Sm, Y, 148

x=0, 0.25, 0.5, 0.75) in the temperature range0o&
to 800°C

Lattice parameteff} constanta and Activation Energy
for various compositions in a Ca-Ce—-Nb-M-0172
(M = Mo or W) system.

Lattice parameter constanta and Activation Energy
for various compositions in a Ba—-Ce-Ti-Ta-0191
system

XV



XVi



Figure

No.
1.1

1.2

1.3
1.4

1.5
2.1

2.2

3.1

3.2

3.3

3.4

LIST OF FIGURES

Caption’ Page
No.

Examples of NTCR components: (a) leadless (leadl
space (d) glass-encapsulated (e) resin-encapsulfted
SMD(surface-mounted device) and (g,h) probe sensors
(Courtesy from: EPCOS AG, Germany).

Unit cell of pyrochlore. Blue spheres repregstitcations,

yellow B*" and red 6. 20
The cationic sublattice of pyrochlore.
Unit cell of powellite. Green spheres repregetitcations, 7
blue B and red 6.
Tetragonal tungsten bronze structure.
Flowchart for different stages of general cecam 37
processing.
Reaction between two particles to form a producthe 38
points of contact.
Powder X-ray diffraction patterns for variousmgpounds 64
in CaCgTiNbO;5 (x = 0.5 to 1) system.
The selected region of X-ray powder diffractipattern

. ' . 65
showing weak pyrochlore forbidden (442) reflection.
Typical scanning electron micrographs of
(a)CaCggliNbOg 4 (b) CaCg,TiNbOg 55 67
(c) CaCggTiNbOg ;with microchemical analysis.
Ce 3d XP spectra and the curve fitting exangpl€e 3d 68

XPS peaks of CaG@eTliNbOgss.

XVi

21

29



3.5

3.6

3.7

3.8

3.9

3.10
3.11

41.1

4.1.2

4.1.3

4.1.4

Impedance curves of real (Z') component asnatifon of
log frequency at various temperatures for CAM¢LO; 5
(wherex =0.5, 0.6, 0.7, 0.8, 0.9 and1).

Impedance curves of imaginary (Z") componast a
function of log frequency at various temperatures f
CaCgTiNbO,_s (wherex =0.5, 0.6, 0.7, 0.8, 0.9 and1l).

Impedance curves of log ac conductivity asraction of
log frequency at various temperatures for CAMO; 5
(wherex = 0.5, 0.6, 0.7, 0.8, 0.9 andl).

Impedance curves of (a) real (Z') and (b) imagi (Z")
components and (c) log ac conductivity as a funatiblog
frequency at various temperatures for CaTeNbOg ss.

Variation of double power exponents, @nd B) as a
function of temperature of CagaiINbOg 55

Hopping frequency (logf vs Ce concentration.

Variation of logo vs. 1000T of CaCgTiNbO; s system
and the variation of conductivity with Ce concetitna at
600°C in inset.

Powder X-ray diffraction patterns of the aened
compounds for various stoichiometric compositionsai
Ca—Ce —Ti—Nb - O system.

Powder X-ray diffraction patterns of the aened
compounds for various stoichiometric compositionsai
Ca—Ce —Ti—-Ta -0 system.

Raman spectra for various stoichiometries
Ca-Ce-Ti-Nb-O system.

Raman spectra for various stoichiometries
Ca-Ce-Ti-Ta-O system.

XVil

70

71

72

78

80

89

90

Moy

II'\95



4.1.5

4.1.6

4.1.7

4.1.8

4.1.9

4.1.10

4.1.11.(a)

4.1.11 (b)

4.1.12

42.1

Excitation and emission spectra of 97
(Cay sCe.25Tio.25)(Tio.75T @125 O7 sample.

Ce 3d XP spectra and the curve fitting exangblCe 3d
XPS peaks of (a)(GaCeTi.25)(Ti1sNbg 5)O; 99
(b) (Cay75CeTl.25)(Ti1sTags)Os.

Typical scanning electron micrographs of (a)

(Cay sCey 25Ti0.25)(Tig.78Nb1 25 O7(b)(Cay 25Ce 5Tig 25) (TIND)
O1(c)(CaCg 75Tig.25)(Tiy 29Nbg 75 04(d)

(Ca.75CeTip25)(Ti1sNbo 5) Oy 100
Typical scanning electron micrographs of
(@)(Ca sCey 25T 25)(Tig.75T 1251 O7(b) (Cay 25Ce 5Ti0.25) 100
(TiITa)O,(c)(CaCq 7sTio.25)(Ti1 25T 207507

(d) (Ca.75CeTly29) (Tiz5Ta050x.

Typical impedance curves of real (Z') andgmary (Z")
components and log ac conductivity as a functiorogf 103

frequency at various temperatures for
(Ca.75CeTip25)(Ti1sNbo 5) Oy

Typical impedance curves of real (Z') andagmary (Z")
components and log ac conductivity as a functionogf
frequency at various temperatures for

(Cay.75CeTip 25)(Ti1 5T 3505

104

Variation of log conductivity &) vs. reciprocal of 107

temperature for Niobates.

Variation of log conductivity ¢) vs. reciprocal of 108

temperature for Tantalates.

Variation of conductivity at 680 as a function of Ce
L 109

concentration in Niobates and Tantalates.

Powder X-ray diffraction patterns for

(@)(CaCeg.75Tio 25)(Ti1.29N\bg 75 O7(b)(CaCe 75T io.25) 118

(Tiy 25T @075 0x.

XVili



4.2.2

4.2.3

4.2.4

4.2.5

4.2.6

4.2.7

4.2.8

5.1

5.2

5.3

5.4

Powder X-ray diffraction patterns for

(@)(Ca.75CeTl25)(Ti1.sNbg 5)O7(b)(Cay 75CeTip 25) 119
(TiysTags)0r.
Scanning electron micrographs of

(CaCe@75Tip2g)(Ti1dNby7590O; at different  sintering 120
temperatures.

Scanning electron micrographs of
(CaCe@75Tigog)(TiiosTag750; at  different  sintering 121
temperatures.

Scanning electron micrographs of
(Ca7LCeTipog)(TizsNby5)O; at  different  sintering 122
temperatures.

Scanning electron micrographs of
(Ca7CeTipog)(TiysTays)O; at  different  sintering 123
temperatures.

Variation of log conductivity &) vs. reciprocal of
temperature for (@) (CaGdigo9)(TiioNby790, 125
(b) (CaCe.75Tio.25)(Ti1.25T .75 O

Variation of log conductivity &) vs. reciprocal of
temperature for (a) (GasCeTh25)(TiysNbp5)O; 127
(b) (Ca.75CeTi.25)(Ti15T3.5) Oy

Powder X-ray diffraction patterns of

(Cay7CexRETig25)(TiisTas0; (RE=Gd, Sm, Y; 136
x=0, 0.25, 0.5, 0.75).

Typical scgnning_ electron micrographs ofl 37
(Cay7Ce G Tigog)(TipsTays)O; (x=0.25, 0.5, 0.75).
Typical sca_nning_ electron micrographs ofl 38
(Ca7LCe, SMTig25)(TipsTay 50, (x=0.25, 0.5, 0.75).
Typical scanning electron micrographs of138

(Cay7:Ce1,Y Tio29(Ti1 T2 05 (X = 0.25, 0.5, 0.75).

XiX



5.5

5.6

5.7

5.8

5.9

6.1

6.2

6.3

6.4

6.5

Impedance curves of real (Z')component as atifum of
log frequency at various temperatures  for

: : 141
(Ca7sCexRETip29)(Ti1sTans)OA(RE = Gd, Sm, Y,
x=0.25, 0.5).

Impedance curves of imaginary (Z") componest aa
function of log frequency at various temperatures f 142

(Cay7:CeRETig25)(Ti1sTa5)0; (RE = Gd, Sm, Y;
x=0.25, 0.5).

Impedance curves of log ac conductivity as a fmctf
log frequency at various temperatures for143
(C&).75C81_XREXTio.25)(Ti1.5Ta).5)07 (RE = Gd, Sm, Y;
x=0.25, 0.5).

Variation of log conductivity @) vs. reciprocal of
temperature for (GaLe RETig5)(Ti1sTags)O;, 146
(RE=Gd, Sm, Y; x=0, 0.25, 0.5, 0.75).

Variation of Bsgyeo-c CONstant with different rare earth

. 150
concentration.

Powder X-ray diffraction patterns for various
stoichiometries in Ca-Ce-Nb-M-O system (where M=Mol157
or W).

Raman spectra for various stoichiometries ir160
Ca-Ce-Nb-M-O system (where M=Mo or W).

Typical micrographs of (a)gaeNbMa.0;,
(b)CaCeNbMo@ (c)CaCegNb,M00,, (d)CaCeNbW,O,, 161
(e)CaCeNbW@

Ce 3d XP spectra and the curve fitting exangpl€e 3d

XPS peaks for CaCeNbWO 162

Impedance curves of real component (Z') asnatifon of

log frequency at various temperatures for varioud64
compositions in Ca-Ce-Nb-M-O system (M=Mo or W).

XX



6.6

6.7

6.8

7.1

7.2

7.3

7.4

7.5

7.6

7.7

Impedance curves of imaginary (Z") componest aa

function of log frequency at various temperatures f
various compositions in Ca-Ce-Nb-M-O (where M=Mo or
W) system.

165

Impedance curves of log ac conductivity asraction of
log frequency at various temperatures  forl68
Ca-Ce-Nb-M-O (where M=Mo or W) system.

Variation of log conductivity ¢) vs. reciprocal of
temperature for Molybdates and Tungstates and t
variation of conductivity with cerium concentraticat

600°C in inset.

"Fro

Powder X-ray diffraction patterns of variousnpmsitions

. : 17
in Ba-Ce-Ti-Ta-O system. 9

Raman spectra for various stoichiometries irl80
Ba-Ce-Ti-Ta-O system.

Typical micrographs of (a) Bagle;TasOz (b)
BaCeTigTa;05 (C) BaCeasTisTasO5g (d) BaCeTisTagO39 183
(e) BaCeTigTayOsy.

Impedance curves of real component (Z') asnatifon of
log frequency at various temperatures for varioud85
compositions in Ba-Ce-Ti-Ta-O system.

Impedance curves of imaginary (Z") componest aa
function of log frequency at various temperatures f 186
various compositions in Ba-Ce-Ti-Ta-O system.

Impedance curves of log ac conductivitg) @s a function
of log frequency at various temperatures forl87
Ba-Ce-Ti-Ta-O system.

Variation of log conductivity ¢) vs. reciprocal of

. 189
temperature for Ba-Ce-Ti-Ta-O system.

XXi



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 Introduction

Ceramics based on oxides, nitrides, carbides, plawep etc. have found
industrial applications for a long time. In modeethnology there is an ever
increasing demand for materials that can withstaedere conditions of
temperature, pressure and radiation field. Rec#varaces in the synthesis and
characterization of new materials have been abladet these challenges to a
certain extent. Ceramic materials of ternary, quiaey or even more complex
systems are now available for practical applicationvarious fields.

Complex oxides have yielded numerous materialsntdrest to solid
state chemists, condensed matter physicists, andriala scientists. This is
because of their general refractory character hadcchemical stability at high
temperatures in oxygen-containing atmosphere. Th&kibit interesting
transport properties such as super conductivitikfida Tet al 1999], metallic
conductivity [Porter L.Cet al 1988], semiconductivity [Nowotny M.ket al
2010], magnetism [Kravchenko E. A and Orlov V. Q02]) ferroelectricity
[Kimura H et al 2009] etc. These complex oxides crystallize infedént
structures such as pyrochlore, perovskite, spgaghet, powellite, fluorite etc.

Among the above, semiconducting oxides have beealelyiused in
electronic industries because of their unique anseful electrical

characteristics. Semiconductors are materials whgtiow a negative



temperature coefficient of resistance and possessnductivity which lies
between that of conductors and insulators. Most momy used
semiconducting oxides are binary oxides of metathss ZnO, Sng In,Os,
and CdO. These compounds possess distinctive piegpand are now widely
used as transparent conducting oxide materialshiBek. Rayet al 1998] and
gas sensors [Elisabetta DeB al 2000]. Semiconducting oxides have generally
used in gas sensors, photovoltaics, rechargealbatteries, photoelectrolysis
of water for H production, optoelectronic devices and as catdbysbxidation

of organic compounds [Dengweef al2010; Monica Lira-Cantu and Frederik
C. Krebs2006; Yanging Yet al 2010].

In addition to these applications, semiconductiagamics are found to
be a good candidate for high temperature sensdicappns. Some useful
semiconducting oxides have been developed in diftestructural families
such as spinels, perovskites and pyrochlores impéeature measurements.
The spinel-structured semiconducting ceramicslagartost common materials
for the manufacturing of negative temperature coeffit of resistance (NTC)
thermistors. However, the application of these mmte is limited to
temperatures below 300°C due to their instabilihd ahanging electrical
characteristics. Therefore, there is a need fod#welopment of new materials

which have good electrical characteristics at higkemperatures.



Semiconducting ceramics consisting of a compourttd definite composition
and structure showing no decomposition or phasasfoamation from
sintering down to room temperature have been stgges more suitable for
thermistors. The present investigation is focused tbe synthesis and
development of new semiconducting ceramics in pylaye, powellite and
tetragonal tungsten bronze type structure for NfeZrhistor applications.
1.2 Semiconducting materials

A relatively small group of elements and compouhdge an important
electrical property, semiconductivjtin which they are neither good electrical
conductors nor good electrical insulators. Instetejr ability to conduct
electricity is intermediate. This means conducyivi roughly in the range of
10 S/cm to 10° S/cm. Active devices made from semiconductor nedteare
the foundation of modern electronics, includingisadomputers, telephones
and many other devices. Semiconductor devices decthe various types of
transistors, solar cells, many kinds of diodesudilg the light-emitting diode,
the silicon controlled rectifier, digital and anglaontegrated circuits. Solar
photovoltaic panels are large semiconductor dewsatdirectly convert light
energy into electrical energy. Interestingly, itnist only the resistivity alone
that distinguishes semiconductors from other malgrinstead, they have a

number of properties which differentiate them frmsulators and conductors.



1.2.1 Properties of semiconductor
The resistivity of a semiconductor is more thart thfaan insulator but

less than that of a conductor.

1. When a suitable metallic impurity is added to a isemductor, its
current conducting properties change accordingly.

2. Semiconductors possess a negative temperaturacoedffof resistance
(NTCR) that is, the resistance of a semiconductecreases with
increase in temperature and vice-versa.

3. In semiconductors, current can be carried eithehbyflow of electrons

or by the flow of positively charged "holes" in theterial.

A semiconductor can also be defined on the basienefgy bands.
Energy band is nothing but the range of energyessesl by an electron in a
solid. Thus on the basis of energy bands, semiatndis a substance which
has almost filled valence band and nearly emptydaotion band with a very

small energy gap (about 1 eV) separating the two.

During the recent decades, advances in semicondueti@rials resulted
in the development of a wide range of electronid aptoelectronic devices
that affected many aspects of the technologicalesocin general, the main

factors that determine basic properties (e.g.captnd electrical properties) of



semiconductors are related to the chemical compositand the
crystallographic structure. The electrical conduitti of semiconductors can
be varied widely as a function of (i) impurity cent (e.g., doping), (ii)
temperature (i.e., thermal excitation), (iii) opficexcitation (i.e., excitation
with photons having energies greater than the gngep) and (iv) excess
charge carrier injection (e.g., in semiconductorices). It is this capability of
controlling the electrical conductivity in semicaradors that offers myriad
applications of these materials in a wide variety eectronic and
optoelectronic devices.
1.2.2 Intrinsic semiconductors

These are materials whose properties are natitteetonaterial; it often
implies an undoped semiconductor, examples arec8il{Si) and Germanium
(Ge).
1.2.3 Extrinsic semiconductors

These materials whose properties are influencedcamtrolled by
intentionally added impurity atoms, or by the prese of impurities and/or
defects; is often referred to as doped materiapadts are specific impurity
atoms that are intentionally added to a semicomduntcontrolled amounts in
order to increase either the electron or the hofeentration. Among dopants,

donors are impurity atoms which increase the edectroncentration, i.e., n-



type dopant, whereas acceptors are impurity atommshaincrease the hole
concentration, i.e., p-type dopant. In generalpetsemiconductor is a donor-
doped material or a semiconductor containing méeget®ns than holes, and
p-type semiconductor is an acceptor doped matenialk semiconductor

containing more holes than electrons. The majocidyriers are the most
abundant carriers in a given semiconductor sample electrons in n-type and
holes in p-type semiconductor; and minority cagiare the least abundant
carriers in a given semiconductor sample, i.e.edah n-type and electrons in
p-type semiconductor.

The important elemental semiconductors are grouméterials, such as
silicon (Si), germanium (Ge) and diamond (C). Thegseup IV elemental
materials all have diamond crystal structure, each atom is in a tetrahedral
configuration with four nearest atoms, and thus/thee also referred to as
tetrahedrally-bonded semiconductors. Another grodp elemental
semiconductor having such a structure is gray $im.(

1.2.4 lll-V Compounds

The 1lI-V compounds (e.g., GaAs, GaP, GaN, AlAsSbhnInAs, and
InP) are important semiconductors for various dewpplications. In general,
these materials crystallize with a relatively hidégree of stoichiometry and

most of them can easily be obtained. Many of tresapounds (e.g., GaAs,



InAs, InP, and InSb) have direct energy gaps agh barrier mobilities. Thus,
the common applications of these semiconductors iarea variety of
optoelectronic devices for both the detection agegation of electromagnetic
radiation and also in high-speed electronic devices
1.2.5 lI-VI Compounds

The Zn and Cd chalcogenides (i.e., compounds wijtl$,(5e, and Te)
cover a wide range of electronic and optical prbperdue to the wide
variations in their energy gap. These compoundsadse relatively easily
miscible, which allows a continuous “tuning” of w@us properties. Some
important commercial applications of these compsuimglude phosphors in
lighting and various display applications (CRT andhin-film
electroluminescent flat displays, e.g., ZnS: Ag afddS: Mn), infrared
photodetectors for imaging systems, protective wwl and optical elements
(ZnSe and ZnS), nuclear radiation detectors (Cdihe) solar cells (CdS and
CdTe). Other potential applications include shoatrelength light emitting
devices (e.g., blue laser) and integrated optaeleict systems (with Si and
GaAs) for optical processing and computation.
1.2.6 IV-=VI Compounds

The lead chalcogenides (i.e., PbS, PbSe, and Rir@e@haracterized by

narrow energy gaps, high carrier mobilities andhhagelectric constants. The



unique feature of the direct energy gap in thesepounds is that it increases
with increasing temperature (i.e., the energy gap & positive temperature
coefficient, PTC), in contrast to the temperatusbdviour of the energy gap in
other elemental and compound semiconductors thate ha negative
temperature coefficient. Main applications of thesenpounds are in light-
emitting devices and detectors in the infrared speegion.
1.2.7 I-1lI-VI , Compounds

The compound semiconductors such as CpACRIGa$ and CulnSg
are of interest in various device applications. SEheemiconductors have the
direct energy gaps in the range between about 1 3kdeV, and they
crystallize in the tetragonal structure, which Isse to the structure of a
mineral chalcopyrite. Some possible applications thife compound
semiconductors include, e.g., (i) light emittingydes based on a wide energy-
gap material such as with the energy gap of 3.83h&V would accommodate
visible (including blue) luminescence centers aifjdphotovoltaic solar cells
with the energy gaps of 1.04 and 1.53 eV, respelgtivin solar cells,
semiconductor compounds that contain magnetic (ergs, Cr, Mn, Fe, Co,
Ni, and Eu) may also exhibit magnetic propertiest Example, some oxide
semiconductors, such as FeO, NiO, and EuO, exhibrious magnetic

properties (e.g., FeO and NiO are antiferromagnatterials, EuO and EuS



are semiconducting ferromagnetic materials). Othagnetic semiconductors
include diluted magnetic semiconductors, such as/@d,Te, Ph,Mn,Te and
In.,Mn,As in which a fraction of nonmagnetic cations atdbsituted by
magnetic ions. Such materials exhibit both semiootidg properties and
magnetic behaviour. Depending on the amount of thagnetic ions
substituting for nonmagnetic cations and also omperature, diluted magnetic
semiconductors can exhibit various magnetic progeert
1.2.8 Organic semiconductors

The general advantages of organic semiconductoctude their
diversity and relative ease of changing (accommogdpttheir properties to
specific applications. Some examples of organic isemiuctors include
materials, such as anthracene;sHzy and polyacetylene. The electrical
conductivity of polyacetylene can be varied by mangers of magnitude by
doping with donors (e.g., alkali metals) or acceptée.g., iodine). Early
experiments, several decades ago, have demonsthatednthracene, as well
as others, are photoconductors. In fact, it shbeldoted that the first practical
application of anthracene (as the photoconducta} \&s a photoreceptor
material in imaging systems (i.e., electro photpgsg. Currently various
organic photoreceptors are widely employed in ttegg®ications, offering low

cost and relative ease of preparation in flexilaefigurations.
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1.2.9 Oxide semiconductors

Oxide semiconductors are also referred to as sewictior ceramics.
These are often polycrystalline and polyphase nadgewith grain sizes in the
range between about 1 to ki and the properties of the grains and grain
boundaries play a crucial role in both the undeditey and applications of
these materials. In this context, the control of tkkomposition and
microstructure of the grains and, especially gréoundaries are most
important challenges in developing these materiaitgas been established that
() the grain boundaries generally have an assetigpace—charge region
controlled by the defect structure of the matefi@l,the grain boundaries are
paths for the rapid diffusion for various impurgti@nd (iii) grain boundary
segregation, precipitation and oxidation typicalyect various properties of
these materials. Some examples of the oxide seshmbors (with
corresponding energy gaps) are,Gu2.1eV), BjO; (2.8eV), ZnO (3.4eV),
SnG, (3.7eV), BaTiQ (3eV), SITiG (3.3eV), LINbG (4eV) and these
materials are employed in a variety of electroregides and sensors, such as
() PTC thermistors (ii) varistors (i.e., resistavgh nonlinear, but symmetric,
current-voltage characteristics) that are usedtterprotection of electronic

devices and circuits (iii) capacitors of high datec constant that can be
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employed in MOS structures (in dynamic random azcesmory, DRAM) (iv)
gas sensors and (v) electro-optic modulators.
1.3 Negative Temperature Coefficient of Resistand®TCR) properties

Sensors play a major role in any control and autmmasystem. The
sensors convey the details of the status of tHenedd in a more precise way
than any human senses can. They exist to cover messurable quantities of
the real world and include motion, temperature pnity, light, sound
moisture and many more. Temperature can be measiaeddiverse array of
sensors. All of them infer temperature by sensiomes change in physical
characteristics.

There are mainly four types of temperature semsdmose are
categorized as follows: (i) thermocouples, (ii)ist&nce temperature detectors
(RTDs), (iii) integrated circuit (IC) sensors and) thermistors. Obviously, the
choice of a particular sensor depends on the reguaccuracy, speed of
response, temperature range, thermal coupling, ramwient (chemical,
electrical or physical) and cost. Thermocouplesvaoely used as temperature
sensors because they are small, robust, relativekpensive, easy to use and
cover the widest temperature range. They are especiseful for making
measurements at extremely high temperatures (BB80®°C). Nonetheless,

they must be shielded from harsh atmospheres goutlé due to corrosion
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degradation. The most common metals used for thericiion of
thermocouples are iron, platinum, rhenium, tungstapper, alumel (Al-Ni
alloy), cromel (Ni—Cr alloy) and constantan (Cu-d\oy) [McGee T.D 1988].
The output given by thermocouples is only in thege of a few millivolts;
therefore they require precision amplification fdurther information
processing. Nevertheless, their main disadvantagesassociated with lower
sensitivity (microvolts per degree) and accuracy aomparison with
thermistors, and the need for a reference temperafthermocouples are
characterized by a larger linearity than thermsstbut a smaller linearity than
RTDs. Unlike thermocouples, RTDs, ICs and negatavaperature coefficient
of resistance (NTCR) thermistors are passive senfitat require current
excitation to produce a voltage output, which beesrarger than that given
by thermocouples. Modern Si- and Ge-based semiatodu are often
integrated into multifunction ICs, which offer reasble accuracy and high
linearity over an operating temperature range &°G5to +150°C. In some
industrial applications below 600°C, RTDs are replg thermocouples.
Nevertheless, when compared with NTCR thermisfgeginum RTDs are less
sensitive to small temperature changes, and haweca slower response time.
In fact, thermistors’ high sensitivity (typicallyetween -2%7C and-6%/C, at

25°C) allows the detection of minute variations in parature which
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sometimes could not be observed with an RTD omtbeouple In practice,
only electronic semiconductors are used as mageftal NTCR sensors. In
oxide semiconductors the concentration of chargeeca is determined solely
by the doping level, however their mobility is teengture activated.

The relation between resistance and temperature afonegative

temperature coefficient thermistor is expressethbyfollowing equation

R: = R {ﬂ(T%—_TH (1.1)

whereRy is the resistance at temperatliteRy is the resistance at temperature
Ty known, and is a thermistor characteristic parameter. Revgitand

rearranging the terms of equation (@);an be derived as follows:

| TTn Rr
ﬁ_{TN—T}m(RNj (1.2)

The thermistor sensitivity is defined by the tengpere coefficient of

resistancea, which can be expressed as a function of fhe@arameter,
according to the following equation:
a =(YR)[d(R)/dT] =-p/T? (1.3)
This indicates that the temperature sensitivityrel@ges with increasing
temperatures. In most commercial spinel-based Nt&Rmics, thg-values

vary between 2000 and 5000 K, which imparts roommpierature values
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ranging from -2.2 and -5.5%/K, respectivelyn order to fulfill the

requirements imposed by each specific applicatiorgst electroceramic
manufacturers offer thermistor components in a wideiety of designs,
ranging from surface-mounted to radial or axiatksh packages, as illustrated
in Fig. 1.1. The electrical characteristics of thesomponents can be

geometrically and chemically tailored to meet sfiecequirements.

Fig.1.1 Examples of NTCR components: (a) leadless (bad kpace(d) glass-
encapsulated (e) resin-encapsulated (f) SMD(suramented device) and
(g,h) probe sensors (Courtesy from: EPCOS AG, Geyina

The first evidence for the NTCR behaviour was reeged on February
21, 1833 by the English natural philosopher Michaataday, who observed

the resistance of silver sulphide, /&g to decrease with increasing temperature
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[Faraday M 1833]. Nevertheless, this phenomenoraies a mere scientific
curiosity for nearly 100 years, until the observatiof similar response in
transition-metal oxides such as;B6g CoO, and NiO. This discovery prompted
the design of novel instruments, whose fundamerparation was based on
the NTCR behavior. In 1930 Samuel Ruben suggedteduse of fused
mixtures of CyS and SES to fabricate temperature measurement devices
[Ruben S 1930]. In 1935, the Dutch company Konjk&liPhilips Electronics
N.V presented a “novel” NTCR product, which woulte traded under the
name “Starto”. This material consisted basicallpf a mixture of
Hattenleidelheimer clayz with semiconductive siticemr other substance
having similar characteristics. But it was lessis$attory than expected
[Amstel J 1935].

In the late 1930s, the Bell Telephone Laboratogies embarked on the
commercial exploitation of the NTCR behavior extedi by spinel-structured
ceramics. These relatively inexpensive ceramicsewvesrsed on mixtures of
oxides of manganese and iron or oxides of nickdlraanganese [Becker J. A
et al 1947].Most NTCR ceramics are based on pceramics, where M
is partially replaced by other transition metalshsas Ni, Co, Fe, and Cu in
order to induce semiconductivity in this ratheristge material. These

substitutions lead to the formation of fivin** pairs on the octahedral sites,
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which are essential for electrical conductiviNiMn,O, is definitely the most
studied spinel for NTCR applications. This compoursd unanimously
recognized as an inverse spinel; however, the exatare of the valences and
distribution of the cations have proved to be aoversial. In 1957 Dunitz and
Orgel investigated the electronic properties ohdraon-metal oxides, with
special emphasis on spinels (e.g., GzeCuCrO,, ZnMn,O,4, and NiCpO,)[
Dunitz J. D and Orgel L. E 1957]. Most of the warsk NTC ceramics is
dedicated to the spinel structured ceramics, suchtha improvement of
structural stability at high temperatures, repraoiiyzy of the electrical
properties etc [Park K and Han I.H 2005].

Although, transition-metal perovskites have beemwlisd for more than
half a century, owing to their fascinating electooand magnetic properties,
their potential as NTCRs has been seriously comsidenly recently. This
investigation was prompted by the fact that commérBlTCRs based on
spinels are not suitable for high-temperature apfbns for a number of
different reasons such as too low resistivity actd/ation energy, poor thermal
stability, etc. In 1996, Macher et al. showed ttit conductivity of LaCp
M,O3, (M = Al, Ti) can be systematically controlled, adaing a wide

application range [Macher K. Bt al 1996]. Later, in 2000, Feltz reported on

the preparation, structure, and electrical propemif Sgla; »Ti,+,Ca," Cop 2"
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O3 (0<x<1, 0O<y<(1x)/2) ceramics. These apparently aging-free material
showed useful properties for NTCR applications émperatures as high as
500°C [Feltz Aet al 2000]. Recently, Liu et al. investigated the NTCR
behavior exhibited by BaTi{based ceramics doped with BaBi€@omposites
[Liu X et al 2008]. Despite the great chemical versatility bked by the
pyrochlore structure, only a very few NTC ceramies been reported with
this structure. E. I. Du Pont de Nemours and Comfided a patent which for
the first time suggested the use of semicondugbyechlores to fabricate
NTCR thermistors [Schubert K E 1969]. Recently Nolind Lanfredi have
reported measurable NTCR behavior in2B,Sh;0,4 at temperatures >400°C
[Nobre M.A.L and Lanfredi S 2002].

The major problem that NTC ceramic industry facimayv is aging of
the thermistor material. The change of the eleaitgitoperties with respect to
time is generally referred to as aging. Aging inQR ceramics manifests itself
through a noticeable time dependence of both tetsktance and sensitivity,
which becomes ultimately reflected as a thermometrift. Apparently, this
phenomenon affects all NTCR ceramics to a moreesg extent, independent
of their composition. And it becomes more predomina the case of high
temperature thermistors. There is an increasingl riee sensors capable of

operating at extreme conditions, in particular a&hhtemperatures (near
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1000°C or above). Semiconducting ceramics congistina compound with
definite composition and structure showing no dgoosition or phase
transformation from sintering down to room temperathave been suggested
as more suitable for thermistors. In such a sipdase ceramic, aging of the
electrical properties should be significantly reelic

In spite of the great chemical versatility exhititey different crystal
structures, the NTC thermistor research was alvwaaydgined to spinels and
perovskites. In the present investigation thrededbht crystal structures
namely pyrochlore, powellite and tetragonal tungdimnze are selected and a
new class of semiconducting materials has beerhegizied and characterized
for NTC thermistor properties. Hence, it is impattdo discuss about the
structure of these types of compounds and the reesearch developments
taken place in this area.
1.4 Pyrochlore structure

The mineral pyrochlore (Na,G#b,Og(OH,F), was named in 1826
from the Greek fofire andgreenbecause some specimens turned green upon
ignition [Gaines R.Vet al 1997]. Pyrochlore also denotes a large group of 22
crystallographically similar minerals that are Higlliverse chemically and
widely distributed geologically. The general formuis A,B,0¢(O,0H,F),

where, in geological specimens,is a relatively large cation (Ca, K, Ba, Y,
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Ce, Pb, U, Sr, Cs, Na, Sb, Bi, and/or Th; radigéarthan or equal to 1.0 A)
andB is a smaller cation (Nb, Ta, Ti, Sn, Fe, and/or Wg seventh anion
position in the crystal structure can be occupig®b, OH", and/or F[Gaines

R.V et al 1997].

Fig.1.2 Unit cell of pyrochlore. Blue spheres represetitdations, yellow B
and red ®

The space group Bd3m, with the unit cell containing eight molecules
(Z = 8) and four crystallographically nonequivalertesi A common way of
describing the structure is by fixing its origin the B site, with atoms located
at the following positions (using Wyckoff notatiorA at 161, B at 1&, O at

48f and O' at B [Subramanian M.Aet al 1983]. The only internal positional

20



variable of the pyrochlore structure is the oxygenparameter, which
characterizes the #i8xygen atoms.

Different structural modeling can be imagined fdre tpyrochlore
structure such as a structure based on fluoritein&rpenetrating networks of
two types of networks 8¢ and AO' [Subramanian M.Aet al 1983] and
anticristobalite type. Among these the first twiddons are often used for

analysis of the structure.

Fig.1.3 The cationic sublattice of pyrochlore
The most popular depictions are based on a fludsipe of cell.
According to those descriptions, the structure omsidered as an ordered
defective fluorite. The A and B cations form thedacentered cubic array and
are ordered into rows in the [110] directions. lefedtt fluorites, the seven
oxygen atoms are tetrahedrally coordinated by fandom cations and evenly

distributed over eight equivalent sites. In thegaynlore structure, two different
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oxygen sites occur: Six oxygen atoms occupy tHes#&s, surrounded by two
A cations and two B cations, while the seventh @ygtom occupies theéb8
site and is surrounded by four A cations. The remgi unoccupied 8site is
surrounded by B cations. Finally, thef4®ions are shifted toward the smaller
B cations by an amount defined by th@!8f) positional parameter. In the ideal
fluorite structure, oxygen positional parameteri§ = 0.375 while for ideal
pyrochlore it is 0.3125. Fig.1.2 shows one-eighth aounit cell of the
pyrochlore structure; this partial unit cell is bogous to a single fluorite unit
cell.

The pyrochlore structure can be imagined as intexfpating networks
and can be represented as,QA[B,Ogs] which implies that the structure
consists of rigid three dimensional corner shaB@y octahedra with A and O'
atoms in the large cavities with O and O' atomhim non equivalent sites 48
and & respectively.

There are two types of cation sites, A and B. Téwgdr A cations
(usually of the order of 1 A) is 8 fold coordiratiwith O ions and smaller B
cations(of the order of 0.6 A) in 6 fold coordimatiwith O ions are ordered in
alternatively <110> direction. The ionic radius isatand the oxygenx’
parameter decide the formation and stability of dtxée pyrochlores. The

ionic radius ratio (RR) is defined ag/mg where g is the ionic radius of A
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cation with eight coordination ands tis that of the B cation with six
coordination taken from Shannon’s table [ShannonDR1976 ]. The RR
usually ranges from 1.46 to 1.8.

Pyrochlore, a superstructure, produces a diffbagbattern that contains
two subsets of intensity maxima. The first set eflections corresponds to
those characteristic of the parent fluorite streetuThese substructure
reflections contain only information on the averagreicture already known to
be fluorite-like. The second set of peaks, the sipecture reflections,
contains all of the information on the perturbasioneeded to create the
pyrochlore superstructure from an ideal fluoriterangement. The
contributions to these intensities are the diffeeem scattering power of the
species occupying the A and B cation sites, thplali®ment of O(1) from the
ideal position 3/8 1/8 1/8, and the distributionosdygen vacancies (and thus,
in turn, the scattering power of oxygen).

The fundamental reflections of pyrochlofed3m space group are
available in the International tables for X-ray statlography. However
superlattice (when considered as a derivativeunfrile) or ordering reflections
are given by (111), (311), (331), (531) at=214°, 27°, 36°, 50°, etc. and these

reflections arise from both cations and anions.
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1.4.1 Displacive disordered pyrochlores

Misplaced displacive pyrochlores have also beeroiatpof interest
since most of its property arises from the struadtspecialty of the compound
rather than the elemental constitution [NguyeneBal 2008]. Displacive
pyrochlores have been a point of controversy flumg time since it was very
difficult to accept the fact that small cationselikrf*, Ti**, etc can occupy the
bigger A site of the pyrochlore; Bi-Zn-Nb-O systeane in this category
[Matjaz valant and Peter K. Davi2800]. Very recently Ca containing ternary
pyrochlores are also reported with Ti in the A siéaising displacive disorder
in the system [Nguyen Et al2008; Roth R.Set al 2008]. The radius ratio of
pyrochlores precludes the formation of rare eaitdmate (LnTi,O;) cubic
pyrochlores for Ln =La to Nd. And especially in thase of Ce containing
pyrochlores, pure phase formation is observed teepg difficult [Machida M
et al 2000]. Moreover it is very difficult to prepare €entaining pyrochlores
through solid state route due to its variable veyen

Very weak reflections of (442)/(006) and (446)/(p28t a B value of
52° and 75respectively will be observed in the XRD patternttdse kind of
pyrochlores. These are the forbidden reflectionstied cubic pyrochlore
structure indicating the displace disorder in th& ubstructure [Nguyen Bt

al 2007]. Here the small B cations will be mixing kvihe large cations in the
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A site for the stabilization of the compound in fhgochlore .The disordering
is such that misplacement of eight coordinatedt® cation by displacement of
A and O' ions to the less symmetry positions. Tthesse compounds are
known as misplaced-displacive cubic pyrochlores.

In addition to the rich structural chemistry pyrtmres exhibit a
remarkable variety of properties including dielectmaterials, catalysts
[Zhang Het al 2008], solid electrolytes, magnetic materials [@0LS et al
2009], actinide host phases for nuclear waste edagon [Boccaccini A.Fet
al 2004] etc. Since pyrochlore has wide spread agpbies, the literature
review with respect to semiconducting oxides iegiwithin the scope of this
thesis.

Many of the semiconducting pyrochlore oxides haeerbstudied for
their ability to split water for hydrogen productifPaulauskas | Et al 2008].

In addition to that pyrochlore semiconducting osideave been proved to be
good photocatalyst for the decomposition of orgadie and thus for

decontamination of water [Malato & al 2004]. Reduced niobates with a
pyrochlore structure CalLaMND; have been studied for their semiconducting
properties. Semiconducting to metallic behiour Ibesn reported for rare earth

molybdenum pyrochlores LWMo,Oy(LN=Sm-Yb,Y) [Shi F.Net al 1995].
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1.5 Powellite

Alkaline earth tungstates, molybdates and vanadate found to be in
ABO, type compounds (A=Ca, Ba, Sr, Bi....... ),(B=V, Mo, W.....).
Structurally these compounds exist in several forsugh as scheelite,
powellite, wolframite, fergusonite etc. Sheelitpowellite series (CaWp—
CaMoQ,) constitutes an interesting example of anionicsstition. Both end
members crystallizes in the same space groyfaj and are isostructural. The
unit cell parameter a(=b) in both scheelite andgdbte, c is larger in powellite
and it has been observed that the c/a ratio isllyssignificantly larger for
molybdates than for tungstates in scheelite typepounds.

Powellite type ABQ compounds with eight coordinated A cations and
tetrahedral B cations are commonly binary oxidelsath natural and synthetic
systems. The crystal structure of ABEan be explained by the A@olyhedra
and BQ tetrahedra as the building blocks. ThegAflyhedra share four of its
edges with four other AQpolyhedra extending in the c-directions. Each
oxygen atom of the APpolyhedra is connected to one B cations. Thud) eac
oxygen atom is coordinated with two of A and onedBions. A typical three-
dimensional representation of AB@nit cell is shown in Fig.1.3. In other
words, a cubic close packing ofAand BQ tetrahedral units in an ordered

manner can explain the powellite structure. Thissatle structure allows a
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variety of A and B cations with 1+, 2+, 3+, 4+ vaty and 5+, 6+ valency
respectively to be accommodated [Robert M. Haze8b[1Bhe only condition

is that the A and B cations should be capable glhtefold and tetrahedral

coordination respectively.

Fig.1.4 Unit cell of powellite. Green spheres represefitdations, blue &
and red ©,

Tungstates and molybdates having powellite or dithestructure are

found to be very interesting due to their strudiuedectronic, and catalytic
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properties. Because of their exceptional propertibsy are found to have
potential applications in various fields, such &stpluminescence, hosts for
lanthanide activated lasers etc. Many of the atadtrproperties of the
tungstates and molybdates have been reported;asusbmiconductor to metal
transition in LaMo,Og compounds [Shi F. Nt al 1995], ionic conductivity
studies of BiVQ[Lu. T and Steele. B.C.H 2002] and low TCK dielectrics
behavior of Ca-RE-Nb-Mo-Oxides [Nair K& al 2008].
1.6 Tungsten bronze structure

Tungsten bronzes MWO; (M = alkali atoms) have long been the
subject of investigations for their interesting ustural, electronic, and
electrochromic properties [Carina Borrnett al 2010; Chi E. Oet al 2006;
Ratnakar R. N and Warren K. & al 1986]. These materials crystallize into
variety of structures including perovskite tungstaonze, [Grenthe @t al
2002; Filonenko V.Ret al 2002] tetragonal tungsten bronze (TTB)amieson
P. B. et al 1968 ], hexagonal tungsten bronze (HTB) [Hussaemnd Kihlborg
L 1976], and intergrowth tungsten bronze (ITB) [Kibrg Let al2001]. Most
of the earlier studies have concentrated on tmagehal tungsten bronzes. The
word “bronze” has been applied to non-stoichioneetrystalline transitional

metal oxide, especially those ternary systems.
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Fig.1.5 Tetragonal tungsten — bronze structure
The tetragonal tungsten—bronze type structure eaednsidered as a
derivative of the classical perovskite structurbey can formally be derived
from perovskite structure by rotation of fourfoldogp of chains of M@
octahedra through 45° about tbexis (001) so that four-fifths of the square
perovskite tunnels are replaced alternately byngudgar and pentagonal
tunnels. The open nature of the structure as cozdptarthe perovskite allows

a wide range of cation and anion substitutions avitHoss of ferroelectricity.
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The crystal structure of the TTB phase is showRigh 1.4 [Abrahams S. €t
al 1979].

The crystal structure of TTB-phase was first ddmatiby A. Magneli in
1949. The tetragonal tungsten bronze (TTB) is bult of a corner shared
niobium/tantalum — oxygen octahedra network withe¢hdifferent types of
channels in the structure. It can be describedti® general formula
(A1)2(A2)4CsNb1 O30 Where A, A, and C are the notations of the different sites
in the crystal structure (1). Cations in the davities have cubooctahedral
coordination by oxygen atoms while in,Aand C cavities they have a
pentacapped pentagonal prismatic coordination andapped trigonal
prismatic coordination, respectively. The sizetwde cavities decreases in the
order A>A>C. In the TTB type compounds alkaline and/or afiaalearth
metals are located in the A and B sites while en@hsite small cations.

The tungsten—bronze structure has a general chenfia@alula
[(A1)2(A%)4(C)4][(B1)2(B-)g]O30. This crystal structure has three types of tunnels
along thec-axis. Each unit cell contains ten B@ctahedra (B =Nb, Ta, W etc.)
which means that there are 4 triangular, 4 pentalgamd 2 square tunnel sites
available. Two kinds of A sites,Aand A are observed in TTB structure, in
which the A site is similar to that in perovskite-type struet{i Wakiya Net al

1999]. Cations occupying the square perovskite tynmnel sites (Asites) are
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coordinated by 12 oxygen atoms and have 10 oth@snsawithin 400 pm.
This site must be able to accommodate oxide coatidim numbers greater
than nine and is therefore usually filled in bygkralkali, alkaline earth or Pb

cations. The tolerance factor of this site is gibg the equation

_ (rA1 + ro)

t, =~ °7
A \/E(rB + ro) (1.4)

where r ,, , Iy, r, are the ionic radii of Aand B site ions and ‘0

respectively.
The cations in Aoccupy pentagonal site and their coordination nermb

is 15. The tolerance factor is given by

(Fp, + 7o)

t. =
" J23-1243(r, +71,) 19

wherer,,, I3, I, are the ionic radii of Aand B site ions and*Orespectively.

The B site is in octahedral coordination environm&his site is usually
occupied by transition metal ions. The C site, Wh&ga narrow tunnel, allows
only small cations, such as Li ions, to occupy thig. Since the smallest
interstitial C site is usually empty, the generainfula for filled tungsten—
bronze structure can begBy O3 Taking into account the TTB structure, a
wide variety of cations substitution is possibleedo the presence of several

interstices called A, B and C, respectively [SIReRet all999; Tatsumi Ket
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al 1997; Tribotte Bet al 1999]. Thus, the TTB having a very rich structige
capable of exhibiting a large number of interespngperties as a consequence
of their non centro-symmetry, which include secdmarmonic generation
(SHG), pyro electricity and piezo electricity. Theesent study includes the
semiconducting properties of TTB structured compisun

As discussed above, the tetragonal tungsten—broomgounds show
diversity in their properties. Also, numerous compads are possible due to the
different interstitial positions present in thetrugture. Intensive research has
been carried out in tetragonal tungsten—bronzedbesmpound for the search
of novel physical properties. It is reasonable tecuass some of the recent
works in this area, as the work presented in thésis, is associated to this
field. The electrical properties of ¢8lb;(O3y have been studied in the
temperature range of 10-300K by Y. Kown et al anldlas been reported as a
semiconductor [Kown Yet al 1997]. A new series of tungsten bronzes in
B,WO; (0.01< x< 0.08) were synthesized by hybrid microwave methad
has been reported by Juan Geb al [Guo J et al 2007]. Resistivity
measurement indicates that N&O;shows a change from metallic to
anomalous semiconducting behavior accompanied kasehransformation

from tetragonal to cubic phase [FareRal 2000].
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1.7 Scope of the present work

Preparation of high temperature NTC thermistorsvith unique
characteristics is an interesting area of recestareh. A new class of
seminconducting ceramics has been synthesized plpitrg the variable
valency of Cerium (Ce). The semiconducting natdrdhe compound is due to
the conversion of Cé to CE€* in the lattice to maintain the oxygen
stoichiometry in the structure. In the present stigation, three different
crystal families: pyrochlore, powellite and tetragb tungsten bronze have
been selected, on the basis of the technologigaditance of these structures.
Various cations like Tantalum or Niobium, Molybdemuor Tungsten are
substituted at the B site of these structures gende how these substitutions
affect their structure and properties. A detaileddg of the structure,
microstructure and properties of these newly prghatompounds has been
carried out and efforts have been made to corretegeresults of different
investigations. In addition to the preparation @mgconducting ceramic
materials with interesting properties, attemptsehnbgen made to characterize

them for thermistor applications.
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CHAPTER 2

METHODS OF PREPARATION AND CHARACTERIZATION



2.1 Introduction

In most cases the fabrication process starts fromaas of powder
obtained from commercial sources. Nevertheless,wledge of powder
synthesis methods is very important. Equally imgatrare methods that can be
used to determine the physical, chemical and sarfdwaracteristics of the
powder. The characteristics of the powder depemasmgy on the method
used to syntheses it and, these in turn influeheestibsequent processing of
the ceramic. The powder characteristics of gretdr@st are the size, size
distribution, shape, degree of agglomeration, chahtomposition and purity
[Rahaman M N 2003]. Many methods are available tfer synthesis of
ceramic powders, these ranges from mechanical methmvolving
predominantly grinding or milling for the reduction size of a coarse,
granular material to the chemical methods involvihgmical reactions under
carefully controlled conditions.

Most widely used methods for the fabrication ofareics from powders
are melt casting and firing. These two routes ataadlly very old techniques
used by even the earliest civilization. Melt cagtiachnique is usually limited
to glass fabrication, due to uncontrolled grainvgto and other undesired

features such as low mechanical strength etc. Hewdw adopting glass

35



ceramic route one can improve the properties osggleeramics. For the
production of polycrystalline ceramics firing methis used.

It is necessary to understand the fundamental nmésiing, which take
place during different steps of the process to inbtaliable and desirable
properties of the final parts. Several methods bandivided into three
categories (a) Mechanical methods (b) solid statetron methods and (c)
chemical methods [Seagal D 1991].

Ceramic powder synthesis by mechanical method wevaprinding,
milling for the reduction in size of a coarse granunaterial (comminution).
Chemical methods include chemical reactions at robbetl conditions.
Preparation of fine powders is beneficial as it gile high density ceramics
at low firing temperatures [Zhou Y. & al 1993; Pierre E. Det al 1985;
Brook R. Jet al 1990]. As the size of the powder is decreased fom] the
particles have greater tendency to form agglomeratkich result in non-
uniform packing. Nearly all production processescefamic parts include a
sintering step at a high temperature, which infag=n overall material

properties [Cheremisinoff N. P 1990].
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2.2 Solid state route for ceramics synthesis
This is one of the easiest and oldest techniqued fs the preparation
of ceramic materials. The conventional ceramic lsgsis can be depicted by

the following flow chart.

Raw materic

v

Mixing and Drying

A\ 4
Calcinatior

!

Forming

v

Sintering

A 4
Finishing

Fig. 2.1 Flow chart for different stages of general ce@processing.

It involves mainly three steps (i) thorough mixiofjthe stoichiometric
oxides (ii) high temperature treatment (iii) finis. Chemical reactions in
powder are quite complicated. High temperature ihgatesults in the
production of new materials at the expense of #rergy, at the points of
contact through solid state diffusion. Eventuahystproduct layer acts like a
potential barrier between two grains and thus hindefurther grain to grain

material transport. This demands the need of neimtgmf contact to be
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introduced which is usually achieved through gmgdior ball milling. This
frequent grinding followed by calcinations maxingzine product to reactant
ratio.

When the rate of product formation is controlled dffusion through
product layer, the product thickness is observefbllow a parabolic growth
law given by the equation

X=Kt (2.1)
where K is a rate constant that obeys Arrheniuaticel and t the

duration of heat treatment.

Powder Partially reacted Fully reacted

Fig.2.2. Reaction between two particles to form a prodtt¢he points of
contact

The volume of unreacted material at a time tvegiby

V = 44%r-y) (2.2)
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where r is the initial radius of the reactant anid yhe thickness of the
reaction layer.
In terms ofa - the portion of reactant already reacted, thevabo
equation can also be written as
V = 48 (1-0) (2.3)
Comparing the two equations
y =r[1-(1o)] ™ (2.4)
Assuming that y grows according to parabolictreteship given by the
above equation
[1-(1-0) Y%= Kt/r? (2.5)
Which is known as Jander equation for isothermattien [Rahaman M
N 2003]. The reactant particles are schematiclliigtrated to emphasize the
fact that no matter what the particle size is; eaelttant particle contains only
one type of cation. The severe reaction conditiares necessary to obtain
single phase product because of diffusional linateg of the solid state
reactions. Initial reaction is rapid but furtheacdon goes slower and slower
as the product layer builds up and diffusion pésome longer.
The different steps used for ceramic synthesis emaracterization

techniques used are described in the following@est
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2.2.1 Selection and weighing of raw materials

The highly purified (99.99%) materials for syntise¢reactants) are
selected depending upon the composition. Stoichidenemounts of the
constituent oxides are calculated. Raw materiasnaighed accordingly using
an electronic balance with accuracy up to four metiplaces.
2.2.2 Mixing and drying

The stoichiometrically weighed reactants are mitaggether in an agate
mortar with aceton as the mixing medium. After mgeihe powder is keptin a
hot air oven at 100°C for 30 min. This proces®seated 3 times so as to get a
homogeneous, finely powdered mixture. For solidesthffusion mechanism,
the growth of the reaction product in powder systecours at the contact
points. The homogeneity of mixing is one of thestmmportant factors which
decide the ability of a process to produce homogesiesingle phase powder.
The size and distribution of the reactant partides important factors for
deciding the degree of homogeneity. A homogeneoidura has great
influence on the diffusion distances and the nundfetontacts between the
reactant particles. The presence of agglomeragestsan porosity of the final
product. Therefore, it is necessary to mix the ta#s to a high level and to

powder them repeatedly. During mixing process tlagggomerates get broken
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and defects are introduced into the grains whichaeoe the diffusion
mechanism.
2.2.3 Calcination

Calcination involves heat treating a powder or omgtof powders at a
temperature well below its melting point to effelsticomposition, that is , to
liberate unwanted gases and/or chemically boursteyaolid state reactions
and structural transformations to produce the ddsaomposition and phase
product.

There are different heating stages in the preparatf ceramics through
solid state route. Calcination is an intermediaating at a lower temperature
through which chemical reactions between solidtisamaterials, usually in
the form of mixed powders, take place. The reastardrmally consist of
oxides, carbonates, nitrates, sulphates etc.

The kinetics of solid state reactions occurringimycalcinations may
be controlled by any one of the three processgthdireaction at the interface
between the reactant and solid product (ii) heatdfier to the reaction surface
(i) gas diffusion or permeation from the reactisarface through the porous
product layer. The calcination conditions such egderature, duration of

heating and atmosphere are important factors dbingoshrinkage during
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sintering. Though the final phases of interest maybe completely formed,
the calcinations yield a consistent product.
2.2.4 Grinding

Grinding prepares the reacted material for cerdariming. The process
by which smaller particles are produced by redutirgsize of larger ones by
means of crushing, grinding and milling is callesheninution. The grinding
process has an effective role in deciding the degféhomogeneity. It can be
accomplished by different methods. Generally grigdo somewhere around 1
to 1Qum is advisable. Grinding the solid reactants to/Jare powder (<1 pum)
can lead to the formation of agglomerates whichltés non-uniform packing.
Agate mortar with pestle is used for grinding tlegvder reactants.
2.2.5 Addition of binder

Binder is added to the powdered samples for makivegn into the
desired shape, usually in the form of small soltinclers. The addition of
binder imparts sufficient strength and elastic prtips which helps in the
handling and shaping of ceramic powders. To imprdéke rheological
properties of powder ceramics, it is a usual pcacto add water soluble
organic binders such as polyvinyl alcohol duringgsing of ceramic samples.
The usually used polymer binders are PVA (Polyvidcohol), PEG

(Polyethylene Glycol) etc. The polymeric dispersioand organic binders
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provide the pressed ceramic powders with optimaperties from the point of
view of thickening abilities and mechanical strédngf pressed samples. The
binder concentration for different types of proessss different. In dry
processing it is about 3%, in wet processing ahsut 3—17% and in plastic
forming it is up to 20% [McHale A E 1991]. Duringedting, these binder
materials will burn out since they have low boilipgint.
2.2.6 Compaction

Compaction of powder has a vital role in usual cecafabrication
processes. The packing structure of the green Wadyjcally influences the
microstructural development during sintering andsemuently determines the
properties of sintered ceramics. Compaction isngefias the densification
process of powders within a closed vessel. Thespredorming cycle consists
of four stages, (1) Pouring of the powder into dire cavity (2) compaction (3)
decompaction and (4) ejection of compact from dielarge number of
ceramics are formed by uniaxial pressing becauses dfigh productivity and
suitability for automation. The calcined powder ergbes a limited sintering
and hence it is again grounded thoroughly. Theltiagyoowder is mixed well
with suitable binder of appropriate amount. Thistenie is then again ground
using mortar and pestle. This thoroughly mixed pew transferred to a

suitable die and is subjected to compaction by dlowaxial dry pressing to
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ensure the escape of entrapped air. Uniaxial prgssvolves the compaction
of powder into a rigid die by applying pressurearsingle axial direction
through a rigid punch or piston.

Samples of 10 mm diameter and 2—3 mm thicknesseprapared to
maintain the aspect ratio so that the pressuraildisbn is more or less
uniform in the powder compacts. A pressure of 150MPa is applied for
ceramic forming.

2.2.7 Solid state sintering

When thermal energy is applied to a powder comghet,compact is
densified and the average grain size is increa3éis process is called
sintering. It is one of the oldest human technaegithe firing of clay
materials. Here the system is heated in the rafde5e-0.75 of the melting
temperature. The powder does not melt but insteadarticles join together,
resulting in densification of the body due to thenaic diffusion in the solid
state. This type of sintering is called solid sttgering. In this stage the green
body is heated to produce the desired microstracfline changes occurring
during this stage may fairly complex, dependingtba complexity of the
starting materials. The driving force in sinterisghe reduction in surface free
energy of the consolidated mass of particles. Tdusiction in free energy due

to atomic diffusion either results in densificatiamr coarsening. Higher
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sintering temperatures are used to promote infersibn of the constituents of
the powder blend or to attain higher sintered dgnsi
2.2.8 Finishing

This is the final stage of ceramic fabricationohder to improve surface
finish and also to remove surface flaws some kidfimal treatment is
necessary. This can be achieved through polishingeosurface using emery
paper.
2.3 Char acterization techniques

Characterization refers to the use of externalriggles to probe into
the internal structure and properties of a mate@ahracterization can take the
form of actual materials testing, or analysis. Ase techniques are used
simply to magnify the specimen, to visualize iteemal structure and to gain
knowledge about the distribution of elements witttie specimen and their
interactions.
2.3.1 X-ray diffraction technique

Numerous analytical techniques are used to chaizetihese materials.
One of these methods, X-ray powder diffraction (YRI3 an instrumental
technique that is used to identify crystal struetaf minerals, as well as other
crystalline materials. One of the main methods ézodle the structure of

condensed matter on atomic scale is X-ray diffoactin the electromagnetic
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spectrum X-rays are to be found between ultravibtgit and high energy
gamma rays. The wavelength range lies between @l 10 nm and is
therefore of the order of distances between modscund crystal lattice
constants. X-rays with wavelengths longer than 1awencalled soft X-rays,
those of shorter wavelengths are considered hard.

One of the phenomena of interaction of X-rays witystalline matter is
its diffraction, produced by the reticular planésttform the atoms of the
crystal. A crystal diffracts an X-ray beam pasdimgugh it to produce beams
at specific angles depending on the X-ray wavelentjte crystal orientation
and the structure of the crystal. In the macroscuersion of X-ray diffraction,
a certain wavelength of radiation will construchivéenterfere when patrtially
reflected between surfaces (i.e., the atomic plartkat produce a path
difference equal to an integral number of wavelbsgtThis condition is
described by the Bragg law:

2dsind =nA (2.6)
where n is an integeh, is the wavelength of the radiation, d is the spgci
between surfaces artdis the angle between the radiation and the swsface
This relation demonstrates that interference effece observable only when
radiation interacts with physical dimensions tha approximately the same

size as the wavelength of the radiation [CullitylB.1959]. Since the distances
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between atoms or ions are of the order of 10-1@¥raction methods require
radiation in the X-ray region of the electromagoetpectrum, or beams of
electrons or neutrons with similar wavelength. ®oough X-ray spectra one
can identify and analyze any crystalline mattepdmwder X-ray diffraction the
powder provides all the possible orientations efsmall crystals giving rise to
a large number of diffraction cones, each one spording to a family of
planes satisfying the Bragg's law. For large grarmgs are discontinuous and
formed by small spots. As the size of the graimsigishes, the spots are closer
and for an optimum size a continuous ring is oledjrwhich is transferred into
a peak when working with graphic registers or limea photographic register
[Hammond C 2001]. For lower grain sizes, the djanitrings is lost again and
wide peaks or bands appear. When the crystals aterandomly but
preferentially oriented the intensity of the diffat rings and along each ring
are not uniform. Perhaps the most routine use fifadtion data is for phase
identification. Each crystalline powder gives aque diffraction diagram,
which is the basis for a qualitative analysis byax-diffraction. Identification
is practically always accompanied by the systematenparison of the
obtained spectrum with a standard one (a patteéaken from any X-ray
powder data file catalogues, published by the AcaeriSociety for Testing

and Materials known as ASTM and the Internationahtte for Diffraction
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Data (ICDD) [Moore D M and Reynolds Jr. R. C 198%he diffraction
profiles of a mixture of crystalline specimens deh# spectra of each of the
individual crystalline substances present, sup&ghodoreover, an accurate
analysis of phase transitions in materials can dsocarried out when
analyzing samples treated at different annealinmperatures or even
performing in-situ XRD analysis.

2.3.2 Raman spectr oscopy

Raman and IR spectroscopy are found to be usetbhigues for the
structural investigation of materials. The ener@yaonolecule or ion consists
in four components that for a first approximati@nde treated separately: the
translational energy, the rotational energy, thbrational energy and the
electronic energy. When the molecule is placednirel@ctromagnetic field, a
transfer of energy from the field to the moleculdl wccur only when the
difference in energy between two quantified statgsals k, being h the
Planck’s constant andthe frequency of light.

Raman effect is an inelastic scattering procesg. Sdattered photons
have frequency shifts (10-4000 ¢jncharacteristic of the vibrational or
rotational energies of the molecule. A particuldorational motion of the
molecule may produce Raman scattering as well far@d absorption of

radiation. In such cases same information is obthfnrom both methods. But,
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in the case of molecules possessing centre of syimprthe Raman active
vibrations are infrared inactive and vice versahe Tvibrations which are
symmetric with respect to centre of symmetry areniittive, since there is no
change in the dipole moment. However, these vibmatiare Raman active
since they produce a change in polarizability. Thlerations which are
antisymmetric with respect to centre of symmetrg #R active as it can
produce a change in dipole moment. These vibratiatide Raman inactive
[Long D. A 1977].
2.3.3 Scanning electron micr oscopy

The scanning electron microscope (SEM) is a type et#ctron
microscope capable of producing high-resolutiongesaof a sample surface.
It is primarily used for the study of surface masfagy of solid specimens,
which gives image at very high magnification anghhresolution. Due to the
manner in which the image is created, SEM images hacharacteristic three-
dimensional appearance and are useful for juddiegstirface structure of the
sample.

The resolution of the SEM image depends on theitguafl the optical
system that forms the electron beam including théure of the electron
source. SEM’s can typically resolve objects as bnad 10nm. The

magnification of SEM is not directly related to gl system, unlike a light
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microscope is related to the ratio between the sfzthe scan of the object
compared to the size of the scan on the imageajisfl has a large depth of
field enabling to have more of a specimen to be fiacus at one time.

The SEM consists of three basic units. The eleabtical column, the
vacuum system and the signal detectors and dispyatem. The primary
function of the lenses is to demagnify the electbeam. The vacuum system
consists of two pump systems. Scan generatorsatdh& magnifications. The
electron beam commonly used in SEM is accelerdteadugh a voltage of
about 1-50KeV.

Non-conductive solid specimens should be coatedh witlayer of
conductive material, except when observed with a#e Vacuum or
Environmental SEM. Such coatings are made on tifaciof non-conductive
samples using gold or palladium [Goldstein&.dl 1981].

2.3.4 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS or EDXan analytical
technique used in conjunction with Scanning Electhicroscopy (SEM),
predominantly for the elemental analysis or micherical characterization
of a specimen. The interaction of electron beanh sjftecimen produces a
variety of signals such as secondary electronkdeattered electrons, auger

electrons, X-rays etc. X-ray signals are typicghpduced when a primary

50



beam of electrons causes ejection of inner shetitiens from the sample. An
outer shell electron takes its place and givesanfK-ray signal whose energy
can be related to its nuclear mass and the difterenenergies of the electron
orbit involved. The X-ray released by the electignthen detected and
analyzed by the energy dispersive spectrometettamdare characteristic of
the difference in energy between the two shellsatie atomic structure of
the element from which they were emitted. In ED& Xarays are arranged in
a spectrum by their energy and most commonly fremadtomic number (low
energy) to high atomic number (high energy). Thergies of which are
unique for each element [Severin K2604].

The characteristic X-rays produced are detectengusiSi-Li detector,
which is working at liquid nitrogen temperature.elénergy of the detected X-
ray is compared with the energy of scale in thetesysand produce
characteristic peaks at different energy levelsoating to the elements
present. The area under the peak gives informatimut the amount of each
element present in the sample [GoodhewePall 2001]

EDS is multi-elemental and non destructive and lwampplied to large
as well as small samples of different compositiand character. Quantitative
analysis is possible for all elements with atomienbers greater than that of

beryllium (Be). This can be a powerful tool for eleing the presence of a
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contaminant (impurity) in the sample as well asedatning the chemical
composition of the sample.
2.3.5 X-ray photoelectron spectroscopy (XPS)

In an XPS analysis, the sample is irradiated willbacteomagnetic
radiation of energy-hand it emits electrons because of the photoeteetféct.
These electrons have kinetic energy of the form:

K.E % hEs (2.7)
where E is the bond energy of the electron.

The incident radiation has energy greater than 1kKeM then the
electrons come from the inner levels. The most lusaarce of X-rays is a
sample of Mg or Al. In it, electrons from a cathg®duce ionization of the
inner levels of this element and then X-rays ardteth

An XPS spectrum is obtained as a plot of the remmif detected
electrons per energy interval versus their kinetiergy and the minimum
width of the lines comes from the uncertainty ia tadiation energy. In order
to have a reproducible analysis, the bond enemiest have a reference. In
gas phase the bond energy is the energy that atraglen the vacuum must
receive to reach the zero potential without kinetnergy. In solids, the bond

energy is the energy that we must supply to antreledo reach the Fermi

level.
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To have a good calibration of the lines, in mets= 0 in the Fermi
level and this is the level with K.E greater in tK€S spectrum.The bond
energy is proportional to?Zso that the measure of Bllows the identification
of the materials. Further, the XPS analysis camtifle atoms of the same
element with different bonds. The reason is thatmtine other atoms are more
electronegative, the measuregl iE greater because other atom loses part of its
negative charge and the internal electrons are @bra&cted by the core. This
produces a chemical shift in the line that allowse identification of this
different bonding of the element.

In order to find out the concentration of an eleméine areas of the
lines are compared. When overlapping occurs, ard@totion must be made.
In this process each contribution receives a Ganssr Lorentzian form.
Another important characteristic of this analysighat the area scanned is of
the order of hundreds @fn?, very large when compared with those from other
techniques. Moreover, the technigque induces sonmaga to the sample,
overheating the analyzed zone and destroying tted twystal structure.

2.3.6 Impedance spectr oscopy

The Complex Impedance Spectroscopy is a powerfchnigue to

characterize many electrical properties of materilis useful to evaluate and

separate the contribution of the overall electrigadperties in the frequency
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domain due to electrode reactions at the electsadgile interface and
migration of ions through the grains and across ghan boundaries in a
polycrystalline material.

In order to conduct the impedance analysis thaul@rdlat faces of the
sintered pellets are painted with ultra fine arghhguality silver paste for good
electrical contact prior to the measurement. Tiensamples were electroded
using silver leads. After electroding the samples eured in an oven to
remove moisture and other volatile substances.

It is a non-destructive experimental techniquetier characterization of
electrical properties of some electronic materidlse technique is based on
analyzing the ac response of a system to a simalsqdrturbation and
subsequent calculation of impedance as a functiothe frequency of the
perturbation. The analysis of the electrical prapsr(conductivity, dielectric
constant/loss, etc.) carried out using relaxatr@gdency ¢na) values gives
unambiguous results when compared with those addah arbitrarily selected
fixed frequencies. The frequency dependent praggemif a material can be
described as complex permittivitg*f, complex impedance (Z*), complex
admittance (Y*), complex electric modulus (M*) ardlelectric loss or

dissipation factor (tand) [Barsoukov and Macdonald 1987]. The real
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(¢, Z,Y',M") and imaginary {", Z",Y", M") parts of the complex parameters

are in turn related to one another as follows:

g =c-j& 2.8)
== Pz 1 (2.9)
a)Col-(ZI)Z + (ZM)ZJ .
ZI

we [@ Y+ @)] (@10

M =M +jM =1/¢ = jar,2"  (2.11)

z'=z'-jz"=— 1 (2.12)
JCoE
Y =Y +jY = jaCE (2.13)
e _M"_Z vy
tand=—=—=—=—
e M Z y (2.14)

The Nyquist plot is one popular format for evaluatelgctrochemical
impedance data. This format is also known as a Cole-Caleoph complex
impedance plane plot. The Nyquist plot has several advantégesprimary
one is that the plot format makes it easy to see the effectiseobhmic
resistance. If you take data at sufficiently high frequenciess gasy to

extrapolate the semicircle toward the left, down toXreis to read the ohmic
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resistance. The shape of the curve (often a senieridoes not change when
the ohmic resistance changes. Consequently, itossiple to compare the
results of two separate experiments that differyanl the position of the
reference electrode [Holze R 2008].
2.3.7 Conductivity measur ements

Two probe method is one of the standard and mostanly used
methods for the resistivity measurement of veryhhigsistivity (near
insulators) samples.

The conductivity of the sample is given by

o=¢/RA (2.15)

Whered is the thickness of the pellet

R is the measured resistance at temperature T
A is the area of cross section of the pellet.

In order to measure the electrical conductivihe pellets were coated
with a high-temperature silver paste and curedaf® for 30 min and silver
wires were attached to electroded surfaces. Thdumbivity was measured in
a temperature range of 30 — 600°C using a highiutsn PM 2525 Philips
digital multimeter. The resistance readings wedmed with slow heating

after equilibrating the pellet for 2 min at eachasring temperature. The
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aging coefficient was measured by the relathR/R of the pellets held at

500°C in air for different periods of time up to(®h.
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CHAPTER 3

STRUCTURE AND ELECTRICAL PROPERTIES OF
NONSTOICHIOMETRIC SEMICONDUCTING
PYROCHLORES IN Ca— Ce — Ti—Nb - O SYSTEM



3.1 Introduction

Oxides of the pyrochlore family have a general falan A,B,O,; and
among the ceramic materials they are an importassf materials both
from the fundamental and technological point ofwié\ wide variety of
compounds are reported with this structure havingety of properties
such as semiconductivity, dielectric, photocatalg&nsor etc [Prabhakar
Rao Pet al 2004; Su W.F and Lu Y.Bt al 2003; Luan Jet al 2007,
Kosacki let al 1995]. This versatile structure allows a varietyAoand B
cations with 2+, 3+ valency and 4+, 5+ valency respectively ® b
accommodated. The conditions are that the A andat®res should be
capable of 8 fold and 6 fold coordination respestivand the ionic radius
ratio of A cation to B cation should lie within thhange of 1.46 to 1.8
[Subrahmanian M Aet al 1983].

Furthermore, misplaced displacive pyrochlores gpeiat of interest
since most of its property arises from the stradtuspecialty of the
compound rather than the elemental constitutionujég B et al 2008].
Displacive pyrochlores had been subject of comrey for a long time
since it was very difficult to accept the fact tisamall cations like 7,
Ti**, etc can occupy the bigger A site of the pyroahloBi-Zn-Nb-O
system fall under this category [Matjazvalahial 2007].Very recently Ca
containing ternary pyrochlores are also reporteth Wii in the A site

causing displacive disorder in the system [Nguyest Bl 2008; Roth R &t
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al 2008]. It has also been observed that the raditis of pyrochlores
precludes the formation of rare earth titanate,{ii®©;) cubic pyrochlores
for Ln =La to Nd. Especially in the case of Ce @ming pyrochlores pure
phase formation is observed to be very difficuliaidiida Met al 2000]. To

tailor the properties of pyrochlores and to enhaticeir application

functionality, it is desirable to understand theionstoichiometry in a
consistent manner.

Complex impedance spectroscopy (CIS) has beendrresi as a
powerful non-destructive technique in describing #lectrical processes
occurring in a system on applying an ac signalnasiti perturbation. The
output response, when plotted in a complex plang pppears in the form
of a succession of semicircles representing etattpphenomena due to
bulk material, grain boundary effect and interfagghenomena if any. In
view of this specialty, CIS makes it possible tpagate the contribution
due to different components in a polycrystallinmpke, that of course have
different time constants, in the frequency dom&er] S and Choudhary
R.N.P et al 2004]. Impedance relaxation frequency and hencxadbn
time (r) is a parameter that depends on the intrinsic eotmgs of the
material and not on the sample geometrical factdte term intrinsic
properties of the material refer to the propertiastributed to
structure/microstructure. These properties goveme distribution of

resistive and capacitive components in the matenmalwhich relaxation
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time ultimately depends in accordance with theti@a So, the results
obtained using impedance analysis is basically tngumous and provide
true picture of the sample electrical behavior.sTaspect motivated us to
take up this study on these compounds.

In the present study, a series of nonstoichiometompositions
having the formula, CaGEINbO,s5(x = 0.5, 0.6, 0.7, 0.8, 0.9, 1)s
prepared to investigate the extent of tolerancth@fnonstoichimetry at the
A site to get a phase pure pyrochlore type oxidereHn this study it has
been attempted to vary the concentration of Ceaaradyzed the effect of
Ce concentration on the structure, microstructackeectrical properties of
these compositions. The conductivity phenomenahe&ge compounds as a
function of temperature and frequency has beenestudsing impedance
spectroscopy.

3.2 Experimental

The polycrystalline samples with varying Ce contéaving the
general formula, CaGE€NbO;s (x = 0.5, 0.6, 0.7, 0.8, 0.9, 1) were
synthesized by the conventional solid state rou@&ichiometric amounts
of CaCQ, CeQ, TiO,, and NBOs were taken as the starting raw materials
(All chemicals of 99.9% purity are supplied by Misros). In sequence
these oxides were rigorously mixed using an agaiganwith acetone as
the mixing medium. The mixing was repeated thrineorder to get a

homogeneous mixture. Crystalline powders were pegbay calcinations
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of precursor at 1300°C for 3h. The calcinations eveepeated with
intermittent grinding. The calcined powders werentimade into cylindrical
pellets of 10 mm diameter and 2 mm thickness bgtéd@ pressing at a
pressure of 250 MPa. 4 wt. % of polyvinyl alcoheV@) in distilled water
served as an organic binder for compacting theefsellThe pellets were
preheated at 600°C to remove PVA and then the teahpe was increased
to 1350°C for 9 h.

The crystal structure of the samples was identifiggpbowder X-ray
diffraction analysis with Ni filtered Cuéradiation using a Phillips X'pert
Pro Diffractometer. The X-ray photoelectron spestapy (XPS) analysis
was performed on the pellets in an ultrahigh vacusimg PHI Versa Probe
Scanning XPS Microprobe with monochromatic X-rayrse of Al Ko (hv
= 1486.6 eV). In order to measure the electricaldcmtivity, the pellets
were coated with high temperature silver paste thetd were electroded
with silver wires. The microstructure and microcheah analysis of the
samples were recorded on the thermally etched tpellg a scanning
electron microscope (SEM) of JEOL make JSM 5600\ &nergy
dispersive spectrometer coupled with the SEM. Tinggeidance response of
these pellets was studied over the frequency rdiij¢z-1MHz in the
temperature range 30-600°C using the impedanceyzmra(Solartron, Sl

1260). The electrical conductivity was measured ii@mperature range of

62



50 to 600 °C using a high resolution digital muktter of Philips make PM
2525
3.3 Results and Discussion
3.3.1 Powder X-ray diffraction analysis

Fig. 3.1 shows the powder XRD patterns of CAU¢bO, 5 (x = 0.5,
0.6, 0.7, 0.8, 0.9, 1). The characteristic peaksenked in the patterns are
indexed according to the cubic pyrochlore structuith space groupd3m
and Z = 8. As can be seen from the patterns, despitase is obtained only
for the CaCg/TiNbOg 55 composition. A secondary phase of ,Nb with
minor amount of Ca, Ce and Ti (marked as arrowsign 3.1) is observed
for the compositions with less Ce content: CaTéNbOg,5 and
CaCeqgliNbOg 4. Presence of a Ce rich secondary phase is seen in
CaCegliNbOs;, CaCggliNbOg g5 and CaCeTiNb@ compositions. This
secondary phase is marked by squares in Fig. Jié.phase stability of
A,B,0; ordered pyrochlores is determined by the ionicusmdatio, (A/rg)
(average ionic size of the cations at A site td #idB site) and this cationic
radius ratio lies between 1.46 and 1.78 under amhbeonditions
[Subrahmanian M Aet al 1983]. In the present systemhis ratio varies
from 1.809 to 1.815 (Table 3.1) indicating outside scope for pyrochlore
structure formation in the present system. Thecioadii of C&* and C&",
in 8-fold coordination are 1.12 A and 1.143 A ahdttof Ti"* and NB* in

6-fold coordination are 0.6014 A and 0.64 A respety [Shannon R.Det
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al 1976]. However, it is observed from the XRD patterthat
CaCeq /TiNbOg 55 has a cubic pyrochlore structure without any sdaon

phases.

CaCg TiNPO 7-5

(222)

mCerium rich phase
INiobium rich phase

(440)
(622)

(111)

Relative Intensity(arb.units)

] v ] v ] v ] v ] v
3099 (degfles)  *° 60 70

Fig. 3.1Powder X-ray diffraction patterns for various carapds in
CaCdiNbO; s (x=0.5 to 1) system
But, recent studies on the pyrochlores in (& s)(NbTi)O; [Roth

R.S et al 2008] and CaO-Ti@(Nb,TayOs [Vanderah T.Aet al 2006]
indicated that T ions (up to 25% of the large A-site cations) mixgs
with the much larger Gaions on the A-sites by displacing from the ideal
8-coordinated position to achieve satisfactory dowmtion environment.
The XRD patterns of such pyrochlores are charasdrby (442) reflection,

forbidden for an ideal pyrochlore and required lowgmmetry positions
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for the A and O' ions. Such pyrochlores are teraednisplaced displacive

cubic pyrochlores.

Relative Intensity

52 ' 5'3 ' 5'4 ' 55
26(degrees)

Fig. 3.2The selected region of X-ray powder diffractiontean showing
weak pyrochlore forbidden (442) reflection,
Very weak reflections of (442) /(006) at & 2alue of 53° observed

in the XRD patterns of CaGgliNbOs,5 CaCggliNbOg, and
CaCe /TiINbOgs5. These are the forbidden reflections of the cubic
pyrochlore structure indicating the displacive diy in the O'A
substructure [Nguyen Bt al 2007]and is shown in Fig. 3.2. These results
suggest that some amount of Ti might be occupymegA sites (mixing up
with Ca and Ce cations) in order to stabilize img# pure pyrochlore type
structure. It is also observed that as the Ti cunite the A site increases,

the intensity of (442) reflection becomes more hlesi indicating
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misplacement of more of 8 coordinated B site T the A site by

displacement of A and O' ions to the less symmpdasitions. For a better
understanding, the compositions are rewritten engirrochlore formula by
displacing some Ti atoms from B site as indicatedable 3.1. Thus these

compounds can be considered as misplaced-displeabie pyrochlores.

Lattice A/B  Activ

Composition  A,B,0; based formula parameter ratio ation
(A) energ

y
(eV)

CaCg:TiNDOs»: (CaCe cTioe)(Tio7Nb)Ose 10.2774(5) 1.809 0.75
CaCg¢TiNDOs, (CaCeeTios)(TiosNb)Oss  10.2871(5) 1.811 0.66
CaCeTiNDOgss (CaCe-Tio19(TiosdNbOsss 10.3098(1) 1.812 0.63
CaCgsTiNDOs; (CaCgsTio)(TiooNb)Os;  10.2806(5) 1.813 0.52
CaCe sTiNDOg g5 (CaCe oTio o) (Tio.eND)Osgs 10.2810(7) 1.814 0.55

CaCeTiNbQ CaCeTiNbQ 10.3046(2) 1.815 0.51

Table. 3.1Lattice parameter, A/B ratio and electrical cortduity data for

various compositions in Ca — Ce — Ti — Nb — O gyste

The lattice parameter” is obtained from the least square method
and is given in Table 3.1. It can be noticed fréwase values that the lattice
parameter increases on incorporation of more cecontent till a phase

pure compound is obtained in Ca — Ce — Ti — Nb sy€lem. Based on the
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relative ionic size considerations of ¥:¢CN (VIII) = 1.143 A), one can
explain the increase in the lattice parameter ob@ylore structure.

3.3.2 Scanning electron microscopy and Energy disps#ve spectra

. Sum

Element Wt% At%
0 0.
 Element Wt% At% o] 1999 5481 Element Wt% At

N teg aan Nb 3114 1470 0 1534 478

R T Ca 1083 1186 Ny 36 2280

“ G &% 648 wl Np T 1LIS 1021 Moo 182 260
R Ce 2638 841 . T 187 187

Ti 8.05 816 wxw QO

\ & .
Ce 1305 700 Ce 4453 181

Ca
Ce

Ti
Ca T L
Ce

066 1M 1% 26 RX 1M 4% sa WOIn e e M 1M W0 an s M 1B 1R 28 M M e e s
Energy - ke Eneigy - keV Enedgy - keV

Fig.3.3 Typical scanning electron micrographs of (a) CaNbOg 4 (b)
CaCeq 7TiNbOg 55 (€) CaCggTiNbOg 7 with microchemical analysis.

Fig. 3.3a-c shows typical sintered microstructune &DS spectra
for the CaCggsliNbOg4, CaCg;TiINbOgss and CaCggliNbOg
respectively. The micrographs reveal well sintegeains in the size range
2-5 pum. It is also clear from the SEM micrographs thatlyo
CaCe ;TiINbOg 55 microstructure reveals monophasic morphology with
uniform grain size. The microstructure of other teampositions indicates
the presence of secondary phase morphology with nilagn sintered
microstructure. Compositions with Ce content léss1t0.7 shows presence
of very minor amount of Ni®©s secondary phase with a little Ca, Ti and Ce
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substitution and compounds with Ce content grehtar 0.7 showed Ce-Nb
rich secondary phase as confirmed by the EDS apalykese results are
consistent with the XRD analysis.

3.3.3 X-ray photoelectron spectroscopic studies

4400 4400

Ce3d,,

g £
Counts/See '

Counts/Sec
E £ g

g

g

88137 ev

385.65 eV

399.78 eV My
904.06 eV

915 910 905 900 B85 890 8A5S B8R0 &5 915 910 905 900 895 890 885 880 875

Binding Encrgy (cV) Binding Encrgy (¢V)

Fig. 3.4.Ce 3d XP spectra and the curve fitting exampl€ef3d XPS
peaks of CaGgTiNbOg 55

Fig. 3.4 displays Ce 3d XP spectra and the cumttediexample of
Ce 3d XPS peaks of Cag@iNbOgy The final state occupation of
electrons in Ce 4f determines the distinct featofethe spectra. The Ce 3d
spectrum of CEconsists of two pairs of doublets nameiyv, and u’v’.
These doublets correspond to a mixture of the €68aFCe4f and Ce 3y
O 2p Ce 4f final states [Mullins D.Ret al 1998]. The XPS Ce 3d and

30z, doublets are commonly denoted bbyandv and extend in the energy
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range of 880-920 eV. The&/V' doublet is due to the photoemission from the
Ce(lll) cations [Reddy B.Met al 2003]. Other doublet observed in the
spectrum is labeled a% andvy. These peaks are a shakedown feature
resulting from the transfer of one electron froriillad O 2p orbital to a Ce
4f orbital during photoemission from &ecations. The presence /v,
and v/u' doublet peaks in the spectra indicates that theeGGAGNDOg 55
sample contains the reduced cerium i.€Ce
3.3.4. Impedance analysis

Impedance spectroscopy has been employed to eealtra
electronic and ionic components of the total chdargasport. This method
involves the employment of low amplitude ac frequemsignal over the
sample and separation of real and imaginary pafrténpedance. The
impedance measurements were carried out for all sdmaples in the
frequency range of 10 Hz to 1 MHz and in the terapge range of 30 to
600 °C. The Fig. 3.5, Fig. 3.6 and Fig 3.7 showesithpedance curves of
(a) real (Z') and (b) imaginary (Ztomponents and (c) log ac conductivity
as a function of log frequency at various tempeeattior CaCaiNbO; 5 (X
= 0.5, 0.6, 0.7, 0.8, 0.9 and 1). In order to eixplthe conductivity
mechanism the impedance spectra of GaldlbOgss composition has

been chosen and explained in detail.
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Fig. 3.5 Impedance curves of real (Z') component as a fonctf log
frequency at various temperatures for CAbO, 5 (Wherex = 0.5, 0.6,
0.7,0.8,0.9and 1)
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Fig. 3.6 Impedance curves of imaginary (Z") component dsnation of

log frequency at various temperatures for CA¢OO, 5 (Wherex = 0.5,

0.6,0.7,0.8,0.9and 1)
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Fig. 3.7 Impedance curves of log ac conductivity as a famctof log

frequency at various temperatures for CA@¢b0O, 5 (wherex =0.5, 0.6,

0.7,0.8,0.9and 1)
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Fig. 3.8 Impedance curves of (a) real (Z) and (b) imaginds
components and (c) log ac conductivity as a functb log frequency at

various temperatures for CafZ€iNbOg ss.
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Fig. 3.8 shows the variation of the real part ofp@dance 4'),
imaginary part of impedanceZ(), and log conductivity against log
frequency for the CaGeTiNbOg 55 composition. The resistance is strongly
affected by the variation of temperature (Fig. 3.88he increase in
conductivity with temperature shows the NTCR bebaviof the
semicoducting materials. The increase in frequealsp decreases the
resistance magnitude significantly. The resistant@gnitudes coincide
above a certain frequency irrespective of the teatpee variation. Fig.
3.8b shows the variation of imaginary part of imgeck with log frequency
from 30 to 600°C. TheZ" value deceases with increase in temperature and
it reaches a maximum value at a particular frequdéocevery temperature
indicating a relaxation mechanism in the compourds peak value shifts
from low frequency region to high frequency regiwih increase of
temperature. Peak broadening is also seen in thterral confirming the
presence of space charges with increase of tenuperadnd due to the
accumulation of space charg&s, magnitude merges to a single value at
high frequency region. The effect of temperaturd &equency on the ac
conductivity of the sample is given in Fig. 3.8t.can be observed that the
frequency dependence of conductivity shows twoirdistregions, within
the measured frequency range 10 Hz-1MHz, theyaréhé low frequency
plateau region and (b) high frequency dispersigmore The low frequency

plateau region corresponds to the frequency indégargnconductivity Oqc.
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The plateau region of conductivity increases witbreéase in temperature
and the value of plateau region conductivity atszrease with temperature.
At high temperatures and low frequencies, this rouation is nearly
frequency independent and thus can be assumed fkectrahe dc
conductivity. This type of conductivity is attrilett to the long range
transport of mobile electrons in response to tmeperature and field. At
very high frequencies, the conductivity is founcdb®linearly dependent on
frequency due to hopping transport of localizedrgbaarriers [Elliott S.R
1987]. The ac conductivity of most of the materimsexplained by the
Jonscher’s power law equation [Jonscher A.K 1977].

o(w) = g+ A’ (3.1)
whereo (w) is the frequency dependent conductivity at freqyen, gy IS
the dc term associated to the mobile charge, Afreguency independent
and temperature-dependent parameter and n isdpe of high frequency
dispersion data (n assumes a value between 0 aridid Vvery clear from
Fig. 3.8c that the conductivity behavior exhibitadthe compound does not
fit this simple equation. As mentioned in the earkext there is a visible
change in the slopes as we go from lower frequeagion to the higher
frequency region. Hence in this system two slomeshe drawn one in the
low plateau region and other in the dispersion aegiTherefore the
frequency dependent ac conductivity can be charaete using the two

term power relation
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o(w) =0, + A" + A (3.2
Again A, and A are frequency independent and temperature dependent
constants. The slopes and n will be, n, can be 8 < 1 and n can be 8
n,< 2. The ternys, corresponding to the translational hopping giveslong

range electrical transport (i.e dc conductivity)ie long time. The second

term, Ac™ characterizes the low frequency region and coomsp to the

translational hopping motion (short range hoppimg)ereas the one at high

frequenciesA,w™ corresponds to a localized or reorientational hogr

hopping of electron back and forth between two gedrdefects [Funke K
1993].

The ac conductivity behavior of CagG@iNbOg 55 fitted with the
double power law by nonlinear regression analysis different
temperatures. The values of and n are obtained from the slopes of the
low frequency plateau and high frequency regionthefconductivity plots
and are found to vary between 0.02-0.8 and 0.2-dsBectively. Fig. 3.9
shows the variation of ;nand B as a function of temperature. In the
investigated temperature range,decrease with temperature and shows a
trend to zero. This implies that the translatiohapping gives the long
range electrical transport (dc conductivity) in timait of very long times as
the temperature increases and frequency decreasaxbserved in the
conductivity plots. This indicates that d.c condkitgt dominates at higher

temperatures in the low frequency region, where,ascreases first up to
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300°C and then decreases with further increase of teape. The increase
of slope is attributed to the localized orientatioopping or hopping of
electron back and forth two charged species. Irptesent system, the high
frequency localized orientation hopping at the lewperature range (<300
°C) may be attributed to the formation of dipols&®* - V, and TF" - V..
(This can happen when Riband Ti* can capture electrons which are left
behind in the lattice from cerium as explained e thext part of the
discussion.) assisted by small polaron mechanisstaj2Barramco Aet al
1998]. While for the temperatures above 300 °C ctimrge carriers trapped
at the defect sites may form large polarons andweciion occurs as a result
of thermally activated large polarons. These resaife consistent with the
trends of temperature dependence qf and B in the investigated
temperature range.

From Fig. 3.8(c), the frequency at which the dispar region
diverged from the dc conductivity is defined as tharacteristic frequency
(w) and it is termed as hopping frequency. It carobgerved that at the
hopping frequencwy, the relaxation effects begin to appear, movesatdw

higher frequency with increasing temperature.
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Fig. 3.9 shows the variation of hopping frequengyadunction of Ce

concentration for different temperatures. It carobserved that the hopping

frequency reaches a maximum value for the GallBbOg 55 composition.
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This can be explained like this: As seen by the XRe8sults,
CaCg 7TiNbOg 55 composition gives a phase pure compound and tier ot
compositions have secondary phases, thereby intjctitat the maximum
amount of Ce is present in Esstate only in this particular composition. As
explained above, the release of more electrons fterrum creates more
localized hopping by creating defect states in ldtéce. Thus, hopping
frequency is dependent on cerium concentrationirgidates the degree of
disorder in the system.
3.3.5 Electrical conductivity studies

The authors have already reported pyrochlore stredtcompounds
in Ca-RE-Nb-Ti-O (RE =Y, La, Nd, Sm or Bi) whiclh@v very good
dielectric properties [Prabhakar Raefal 2006] But when the rare-earth
used is cerium, the compound has become black @mécanducting. This
may be due to the variable valency of cerium. Héee structure will be
stable only if cerium remains in the Eatate in order to satisfy the oxygen
stoichiometry of the compound instead of its staldtency as C&. The
excess oxygen coming from Ce@ill be released to the atmosphere
leaving behind an electron in the lattice and éhéxtron will be responsible

for the semiconductivity of the compound [PrabhaRao Pet al 2003].
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Fig. 3.11Variation of logovs. 1000T of CaCgTiNbO,_s system and the

variation of conductivity with Ce concentration6t0°C in inset

Fig.3.10 shows the electrical conductivity (leyas a function of
absolute temperature (1000/ The electrical conductivity data of the above
compounds reveals that they are semiconductingatare. The nature of
variation obeys the Arrhenius equatior opexp (-Ea/KgT) whereEa s the
activation energy,T is the absolute temperature awmgd is the pre-
exponential factor. Activation energfa of the carriers of the conduction
process is calculated using the above equatiorasntisted in Table 3.1. It
Is observed that the conductivity comes to a marinfior the composition

CaCgq gTINbOg ;7 and thereafter a decrease is observed for CATOg g5
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and CaCeTiNb@ This may be due to the formation of large amairte
rich secondary phase around the grains (as indidat¢he EDS analysis)
which acts as a less conductive path for the eestrFig. 3.10 shows the
electrical conductivity of the compounds as a fiorcof Ce concentration
at 600°C. It can be seen that the electrical caidtyc increases with
increase of cerium content up to Ce = 0.8. Theeim®e in conductivity is
attributed to change in carrier concentration (cmtion electrons) in the
lattice, which arises from Ge with increase of cerium content. Thus,
conductivity of CaCggTiNbOg 7 at 600 °C is 4.61x10 S/cm whereas the
conductivity of CaCgsTiNbOg »5is 1.03 x1F S/cm.
3.3.6 Conclusions

In conclusion, nonstoichiomeric misplaced displagpyrochlores in
Ca-Ce-Ti-Nb-O system have been synthesized by tmeemtional solid
state route. The XRD results reveal that the iamidius ratio, 1(a/rg)
precludes the formation of phase pure pyrochloogsttie stoichiometric
composition CaCeTiNbQ whereas non-stoichiometric composition
CaCe ;TiNbOg 55 crystallizes in a cubic pyrochlore structure by
displacement of the A and O' ions from their ide@ditions. The impedance
analysis indicates relaxor behavior of these comgsulue to disorder in

the system.
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CHAPTER 4

PYROCHLORE TYPE CERAMIC SEMICONDUCTING OXIDES IN
Ca-Ce—-Ti—-M-0O (M=NbOR Ta) SYSTEM



PART |
EFFECT OF CERIUM CONCENTRATION ON STRUCTURE AND

ELECTRICAL PROPERTIES OF
Ca—Ce—-Ti—M-0 (M=Nb OR Ta) SYSTEM
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4.1.1 Introduction

Complex oxides containing rare earth and transitioetals having
different valence states exhibit interesting tramsgproperties. The crystal
structure and the constituent elements play an itapb role in these
properties, which include superconductivity [Sahdl A. et al 1996],
semiconductivity [Zheng W. Rt al 2001] and semiconductivity to metal
transition [Gupta Aet al 2009]. Among the above, semiconducting oxides have
been widely used in electronic industries becadsthar unique and useful
electrical characteristics. Semiconducting cerarfirc several applications as
in thermistors, PTCR materials, gas sensors, citabnd photoelectrolysis of
water [Csete de Gyorgyfalvat al 1999; Tian Z.Ret al 1997]. Some useful
semiconducting oxides have been developed in diftestructural families
such as spinels, perovskites, and pyrochlores [BAset al 2001; Nobre
M.A.L. and Lanfredi S. 2001] for temperature measoent. The spinel-
structured semiconducting ceramics are the mostammknown materials for
negative temperature coefficient of resistance (NTGhermistors
manufacturing. However, the application of thesetemals is limited to
temperatures below 300°C due to their instabilihd ahanging electrical
characteristics. Therefore, there is a need fod#welopment of new materials

which have good electrical characteristics at héghperatures
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Pyrochlore structured materials have a wide rarigenportant physical
and chemical properties such as electrical, magndtelectric, optical and
catalytic properties, since its lattice allows al&wvariety of aliovalent cations
substitution. Pyrochlore structure has a generahiita AB,0O,; with eight
molecules (Z = 8) per unit cell. The largef*&ations in 8 fold coordination
with O ions and smaller B cations in 6 fold coordination with“Oions are
ordered in alternatively <110> direction [SubrahmmanM.A et al 1983].
Recently, during our investigation we reported avrfamily of dielectric
materials in the quaternary oxide system, CaQ&RHIi0O,-Nb,Os (RE =Y,
Sm, Gd, Dy) and all these compounds having pyraehtgpe structure are
insulators and also colorless. But when we replaeein place of other rare
earths, the compound becomes black and semicondyétrabhakar Rao &
al 2004, 2003] . The semiconducting nature of thepmmmd is probably due
to conversion of C& to CE€" in the lattice to reduce the number of oxygen
atoms to maintain the oxygen stoichiometry (4:7)tle pyrochlore type
structure. In this chapter, a new series of pyme@hltype semiconducting
ceramic oxides in a Ca— Ce — Ti— M - O (M = NbT@&) system were
prepared in different stoichiometric compositionsrvestigate the effect of Ce
content on the structure, microstructure and semdgotivity. The NTC

characteristics have also been studied for thesgoonds.
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4.1.2. Experimental
4.1.2.1 Preparation of samples

A new series of pyrochlore type semiconducting écaoxides in
different  stoichiometric  compostions: (G&&)25Tig25)(Tig79M 12507,
(Cay 25Cey 5Tin.25)(TIM)Oo, (CaCe 75Tio.25)(Ti1.29M0.75 07, and
(Cay75CeTipo5)(Ti1sM( 5O, (M = Nb or Ta) were prepared by the conventional
ceramic route using CaGQOTiO,, Nb,Os and TaOs (99.9%, Acros Organics,
Geel, Belgium) and Ce0(99.9%, Aldrich Chemicals, Milwaukee, WI) as
starting materials. Stoichiometric amounts of themicals were weighed and
then thoroughly wet mixed in an agate mortar witetane as the wetting
medium and dried by keeping in a hot air oven &°@0 The process of
mixing and drying was repeated thrice to attairoembgeneous mixture. The
mixed product was calcined at 1300for 3hrs in air. The calcination was
repeated twice with intermittent grinding. The aaécl powder was then mixed
with 4 wt. % of polyvinyl alcohol (PVA; hydrolysikevel 85-88%) solution.
PVA acts as a binder and provides mechanical dtnetioghe pressed samples.
The powder was pelletized into cylindrical pelleitgh a diameter of 10 mm
and a thickness around 1-2 mm using a hydraulisspby applying a pressure
of 250 MPa. The green compacts were heated &06fa® 1h to burn off the

PVA and were then sintered at 1860for 9 h in air. The density of the
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sintered pellets was estimated from their geonsdtrdimensions and the
experimental density was obtained in the range ot893% of theoretical
density.
4.1.2.2 Characterization techniques

The phase purity of the sintered samples were ctaized by using a
Phillips X'Pert-Pro diffractometer (Eindhoven, TiNetherlands), under the
following conditions: Ni filtered Cu-K radiation, tube power 40kV, 30mA
receiving slit 0.2mm, and using graphite monochroma he powder patterns
were recorded at room temperature in the ang@laa2ge from 10 to S0 The
structure was further confirmed using Raman Spsctiey. Raman spectra
analysis was conducted on the samples from 200 0@cr8' using a
spectrometer (Bruker RFS 100/S) and an Nd: YAGrlaperating at 1064 nm
and incident power of 150 mW with a Ge detectorcitation and emission
spectra were recorded using a Spex-Fluorolog DMBO§ectrofluorimeter
and a 450 W Xenon flash lamp as the exciting sodrbe XPS analysis was
performed on the pellets in an ultrahigh vacuumngisPHI Versa probe
scanning XPS Microprobe with monochromatic X-rayrse of Al Ka (hv
=1486.6 eV). The polished and thermally etched $183230min) pellets were
coated with a thin layer of gold by sputter codf#OL JFC-1200 fine coater)

so as to make the surface of the pellet conduciihg. surface morphology of
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the pellets was studied using a scanning electrmnostope (SEM) (JEOL,
JSM 5600LV). To measure the electrical propertiethe compounds, a high
temperature curing silver paste was applied to Isadles of the pellets and
cured at 60%C for 30 min in a tubular furnace. These pelletsrenthen
attached with long silver lead wires on both sidegedance measurements of
the pellets were carried out; from 30 to 600 °Ghim frequency range 10 Hz to
1 MHz using a computer controlled impedance analy3elartron, SI 1260).
The dc conductivity with respect to temperature wasasured using a high
resolution digital multimeter, (Philips, PM 2525 itnmeter). The conductivity
was measured in a temperature range 8€36 600C.
4.1.3 Results and discussion
4.1.3.1 XRD and structure

The (CasCey.25Ti0.29)(Tio.78M1.25) O, (Ca 2:Ce5Tip.25)(TIM)O>,
(CaCe 751025 (Ti12M0.7907, and (Ca75CeTi25)(Ti1sMo.5)O7 (M = Nb or Ta)
powder compacts were well densified by sintering30°C for 9 h yielding
85 to 93% of theoretical density (Table 4.1.1). Visal color of the sintered
pellets varies from gray to black with increasetlud cerium content in the

compound.
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Fig. 4.1.1 Powder X-ray diffraction patterns of the sintersmmpounds for

various stoichiometric compositions in Ca — Ce — Nb — O system

The patterns are similar to the earlier reportedo@ylore type
compounds of the formula,B,0; such as CalLaNb, [Istomin S.Yet al 1997
] and LnZr,O; [Saruhan Bet al 2004]. All the reflections are assigned to the
cubic pyrochlore phase in the space greédfm (No. 227). All the reflections
are typical of the cubic pyrochlore type structwvijch is characterized by the
presence of typical super lattice peaks @&t214° (111), 28°(311), 37°(331),
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45°(511) with either minor variations in their ingty or diminishing of some

of these peaks with composition.
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Fig.4.1.2 Powder X-ray diffraction patterns of the sintereaimpounds for
various stoichiometric compositions in Ca — Ce —Ta — O system

An interesting observation was that the intensitythe characteristic
super-structure peaks (111), (311), (511) systeadtidiminishes and that of

(331) increases on going from (G&eslip2s)(Tip7dM125 )O; to
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(Cay.7CeTihog)(Ti1sM(5)O;. Further, the intensity of the super lattice peiaks
more intense in the tantalum compounds than th#teohiobium compounds.
This can be explained based on the relative idne&ssf the cations occupying
the lattice sites in the pyrochlore structure. Biitore structure has a general
formula, AB,0O;, in which there are two types of cation sites, i &8. The
occupancy of these two sites is mainly decidedheyionic radii of different
metal ions at A and B to keep the ratio of the camidius of the cations at the
A site to that at the B site within the toleranaage 1.46 to 1.80 [Subramanian
M.A et al, 1983 ]. The ionic radii of Gaand C& in eight fold coordination
are 1.12 and 1.143 A respectively and that 8f aind NB* or T&" in six fold
coordination are 0.60 and 0.64 A respectively [$laan R.D 1976]. The Ca
and Ce ions (which are bigger) occupy the A sited #he transition metals
Ti** and NB* or Ta* ions occupy the B sites. Also since the total nends Ti
and Ta or Nb ions at the B sites is more than tatatber of Ca and Ce ions at
the A sites, some of the Ti ions might be occupyhmg A sites. However, it is
to be mentioned here that Ti is too small to occilngylarge 8-fold coordinated
environment in pyrochlores. But, recent studies tbé pyrochlores in
(Ca.sTips)NbTi)O; [Nguyen Bet al 2008] and CaO-Ti@(Nb,TayOs [Roth

R Set al 2008] indicated that 11 ions (up to 25% of the large A-sites) mixes

with the much larger Gaions on the A-sites by displacing from the ideal 8
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coordinated position to achieve satisfactory cawmtion environment. Such
pyrochlores are termed as misplaced-displaciveccpiaiochlores. Their XRD
patterns exhibit weak forbidden reflections (e4#2) and also they show
relaxor behavior at low temperatures. The weakattaristic reflection (442)
of displaced pyrochlores is observed in both theidh niobate and tantalate

powder XRD patterns.

Theoret Experi  Relative o at Ea Lattice
Composition ical mental  density 600°C, (eV) parameter,
density density (%) (S/cm) a(h)

(g/cc)  (g/ce)

(CaysCen2sTio29)(Tio7ND1 290,  4.54 421 93 2.35x10 1.60 10.2853(6)
(Cay 2:Cey £Tig29)(TiIND)O 473 430 91 2.20x10 1.13  10.2712(6)
(CaCey7sTio29(Ti1oNbo 790,  4.92 456 93 4.86xT0 0.62  10.2545(7)
(Cap7:CeTig»9(Ti1 Nbo 5O 5.11 463 91 1.20xT0 0.54  10.2472(7)
(CaysCen2eTio2)(Tio7sTai )0,  5.87 498 85 3.39x10 1.31  10.2942(5)
(Cay2:Cep. sTio29)(TiTa)O4 5.80 505 87 3.07x10 1.06  10.2798(5)
(CaCey7sTio29(Ti12sTa0790;  5.72 518 91 2.23x1b 0.62  10.2735(6)
(Cap7:CeTio29)(Ti1Ta05) 05 5.64 518 92 8.74x10 0.53  10.2554(7)

Table.4.1.1 Density, electrical conductivity data and lattiparameter for
various compositions in a Ca—Ce-Ti—-M—-0O (M = Nb a) $ystem.

Based on these results, it is easy to assumehbgtresent pyrochlore
oxides involve mixing of three cations (Ca, Ce diidon the A sites and two
types of cations (Ti and Nb or Ta) on the B sit€ee radius ratios were
estimated accordingly. The ratio Qfrg (ro andrg are the average ionic radii

of the A and B cations) varies from 1.68 [in (G&eT ) (Ti1sMgs5)O-] to
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1.73 [in (CasCeyoslig25)(Tig7sM12504], which is within the limiting radius
required for the stabilization of pyrochlore typeusture. However, as the
radius ratio decreases, the pyrochlore structurdstéo get converted from a
well ordered structure to a somewhat disorder &irac in which the super-
structure peaks diminish. It is earlier reportedt treducing the difference in
ionic radius between the A and B cations in theoplgltore structure favors
disordering [Licia M et al 2000]. Disorder increases with increasimgand
decreasinga. The lattice parameters’‘for all the compositions are given in
Table 4.1.1. It can be seen that the lattice patanof these solid solutions
decreases with increase of Ce and Ti content inCdeeCe—Ti—-M—O system.
Based on the relative ionic size considerationsCef" (1.143 A) and T
(0.605 A), one can explain the decrease in thedafiarameter of pyrochlore
type structure.
4.1.3.2 Raman spectroscopic investigations

Raman spectroscopic investigation has been foumnuideide the short
range structural differences since Raman spectpgsisoprimarily sensitive to
oxygen-cation vibrations and is an excellent primvdocal disorder [Glerup M
et al 2001]. Based on the crystal structure and groaprihanalysis of AB,0O,
pyrochlores in thé=d3m space group (No. 227), there are only six Raman

active modes for the pyrochlore structure.
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r raman— Alg + Eg + 4F29 (4.1.1)
These modes involve only motion of the oxygen atmimee the A and B

cations, whose site symmetry iggPgives rise to non active Raman phonon

modes.
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Fig.4.1.3Raman spectra for various stoichiometries in CarCb-O system
Therefore, the crystalline (€gCey25Ti0.25)(Tig79V1.25907,(Cay24Ce 5Tip.25)
(TiIM)O+, (CaCeg.75Tio.25)(Ti1.28M0.7907 and (C3.75CeTho 25)(Ti1sMo5)O07 (M =
Nb or Ta) samples were also examined by Raman rggeopy in the
frequency range 200-800 &nto look for any structural differences. In all the

spectra for both niobium and tantalum compoundsegixfor (CasCe »sTig 25
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(Tig7sM 125 O; (Fig. 4.1.3and Fig. 4.1.4), there are three intenkands which

are due to an overlap of the vibrational bands.
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Fig.4.1.4Raman spectra for various stoichiometries in CarE€a-O system

On the basis of previous literature data, the timeEnse bands at 600-
620, 507-519, 294-310 chtan be assigned to,A E,, F», modes respectively
[Hess N Jet al 2002]. The bands indicated in Fig. 4.1.3 and Ei§.4 are in
agreement with the ones reported for pyrochlore tyxdes [Huiling D 2004].
The location of three remainingdmodes is more difficult since the literature
data are not consistent owing to their weak intgnsiowever, the weaker

modes are observed in the calcium rich compoundasewthe obtained Raman
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intensity is high. The mode at 697 ¢rfor the Nb compound (Fig. 4.1.3) is
assigned to one of the thregy fnodes. The most notable difference in the
Raman spectra between the various pyrochloreseisitinificant decrease in
overall Raman intensity, when Ribis replaced by T4 Small distortions of
the atomic positions caused by B cation speciegyrochlore structure
compounds affect the force constant of vibratianade resulting small shift
in vibrational frequency. Thus, the full width alhmaximum (FWHM) of a
vibrational mode provides a measure of the levelosflized short range
structural disorder in the materials. In both trentalate and niobate
compounds, considerable increase in FWHM of theratibnal modes
combined with the decrease of Raman intensity sstgthat the progressive
incorporation of T* in B site induce the A site cations array sigmifity more
disordered and the extent of disorder is more m iobates than that of
tantalates. These results are in concurrent wehKiRD analysis. This suggests
that despite their long range pyrochlore structtine, short range structure
exhibits an increasing level of localized A-sitgi@a mixing or disorder with

the increase of Ti content in the compound.
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Fig. 4.1.5Excitation and emission spectra of (@ae) »5Tig25)(Tig 75T @25/ O
sample

In order to corroborate the presence of'Gens and also the absence of
Raman modes for (GglesTigos)(Tig 75l @250, the fluorescence was
performed. The fluorescence properties of thisigaletr compound indicates
that it gives intense broad emission spectra intaeelength range of 400-700
nm for the excitation of the 373 nm wavelength witaxima at about 509 nm
(Fig. 4.1.5). The excitation band in the wavelengtiige of 275 — 400 nm with
maxima at 373 nm is assigned to’C&f — 5d transitionsseparated by crystal
field splitting of the 5d state [Duan Cetflal 2008]. This further confirms the

presence of cerium in &estate in the compound. It is also concluded that t
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vibrational modes are not observed for the ;({Cay o5Tig 25)(Tig 75T 812507
compound, because cerium induces strong fluorescesnich hides weaker
bands.(When cerium presents in*Cstate and also in a low concentration in
the compound which acts as an activator, causesrefaence in this
compound).
4.1.3.3 X-ray photoelectron spectroscopic studies

The final state occupation of electrons in Ce 4kduaines the distinct
features of the spectra. The Ce 3d spectrum dSfcBesists of two pairs of
doublets namelyy/vy andu'/v', these doublets correspond to a mixture of the
Ce 3d O 2fCe4f and Ce 380 2p Ce 4f final states [Mullins D Ret al
1998]. The XPS Ce 3¢ and 3d,doublets are commonly denoted byndv
and extend in the energy range of 880-920 eV. Hakplabeled u are due to
3, spin orbit states and those labeled v are theespanding 3¢, spin-orbit
states. Thas'/vV doublet is due to the photoemission from the De¢hations
[Reddy B Met al 2003]. The Ce 3d spectrum of (Ga&CeTi»5)(Ti1sNbyg)O;
contains only the completely reduced®Ceation. Another doublet observed in
the spectrum is labeled aig andv,. These peaks are a shakedown feature
resulting from the transfer of one electron frorillad O 2p orbital to a Ce 4f

orbital during photoemission from &ecations. The presence afv, andv'/u’
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doublet peaks in the spectra indicates that the ACaTi 5)(Ti1sMo507

(M=Ta or Nb) sample contains the reduced ceriunmde".

(@)

(b)

Fig 4.1.6Ce 3d XP spectra and the curve fitting exampl€®f3d XPS peaks

of (Cay.75CeTip25)(Ti1.sNby 5)O; and (Ca7=CeTip25)(Ti1sTay 50
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4.1.3.4 Scanning electron microscopy and microstrture

Fig.4.1.Mypical scanning electron micrographs of
(@)(Ca.sCey 25Ti0.25) (Tio.7ND1 25 O7(0)(Ca 25Cey 5Tig 25) (TIND) O,
(c)(CaCe.75Tio.25)(Ti1.29Nbp 75/ O7(d) (Cay.75Ce Tip 25)(Ti1.sNbo 5) O7

Fig. 4.1.8ypical scanning electron micrographs of
(@) (CasCe.2sTip25)(Tio.75T 2129 O7(b) (Ca 25Ce. sTig25)(TiTA)O;
(c) (CaCeg75Tip.25)(Ti1.25T30.75)O07 (d)(Cay.75CeTip 25)(Ti1 5T 20.5)O7
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The SEM micrographs recorded from thermally etchadface
(1325'C/30 min) of the sintered pellets are shown in Fg$.7 and 4.1.8. The
microstructure of all the sintered compounds reveetll-grown grains with
less porosity. It is observed that denser microstine is observed and grains
are more uniform in size with the increase of Ceé &ncontent in the Ca—Ce—
Ti—M-0O system.
4.1.3.5 Impedance spectral measurements

Impedance spectroscopy has been employed to esatlmatelectronic
and ionic components of the total charge transgdris method involves the
employment and proper interpretation of low ampléwariable frequency ac
measurements. Impedance spectra of all the matenale studied in the
temperature range 30-600°C and in the frequenayerad-16 Hz.

Figs. 4.1.9 and 4.1.10 show typical impedance aufoe real (Z') and
imaginary (Z") components and log ac conductiaityarious temperatures as
a function of log frequency for selected compossio (Ca7:CeTi s
(TiysMgs5) O; (M = Nb or Ta). The observed impedance plots arelar for
both niobium and tantalum compounds in the measiemgerature range. The
variation of imaginary part of impedance with fregay at different
temperatures provides information about the relamatfrequency of the
resistive component. The peak occurs at 30°C aiifts$ $tn higher frequencies

101



with more broadness on increasing temperature ugO® °C. The peak

broadening suggests the presence of immobile spatiew temperature. This
type of low temperature relaxor behavior is alstharacteristic of misplaced-
displacive cubic pyrochlores [Roth R&bal 2008]. The real part of impedance
decreases with rise in frequency up to 100°C anetsnat higher frequencies
which indicate a possible release of space chdrhdrski J and Weiczorek

W 1988].
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From the curves, it is very clear that no relaxati@havior associated
with oxide ion motion is observed beyond 100°C [diaR 2006]. Figs. 4.1.9-
4.1.10 show the ac conductivity plots (loyversus log over a wide range of
temperatures. All the curves show frequency - ieddpnt plateau
corresponding to dc conductivity effects. It is Wwmothat ac conductivity is
dependent on frequency in fast ionic conductorg ddnductivity is governed
by the Jonscher’s universal power law [Jonscher 2OK7].

Oac (W) =0, + AW’ (4.1.2)

Whereo,(w) is the conductivity at frequenay, o, is the dc term associated
to the mobile charge) is a frequency independent and temperature-dependen
parameter and n is the slope of high frequencyedspn data (n assumes a
value between 0 and 1). It is very clear from Bid..10 and Fig.4.1.11 that the
conductivity behavior exhibited by the compounds miat fit this simple
equation. There is a visible change in the slopgswa go from lower
frequency region to the higher frequency regiotoat temperature. Hence in
this system two slopes can be drawn one in theplateau region and other in
the dispersion region.
Therefore the frequency dependent ac conductiatylme characterized using

the two term power relation

o(w) =0, +Ad" + A (4.1.3)
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Again A; and A are frequency independent and temperature dependent
constants. The slopes and B will be, n, can be 8 < 1 and n can be 8 n<
2. The termsy corresponding to the translational hopping giveslong range
electrical transport (i.e dc conductivity) in theny time. The second term,
A’ characterizes the low frequency region and cormedpoto the
translational hopping motion (short range hoppivglereas the one at high
frequencies A,a™ corresponds to a localized or reorientational happr
hopping of electron back and forth between two gedrdefects [Funke K
1993]. The detailed description of the conductivitygiven chapter 3 (section
3.3.4).
4.1.3.6 Electrical Conductivity

Earlier the authors reported the compounds of theghlore type
CaREsTi;Nb,O,6 sand tetragonal tungsten bronze typeREzTisNbsO3 (RE
= rare earth) which are electrical insulators anbtbrtess, except when rare
earth is not cerium [Prabhakr RacefPal 2006, 2004, 2001]. However, when
Ce( is used in place of other rare earth oxide, it hasome black and
semiconducting [Prabhakar RacetPal 2003]. Though the stable valence state
of cerium is C&, the oxygen stoichiometry in the above compoundsiley
tally with the structure only if Ce remains in Cestate. The excess oxygen

coming from Ce® will be released to the atmosphere leaving beland
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electron in the lattice and this electron will besponsible for the
semiconductivity of the compound.

2CE" + 4O (lattice) ——>  2C&+ 30" + 10,

-3 —n=Ca, ,5CeTij ,5)(Ti; sNb O,

. —o—(CaCe, 15 Tiy 5)(Ti; H5NDG 75)O;
-4 (Ca, ,.Ce, Tiy,)(TIND)O,

T —0—(Ca, 5Ce; x5 T »5)(Tig 75ND; 55)O;
54

Log o(S/cm)
<

. . . . . . .
1.0 1.5 2.0 25 3.0 3.5
1000/7 (K '}

Fig.4.1.11 (a)Variation of log conductivity §) vs. reciprocal of temperature
for Niobates
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o) -7 \ Ll LTS
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-10 T !
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1000/ T(K )

Fig. 4.1.11 (b)Variation of log conductivity ¢) vs. reciprocal of temperature
for Tantalates

Fig. 4.1.11(a) and (b) shows the electrical condlitgt(log o) as a
function of absolute temperature (10D0for all the compounds. The nature of
variation is almost linear at higher temperatutgsically for 10001 < 2 and it
obeys the Arrhenius equatioo= gyexp (-Ea/KgT) whereEa is the activation
energy,Kg Boltzman constanf is the absolute temperature agglis the pre
exponential factor. It is clear from the plot thia¢ conductivity increases with

the increase in temperature, which indicates th€ W&havior of the samples.
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The activation energy of the carriers of the coridac process in the
compounds is calculated using the above equationtla® activation energy

and the electrical conductivity at 600 °C for dketsamples is given in the

Table 4.1.1.
—@— Tantalates
9.0x10™ -
@ 6.0x10 "1
o x
3.0x10™ -
L
) ) v ) )
0.25 0.50 0.75 1.00
Ce Content

Fig. 4.1.12 Variation of conductivity at 60 as a function of Ce
concentration in Niobates and Tantalates.

Fig. 4.1.12 shows the electrical conductivity tbé compounds as a
function of Ce concentration at 600°C. It is vetgar from the data and the
Fig. 4.1.11 that the conductivity increases andattevation energy decreases
with the increase of cerium concentration in thenpounds. This observation
can be explained based on the above discussianilawd: As the number of

conduction electrons probably arise from*Ci the lattice would increase
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with the progressive substitution of Ce in the commpd. This would increase
the number of current carriers in the conductiondoand consequently lower
the conduction band energy level. Therefore, thaon energy of carriers
will decrease with increase of Ce content in theagound. It is also observed
that the conductivity is fairly same for both théolium and tantalum
compounds having low concentrations of cerium. lent the conductivity
does not show any linear relationship with the Getent. As discussed above
in the XRD part, these compounds are changing @thddrom ordered
pyrochlore lattice to somewhat disordered pyrochlattice with increase of
Ce content and the niobates are more disorderautipiare structure than the
tantalates. As reported earlier that variationsthe electronic and ionic
conductivity of pyrochlore compounds,ByO, are related to disordering of
the A- and B-site cations [Liane al 2001]. It may be possible to explain that
the sudden increase in conductivity in these comg@gswcan be attributed to the
disorder structure with the increase of Ce conediotn. Thus, the conductivity
for cerium rich oxides, (Ga=LeTi25)(Ti1sNby 5Oy and
(Cay.75CeTipog)(TipsTay5)O7 at 600 °C is 1.20xIdS/cm and 8.74x1DS/cm
respectively, and for the oxides having less cerium

(CaysCeyasTio 25)(Tio7Nb129O;  and  (CasCeyosTipos)(Tio7sTan 2907,  the

conductivity is observed to be 2.35 X¥BJcm and 3.9x165/cm respectively.
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4.1.3.7 NTC thermistor characteristics
The NTC thermistor is a thermal sensitive resistar,which, as a
semiconductor, the resistance decreases with iseieademperature. Electrical

resistance of NTC thermistors can be describedéydilowing equation:

R=Rexd8/T)  (4.1.4) and  B= E (4.1.5)

where R is a prefactor, Eis the activation energy, ang ks the Boltzmann
constant. The activation energy is controlled y¢bnduction mechanism that
can be either excitation in a band structure orpimap transport between
multivalent transition metal cations.

The relation between resistance and temperature foegative temperature
coefficient thermistor is expressed by the follogviequation [Justin M.

Varghesest al 2008].

Rr=Ry exp{ﬁ(T_“l‘_r_TH (4.1.6)

whereRy is the resistance at temperatiliteRy is the resistance at temperature

Ty known, andfis a thermistor characteristic parameter. Rewritang

rearranging the terms of equation (4.1%¢an be derived as follows:

AME e
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The thermistor sensitivity is defined by the tengpere coefficient of

resistancea, which can be expressed as a function of fhparameter, in

according to following equation:

a= %Id(R) /dT]= -p/T2 (4.1.8)
Composition [5(:(? )C o (K_l) A;(t'):r/;:z
soocc] 300°C  600°C Ty

(Ca Ce ,Tij,J)(Ti . Nb, ,JO,  *11586 -0.0194 -0.01520  1.60
(Ca ,.Ce (Ti, (TIND)O, 10282 -0.0313  -0.01349  1.13
(CaCe . Ti J(Ti ,Nb _)O, 7767  -0.0311 -0.00776  0.62
(Cq, CeTi J(Ti, Nb, JO, 6546 ~ -0.0262 -0.00654  0.54
(Ca Ce . Tig, (T T8 ,)O,  *9320  -0.0156 -0.01222  1.31
(Ca ,Ce [Ti, H(TITA)0, 11556  -0.0352 -0.01516  1.06
(CaCe_Ti J(Ti ,Ta _)O, 7507  -0.0229 -0.00985  0.62
(Ca, . CeTi ,J(Ti Ta JO, 6376  -0.1942 -0.00837  0.53

* Temperature range 500°C to 600°C

Table 4.1.23 Constantp and Activation energy for Various Compositions in
a Ca-Ce-Ti-M -O system (where M=Nb or Ta)

Considering Arrhenius plot Fig.4.1.11 (a) and ()and[3 parameters

were calculated by the above equations. The vahrescalculated in the

temperature range from 300 to 600°C and depictédabie 4.1.2. Th@ value
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of the different compositions lie in the range @06-12000K. The results
indicate that the thermistor characteristics camubed to the desired value by
changing the cerium concentration in the compouing. observed that these
values are in the desirable range of high temperatuermistors [Feltz A.

2000].

4.1.4 Conclusions

In conclusion, we prepared a new series of semiottimy oxides in Ca
—Ce—-Ti—M-0 (M= Nb or Ta) system and itsustural, microstructural
and electrical conductivity properties were inwgated. The powder X-ray
diffraction and Raman spectroscopy analyses shaladall these compounds
belong to a cubic pyrochlore type structure in #pace groug-d3m. The
semiconductivity in these compounds is due to ttesence of Cé&, which
remains in the reduced state without being oxidiz@dCé™" by structural
stabilization. The presence of Teis further confirmed by the X-ray
photoelectron spectroscopy investigations. Impeelapectral studies suggest
that the conduction in these compounds is mainhe da electronic
contribution. Among the prepared compounds, (@2eTi s (Ti1sMo5)07
(M = Nb or Ta) possesses good NTC behavior oveida t¥emperature range.
Therefore, these semiconducting ceramic oxides nfey potential

applications in devices like NTC thermistors.
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PART I

INFLUENCE OF SINTERING TEMPERATURE ON
MICROSTRUCTURE AND ELECTRICAL PROPERTIES OF
(CaCey75Tig2s) (Tip25M.75)O7 AND (Cag75C€Tig25)(TipLsM5)O7
(M = Nb or Ta) CERAMICS



4.2.1 Introduction

Microstructure is an important contributing factto the transport
properties of mixed conducting materials [KhartorV\é&t al 2002]. As well
known, the microstructure of ceramic materials,atgreat extent, relies on
sintering conditions. Thus, the influence of simgrtemperature on the
microstructure and electrical conducting propert@sthe ceramics is an
intriguing subject of significant importance. Up date, the research on this
topic is comparatively limited. In this work, theiarostructure and electrical
conducting properties of (CaggTig.25)(Tiy25Mg.75 07, and
(Ca.75CeTipog)(Ti1 M5O, (where M = Nb or Ta) ceramics were investigated
in the sintering temperature interval of 1300-14D0°Moreover, the
microstructural dependence of the electrical priggeihas also been examined.
4.2.2 Experimental

(CaCe 75Ti0.29)(Ti1.2dM0.79 07 and (Ca.75CeTi.25)(Ti1.sMo.5)O7 (Where M
= Nb or Ta) samples were fabricated by solid-sta@ction. The starting
powders used are commercially available fine hightp powders of CaC¢)
Ce0, TiO,, Nb,Os and TaOs. Weighed powders were mixed in an agate
mortar with acetone as mixing medium. The mixedr&a were dried in an
oven at 100°C for 2 h. The powders were calcined platinum crucible at

1300°C for 3 h. The calcination was repeated twiith intermittent grinding.
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Polyvinyl alcohol (PVA) was then added into thectaéd powders and the
mixtures were ground in mortar. Subsequently, th&edh powders were
pressed at a pressure of 250 MPa to prepare pefl@mm thick and 10mm in
diameter. The green compacts were heated in &@083C and were kept at
that temperature for 1 h to remove the organicdain@hen, they were sintered
at 1300°C, 1350°C or 1400°C for 9h.

The crystal structure of as-sintered samples
(CaCe.75Tig.25)(Ti1.29M0.7507 and (Ca.75CeTip.25)(Ti1sMo5)O7 (Where M = Nb
or Ta) was analyzed with a Phillips X’pert Diffraateter (Eindhoven, The
Netherlands) using Cudradiation at 40 kV and 25mA. The microstructure of
the samples was investigated using a scanning@testicroscope JEOL JSM
5600 (Tokyo, Japan). Silver (Ag) paste was spreadpposite-side surfaces of
the sintered samples. After the pastes were dried@nm temperature, the
samples were heated at 600°C for 30 min. Three legngh each composition
with different sintering temperatures were prepai@dmeasuring electrical
resistance. The samples were electroded by atadiwver wires to silvered
surfaces. The conductivity was measured in a teatyer range of 45 to 600
using a high resolution digital multimeter (PhiligaM 2525 multimeter). The
readings were recorded with a slow heating afteilibgating the pellet for 2

min at each measuring temperature.
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4.2.3 Results and discussion
4.2.3.1 XRD and structure

The crystal structure of the (CaGeligos)(TiiosMp750; and
(Cay75CeThhog)(Ti1sMp5)O; (Wwhere M = Nb or Ta) samples sintered at
1300°C/9h, 1350°C/9h, 1400°C/9h were analyzed bpXRhe XRD patterns
of the compositions are shown in Fig. 4.2.1 and4=iy2.

The powder diffraction pattern confirms that phgzesent in the
sintered bodies was solid solution of the constituexides with a cubic
pyrochlore structure having the space grétg3m. No phase transition or
decomposition is observed with increase in sintgriemperature. The
diffraction peaks are becoming sharper indicatirighhcrystallinity with

increase in sintering temperature from 1300°C 1@01&€.
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Fig. 4.2.1 Powder X-ray diffraction patterns for (a)
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Fig. 4.2.2 Powder X-ray diffraction patterns for (a)
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4.2.3.2 Scanning electron microscopy and microstructure

The SEM images obtained from the surface of théemed pellets at
three different temperatures: 1300°C/9h, 1350°C/2400°C/9h of the
(CaCe.75Tig.25)(Ti129M0.75 07 and(Cay 75C€Tip 25)(Ti1 sMo.5)O7 (Where M=Nb or
Ta) samples are shown in Figures 4.2.3 - 4.2.6. Fhenples were
microscopically homogeneous and highly dense. Tdwsity of the samples
found to be dependent on sintering temperature. Teasity of the
compositions improved with increase in sinteringnperature. A dense
microstructure is necessary to consistently repreduthe electrical

characteristics of the ceramics.

Fig. 4.2.3 Scanning electron micrographs of (Ca&€ig »5)(Ti1 25Nbg 75)O7 at
different sintering temperatures.
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On close observation of the micrographs we can #ed in
(CaCe 75Tig.25)(Ti12gNbg 75107 composition for 1300°C/9h sintering results in a
porous microstructure with an average grain siz8-¢fim. The grain growth
increases with increase in temperature. The 1380°Gintering results in a
microstructure with uniform grains having well dedd grain boundaries. The
average grain size is found to be & On further increase in sintering
temperature to 1400°C/9h gives rise to very larggng and the grain size
shows a large variation from it to 10Qum. The grains are arranged in such

a manner that the big grains are surrounded byl gimzahs.

Fig. 4.2.4 Scanning electron micrographs of (Cgaés€ig »5)(Ti1.251 897507 at
different sintering temperatures.
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In (CaCeq 5Tig25)(TiosT a9 7507, composition both 1300°C/9h and
1350°C/9h sintering results in porous microstruesurThe porosity decreases
with increase in sintering temperature. The 1400°/Sintering yields a highly

dense microstructure with average grain size ofid5

Fig.4.2.5 Scanning electron micrographs of (G#&eTiy5)(Ti1sNby5)O; at
different sintering temperatures.

The (Cg7CeTh5)(TiisNbys)O; shows better densification in
comparison with (CaGeslig25)(Ti1oNby75§0; composition. Here the
1350°C/9h sintered sample exhibits very good micucsure having uniform

grains and well defined grain- grain interface. Th800°C/9h sintered
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composition exhibits a little porosity while theQB*C/9h sintered composition

contains sharp edged grains with different sizesdrape.

Fig.4.2.6 Scanning electron micrographs of (G&eTh »5)(Ti1 578507 at
different sintering temperatures.

Here the 1300°C/9h sintered tantalate gives moreysobehaviour in
comparison with the niobate. The compound sinterted350°C/9h displays
well grown grains with defined grain boundaries.eTh400°C/9h sintered
composition contains sharp edged grains with ansgeesize of 546m.
4.2.3.3 Electrical conductivity

The electrical conductivity data of the above commis reveals that

they are semiconducting in nature. Fig. 4.2.7 agd 42.8 show the electrical
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conductivity (loge) as a function of absolute temperature (10R0rhe nature
of variation obeys the Arrehnius equatior o (exp(-Ea/KgT) whereEa is the
activation energy, Kis the Boltzmann constari is the absolute temperature
anday is the pre-exponential factor. The activation gre= of conduction are
calculated from the slopes of the plots in the terapre range of 360 to
600°C and are listed in Table 4.2.1.

The electrical conductivity exhibits a strong depemcy on
microstructure in particularly the morphology otthrains. The conductivity
data in the present work indicate an obvious sergitof the electrical
conducting properties to sintering temperature forboth
(Cay7LCeTih2g)(Ti1sMp5)O; and (CaCe 75Tig 25)(Ti1 2907507 ceramics. This
phenomenon can be qualitatively interpreted wiipeet to the microstructural
evolution with sintering temperature. The enhancgmef electrical
conducting properties with sintering temperatui@fr1300°C to 1350°C is
reasonably ascribed to the densification developmeh the ceramic
[Hernandez T and Martin R007]. At higher sintering temperatures, the
facilitated grain growth resulted in non uniformagr morphologies in certain
compositions. This resulted in a complicated effattthe microstructure and

consequently electrical conductivity.
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Fig. 4.2.7 Variation of log conductivity §) vs. reciprocal of temperature
for () (CaCeg7sTio.25)(Ti1.28Nbo.759)O7 (b) (CaCe75Tip.25)(Ti1.25T 80,75 O
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The variation of electrical conductivity as a funat of 1000/T for (a)
CaCe 75Tio 29 (Tiz2Nbg 7907 and (b) (CaCeg7sTio29(Ti125T@0 7507 is shown
in Fig.4.2.7. In (CaGgsligos)(Ti1aslag7550; composition the increase of
sintering temperature promoted grain growth andesicuctural densification
consequently the electrical conductivity increagesthe same manner. In
(CaCeq 75Tig.05)(Ti1Nby 7507, the grain growth increases with increase in
temperature and at 1350°C/9h sintering results idease microstructure
having uniform grain morphology. On further increas sintering temperature
gives rise to very large grains and the grain slzews a large variation from
10um to 10Qum. The grains are arranged in such a manner thabithgrains
are surrounded by small grains. Even though vegelgrains are been formed
with 1400°C/9h sintering there is no increase indiativity as observed from
that of 1350°C/9h sintered composition. Hence wa canclude that the
microstructure having well grown grains with uniforsize and shape

possessing good grain-grain interface favours dmelaction of electrons.

126



(Cag 75CeTig 5)(Tig sNbg 5)O7
24
= —e—1300°C/9h.
O -34 —=— 1350°C/9h.
5’-;/ 1400°C/9h.
24
>
g
S -5 4
©
[
o
(]
61
|
74
———r ——— —r
1.0 1.5 2.0 25 3.0 3.5
1000/TK )
(@)
-2 - -
(Cag 75CeTig 25)(Tig 5Tag5)07
5. —e— 1300°C/9h

—a— 1350°C/9h
1400°C/9h

I
1

L og conductivity o (S/cm)
> ¢t

1
~
(]

1.0 1.5 ) 2?0 ) 2.5 3.0 ) 3.5
1000/T (K™

(b)

Fig. 4.2.8 Variation of log conductivity §) vs. reciprocal of temperature
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Fig. 4.2.8 shows the variation of electrical cortdity as a function of
1000/T for (a) (CazsCeTio.25)(Ti1.sNbg 5)Ozand(b)(Ca 75CeTio 25)(Ti1.5T0.5) Oy
Here 1350°C/9h sintering yields in maximum condutti This can be
explained as follows: The increase of sintering gerature promoted grain
growth and microstructural densification. The 130&h sintered composition
exhibits a little porosity, which in turn affecteheasy flow of electrons and
hence reducing the conductivity. While the 1400tC#&ntered composition
contains sharp edged grains with much differené sind shape with less
connectivity among grains. The grain size and meicilahconnection between
grains are expected to play an important role endlectronic conduction. It is
known that the resistivity is mostly influenced blye presence of grain
boundary which acts as region of enhanced scajteion the conduction
electrons [Lei L.Wet al 2006]. In effect a reduction in conductivity issatved
for the 1400°C/9h sintered microstructure. The 2839h sintering is found to
be the optimum sintering temperature for these a@mipns. The
microstructure shows well grown grains with welfided grain-grain interface
allowing a highly conductive path for the electrélow. It benefits the
conduction of electric charge carriers and is thmesponsible for the

improvement of the conductivity.
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Therefore, a close relation between the microatrectind electrical
conducting properties can be suggested. One carludanthat it is crucial to
adequately control the sintering temperature ofmeger in order to achieve
desired microstructure and optimum electrical catidg properties. In terms
of the electrical conducting properties, sinteratgl350°C/9h is optimum for
(Ca.75CeTip25)(TipsMo.5)O7 and (CaCegrsTip25)(Ti129Mo.7590;7 (Where M = Nb
or Ta) ceramic, producing a generally uniform mstrocture.
4.2.3.4NTC thermistor parameters

The main electrical characteristic of NTC thermistis their thermistor
constant or sensitivity indeg{value) and temperature coefficient of resistance
(a). The thermistor constantf{alue) is calculated using the following

equation:

_| T | [ R
ﬂ—{ﬁ}ln(&j (4.2.1)

whereRy is the resistance at temperatiliteRy is the resistance at temperature

Ty known, and3 is a thermistor characteristic parameter.
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Compound Sinteri Rela Sensitivitya
ng tive

Tempe Den (E) 300°C 600°C
rature( sity K K
OC)

1300 85 7732 -0.0235 -0.010150

_ , 1350 92 7767 -0.0311 -0.007764
(CaCersTio2s)(Tii2NBo 7907 1400 93 7136 -0.0217 -0.009363

1300 75 7229 -0.0220 -0.009485

o 1350 91 7507 -0.0229 -0.009851
(CaCersTiozd(ThasT790r 1400 96 7703 -0.0235  -0.010102

1300 88 6503 -0.0198 -0.008533

o 1350 91 6546 -0.0199 -0.008509
(Ca7:CeTo29(TiisNDog)O7 1400 92 6105 -0.0186 -0.008010

1300 77 6009 -0.0183 -0.007884

o 1350 90 6376 -0.0194 -0.008366
(Ca7CeTo2d(TlisTosOr 1400 96 6271 -0.0191  -0.008228

Table 4.2.1 3 Constant, Density and for (Ca 7:CeTi25)(Ti1sMg5O; and
(CaCeq.75Tig.25)(Ti1 29Vl 7507 (Where M=Nb or Ta)

The thermistor sensitivity is defined by the tengpere coefficient of
resistancea, which can be expressed as a function of fhparameter, in

according to following equation:
a =} Jd(Ry/dT]= - (4.2.2)

The a and3 parameters were calculated by the above equatidhg.
results obtained for various compositions develogedsummarized in Table

4.2.1. The values are calculated in the temperaturge from 300 to 600°C
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and depicted in Table 4.2.1. TRevalue of the different compositions lie in the
range of 5000-7000K.
4.4 Conclusions

The microstructure and electrical conducting proesr of
(CaCe.75Tig29) (Tiz20M0.7507, (Cay.75CeTih25)(Ti1sMo5)O7 (Where M = Nb or
Ta) ceramics have been investigated in the sirgetémperature range of
1300-1400°C. It has been determined that the nircisire evolution is
responsible for the variation in the electrical docting properties with
sintering temperature. It is important to adequatebntrol the sintering
temperature to obtain desired microstructure andimomn electrical
conducting properties. The preferred sintering terajure of these compounds
was determined to be 1350°C/9h with regard to tleetecal conducting
properties. Compositions sintered at 1350°C/9h gmeegenerally uniform

microstructure.
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CHAPTER S

ENHANCEMENT OF NTC THERMISTOR CHARACTERISTICSBY
RARE EARTH (Gd, Sm AND Y) DOPING IN (Cao75C€Tio25)(Ti1sT 805)O7
PYROCHLORE



5.1 Introduction

Along with the advances in modern technology, deintor precise
temperature measurement and control has been secte@eramic thermistors
(thermally sensitive resistors) show promising ptige for such applications.
Thermistor materials find a variety of applicatiswgh as temperature sensors
[Scarr R.W.A and Setterington R.A 1960] and infdanadiation detector
sensors [Astheimer W and Wormser E.M 1959]. NT@ugcs generally made
up of transition metal oxides which have specifivantages such as simpler
and cost effective process, scope for tailorabilify electrical properties
namely electrical resistivityp) and temperature coefficient of resistance
(TCR) and easy adaptability to current day thimfiprocessing techniques
[Ayer Jr. W.J and Rose K. 1973]. As a result thayehbeen attracting the
attention of various investigators. Usually the laggions of thermistors are
limited to temperatures below 300°C due to thestability and changing
electrical characteristics [Feltz A 2000]. Therefothere is a need for the
development of new materials which have good etadtrcharacteristics at
high temperatures. The present chapter deals widh dynthesis and
characterization of rare earth doped semiconductyegamic oxides in
(Cay7Ce RETip25)(Ti1sTa5)0; (RE = Gd, Sm, Yx = 0, 0.25, 0.5, 0.75)

system partial substitutions of rare earths Gd, & Y as an additional
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variation is expected to extend the possibilities felecting suitable
compositions with desired values of the electripedperties. Further it is
expected that the rare earth substitution may ingtbe thermistor parameters
of (Ca7CeTihos)(Ti1sTays)O; for its application as a high temperature
thermistor. Therefore, variations of the Gd, Sm ¥nzbncentration are carried
out in the limits 0<x<1.
5.2 Experimental

The compounds in (GaCe \RETig25)(Ti1sTays)O; (RE = Gd, Sm, Y;
x =0, 0.25, 0.5, 0.75) system were prepared by spéite route. High-purity
CaCQ, CeQ, TiO,, Nb,Os, Sm0O; Gd0; and Y,0O; powders were used
(99.9%, Acros Organics, Geel, Belgium). In orderstudy the effect of
composition and microstructure on the electricabpprties of Cg;Ce.
«RETi175Ta9s07 (RE = Gd, Sm, Yx=0, 0.25, 0.5, 0.75) NTC thermistors,
various samples with different compositions werebrifmated. The
stoichiometric amount of the precursor oxides weetghed and thoroughly
wet mixed in agate mortar with acetone as the mgtthedium and dried by
keeping in a hot air oven at 1 The mixed product was calcined at 1%D0
for 3h in air. The calcination was repeated twiaghvintermittent grinding.
The calcined powder was then mixed with 4 wt% diypayl alcohol (PVA;

hydrolysis level 85-88%) solution. PVA acts as ader and provides
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mechanical strength to the pressed samples. Thelggowas pelletized into
cylindrical pellets with a diameter of 10 mm andckimess around 1-2 mm
using a hydraulic press by applying a pressure 5 RIPa. The green
compacts were heated at 680 for 1h to burn off the PVA and were then
sintered at 135 for 9 h in air. The phase purity of the sintesashples was
characterized using a Phillips X'Pert-Pro diffrauteter (Eindhoven, The
Netherlands), under the following conditions: Nidred Cu-ku radiation, tube
power 40kV, 30mA receiving slit 0.2mm, and a grégmhonochromator. The
powder patterns were recorded at room temperatutieei angular range from
26 = 10 to 90. The microstructure of the samples was observedatished
surfaces using JEOL (JSM 5600) scanning electramascope. For electrical
measurements the pellets were painted on both widlesilver paste and were
then cured for 30 min at 68D and electroded with silver wires. Impedance
measurements of the pellets were carried out; fRBImto 800 °C in the
frequency range 10 Hz to 1 MHz using a computertroied impedance
analyzer (Solartron, Sl 1260). The dc conductiwith respect to temperature
was measured using a high resolution digital mdten (Philips, PM 2525
multimeter). The conductivity was measured in agerature range of 3G to

80C°C in steps of &
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5.3. Reaults and discussion

5.3.1 X-ray diffraction analysis

| s g N S5
M - - I S 5
vx075 g| 78 2] |3 8 €3
Sm, x=0.75 1 I I
Gd, x=0.75
>
D
E = a o 'Y o
E Sm, x=0.5 1 4 J [ ‘ L
= |Gd, x=0.5
= | \ L. .
8‘2 Y, x=0.25 i l 1 . X L
Sm, x=0.25
lcd. x=0.25 l . | A
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Figp 51 Powder X-ray diffraction patterns of (£aCe.
«RETi0.05)(Ti1sTay5)0; (RE =Gd, Sm, Y; x=0, 0.25, 0.5, 0.75).

The room temperature XRD patterns of the samplasrsid at 135
are shown in Fig 5.1. The nature of XRD patternpeaps to confirm the

formation of single-phase with cubic crystal stuwetof the compounds.
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All the reflection peaks were indexed with cubiaguhlore structure
having FI3m the space group. The reflections are typical af ttubic
pyrochlore type structure, which is characterizgdtlie presence of typical
super-lattice peaks ab2~ 14° (111), 28° (311), 37° (331) and 45° (511)eT
sharp and intense peaks of the patterns indicatectystalline nature of the
samples.

5.3.2 Scanning electron microscopic studies
The SEM micrographs recorded from thermally etchadface

(1325°C/30 min) of the sintered pellets are shawhigs. 5.2, 5.3, 5.4.

Fig. 5.2 Typical scanning electron micrographs of

(C&)75CG_|_.XGdXT|o25)(T|15T305)O7 (X = 025, 05, 075)
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Fig. 5.3 Typical scanning electron micrographs of
(Cay.75CexSMTig25)(TipsTan 507 (x=0.25, 0.5, 0.75).

Fig. 5.4 Typical scanning electron micrographs of
(Cay7CeYTig25)(TipsTay5)0; (x = 0.25, 0.5, 0.75).
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All the compounds show well-sintered and well grogvains in the 1-5
um size range with almost the same morphological eapmce. The
microstructure of all the sintered compounds reveetll-grown grains with
less porosity. The density is observed to be inrémge of 94-97%. The grain
size is found to be decreasing with increase ia earth concentration.

5.3.3 Impedance spectral measurements

Complex impedance spectroscopy (CIS) [Macdonald 1BR7] is a
technique that enables us to separate the reahsmginary component of the
complex electrical parameters so as to get the puwture of material
properties. It is used to characterize electriqalpprties of some electronic
and/or ionic materials. The technique is basedratyaing the ac response of
a system to a sinusoidal perturbation and subségofemmpedance as a
function of frequency of perturbation. The frequgedependent properties of a

material can be obtained from complex impedance),(&tectric modulus
(M*), complex dielectric constante() and tangent loss (tad), which are
related to each other. The impedance measuremenésoarried out for all the
samples in the frequency range of 10 Hz to 1 MHd enthe temperature

range of 30 to 800°C. The impedance spectra of o4Ca.

«RETi0.25)(Ti1sTays)O7 (X = 0.25, 0.5) are only discussed since xhe 0.75
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concentration exhibit very high resistance whicthéyond the scope of the
instrument for measurement in the temperature rahge to 400 °C.

The variation of Z' with log frequency at differetemperatures of
(Cay75CeRETig,5)(Tiy5Ta95)07 (RE = Gd, Sm, Yx = 0.25, 0.5) is shown in
Fig. 5.5. These figures demonstrate that the vafug' is larger in the low
frequency range and gets a monotonous decreaseisdtim frequency. It may
be due to the effect of polarization in the sampleterestingly, the magnitude
of Z' is found to decrease with the rise in tempee(as shown in Fig. 5.5)
which suggests the typical negative temperaturefficemnt of resistance
(NTCR) type behavior of the material, usually obserin semiconductors. In
the high frequency range, all the curves merge \&rg low value so that Z'
appears to become independent of both the frequandytemperature. It
indicates a possible release of space charge [&iskinJet al1988; Srinivas K
et al 2003; Rangaraju M.Rt al 2004]. The resistance is strongly affected by
the variation of temperature (Fig. 5.5). The ineean frequency also
decreases the resistance magnitude significantig. rBsistance magnitudes

coincide above a certain frequency irrespectivineftemperature variation.
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Fig. 5.7 Impedance curves of log ac conductivity as a fionctof log

frequency at various temperatures for{¢@e, RETig 5 (Ti1 5T 50, (RE =

Gd, Sm, Y; x=0.25, 0.5).
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Fig. 5.6 shows the variation of imaginary part wipedance with log
frequency from 30 to 86GC. The Z" value deceases with increase in
temperature and it reaches a maximum value atteyar frequency for every
temperature indicating a relaxation mechanism & ¢bmpound. This peak
value shifts from low frequency region to high fuegcy region with increase
of temperature. Peak broadening is also seen snntlaiterial confirming the
presence of space charges with increase of tenuperafnd due to the
accumulation of space charg@s$, magnitude merges to a single value at high
frequency region.

The effect of temperature and frequency on theaaactivity of the
sample is given in Fig. 5.7. It can be observed the frequency dependence
of conductivity shows two distinct regions, withihe measured frequency
range 10 Hz-1MHz, they are (a) the low frequen@atgau region and (b) high
frequency dispersion region. The low frequencygaatregion corresponds to
the frequency independent conductivity,. The plateau region of
conductivity increases with increase in temperaamd the value of plateau
region conductivity also increase with temperatéehigh temperatures and
low frequencies, this contribution is nearly freqog independent and thus can
be assumed to reflect the dc conductivity. Thisetypf conductivity is

attributed to the long range transport of mobilecebns in response to the
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temperature and field. At very high frequencies, ¢bnductivity is found to be
linearly dependent on frequency due to hoppingspart of localized charge
carriers [Elliott S.R 1987]. The ac conductivity ofost of the materials is
explained by the Jonscher’'s power law equation 4doer A.K 1977]. The
detailed discussion is given in chapter 3(Secti@w3J.

It is interesting to see that the ac conductivitysirongly dependent on
Ce content of (GaCe RETIig25)(Ti15Ta50; (Where x=0, 0.25, 0.5, 0.75).
The value of ac conductivity at each temperaturereseses drastically with
decrease in Ce content in (Gé&Ce, yRETig25)(Ti15Ta89505.
5.3.4 Electrical conductivity and NTC thermistor parameters

The authors have already reported pyrochlore stredtsemiconducting
compounds in Ca-Ce-Ti-Ta/Nb-O system [Deepa @l al 2009]. The
semiconductivity may be due to the variable valewnfycerium. Here the
structure will be stable only if Cerium remainstire Cé&" state in order to
satisfy the oxygen stoichiometry of the compourstaad of its stable valency
as Cé&". The excess oxygen coming from Ge@ill be released to the
atmosphere leaving behind an electron in the &atiod this electron will be
responsible for the semiconductivity of the compmun

The electrical conductivity data of the above coomms reveals that

they are semiconducting in nature. Fig. 5.8 shdvesdlectrical conductivity
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(log 0) as a function of absolute temperature (10p@&mperature. The nature
of variation obeys the Arrehnius equatior coexp (-Ea/KgT) whereEais the
activation energy, KBoltzmann constant, is the absolute temperature and
is the pre-exponential factor. A decrease in cotiditic is observed as cerium
is substituted by other rare earths. This decrgasenductivity may be due to

the reduction in the number of conduction electroorgtributed by cerium.
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Fig.5.8 Variation of log conductivity §) vs. reciprocal of temperature for
(Ca.75Ce «RETig 25 (Ti1sT a9 5)0; (RE=Gd, Sm, Y; x=0, 0.25, 0.5, 0.75)
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The relation between resistance and temperature afonegative
temperature coefficient thermistor is expressedtiy following equation

[Nobre M. A. L and Lanfreds 2002]

RRy exp{ﬁ(T}I‘_; L ﬂ (5.3)

whereRy is the resistance at temperatiiteRy is the resistance at temperature
Ty known, and is a thermistor characteristic parameter. Revgitand

rearranging the terms of equation (58%an be derived as follows:

s -

The thermistor sensitivity is defined by the tengpere coefficient of
resistancea, which can be expressed as a function of ghparameter, in

according to following equation:
a=(3JdRydT]= 2 (5.5)

Considering Arrhenius plot Fig. 58andf3 parameters were calculated
by the above equations. The values are calculatégd temperature ranges ie
from 300°C to 600°C and 400°C to 800°C and the da¢ given in Table 5.1
and Table 5.2 respectively. The activation energaésconduction are

calculated from the slopes of the plots in the terafure range of 4600 to
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Se

nsitivity

Composition Thermistor constant 1
B (K) 2l
300°C 600°C
(K% (K™Y
x=0 6376 -0.0194 -0.00837
Gd 0.25 6663 -0.0203 -0.00874
Sm 0.25 6776 -0.0206 -0.00889
Y0.25 7307 -0.0222 -0.00958
Gd 0.5 7432 -0.0226 -0.00980
Sm 0.t 773¢ -0.023¢ -0.0102(
Y0.5 7836 -0.0239 -0.01028
Gd 0.7¢ 926¢ -0.028: -0.0122(
Sm0.75 9493 -0.0289 -0.01250
Y0.75 10300 -0.0314 -0.01351

Table5.13 Constant and sensitivity for (Ca 74CeRETig25)(Ti1 518507
(RE = Gd, Sm, Y; x=0, 0.25, 0.5, 0.75) in the terapare range of 300°C to

600°C.
Sensitivity Aging Activatio
Composition Thermistor (e constant n Energy
constant at 400°C  at 800°C at (eV)
B(K) (K% (KYH  500°C
(%)
x=0 6905 -0.0152 -0.0059 2.05 0.59
Gd 0.25 6918 -0.0153 -0.0060  0.33 0.60
Sm 0.25 7221 -0.0159 -0.0063  1.76 0.67
Y0.25 7523 -0.0166 -0.0065 1.76 0.69
Gd 0.t 8252 -0.019¢ -0.0077 2.9 0.6t
SmO0.5 8411 -0.0186 -0.0073 2.65 0.72
Y 0.5 8635 -0.0191 -0.0075  1.73 0.74
Gd 0.75 10580 -0.0234 -0.0092  2.12 0.90
SmO0.75 10914 -0.0241 -0.0095  2.855 0.93
Y 0.75 11123 -0.0246 -0.0097 1.72 0.97
Table5.2 B Constant, a and Activation energy for (Gae.

«RETi029)(Ti15Tap5)07; (RE =

temperature range of 400°C to 800°C.
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80C0°C and are listed in Table 5.Zhe aging tests at 500°C reveal that the
variation of the aging coefficienAR/R) is 1-3% for the time period of 500 h.
In accordance with expectation, fBeralues are found to be increasing
with the decrease in cerium concentration startiogh x = 0 tox = 0.75 this
indicates that the conductivity of these compountsnly depends on the
concentration of cerium in the composition. In &ddi to the reduction in
conduction electrons arising from cerium with irage in the rare earth
substitution, the increase of resistivity of therthistors could be due to an
increase in the grain boundary area as observdeimicrostructure. This can
be explained as follows: The grain boundaries actacattering center of
charge carriers. As a consequence, the relatigaidrecy of electron scattering
increases, and their mobility decreases, resulimgan increase in the
resistivity [Park K 2005]. The variation ¢ value with the concentration of
different rare earths has been given in Fig.5.9fudher investigation one can
see that Y substitution yields a high valuefofonstant followed by Sm and
then Gd. This may be due to the contribution o€tetens by the rare earth for
conduction. Gd has more number of valegce than Sm and then Y. The
Baooisoo-c Value of the different compositions lies in thegarof 6000-12000K.
The results indicate that the thermistor charasties can be tuned to the

desired value by changing the cerium concentraitiothe compound. It is
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observed that these values are in the desirablgeraf high temperature

thermistors [Feteira A 2009].

The dependence d¥;oe00°c CONstant of the samples on different rare
earth concentration is shown in Fig. 5.9. Drastiation in[3 constant is
observed with change in Ce concentration. Hencecare conclude that by
varying the Ce content in the composition fheonstant can easily be tuned.

Further fine tuning of3 constant will be possible with small amount oferar

earth addition (Gd, Sm or Y).
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Fig. 5.9 Variation ofBsqe00°c CONstant with different rare earth concentration
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5.3.5. Conclusions

An enhancement of thermistor parameters of
Cay7:CeTlh25)(Ti15Tags)O; ceramic is observed with rare earth doping. The
thermistor constant obtained are in the desirafge of a high temperature
thermistor. It has been observed that the ceriantentration play a major
role in controlling these properties. Hence it Heen concluded that the
electrical properties can be tuned with varying ¢kaum concentration in the
compounds. Further the fine tuning of NTC thernmrigtarameters can be tuned

with small amount of other rare earth doping.
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CHAPTER 6

SYNTHESIS AND CHARACTERISATION OF NEW POWELLITE
TYPE SEMICONDUCTING OXIDES IN
Ca-Ce—Nb-M-0O (M=Mo orW) SYSTEM



6.1 Introduction

Complex oxides have supplied numerous materialatefest to solid-
state chemists, condensed matter physicists, artdriala scientists. They
exhibit interesting transport properties such geestonductivity [Meng Q Et
al 1998], metallic conductivity [Tejada-Rosales E Mt al 2002],
semiconductivity [Deepa Met al 2009], magnetism etc. Semiconducting
oxides are a very important group of materialsirtapplications span through
photocatalysts [Zhou L 2006], NTC thermistors [Pakk 2005], gas sensors
[Ding H et al 2005] etc. Semiconducting oxides have been regonti¢h
different crystal structures such as perovskiterogylore, spinel etc.
Semiconducting ceramics are commonly polycrystallspinels (MMpO,
where M = Ni, Fe, Co, Cu, Zn) with a combination aztions of transition
metals, are the known materials for negative teatpee coefficient of
resistance (NTC) thermistors [Sarrion M.L.M and Bles M 1995]. NTC
thermistors are widely used in automotive, houspliapces, aerospace as
elements for suppression of in-rush current, fonderature measurements,
control etc [Feteira A 2009]. However, the apploatof these materials is
limited to temperatures below 300 °C due to thaestability and changing

electrical characteristic [de Gyorgyfalva G and isal.M 2001]. Therefore,
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there is a need for the development of new masenahich have good
electrical characteristics at high temperatures.

Tungstates and molybdates having powellite or ditbestructure are
found to be very interesting due to their strudtuedectronic, and catalytic
properties. Because of their exceptional propertibsy are found to have
potential applications in various fields, such &stpluminescence, hosts for
lanthanide activated lasers etc. This versatilectire allows a variety of A
and B cations with 1+, 2+, 3+, 4+ valency and 5# v@lency respectively to
be accommodated [Hazen R&lal 1985]. The only condition is that the A
and B cations should be capable of eight fold atdahedral coordination
respectively. Many of the electrical propertieshsd tungstates and molybdates
have been reported as semiconductor to metal iamfshi F.N et al 1995]
low TCK dielectrics etc [Nair K Rt al 2008].

The present study deals with the synthesis andactaization of novel
powellite structured semiconducting ceramic oxigie€a-Ce-Nb-M-O system
(M=Mo or W). Earlier studies on CaLnNbM@Q@where Ln = La, Sm ...) show
good dielectric properties [Nair K.& al 2008], but when other rare earths is
replaced by cerium, the compound becomes grayastkladnd semiconducting.
The semiconducting nature of the compound is prighdibe to conversion of

Ce" to Cé" in the lattice to reduce the number of oxygen atdenmaintain
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the oxygen stoichiometry (4:8) in the powellite @ygtructure. In this study, a
new series of powellite type semiconducting ceramiicles in a Ca — Ce —
Nb— M — O (M = Mo or W) system were prepared irfatiént stoichiometric
compositions to investigate the effect of Ce conten the structure,
microstructure and semiconductivity.
6.2 Experimental

The polycrystalline samples of Ca-Ce-Nb-M-O (whkte= Mo or W)
were synthesized through conventional solid stadater Stoichiometric
amounts of CaCg¢) CeQ, Nb,Os, MoO; and WQ were taken as the starting
reagents (Acros 99.9% purity). In sequence themeexvere rigorously mixed
using an agate mortar with acetone as the mixindiume so as to form a
homogeneous mixture. Crystalline powders were grexp by calcinations of
precursor powders in a furnace at 1ADBh with a heating rate of 5°C/min.
The calcination was repeated twice with intermittgrinding. The calcined
powder was then made into pellets with 10 mm diameabd 2 mm thickness
by isostatic pressing at a pressure of 250 MPat% wf polyvinyl alcohol
(PVA,; hydrolysis level 85-88%) solution was addedéduce the brittleness of
the pellets. The green density of the compactelétpak observed to be in the
range of 40-45%. The pellets were preheated at°’60@® remove PVA and

were sintered at 1260 for 9 h.
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The crystal structure of the samples was identibgdpowder X-ray
diffraction analysis with Ni filtered Cui radiation using a Phillips X'pert
diffractometer. The microstructure of the samples wecorded by a scanning
electron microscope of JEOL JSM 5600 on the thdynethed pellets. The
XPS analysis was performed on the pellets in aahitjh vacuum using a PHI
Versa probe scanning XPS microprobe with monochtiem&ray source of
Al Ka (hv=1486.6 eV). Impedance measurements of the pellete carried
out from 30 to 600° C in the frequency range 10 tBlzl MHz using a
computer controlled impedance analyzer (Solartrh,1260).In order to
measure the electrical conductivity the pellets eveoated with a high
temperature silver paste and cured at 8DGor 30 minutes and silver wires
were attached to the electroded surfaces. The ctimity was measured in a
temperature range of 45 to 600 using a high resolution digital multimeter
(Philips, PM 2525 multimeter). The readings wereorded with a slow
heating after equilibrating the pellet for 2 minesich measuring temperature.
The aging coefficient was measured by the relatiRéR of the thermistor held

at 500C in air for different periods of time up to 200h.
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6.3 Results and discussion

6.3.1 Powder X-ray diffraction studies

Fig.6.1 shows the powder X-ray diffraction patteofishe sintered compounds
for the compositions: G&eNbM,O,,, CaCeNbMQ (where M = Mo or W)
and CaCé\Nb,MoO;,. The patterns are similar to the earlier repo@edRE-
Nb-M-O (where RE = La,Y,Gd.. and M=Mo or W) belongito the space

groupl4,/a (No.88) [Nair K.Ret al 2008].
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Fig. 6.1 Powder X-ray diffraction patterns for various stoametries in Ca-

Ce-Nb-M-0O system (where M=Mo or W).
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All the reflections were assigned to the powellgéructure in
accordance with the American Mineralogist Crystdtu&ure data base
[http://rruff.geo.arizona.edu/AMS/xtal_data/DIF  16§82045.txt]. These
compounds can be considered as solid solutionténsystenx (CaMQy)—
(1-x)(CeNbQ) (0<x<1) where CaM@has a powellite type structure [Achary
S.N et al 2006] and CeNb®has a fergusonite related structure [Brixner L.H
and Blasse G 1990]. The prominent peaks corresporitil2), (004), (200),
(204), (220), (116) and (312) lattice planes [N&iR et al 2008]. The sharp
and intense peaks of the patterns indicate theadliye nature of the samples.
It is also observed that the intensity of the paakdifferent in molybdate and
tungstates. It is to be mentioned here that thengity of (101) reflection is
very strong in the scheelite type of Ca\Wfattern whereas in the case of
powellite type CaMo@ pattern it is relatively weak. Based on these
observations, we indexed the present compoundshé¢o powellite type
structure. The lattice paramet@randc are given in Table 6.1.

6.3.2 Raman Spectroscopic analysis

Raman spectroscopy is a subtle tool capable toigeahe short range
structural differences since it is primarily seivgtto oxygen-cation vibrations.
The compound crystallizes at ambient conditiongawellite structure that has

the space groupd; /a (C%,) with four formula units per body-centered unit
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cell. The cations are at,ites whereas the sixteen oxygen atoms are on
generalC; sites, group theoretical considerations lead usxfgect 13 Raman
active modes [Porto S.P.S dadcbtt J.F 1967].

[ = 3A4+5B4+5E, (6.1)

In the present study the Raman spectra were tak#nfbr tungstates
and molybdates. On the basis of the availablealitee different modes of the
Raman spectra (Fig. 6.2) were indexed. Three eaftenodes T (B), T (E), R
(Ay) are found both for molybdates and tungstate®«t1®, 141, 204-214 cm
'and 84, 112-116, 212-215¢mespectively. The internal modes, B, E;, B,
and A, has been detected at 316-322, 390-402, 794-80B&8477 cm' for
molybdates and 4 By, By and A are found at 326-328, 401, 809-815 & 909

cmi* for tungstates.
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Fig. 6.2 Raman spectra for various stoichiometries in (a)G&aNb-M-O

system (where M = Mo or W).

The spectra provide an evidence of the powelliteictire for all the

compounds. The mode observed around 465 usually IR active mode

and only visible in Raman due to some stretchinglesoarises from another

cation oxygen bonds [Frost R.& al 2007]. The Raman spectra analysis

unequivocally says that all these compounds betorige powellite structure.
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6.3.3 Scanning electron microscopy and microstructe
Fig. 6.3 shows the SEM micrographs of the polistiedmally etched
samples. Both the oxides show well sintered and grelvn grains in 1-5um

size range with almost same morphological appearanc

Fig. 6.3 Typical micrographs of (a) G&eNbMag0O,, (b) CaCeNbMo@
(c) CaCegNb,M00;, (d) CaCeNbW,O,,and (e) CaCeNbWg

6.3.4 X-ray photoelectron spectroscopy
Fig. 6.4 shows the Ce 3d XP spectra and the cuttrggfexample of Ce

3d XPS peaks recorded for CaCeNby¥VThe XPS Ce 3gb and 3d,, doublets
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are commonly denoted hyandv and extend in the energy range of 880-920
eV [Mullins D.R et al1998]. The peaks labelad are due to 3g spin orbit
states and those labeledre the corresponding ssspin-orbit states. The/\vV

doublet is due to the photoemission from the Qg ¢Htions.
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Fig. 6.4 Ce 3d XP spectra and the curve fitting exampl€®f3d XPS peaks
for CaCeNbWQ.
The Ce 3d spectrum of CaCeNbW®@ontains only the completely

reduced Cé&" cation. The another doublet observed in the spects labeled
asu, andy, [Francisco M.S.Rt al 2001].These peaks are a shakedown feature
resulting from the transfer of one electron frorfillad O 2p orbital to a Ce 4f
orbital during photoemission from Eecations. The presence afv, andu'/v'
doublet peaks in the spectra indicates the presehneiuced cerium i.e. €e

in CaCeNbWQ.
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6.3.5 Impedance spectroscopic analysis

Impedance spectroscopy is used to study the elacproperties of all
the compounds. Polycrystalline materials have taé frequency-dependent
effects associated with heterogeneities. The frecueependent properties of
materials can be described via the complex permitti(€*), complex
impedance (Z*) and dielectric loss or dissipatiantbér (tand) [Ashok Kumar
et al 2006].

The frequency dependence of real component of iepes Z' is
plotted for different temperatures for various casifons in Ca-Ce-Nb-M-O
(where M=Mo or W) in Fig. 6.5. Typical curves areserved in figures. The
temperature affects strongly the magnitude of tasee. At lower
temperatures, Z' decreases monotonically with asirgy frequency up to a
certain frequency and then becomes frequency imdispe. At higher
temperatures, Z' is almost constant. The higheueglof Z' at lower

frequencies and low temperatures means the pdianza larger.
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Fig. 6.5 Impedance curves of real (Z') component as a foncof log
frequency at various temperatures for various caitipas in Ca-Ce-Nb-M-O

system (where M = Mo or W).
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Fig. 6.6 Impedance curves of imaginary (Z") component &snation of log
frequency at various temperatures for various caitipas in Ca-Ce-Nb-M-O

(where M = Mo or W) system.
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The frequency dependence of imaginary componemmhpédance Z" is
plotted for different temperatures in Fig. 6.6. Magiation of imaginary part of
impedance with frequency at different temperatpresides information about
the relaxation frequency of the resistive compon&he peak shifts towards
higher frequency with increasing temperature shguirat the resistance of the
bulk material is decreasing. Also the magnitude Zf decreases with
increasing frequency. This indicates the spreadire relaxation times. This
would imply that the relaxation is temperature defsnt, and there is
apparently not a single relaxation time. Therebgxaion processes involved
with their own discrete relaxation times dependimgthe temperature. As the
temperature is increased, in addition to the exguedecrease in magnitude of
Z", there is a shift in the peak frequencies talsahe high frequency side.
Also it is evident that with increasing temperatuhere is a broadening of the
peaks and at higher temperatures, the curves apjpeast flat. This behaviour
is apparently due to the presence of space chardgles material.

The effect of temperature and frequency on theamduactivity of the
sample is given in Fig. 6.7. It can be observed tha frequency dependence
of conductivity shows two distinct regions, withihe measured frequency
range 10 Hz-1MHz, they are (a) the low frequen@tgadu region and (b) high

frequency dispersion region. The low frequencygaatregion corresponds to
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the frequency independent conductivityy.. The plateau region of
conductivity increases with increase in temperaamd the value of plateau
region conductivity also increase with temperatéehigh temperatures and
low frequencies, this contribution is nearly freqog independent and thus can
be assumed to reflect the dc conductivity. Thisetypf conductivity is
attributed to the long range transport of mobilecabns in response to the
temperature and field. At very high frequencies, ¢bnductivity is found to be
linearly dependent on frequency due to hoppingspart of localized charge
carriers [Elliott S.R 1987]. The ac conductivity ofost of the materials is
explained by the Jonscher’s power law equationgdioer A.K 1977].

o(W) =04+ A" (6.2)
whereo(w) is the frequency dependent conductivity at freqyen, gy is the
dc term associated to the mobile charge, A is quacy independent and
temperature-dependent parameter and n is the sbtbpkigh frequency
dispersion data (n assumes a value between 0 atidislyery clear from Fig.
6.7 that the conductivity behavior exhibited by tteenpound does not fit this
simple equation. As mentioned in the earlier tévere is a visible change in
the slopes as we go from lower frequency regiorth® higher frequency
region. Hence in this system two slopes can be nrame in the low plateau

region and other in the dispersion region.
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Therefore the frequency dependent ac conductoaty be characterized using

the two term power relation

o(w) =0, + A" + A" (6.3)
Again A; and A are frequency independent and temperature dependent
constants. The slopeg and B will be, n, can be 8 ;< 1 and n can be 8 n<

2. The termog corresponding to the translational hopping giveslong range

electrical transport (i.e dc conductivity) in theny time. The second term,
A" characterizes the low frequency region and cormgpoto the

translational hopping motion (short range hoppinvgereas the one at high

frequencies A,™ corresponds to a localized or reorientational frappr
hopping of electron back and forth between two gedrdefects [Funke
K1993]. The conduction mechanism can be explaisediscussed in chapter 3
(section 3.3.4).
6.3.6 Electrical conductivity and NTC thermistor paameters

It has been already reported that powellite stmectlcompounds in Ca-
RE-Nb-Mo-O (RE=Y, La, Nd, Sm or Bi) which are cd&ss and insulators
[Nair K.R et al 2008]. But when the rare-earth used is cerium the compound
has become grayish-black and semiconducting. Thisle due to the variable

valency of cerium.
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Here the structure will be stable only if ceriunmeens in the C¥ state in

order to satisfy the oxygen stoichiometry of thenpound instead of its stable
valency as CE. The excess oxygen coming from Geg@ll be released to the
atmosphere leaving behind an electron in the &atiiad this electron will be
responsible for the semiconductivity of the compmhumhis explanation is

consistent with the XPS results.
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Fig. 6.8Variation of log conductivity €) vs. reciprocal of temperature for
Molybdates and Tungstates and the variation of gotinty with cerium
concentration at 600°C in inset.
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The electrical conductivity data of the above coomms reveals that
they are semiconducting in nature. Fig.6.8 shovesdlectrical conductivity
(log 0) as a function of absolute temperature (10p@&mperature. The nature
of variation obeys the Arrehnius equatior ooexp (-Ea/KgT) whereEa is the
activation energyT is the absolute temperature angdis the pre-exponential
factor. The activation energies of conduction alewated from the slopes of
the plots in the temperature range of @ 600C and are listed in Table
6.1. The conductivity is found to be increasinghvtlie Ce content and is given
in the inset of Fig.6. 8.

The relation between resistance and temperature afonegative
temperature coefficient thermistor is expressedtiy following equation

[Nobre M.A.L and Lanfredi S 2003]

Rr=Ry exp{ﬁ[T;‘_r_Tﬂ (6.4)

whereRy is the resistance at temperatliteRy is the resistance at temperature

Ty known, and is a thermistor characteristic parameter. Revgitand

rearranging the terms of equation (6 8lzan be derived as follows:

bl
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The thermistor sensitivity is defined by the tengpere coefficient of
resistancea, which can be expressed as a function of fhparameter, in

according to following equation:

a= (}{qld(R)/ dT]= B/7? (6.6)
Lattice o (KH Activation
Compounds parameter B(K) energy
(eV)
ad) c®A) 300 °C 600 °C

CaCeNbMagO,, 5.2341 11.3691 6909 0.0211 0.0091 0.587
CaCeNbMo@  5.2831 11.3685 5659 0.0172 0.0074 0.488
CaCeNb,M00O,, 5.2673 11.3641 5518 0.0168 0.0072 0.487
CaCeNbW,0O;, 5.2771 11.3851 6939 0.0210 0.0090 0.611

CaCeNbWQ@ 5.2876 11.3870 6328 0.0193 0.0083 0.551

Table 6.1 Lattice parameteif} constanta and Activation Energy for various

compositions in a Ca—Ce—Nb—-M-0 (M = Mo or W) system

Considering Arrhenius plot (Fig. 6.8y and 3 parameters were
calculated by the above equations. The valuesacealated in the temperature
range from 300 to 600°C and depicted in Table @le (3 value of the
different compositions lies in the range of 500@JK. The aging tests at 500

°C reveals that the variation of aging coefficiéAR/R) is 1-2% for the time
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period of 200 h. The above results suggest thathibemistor characteristics
can be tuned to the desired value by changing ¢hiera concentration in the
compound. It is observed that these values arbdarndesirable range of high
temperature thermistors [Feltz A 2000]. However enngorous tests such as
electrical characteristics for repeated thermalesyand long duration are to be
performed to qualify as a thermistor device.
6.4 Conclusions

In conclusion, a series of new NTC ceramic oxite€a — Ce — Nb — M
— O (M = Mo or W) system through solid state rouiée powder X-ray
diffraction and Raman spectroscopy analyses shaladdall these compounds
belong to tetragonal powellite type structure vitie space groupl/a. These
compounds, having good NTC characteristics in aewahge of temperature,

may find application in devices like high temperatthermistors.
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CHAPTER 7

TETRAGONAL TUNGSTEN BRONZE TYPE
SEMICONDUCTING OXIDES IN Ba-Ce-Ti-Ta-O SYSTEM



7.1 Introduction

Now-a-days a large number of oxides of differenicural families are
available with wide variety of electrical propegisuch as superconductivity
[Yamauchi T 2007], ferroelectricity [Yang K 2006hagnetism [Kravchenko
E. A 2002], semiconductivity [Vrieland E. G 1964gnic conductivity etc
[Takamura H and Tuller H.L 2000]. Semiconductingdes have been widely
used in electronic industries because of their wmig@nd useful electrical
characteristics. Semiconducting ceramics find sdvepplications as in
thermistors [Yan X. and Xu G 2009], PTCR materifilhatterjee Set al
2003], gas sensors [Lee J.H. 2009], catalysts drudoplectrolysis of water
[Yazawa Ket al 1979]. Nickel manganite-based semiconducting meltedre
widely used as negative temperature coefficient@NThermistor materials.
Classical ceramic NTC resistors composed of sgtracture (MMBO,) with
M = Ni, Co, Fe, Cu, Zn show aging of the electripmbperties and their
application is commonly limited to temperaturesoel300°C. Research is
going on in synthesis of ceramic materials withdytteermal stability and free

from aging of electrical properties [Justin M. Vhaegeet al 2008].

Solid solutions of ceramic complex oxides havinggsten—bronze (TB)
type structure have been extensively studied feledtirics since this structure

endures various substitutions and thus has thentaitéo tailor the electrical
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properties. The family of tetragonal tungsten beo{ZTB) compounds, with
the general chemical formulas {{/A5),CsB10030 and (A)4(A2)-B1¢030 in
which A, A,, C, and B are the 15-, 12-, 9-, and 6-fold-cocathd oxygen
octahedra sites in the crystal structure. The commioemical formula is
(A1)2(A2)4(C)a(B1)2(B-)sO30, Where positions A A,, By, B, and C will be filled
by different valency cations or may be partially ptyn In tungsten bronze
niobates, Band B are filled by NB*, A;, A, and C are filled by alkali and/or
alkaline earth metal ions. The BOctahedra are linked by their corners to
form three different types (Asquare, A pentagonal, and C: triangular) of
tunnels running through the structure parallelne t-axis. Tungsten bronzes
M,WO; (M = alkali atoms) have long been the subjectrfestigations for
their interesting structural, electronic and electiromic properties [Masetti E
et al1995].

The present chapter deals with the synthesis amadacterization of
novel tetragonal tungsten bronze (TTB) structuredchisonducting ceramic
oxides in Ba-Ce-Ti-Ta-O system. Earlier studiesBanRE-Ti-Nb/Ta-O ( RE
= La,...... ) show good dielectric properties [ Peterskpet al 1998 |, but
when Ce is replaced by other rare earths, the cantpbecomes black and
semiconducting. The semiconducting nature of thepmund is probably due

to conversion of Cé to C€" in the lattice to reduce the number of oxygen
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atoms to maintain the oxygen stoichiometry in ti@8Type structure. In the
present study, a new series of tetragonal tundstemze type semiconducting
ceramic oxides in Ba — Ce — Ti — Ta — O system weepared in different
stoichiometric compositions to investigate the effef Ce content on the
structure, microstructure and semiconductivity.

7.2 Experimental

The polycrystalline samples of BafJeTa0Os, BaCeTigla,O5
BasCeaTisTasO5p, BaCeTisTag03 and BaCeTikTa0O3 were synthesized
through conventional solid state route. Stoichiogimeamounts of BaCg)
Ce0, TiO, and TaOs were taken as the starting reagents (Acros 99.9%
purity). In sequence these oxides were rigoroosked using an agate mortar
with acetone as the mixing medium so as to formroedgeneous mixture.
Crystalline powders were prepared by calcinatiohprecursor powders in a
furnace at 130@/3h with a heating rate of 5°C/min. The calcinativas
repeated twice with intermittent grinding. The aaézl powder was then made
into pellets with 10 mm diameter and 2 mm thickn@gssostatic pressing at a
pressure of 250 MPa. 4 wt. % of polyvinyl alcohBVA; hydrolysis level 85-
88%) solution was added to reduce the brittlendsthe pellets. The green

density of the compacted pellets is observed tm hee range of 40-45%. The
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pellets were preheated at 600°C to remove PVA age wintered at 135

for 9 h.

The crystal structure of the samples was identifimd powder X-ray
diffraction analysis with Ni filtered Cui radiation using a Phillips X’pert
diffractometer. The microstructure of the samples wecorded by a scanning
electron microscope of JEOL JSM 5600 on the thdynetthed pellets. To
measure the electrical properties of the compouadisgh temperature curing
silver paste was applied to both sides of the fselkad cured at 600°C for
30min in a tubular furnace. These pellets were thitached with long silver
lead wires on both sides. Impedance measuremernite gfellets were carried
out from 30 to 600° C in the frequency range 10 tdlzl MHz using a
computer controlled impedance analyzer (Solartr&@h, 1260). The dc
conductivity with respect to temperature was messwising a high-resolution
digital multimeter (Philips, PM 2525 multimeter).h& conductivity was
measured in a temperature range of 30-600°C. Taeinmgs were recorded
with a slow heating after equilibrating the peliet 2 min at each measuring

temperature.
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7.3 Results and discussion

7.3.1 Powder X-ray diffraction analysis
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Fig.7.1Powder X-ray diffraction patterns of various composs in
Ba-Ce-Ti-Ta-O system

Powder XRD patterns of the samples are shown in Fi§. The
tungsten bronze phase mentioned here is simildnab of BalLasTisNdsO3
(JCPDS No. 39-1331). The indexed X- ray diffractjmatterns show that the
compounds are single phase. The sharp peaks XRBepattern suggest the

high crystalline nature of the compounds. Thera Egnificant difference in
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the intensities observed with different composgiomhe unit cell parameters
of the compounds were calculated and tabulateiier7.1.

7.3.2 Raman spectroscopic studies
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Fig. 7.2Raman spectra for various stoichiometries in Baf€€&a-O system.

Raman spectroscopy has been successfully usedaoasd @r studying
the structure of tetragonal tungsten bronze comg®ut is a very sensitive
technique for structural modifications and congtisua powerful tool for the
detection of symmetry changes. The point groupsciested to these room

temperature structure is,&P4bm) for the tetragonal phase.
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These modes can be classified according to thewollh irreducible

representations of the,point group at the center of the Brillouin zone:

M =19A; + 15A+ 14B, + 18B, + 36E (7.1)
Three of these modes belonging to, And E (two fold degenerate)
representations are acoustic modes and all the otbdes, except Amodes,
are Raman active. Therefore, there are 120 Ramtwve amodes that are
significantly superior to the number of Raman linebserved in the
experiments. It is possible that several nearlyedegate phonon modes may
appear as a single broad band with asymmetricslrage [Burns Get al
1969]. Another reason that the Raman lines of T&Boklectric compounds
are fairly broad comes from the structural disondbich causes breakdown of
the Brillouin zone-center wave vector selectioresylmaking the assignment
of Raman peaks to specific irreducible represemmatf the point group
difficult.

Fig.7.2 shows the room-temperature Raman spectrathef 5
compositions of Ba-Ce-Ti-Ta-O ceramics. With theamdpes in elemental
constitution, say with decrease in cerium the Raspaattra exhibit broadening
of all Raman modes. This is a signature of théckttisordering. The different
behavior of O-Ta-O bending and Ta-O stretchingatibns can be attributed

to the large number of modes involved in the spécange between 150 and
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320 cm' as reported in the literature on TTB ferroelectraterials [Xia H.R.
et all997] while in the range 550 to 750 ¢nonly two peaks were reported
[Amzallag E.et all971; Wilde R.E 1991].The Band B modes are observed
near 664 and 780chm
7.3.3 Scanning electron microscopy and microstructe

The SEM micrographs recorded from thermally etchaaface
(1325C/30 min) of the sintered pellets are shown in Fg3. The
microstructure of all the sintered compounds reveatll-grown grains. It is
observed that as the cerium concentration is dsicrg@an the sample the
amount of porosity has been increased. In additbidhthe shape of the grains
changes from flat rod type nature to more elongatebe. The grain size

evaluated from the micrograph was found to be @réimge of 3—pm.
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Fig.7.3 Typical micrographs of (a) BaGE,;TagOs, (b) BaCe;TigTa;Oz (C)
BagCesTisTasOs (d) BaCe,TisTasOs (€) BaCeTisTayOs0.

7.3.4 Impedance spectroscopic studies

Impedance spectroscopy has been employed to esatlmatelectronic
and ionic components of the total charge transgdris method involves the
employment of low amplitude ac frequency signal rotlee sample and

separation of real and imaginary parts of impedantke impedance
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measurements were carried out for all the samplései frequency range of 10
Hz to 1 MHz and in the temperature range of 3000°€.

Fig. 7.4 shows the variation of the real part opadance 4) with
frequency at different temperatures. It is obsertlet the magnitude of'
decreases with the increase in both frequency dlsawdemperature. Thg'
values for all temperatures merge at higher tentpexaThis may be due to the
release of space charges. The curves also disipiglg-selaxation process and
indicate increase in ac conductivity with the irage in temperature and
frequency.

Fig. 7.5 shows the variation of imaginary parirapedance (Z") with
log frequency from 30 to 600°C. Th&" value deceases with increase in
temperature and it reaches a maximum value atteylar frequency for every
temperature indicating a relaxation mechanism & ¢bmpound. This peak
value shifts from low frequency region to high fuegcy region with increase
of temperature. Peak broadening is also seen snntlaiterial confirming the
presence of space charges with increase of tenuperafnd due to the
accumulation of space charg@s$, magnitude merges to a single value at high

frequency region.
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Fig. 7.6 shows the ac conductivity plots (lagversus lod over a wide
range of temperatures. All the curves show frequenindependent plateau
corresponding to dc conductivity effects. It is Wwmothat ac conductivity is
dependent on frequency in fast ionic conductorg ddnductivity is governed
by the Jonscher’s universal power law [Jonschei7]L97

o(w) = g+ AW’ (7.2)
Whereao, . (w) is the conductivity at frequenay, o, is the dc term associated
to the mobile charge) is a frequency independent and temperature-dependen
parameter and n is the slope of high frequencyedsspn data (n assumes a
value between 0 and 1).

It is very clear from Fig. 7.6 that the conductyviiehaviour exhibited
by the compound does not fit this simple equatidrere is a visible change in
the slopes as we go from lower frequency regiorth® higher frequency
region. Hence in this system two slopes can be nrame in the low plateau
region and other in the dispersion region. Theethe frequency dependent

ac conductivity can be characterized using thetemm power relation
o(w) =g, + A" + Ad” (7.3)
Again A, and A are frequency independent and temperature dependent

constants. The slopes and B will be, n, can be 8 < 1 and n can be 8 n<

2. The termog corresponding to the translational hopping giveslong range
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electrical transport (i.e dc conductivity) in theny time. The second term,
A" characterizes the low frequency region and cormgpoto the
translational hopping motion (short range hoppinvgereas the one at high
frequencies A,w™ corresponds to a localized or reorientational hogpor

hopping of electron back and forth between two gbdrdefects [ Funke
1993]. Discussions on the conductivity mechanism given in chapter 3
(Sec.3.3.4).

7.3.5 Electrical conductivity and NTC thermistor characteristics
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Fig.7.7Variation of log conductivityd) vs. reciprocal of temperature

for Ba-Ce-Ti-Ta-O system
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Figure 7.7 shows the electrical conductivity (logas a function of
absolute temperature (1000/T). The nature of thetan obeys the Arrhenius
equation o=0¢exp (-Ea/kgT), where Ea is the activation energyg Ks
Boltzmann constant,T is the absolute temperature, aag is the pre
exponential factor. The activation energies of ecmtidn are calculated from
the slopes of the plots in the temperature rand@6f 600°C and are listed in
Table 7.1. The relation between resistance andpdemture for a NTC

thermistor is expressed by the following equation.

Rr=Ry exp{ﬂ(T_T__FTﬂ (7.4)

N

Where R is the resistance at temperature [ ,i&the resistance at temperature
Tn andp is the thermistor characteristic parameter. Ravgiand rearranging

the terms of Eq. (7.3 can be derived as follows:

- TN (R
g {TN —T}ln(ﬁJ (79

The thermistor sensitivity is defined by the tengpere coefficient of

resistance&, which can be expressed as a function of fheparameter,

according to the following equation:

a=(1 JdRyat]= BT (7.6)
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Lattice o (K™h Activa

tion

Compounds parameter B(K)
energy
a(A) c (A 300 °C 600°C (eV)

BaCeTi;TasO3 12.3764 3.8899 5038 0.0153 0.0066 0.438
Ba,CeTigTayO3 12.3714 3.8874 5453 .0166 0.0072 0.472
BasCe;TisTasO3 12.3755 3.8886 5816 0.0177 0.0076 0.493
Ba,Ce,TisTas0O3 12.4066 3.8964 6410 0.01952 0.0084 0.565

BasCeTkTaO5p 12.1192 4.0449 6741 0.0205 0.0088 0.584

Table 7.1 Lattice parametef} constanta and Activation Energy for various
compositions in Ba—Ce-Ti—Ta—0O system.

Considering the Arrhenius plot in Fig.7.8, theand[3 parameters were
calculated using the above equations. The valuese walculated in the
temperature range from 30°C to 600°C, and are pteden Table 7.1. Thp
value of the different compositions lies in the ganof 5000-7000 K. The
above results suggest that the electrical charatitsr can be tuned to the
desired value by changing the cerium concentratiothe compound. It is
observed that these values are in the desirablgeraf high-temperature
thermistors [Houivet Det al 2004] The aging tests at 500°C reveal that the

variation of the aging coefficienAR/R) is 1-2% for the time period of 500 h.
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However, more rigorous tests such as electricatadheristics for repeated
thermal cycles and long duration have to be perdornbo qualify as a
thermistor device.
7.4 Conclusions

A series of new NTC ceramic oxides in Ba — Ce —Tlia - O system
has been prepared through solid state route. ThvelgroX-ray diffraction and
Raman spectroscopy analyses showed that all thesgaunds belong to
tetragonal tungsten bronze type structure withgpace groug?4bm.These
compounds having good NTC characteristics in a watge of temperature

may find application in devices like high temperatthermistors.
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CHAPTER 8

CONCLUSIONSAND FUTURE SCOPE OF THE WORK



8.1 Significant Conclusions

A new class of semiconducting ceramics in differenystal systems:
pyrochlore, powellite and tetragonal tungsten beohave been designed by
exploiting the variable valency of cerium (Ce). Tldfect of cerium
concentration on the structure, microstructure eledtrical properties of these
guaternary oxides has been studied. The possilafitthese oxides as NTC
thermistor for high temperature sensing is also laegd. The major

conclusions drawn from the study is presentedisidhapter.

1. The semiconducting nature of the compound is dubdaonversion of
Ce" to C€" in the lattice to maintain the oxygen stoichiométr the
structure. The conductivity mechanism is studiethgisimpedance
spectroscopy.

2. The X-ray photoelectron analysis proves that cergets stabilized in
3+ state in all the compositions.

3. Cerium containing single phase pyrochlores hawenlsynthesized by
introducing displacive disordering in the system.

4. The microstructure analysis of the (Ca&fipos (TiigV750; and
(Cay75CeTipog)(Ti1sMp5)O; (M = Nb or Ta) ceramics reveals that the
sintering temperature and in turn the grain morpgplinfluences the

electrical properties.
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. Enhancement of the thermistor parameters are obderith rare-earth
(Gd, Sm and Y) substitution in (€aCeTi5)(Ti1s5Ta950; ceramic
The electrical properties reveal that cerium is ii&in contributor of
conductivity and fine tuning of thermistor const§ditvalue) is possible
with suitable amount of rare earth substitution.
. Powellite structured quaternary NTC ceramics ehlagen reported for
the first time.
. Tetragonal tungsten bronze ceramics in Ba-Ce-TOTaystem has also
been studied for NTC thermistor applications.

The B constant (300°C to 600°C) of 5000 K—11000K prosice
sensitivity a in the range of -0.6% ¥o -1.5% K'at 600°C. These
values are in the admissible range of a high teatpexr NTC
thermistor.
. The aging factor is found to be in the range of%d-8 500°C for a

period of 500h.

10. The NTC parameters can be tuned to the desired \®f changing the

Ce concentration in the composition.

11.These ceramics fulfill the requirements of a materfor high

temperature NTC applications.
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8.2 Futur e scope of thiswork

1. The synthesized semiconducting oxides having lomdbgap may exhibit
good photocatalytic properties. The possibility tbEse compounds for
Hydrogen production through photoelectrolysis of tewva and as
photocatalyst for water purification can be exptbre

2. The conductivity mechanism and its dependency erctisstal structure
can be studied in detail.

3. NTCR thermistors operating at very high temperastech as 1000°C and
above can be developed via tuning of the thermist@racteristics by

adjusting the Ce content in the composition.
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