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ABSTRACT

A new soft chemical route has been developed in the first part of this thesis for
synthesis of relaxor ferroelectric, (1-x)Pb(Mg;sNb23)O03—xPbTiO; [(1-x)PMN—xPT] (x =
0.10, 0.35) ceramics. This polyethylene glycol-based method shows some very
interesting features. It allows the sol-gel reactions to be performed at room temperature,
eliminating reflux steps usually required in sol-gel processes. Moreover, it does not
require excess amounts of lead starting material to compensate for lead oxide loss during
sintering as is usually the case in conventional synthesis. The effect of a triol molecule,
1,1,1-tris(hydroxy)methylethane (THOME), a known complexing agent for binding
together metal ions in solutions, has also been studied.

Well-sintered 0.90PMN-0.10PT and 0.65PMN-0.35PT ceramics were prepared
in a single heat-treatment step of the precursor powder. The use of THOME gives
excellent dielectric and ferroelectric properties in stoichiometric 0.90PMN-0.10PT
ceramics sintered at 1050 °C. A room temperature dielectric constant, €'rt of ~25,000 is
observed at 1 kHz in this ceramic which is the highest value obtained so far in ceramics
of the same composition. A 5% mol excess of lead in the sol-gel process without
THOME improves the formation of the perovskite phase but degrades the dielectric
properties. The 0.65PMN-0.35PT ceramics prepared with THOME and stoichiometric
amounts of lead, and sintered at 1040 °C show pure perovskite phase and very good

dielectric and ferroelectric properties (€'rr >5,000, €'max ~27,000, and P, gy =21 pC/cmz).

it



In the second part of this work, pure perovskite ferroelectric SrBi;Ta,Og (SBT)
ceramics have been synthesized by two new soft chemical techniques: a sol-gel process
and a co-precipitation method. The sol-gel derived ceramics show denser and more
homogeneous microstructure, and €'y« and Ppr values (950 and 7.6 pC/cmz,
respectively) higher than in ceramics prepared under the same conditions by the co-
precipitation method. These values are also higher than in ceramics prepared by solid
state reactions. The superior dielectric and ferroelectric properties of the sol-gel
synthesized SBT ceramics are attributed to a more homogeneous microstructure with a
better distribution of grain orientations, which eliminates the preferential grain

orientation along the [0010]-direction.



DEDICATION

To my late father, Rajman, who passed away on July 15", 1983.

To my dear mother, Padmadevi, my brothers, Vikash and Viraj, and

my husband, Ravin.

To my adorable nephews, Arvin and Nilesh, and to my sweet unborn

baby.



ACKNOWLEDGEMENTS

I would like to express my deep and sincere thanks to my senior supervisor, Prof.
Z.-G. Ye for giving me the opportunity to work in his lab, and for his invaluable
guidance, support and encouragement in the realization of this work.

My thanks also go to my supervisory committee members, Dr. S. Holdcroft and
Dr. V. Williams, for their helpful advice and suggestions.

I extend my thanks to Dr. B. Gates for accepting to be my internal examiner, for
his interest in the work, and some helpful discussions and advice.

I would also like to thank Dr. G. Cao for accepting to be my external examiner.

I also wish to thank Dr. A. Bokov from our research group, and Dr. M. K. Matam
(a former group member) for their help with dielectric measurements; Dr. D. Yang of the
department of Physics for his help with X-Ray diffraction measurements; Dr. D. Marshall
of the department of Earth Science and Dr. Yang Li of the department of Physics for their
assistance in the SEM studies.

I would like to thank all former and present members of our research group for all
their help, support, and encouragement, and for being great friends. I especially thank
Ms. L. Zhang for teaching me helpful sol-gel techniques in the lab, and W. Zhu and H.
Tailor for very helpful discussions.

I also thank members of the Chemistry department at Simon Fraser University for
their help and support.

I'm highly indebted to my dear mother, Padmadevi, my brothers, Vikash and
Viraj, and my husband, Ravin for their devotion and love, and constant support and
encouragement. I’'m more than indebted to my brothers for having always supported me
and making me reach this stage today. My husband has also been exceptional by being
there for me all the time in the past five years.

A special thanks to R. Hossany for her constant support and encouragement, and
friendship.

vi



TABLE OF CONTENTS

Approval ii
ADSEEACE ceveerernerssanisrancossscssscssssessssssssnssssssssessssnssssssssansssasssassssssnsessassssasssrasssessosse iii
Dedication \%
Acknowledgements vi
Table of Contents vii
List of Figures. X
List of Tables... xiii
List of abbreviations........ccveveesererecsnresnssascsascsoncs Xiv
Chapter 1: General Introduction 1
1.1 Ferroelectric MaterialS.....cocuvvieririiieieiieiiiieri it sias e et 1
1.2 Relaxor Ferroelectric Materials .........ovevveeiriveriieneieniienniie e 10
1.3 Ferroelectrics — Relaxor Ferroelectrics Solid Solutions ..........ccocoeveveenne. 14
14 Perovskites and Layer—Structured Perovskites..........ccevveiniiniiinnnennnn, 17
1.5 Soft Chemical Synthesis — The Sol-Gel and the Co-Precipitation
METROMS ...ttt ettt ettt 22
1.6 Objectives of this StUdY.........cccoviiiiiiiiniiici 26
1.6.1 Sol-gel method for the synthesis and characterization of
(1-X)PMN-—XPT CEramicCs .....c.cveerierrreeiieenienriiiiiiiieceeeree st 26
1.6.2 Soft chemistry methods for the synthesis of SrBi;Ta,Oq (SBT)
ceramics and characterization of properties..........occovcvvvnneiineniinennennnn, 31
1.7 REFEIEICES .....vveitveeetiiieeieetece et ettt ssra s b saar e 33
Chapter 2: Materials Synthesis and Characterization - Principles and
Instrumentation 37
2.1 Soft Chemical Synthesis of Relaxor Ferroelectric
(1-x)Pb(Mg1/3Nb,3)03;—xPbTiO3 (x = 0.10, 0.35), and Ferroelectric
SrBisTa09 CeramliCs......c.uvviiireieiiriiieeeniiireesssssitneeteirete e enresnaessssanseeeeans 37
2.2 Thermogravimetry/Differential Thermal Analysis (TG/DTA)..................... 39
23 X-ray Diffraction .....c...cocveviiniiiiiiiiiiiii 42
24 Infrared SPECtIOSCOPY ...ccvevueeriiiiriiiiiiccie et 49
2.5 Scanning Electron MiCrosCopy ........cccvieiiiiiiieninnienieciiisnencse s 52
2.6 Dielectric Characterization by Means of Impedance Spectroscopy ............. 54
2.7 Ferroelectric MEaSUTEIMENT .......coeveveeiriiieirirereanierenreceeereeenrreessenenecsnnessanas 59
2.8 REFEIENCES .....eocvvie ettt ettt e e et sreesasas s beeenessaaees 61

vii



Chapter 3: Phase Formation and Dielectric Properties of
0.9Pb(Mg;/3Nb3)03-0.1PbTiQ; Ceramics Prepared by a New Sol-Gel

IMELROM ... o eeeecneccerenresnnesesissassssnasssossesssossssnsssnsssassrsassosstesssasssnssasessasansssnessasssarsessssnnsassrsssrsn 62
ADSETACE cceverererseressssasresssssserssnnsessonsssssssessssssssssessssestssnsossrasanssssnsesssrantessassssssaatessaasssesanansss 63
3.1 TNETOAUCTION .v et ettt ettt st et bbb s sre e sanae s 64
3.2 EXPErMENtal .c..c.ooivvieiiiiiin e s 67
33 Results and DiSCUSSION ..ivvvirreiieerimerererieecnreeeeieeneessecene e ssieessenesrennaen 69
33.1 Thermogravimetric/Differential Thermal Analysis (IG/DTA)................ 69
3.3.2 Phase Analysis by X-ray Diffraction .........ccccovvimviiniiiniiiinnics 72
333 Dielectric MeasurementsS........coccireerierre it ceneeenieeereiesisneesesiseseeasassncens 76
334 FeITORIECITICILY 1uvveeerriieieeesnieie st et et eve e 79
34 CONCIUSION ...ttt ettt et s et s as s e ara e sannaes 81
3.5 RETEIENCES ....uvvveeiiieeee et rett e st et e e st e sine e s s bsaan s 83
Chapter 4: Polyethylene Glycol-Based New Solution Route to Relaxor
Ferroelectric 0.65Pb(Mg;3Nb23)03-0.35PbTiOs c.cceevercevucnvacinnnnene. 84
ADSEEACE cvveeersereneereeesesencssssesanasssssonsssssnssnsscsssssserassanssssssnssssssssassasessnssnsssessassssnsssssnasasasresans 85
4.1 D31 o Y6 LN Lot 010 o DU O TSR TOP ORI 86
4.2 EXPerimental.........ccoouiiiiiiiiiiinie et 90
421 Preparation of 0.65PMN-0.35PT Ceramics ........c.ccooevimiiininnninininnnn 90
4.2.2 Characterization of the 0.65PMN-0.35PT Ceramics .....c..cccccovnicviuncnnennn 92
43 Synthesis of 0.65PMN-0.35PT Ceramics ..........cccoceaermnuirominniininieninnincnens 93
43.1 Sol-gel SYNthesis.....covecevieiriiiiiiiic e 93
4.3.2 X-Ray Diffraction (XRD) ....ccccccoviiiiiiimiiiiiiiie e 95
4.4 Mechanisms of the REACHONS ....c.vevveveieiiiniiiiiiiin e s 97
44.1 Thermogravimetric/Differential Thermal Analysis (TG/DTA)................ 97
442 Fourier Transform Infrared Spectroscopy (FTIR) .....ccccccovvnnniiiniinnne 102
4.5 CharaCteriZAtiON ....cuveeieeeeeerereereerreee e e seesre s et e ereeesraesae e caerncssnesssaesneens 105
45.1 Microstructures by Scanning Electron Microscopy (SEM).................... 105
4.5.2 DieleCtriC PrOPEIHES.......ccviiiiiiiiiie ettt 107
453 FerrOelectriCity ....couviciiiiiiiiiiniiiite et 110
4.6 CONCIUSIONS .....evvieitieeeevresreeteeeeceet e s eeeeesaats e btent e nar s et eree s ere e s b e e et eaee e 112
4.7 RETOIENCES . viveeeeier ettt e bbb 114
Chapter 5: Synthesis and Characterization of SrBi;Ta;Oy Ceramics by New
Soft Chemical TEChNIQUES .....cccvreiinmrieccsesesnsassesanensassesssansaesssnsaesasarsassssnansassesasssns 116
5.1 TDTOAUCHION .ot ecttee et ee et et ettt eee bt e s e e s st s srmarssnae e 117
5.2 EXPerimental.........cooiiiimiiiiiiiieiii e 122
5.2.1 Synthesis of SBT by an Ethylene Glycol-Based Sol-Gel Method.......... 122
522 Synthesis of SBT by a Polyethylene Glycol-Based
Co-precipitation Method ..o, 126
5.3 Results and DiSCUSSION ...uiiiiiiiiriir i e s e 129
5.3.1 Phase analysis by X-ray diffraction .........ccccccovviiiniiiiiie 129
5.3.2 Microstructure by Scanning Electron Microscopy .........cococvceeiriinnnn, 131
533 Dielectric MEaSUTEIMENTS. .....ocuviirieinireirisenreeneeeareessnesirireessneeseresneesneennne 134
534 Ferroelectric MEASUTEIMENLS ....coveiveuriciiireniniinoiiisineniainaresiire e 140

viii



54 CONICIUSIONS o eereeeereeeeeeeeeaeeeees bt ss eeeeaabssarnsenssaeneassaesnsnsassabrseasse e csasnniosss 143

5.5 RETEIEMCES ... ciuvieiieieeeeeeiressreesesnerssteeseetnaeaasesnesssasesssssneathnsasesssesessrasensanenens 145
Chapter 6: General ConClUSIONS c...cccciviueecissssssscnssssssseaisssssssasissssssnsmsassssssnsesasessnnnss 148
6.1 (1-x)Pb(Mg;3Nb2;3)03—xPbTi0;3 [(1-x)PMN—xPT]
(x = 0.10 and 0.35) Ceramics by a Polyethylene-Glycol Based
SOI-GEE ROULE ....viiriieceie ettt st s 149
6.2 StBi;Ta;OQg Ceramics by Soft Chemical Methods.............ccooiin 152
General Bibliography....sencieninmennannissssnsnissississsisssassnsssissnessssssisssasasassass 154



LIST OF FIGURES

Figure 1.1: The cubic perovskite structure of ABOs.......ccooeiiiiiiiiiiiiiniii e, 2
Figure 1.2: The two ground polarization orientation states in ferroelectrics. ..................... 3
Figure 1.3: Movement of domain wall under the application of an external electric

11 15) Lo PR OOOU O OSSR 4
Figure 1.4: Relationship between polarization and applied electric field of a

ferroelectric material, giving rise to a P(E) hysteresis [00p..........coceecviivenn. 6
Figure 1.5: (a) Dependence of the dielectric constant, €', on temperature, in

normal ferroelectric materials; (b) Temperature and frequency

dependences of €' in relaxor ferroelectrics, with the maximum

dielectric constant, €'y,x, decreasing, and its temperature, Ty,

increasing as freqUENCY INCTEASES. ........ccovviviieiiecrinniieiieieneiee e 8
Figure 1.6: Phase diagram of the (1-x)Pb(Mg),sNb3)O03 — xPbTiO; solid solution

system (a) initially reported [36]; (b) recently updated. .................ccoveenene. 16
Figure 1.7: Crystal structures of the bismuth-containing layered perovskites

(a) SrBi;Ta;04 (SBT) and (b) BigTi3012 (BIT). ceccoveviiiiiiie e 21
Figure 1.8: (a) Hydrolysis of metal alkoxides, and (b) Condensation of the

hydrolyzed species through dehydration or dealcoholation steps. .............. 24
Figure 1.9: Synthesis of FeCr,0O,4 by the co-precipitation method. ............ccovvevveeiiricnnnne. 25
Figure 2.1: (a) Instrumentation for differential thermal analysis (DTA), (b) DTA

curve showing exothermic and endothermic peaks. ..........ccceeeevivviieiineennnn. 41
Figure 2.2: The generation of Cu K, X-rays by ionization of a 1s electron and the

subsequent transition of a 2p electron. ..........ccoceenivciieiiininiiiinnn e 43
Figure 2.3: Diffraction principle and derivation of Bragg’s law..........c..cc.ccccniiinence 45
Figure 2.4: X-ray diffraction spectra of (a) tetragonal PbTiOs, and

(b) pseudocubic Pb(Mg1/3Nb23)O3. ceveeiiiiiieiieicecceciine e 47
Figure 2.5: Relationship between transmittance and absorbance when

electromagnetic radiation passes through a given sample............c.ccccenennn. 51
Figure 2.6: Schematic representation of a scanning electron microscope. ..........ccvevvnue. 53
Figure 2.7: Principle of a dielectric (or impedance) measurement. .........c..ccoceerveriennennnne 55
Figure 2.8: Relationship of amplitude and phase difference between applied

voltage and resulting CUITENL. .......ccovioviiiiiiiiiiiiier et 55
Figure 2.9: Reduction of effective electric field between the plates of a capacitor

by a dielectric material. .......ccocoveriiiiinii 57
Figure 2.10: Electrical circuit for a ferroelectric hysteresis testing experiment. .............. 60



Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 4.1:

Figure 4.2:

Figure 4.3:
Figure 4.4:
Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 5.1:

Figure 5.2:

TG/DTA curves from room temperature at a heating rate of 5 °C/min
for (a) I0PEG(S)T and (b) 10PEG(S) precursor solutions. .............c..ceeu.... 71

X-Ray diffraction spectra at different calcination temperatures of (a)
10PEG(S)T, (b) 10PEG(S), (c) 10PEG(5), and (d) 10PEG(5)T
precursor powders. All samples were calcined for a period of 8 h
(* Perovskite; sPYrochlore).........cccoveveeieeieeiiniceieneese e 73

Dependence of the amount of perovskite phase formation on the
sintering temperature of the (a) I0PEG(S)T and 10PEG(S), and (b)
10PEG(5) and 10PEG(S5)T CEramicCs. ... .vuvvvvviveriieeeeeeiveiinnvnrenrrreeeeeeeeessiesenes 75

Impedance spectroscopic data showing the dependence of dielectric

constant as a function of temperature and frequency for (a)

10PEG(S)T and (b) 10PEG(5) ceramics sintered at 1050 °C and

1000 °C for 8 h, reSpeCtiVely. ..cceeiiierereivieeiesieeeee e 78
Ferroelectric hysteresis loops showing the variation of electrical

polarization as a function of applied electric field for (a) IOPEG(S)T
and (b) 10PEG(5) ceramics sintered at 1050 °C and 1000 °C for 8 h,

TESPECLIVELY. ..vii ittt ettt ettt e s et e e s e e s b e 80
Flowchart for the preparation of precursor solutions and ceramics of
(1-x)PMN—xPT (x =0.10 and 0.35). ..ccceoerriivininiriiieeccieeceee e, 91

X-Ray diffraction spectra at room temperature of the (a) PEG(S)T

and (b) PEG(S) precursor powders calcined at different temperatures

for a period of 8 h (x pyrochlore; = perovskite). ........ccccvvcoenevinienenranenenn 96
TG/DTA curves from room temperature at a heating rate of 5 °C/min

for (a) PEG(S)T and (b) PEG(S) precursor solutions...........cceeeeecveenvnnnee 100
TG/DTA curves from room temperature to 1000 °C at a heating rate of

5 °C/min for polyethylene glycol 200 (PEG200). ..........ccocvveiiiirieerennnne. 101
TG/DTA curves from room temperature to 500 °C at a heating rate of

S °C/min for THOME. .....c.oooiiiiiiiiiiiicieiicree et 101
FT-IR spectra of the (a) PEG(S)T and (b) PEG(S) precursor solutions

at room temperature and of the resulting products after treatment at

Various tEIMPETALUTES. .......ocveiiiiiiriirie ittt st sib e e s enarenees 104
Scanning electron microscopy images of (a) PEG(S)T and (b) PEG(S)

ceramics sintered at 1140 °C for 8 h......cccovcmivinviinieinieee e 106
Impedance spectroscopic data showing the dependence of dielectric

constant as a function of temperature and frequency for (a) PEG(S)T
and (b) PEG(S) ceramics sintered at 1140 °C for 8 h.........cccvvvvvreennnnenn, 109

Variation of electric polarization as a function of applied electric field
for (a) PEG(S)T and (b) PEG(S) ceramics sintered at 1140 °C for
8 h, showing ferroelectric hysteresis 100PS.........ccecvvvvvieiiieccvinieeciiriee, 111

Ceramics with preferred grain orientation: (a) grains are preferentially
oriented in the ab-plane, (b) grains are preferentially oriented along
the c-axis in the (001) dIFECtION. .oc.vvivviir it 121

Flowchart for the synthesis of SBT ceramics by the sol-gel process. .......... 123

xi



Figure 5.3: Proposed possible hydrolysis and condensation reactions of strontium

acetate [Sr(OAc);] in ethylene glycol [HO(CH;)20H]......cocvvviviinennnen.

Figure 5.4: Flowchart for the synthesis of SBT ceramics by the co-precipitation

INELROA. ... ettt e et e e traseene s e tnaneeesennarenaessesenasaans

Figure 5.5: Proposed possible interactions between the PEG chains and the metal

ions in solution before their co-precipitation by the oxalate ions............

Figure 5.6: XRD patterns of SBT samples prepared by (a) the sol-gel process, and
(b) the precipitation method, and sintered at different temperatures
for different times. The inset in (b) is the XRD pattemn of the

precursor powder obtained in the co-precipitation method. ....................

Figure 5.7: Scanning Electron Microscopy images of SBT ceramics;
(a) SG1000(8), (b) SG1200(4), (c) SG1200(8), (d) PR1000(8),

(e) PR1200(4), and (f) PR1200(8)......cocervieurineeientienenereec e

Figure 5.8: Dependences of the real part of the dielectric permittivity on
temperature and frequency for SBT ceramics prepared by the sol-gel
process, and the co-precipitation method: (a) SG1000(8),

(b) SG1200(4), (c) SG1200(8), (d) PR1000(8), (¢) PR1200(4),

and (£) PRI200(B). .c..uiriiiirieicrieiiiiiciie ettt st

Figure 5.9: Ferroelectric hysteresis loops of SBT ceramics derived from the sol-
gel process, and the co-precipitation method; (a) SG1000(8),

(b) SG1200(4), (c) SG1200(8), (d) PR1200(4), and (e) PR1200(8)........

Xii

127

.. 130

. 133

. 135

142



LIST OF TABLES

Table 2.1: X-ray diffraction data for perovskite compounds, PbTiO; and

Pb(Mg1/3Nb2/3)O3. ........................................................................................ 46
Table 2.2: Characteristic IR absorption frequencies for some of the common

funCtional rOUPS. .......iiviiiiiiiiciiii ittt 50
Table 3.1: Phase formation and properties of 0.90PMN-0.10PT ceramics prepared

under various CONAILIONS. ........cceevriiimiiiiir et eree et e s e are e s 82
Table 5.1: Comparison of the dielectric properties of SBT prepared by different

MEEROAS. ...ttt et b e b e 136

Table 5.2: Variation of weight loss of ceramics with sintering temperature and its

effect on T¢ and the stoichiometry for ceramics prepared by the sol-

gel and the co-precipitation methods. .........ccvvvvecrivieiinicneniie e 139
Table 5.3: Comparison of the ferroelectric properties of ceramics synthesized by

the sol-gel process and the co-precipitation method with literature

data on single crystals and ceramics prepared by the solid state

TEACLIONL. .eviiiiii ittt sttt ettt e e s e s sre e e cea cmr e esanabeeenee 141

Xiii



Ec

ERT

'
£ max

FTIR

MPB

(1-x)PMN—xPT

PEG

P,

Ps

Te

Tmax

THOME

TIAA

SBT

SEM

LIST OF ABBREVIATIONS

Coercive field

Dielectric constant at room temperature
Maximum dielectric constant

Fourrier Transform Infrared
Morphotropic Phase Boundary

Lead magnesium niobium titanate
[(1—X)Pb(Mg1/3Nb2/3)03—XPbTiO3]

Polyethylene glycol 200
Remnant polarization
Spontaneous polarization
Curie temperature

Temperature at which maximum dielectric
permittivity occurs for a relaxor ferroelectric

1,1,1-tris¢thydroxyl)methylethane

titanium di-isopropoxide bis-acetyl acetonate
Strontium bismuth tantalate [SrBi>Ta,Oq]
Scanning Electron Microscopy

X-ray diffraction

Xiv



10PEG(S)T

10PEG(S)

10PEG(5)T

10PEG(S)

0.90Pb(Mg;,3Nb;/3)03-0.10PbTiO3 prepared using
stoichiometric amount of lead acetate and THOME

0.90Pb(Mg;/3Nb;/3)03~0.10PbTiO3 prepared using
stoichiometric amount of lead acetate

0.90Pb(Mg;/3Nb23)03~0.10PbTiO3; prepared using
5 % mol excess of lead acetate and THOME

0.90Pb(Mg;,3Nb2;3)03-0.10PbTiO; prepared using
5 % mol excess of lead acetate

Xv



CHAPTER 1:
General Introduction

1.1 Ferroelectric Materials

Crystals are classified into 7 systems according to their geometry and based on
their symmetry with respect to a given point these systems are further sub-divided into
point groups known as crystal classes [1]. There exist 32 such crystal classes and
ferroelectricity is allowed in a class of non-centro symmetric and polar crystals that make
10, namely, 1, 2, m, 2mm, 4, 4mm, 3, 3m, 6, and 6mm, out of these 32 crystal classes
[1,2]. The low symmetry in these materials permits a spontaneous polarization, Ps, along
one or more of the crystal axes. In other words, a ferroelectric material possesses a
reversible spontaneous polarization in the absence of an external electric field, the
direction of which may be altered by the application of an appropriate field and this is
possible in a given temperature range. The direction that is parallel to the spontaneous
polarization vector is the polar axis. The polarization displayed in a ferroelectric material
is a double-valued function of the applied electric field. Generally the direction in which
P, is oriented is not the same all throughout the ferroelectric material, and this leads to the
formation of domains. As such, the direction of P is the same within a given domain, but
varies from one domain to the other. This forms the basis of the occurrence of the
ferroelectric hysteresis loop, which will be discussed later. An important class of
ferroelectric materials includes compounds of the general formula ABOs. The structure of

these materials, known as perovskite, is formed in such a way that the oxide ions,



together with the A cations, form a ‘face-centred cubic (FCC)’ array, with the B cation
occupying the octahedral site formed by the face-centered oxide ions, in the middle of the

cube, as shown in Figure 1.1.

‘ A cation
O..:%E.j% Sese .O O 02- ion

Figure 1.1: The cubic perovskite structure of ABOs.

In a ferroelectric like lead titanate (PbTiQj3), where Pb** is the ‘A’ cation and Ti**
is the ‘B’ cation, the structure below the Curie temperature, Tc = 490°C, is not like that
of the ideal perovskite shown in Figure 1.1. In this material, the Ti** ion, instead of sitting
at the center of the octahedron, is slightly displaced off-center by ~ 0.3 A, towards one of
the apical oxide ions. The Pb* ions are also shifted by about 0.47 A along the c-
direction with respect to the oxygen octahedron. These displacements lead to the
formation of dipole moments due to charge separation because the centres of positive and

negative charges do not coincide. There are two possible ground orientation states for



polarization, the +P and -P states. In other words, a ferroelectric material remains in
thermal equilibrium in either of these states. It is possible to switch between these two
stable states by the application of an external electric field. As can be seen from the
potential energy diagram in Figure 1.2, the two possible orientations are at the same
energy level, and in order to switch between them, an energy barrier has to be overcome

for activation.
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Figure 1.2: The two ground polarization orientation states in ferroelectrics.



PbTiO; has therefore, a spontaneous polarization, Ps, below its Tc¢. This
displacement occurs in all the octahedra, but the direction of polarization differs,
depending on the direction in which Ti* is displaced, i.e., either along the a, or b, or ¢
axis. This is what causes the formation of small regions called domains, and within each
of these domains, the Ti** in adjacent TiOg octahedra are displaced along a common axis,
i.e., in the same direction.

When an electric field is applied to the ferroelectric lead titanate, individual
dipoles in different domains are forced to align themselves in the direction of the field,
until eventually, all Ti** are displaced in the same direction. At this stage, there is
saturation polarization, P,,.. Thus, as the magnitude of the applied electric field is
increased, polarization increases as the domain walls move, until a point of saturation is
reached where all the dipoles are oriented along the same direction. The movement of the

domain wall under the application of electric field is illustrated in Figure 1.3.
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Figure 1.3: Movement of domain wall under the application of an external electric field.



As the magnitude of the applied field is decreased, the amount of polarization also
decreases but does not reach zero when the electric field is completely removed. Instead,
there is a residual polarization, called the remnant polarization, P,, which is retained by
the energy barrier in the material as the voltage, V, is reduced to zero after saturation [1].
To bring the polarization to zero, a coercive field, E., which is a reverse field, is needed.
By continuing to increase the magnitude of the reverse field, all dipoles are caused to
switch and re-orient themselves in the opposite direction. Hence, polarization increases
again, but in the reverse direction, until an equal but opposite saturation polarization,
-P,., is attained. As the applied voltage is brought back to zero, polarization also
decreases, but reaches -P,, which is the value retained after the electric field is switched
off. These processes explain the occurrence of hysteresis in ferroelectric materials, as
shown in Figure 1.4. In summary, ferroelectrics are those materials (e.g., single crystals,
liquid crystals, or polycrystalline ceramics) whose spontaneous electric polarization can
be reversed by the application of an external electric field larger than the coercive field,
Ec, but smaller than the breakdown field, Eg [3] (If the voltage applied across the
dielectric material is too high, electrons are pulled away from their atoms and they flow
across the material causing the capacitor to discharge. This causes damage to the
material. Each dielectric material can support a given maximum electric field, Eay,
without breakdown). Ferroelectrics are different from pyroelectric materials although
they both belong to the non-centrosymmetric group and possess a spontaneous
polarization. The direction of polarization in pyroelectric materials which do not belong
to the ferroelectric class cannot be reversed by the application of an external field because

it is often restrained by the lack of bi-stable structure. The spontaneous polarization in



both pyroelectrics and ferroelectrics is usually temperature dependent, which is the origin
of the pyroelectricity. Therefore, ferroelectrics are necessarily pyroelectrics, but the

reverse is not true.
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Figure 1.4: Relationship between polarization and applied electric field of a ferroelectric
material, giving rise to a P(E) hysteresis loop.

Ferroelectric materials lose their ferroelectric properties above a critical
temperature, T¢, called the Curie point, which is the temperature at which the materials
undergo a transition from a ferroelectric to a non-ferroelectric (paraelectric) phase. For
example, PbTiO; (PT) has a T¢ of 490 °C, meaning that at this temperature, it undergoes
a structural change from a ferroelectric phase with tetragonal symmetry to a paraelectric
phase with cubic symmetry upon heating [4]. Therefore, the ferroelectricity in the
material disappears above Tc.

Based on their dielectric, polarization, and phase transition behavior,

ferroelectrics can be classified into three categories: (i) normal ferroelectrics; (ii)



ferroelectrics with a diffuse phase transition; and (iii) relaxor ferroelectrics (or relaxors)
[1,5]. Normal ferroelectrics show a sharp anomaly in the dielectric permittivity at the
Curie temperature, T, which points to a phase transition and hence the vanishing of the
spontaneous polarization (upon heating). Ferroelectrics with a diffuse phase transition
show a broadening of the dielectric peak which is caused by different kinds of cations
being distributed over the ‘B’ sites of the perovskite structure. On the other hand, relaxors
exhibit a broad and frequency-dependent dielectric permittivity peak. With an increase in
frequency, the dielectric maximum, €'ma, decreases and the temperature, Ty, at which
this maximum permittivity is observed, experiences an increase. Figure 1.5 shows the
difference in the temperature and frequency dependences of the dielectric constant, €',

between a normal ferroelectric and a relaxor.
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Figure 1.5: (a) Dependence of the dielectric constant, &', on temperature, in normal
ferroelectric materials; (b) Temperature and frequency dependences of €' in
relaxor ferroelectrics, with the maximum dielectric constant, €'y,
decreasing, and its temperature, Ty, increasing as frequency increases.



The three main physical characteristics possessed by ferroelectrics, namely the
switchable spontaneous polarization, the polarization — structure relationship, and the
high dielectric permittivities, make them a class of technologically very important
materials [6]. First of all, the ability of the ferroelectric materials to switch polarization
direction between two stable states forms the basis for binary code-based non-volatile
ferroelectric (FE) random-access memories (the two polarization states which are
directed in opposite directions represent the ‘0’ and ‘1’ data bits in these memory
devices). Ferroelectrics also display piezoelectricity which is a phenomenon that allows
these materials to convert mechanical energy into electrical energy and vice versa. This
characteristic can be made use of in micro machines such as accelerometers,
displacement transducers (sensors and actuators) of different kinds including those
required for inkjet printers, VCR head positioning, and medical ultrasonic imaging
probes. The other remarkable property of ferroelectric materials is their very high
dielectric permittivity values, which have been widely explored in high energy-density
miniaturized multilayered capacitors. The high dielectric constant also makes them very
important candidates in dynamic random access memory (DRAM) storage capacitors.
Ferroelectric materials can also exhibit pyroelectricity which makes them important for
use in highly sensitive infrared detectors. In addition to these properties, ferroelectrics
show electro-optic activity and non-linear optical effects, making them useful in lasers,
computer displays, color filter devices, image storage systems, and optical switches for

integrated optical systems [6].



1.2 Relaxor Ferroelectric Materials

Relaxor ferroelectric materials typically exhibit a broad maximum and a
significant frequency dispersion of the dielectric permittivity, as depicted in Figure 1.5
(b). Occurring mainly in two families of mixed compounds, such as (i) complex
perovskite structure of A(B’B”)Os composition, and (ii) tungsten-bronze structure of M;.
«Ba,Nb,Og composition, the relaxor behavior and materials have been extensively studied
over the past few decades [7]. Relaxors display a remarkably high value of maximum
dielectric permittivity (€'max) at the temperature T, but the dielectric maximum does not
relate to any phase transition into macroscopic ferroelectric phase [8]. An increase in the
value of Ty, is observed with increasing frequency, and the related maximum in the
imaginary part of permittivity (€"max) shows typical behaviour of a relaxational dielectric.
The relaxor ferroelectrics also show the characteristic ferroelectric hysteresis loop which
in contrast to normal ferroelectrics does not vanish suddenly at the temperature of
maximum permittivity, but instead decays more gradually as the temperature is increased.
It is now understood that the appearance of a dielectric hysteresis loop in relaxors is in
fact due to induced ferroelectricity (induced by the application of an applied external
field) [9]. In addition, the relaxors show no optical anisotropy and no splitting of X-ray
lines, characteristic of a transition into a lower symmetry (polar) phase, upon cooling.
The difference between normal ferroelectrics and relaxors in terms of dielectric
permittivity versus temperature and frequency is illustrated in Figure 1.5.

Complex perovskite Pb(Mg;/;3Nby3)O3 [PMN] is a prototypical and thereby the
most studied relaxor compound. In PMN the Pb** ions occupy the A-sites while the B-

sites are occupied by two types of ions namely, Mg®* and Nb>*. Therefore, there is a
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random distribution of these two types of ions over the available octahedral sites in the
perovskite structure (If we recall from section 1.1, the B-sites in PbTiOj; are occupied by
only one type of ion, i.e., Ti**). This random distribution of different types of ions over
the same sites gives rise to a compositional disorder and thereby a phase transition region
with different local Curie temperatures depending upon the relative concentration of the
B-site ions, rather than a phase transition point (as is the case for the normal ferroelectric,
PbTiO;). This description, although oversimplified, can explain the broadening of the
dielectric permittivity peak and the smearing of phase transition.

Recently, the relaxor behaviour has been shown to be related to the presence of
polar nanodomains in the disordered ferroelectrics. It is the slowing down of the dipolar
fluctuations (dynamics) within the polar nanodomains at lower temperatures that gives
rise to the strong frequency dispersion in the real part of dielectric permittivity [9]. When
the temperature is further lowered all the dipolar motion freezes and hence, no more
dispersion is observed. Bokov and Ye have recently found a universal relaxation law that
describes the dielectric relaxation in PMN and related relaxor materials in which the
degree of ferroelectric ordering varies [10,11]. Based on the dielectric spectroscopy
results, they have described the universal relaxor polarization using a microscopic model
which consists of ‘soft” polar nanoregions (PNR) [12]. The unit cells of these PNRs can
freely orient themselves in different direction but the direction of the total moment
remains the same.

A considerable amount of work was carried out in the past years in order to
explain the relaxor ferroelectric behaviour and in the process, various models have been

put forward, which include the composition fluctuation model [13], the superparaelectric
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model [7], the dipolar glass model [14] and the random field model [15]. Of all these
models, the most widely accepted is the one by Smolenskii and Isupov, which explains
the formation of polar micro regions by the existence of composition fluctuations in the
relaxor ferroelectrics. Many ferroelectric compounds which have a complex oxygen-
octahedral composition show diffuse phase transitions [16]. A complex oxygen-
octahedral composition means that different types of ions can occupy the same sites in
the structure (e.g., in PMN, as described earlier). Smolenskii and co-workers suggested
that composition fluctuations which arise because of a random distribution of cations in
their sublattices, are the cause of the difference in ferroelectric properties and the
diffuseness of phase transitions [13].

Isupov further developed and discussed the concepts and the properties of
materials with diffuse ferroelectric phase transitions (DFEPT) [17]. For the purpose of
discussion, the prototypical material with diffuse ferroelectric phase transition, PMN, was
chosen. In an earlier work on the solid solution of the (1-x)BaSnO;—xBaTiO; system,
which contains more than one type of ions on the octahedral sites in the lattice, the
dielectric permitttivity €' (T) was found to broaden as the concentration of BaSnO; was
increased [18]. This behaviour suggests that the ferroelectric phase transition is made up
of a number of local phase transitions resulting from frozen composition fluctuations and
varying local Curie temperatures. By analogy, in the complex perovskites with DFEPT,
such as PMN, the Mg2+ and Nb°* ions are randomly distributed over the B sites. Because
of the difference in charges on these cations, each unit cell carries an overall charge and
this results in intrinsic electric fields existing in the material. These fields are random and

they are frozen because of the frozen composition inhomogeneity. The unit cells in PMN
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can also have a permanent dipole moment and because of their random orientation, these
dipoles can either cancel each other or they can add up forming a group of unit cells with
a larger net dipole moment. There exist different micro-regions because of the difference
in the concentration of the Mg2+ and Nb>* ions. Therefore, each micro-region has a
different local Curie temperature which makes PMN display a broad €'« rather than a
sharp one like in the case of normal ferroelectrics. When the material is cooled down
from a temperature higher than the temperature at which &'max occurs, a polar region (PR)
of overcritical size with a ferroelectric dipole moment appears in the paraelectric matrix
possessing the highest local Curie temperature. Unlike in the case of normal
ferroelectrics, this PR does not grow. However, upon further cooling, the number of PRs
increases and these accumulate in the paraelectric matrix. This model was further
improved by Isupov by stressing on the fact that deformed paraelectric layers do exist in
between the PRs and they play a very important role on the appearance and
disappearance of the macro-domain state [19].

Ferroelectric relaxors have displayed considerable importance in electric and
microelectronic applications such as multilayered compact capacitors for use in high
density random access memory devices because of their remarkably high dielectric
permittivity and broad dielectric maxima [7,9,20,21]. The relaxor materials have also
been used in precision electrostrictive actuation and positioning [22,23]. Lead-based
perovskites having complex compositions with general formula Pb(B'B")Os, e.g.,
Pb(Mg13Nb2;3)O3 (PMN) and related compounds, make up most of these materials, with

PMN being, by far, the most studied and documented relaxor compound [24].
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1.3 Ferroelectrics — Relaxor Ferroelectrics Solid Solutions

When a normal ferroelectric such as PbTiOs; (PT) is mixed and reacts in varying
amounts with a relaxor ferroelectric, e.g., Pb(Mg;sNb23)O3 (PMN), the resulting solid
solution (1-x)Pb(Mgi1/3Nb/3)03—xPbTiO3 [(1-x)PMN-xPT] is formed. This solid solution
system combines the properties of both the normal and the relaxor ferroelectric materials.
The absence of ferroelectric long-range order because of frustration of local polarization
in relaxor ferroelectrics results in no phase transition into a macroscopic ferroelectric
phase at the temperature of maximum permittivity in the absence of an electric field [7,8].
PMN exhibits a broad and diffuse dielectric permittivity peak at T, = -15 °C while PT
has a normal and sharp ferroelectric phase transition at the Curie temperature, Tc = 490
°C and a long-range ferroelectric ordering below Tc. The formation of the solid solutions
between these two compounds has the effect of lowering the T¢ of PT and increasing the
Tm of PMN. With increasing PT content in PMN-PT, a long-range ferroelectric ordering
develops. This is due to the substitution of Ti** ions for the complex (Mg;;3Nb,/3)** on the
B site of the perovskite structure. Such solid solutions with appropriate amounts of PT
present, display very high dielectric and piezoelectric properties, making them excellent
candidates for a wide range of applications. Therefore, by adjusting the composition of
the PMN-PT system, desired high performance can be achieved. While the compositions
with lower PT contents give rise to materials with high dielectric constants and low
remnant polarization at room temperature, suitable for dynamic random-access memory
(DRAM) devices, those with higher PT contents have low dielectric constants and high
remnant polarization [25]. Compositions around the morphotropic phase boundary

(MPB) display excellent piezoelectric properties in the form of single crystals. An MPB
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separates two phases which are energetically similar but structurally different [26], and in
the case of the PMN-PT system, it was initially reported to separate the rhombohedral
(pseudo-cubic) and tetragonal phases at x = 0.35 as shown in Figure 1.6 (a) [27,28]. A
great deal of work has been pursued in this field and it was recently discovered that a
ferroelectric monoclinic phase exists between the rhombohedral and tetragonal phase [29-
31] as illustrated in Figure 1.6 (b). Similar observation was made for the PbZr, TisO3

(PZT) solid solution system [32].

Relaxor ferroelectric—ferroelectric solid solutions, especially the lead titanate
based (1-x)Pb(Zn;sNby;3)03—xPbTiO; [PZN-PT] and (1-x)Pb(Mg3Nby3)O3—xPbTiOs
[PMN-PT] systems, have been found to have high values of piezoelectric strain (> 1 %)
and a large electromechanical coupling factor (ks3 > 90 %) [33,34]. The MPB
compositions in PMN-PT possess large values of piezoelectric coefficient, ds; (2500
pC/N), much higher than that of PZT ceramics (widely used in piezoelectric devices for a
long time now) [35], hence making them the next generation of piezoelectric materials
for a wide range of electromechanical applications, e.g., in ultrasound imaging and

diagnosis, in active vibration and noise control, and in undersea communication [35-37].
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Figure 1.6: Phase diagram of the (1-x)Pb(Mg;,3Nb23)O3 — xPbTiO; solid solution system
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1.4 Perovskites and Layer-Structured Perovskites

Perovskite is a very important type of structure, which is represented by the
general formula ABO; having a primitive cubic unit cell [2,38,39]. The perovskite
structure can also be described as being made up of a framework of comer-sharing BOg
octahedra and of dodecahedral sites which host the A ions. The A-type ions can be rare
earth, alkaline earth, alkali, and large cations such as Pb** and Bi’*. On the other hand,
the B ions occupying the octahedral sites of the structural framework can be 3d, 4d, and
5d transition metal ions. Structural distortions occur in many of the perovskite materials
because the A and/or B cations are not exactly of the right size to fit into their respective
sites, thus giving rise to a variety of lower-symmetry structures in which the BOg
octahedra are either twisted or distorted. These structural distortions are valuable because
they exhibit very interesting and useful properties, such as ferroelectricity.

The stability of the perovskite structure depends on the tolerance factor, t, given
by

t=(Ra + Ro)/\2 (Rs + Ro),
where Ra, Rp, and Rg = ionic radii of A, B, and oxygen ions, respectively. The tolerance
factor is a measure of the degree to which the structure deviates from that of an ideal
cubic perovskite. The values of t in the range of 0.9 — 1.0 is commonly observed for cubic
perovskite forms. If t > 1, it means that the B ion is too small for the octahedral site of the
perovskite structure. Therefore it will prefer a much smaller site of lower coordination
number, and this makes the perovskite structure collapse with a structural change.
However, a t value just slightly greater than | results in structural distortions but still

maintains the perovskite structure. The tolerance factor values in the range of 0.85 — 0.90
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also lead to some structural distortions whereby the A ion now requires a smaller site. If t
< 0.85, the distorted structures are no longer the perovskite structure anymore, e.g., the
ilmenite, FeTiOs3, in which both cations are in a 6-coordination environment.

There are also a number of perovskite-like materials, which consist of the basic
perovskite cell sandwiched between layers such as oxides of alkaline earth metals. This
gives rise to a number of possible stacking sequences. Furthermore, a fairly large amount
of partial substitution and non-stoichiometry can be tolerated by perovskite compounds,
whereby cations of different valences can replace both A and B ions.

The large varieties of structures and compositions of perovskite materials have
attracted considerable interest both in applied and fundamental areas of solid state
chemistry, physics, advanced materials, and catalysis. Perovskites find a number of
applications that include multilayer capacitors, piezoelectric transducers, and
electrostrictive actuators [2]. Synthesis of perovskite compounds can be very challenging
because the method of synthesis should be one that produces a material that has all the
properties that meet the requirements for end use [38]. More precisely, if the compound
has to be mechanically strong for application then it has to be sintered at high
temperature during the synthesis process in order to make it very dense and to minimize
surface area. On the other hand, if the same compound is to be used for catalytic
applications, then the synthetic approach needs to be modified so that a high surface area
is maintained in the final compound. Therefore, based on the application of the
perovskites, a number of synthetic approaches exist ranging from solid state reactions to

soft chemical techniques such as the sol-gel process and the co-precipitation methods.
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A class of perovskites which is very common is termed as the layered perovskite
compounds. As the name suggests, these materials consist of perovskite slabs which are
separated by a metal-oxide layer [39]. The layered perovskites are good candidates for
important technological applications, such as non-volatile computer memories, and
oscillators and filters in microwave communication devices, etc., because of their very
interesting features like photocatalytic activity, ionic conductivity, dielectric,
ferroelectric, magnetic, luminescence, and intercalation properties [39]. The layer—
structured perovskites and their derivatives differ from normal perovskites by a relative
excess of anion. The bismuth containing layered perovskites were first discovered by
Aurivillius and are therefore known as the Aurivillius family of compounds [40]. They
have the general formula BizA,.1BuOsns3, in Which the A cations can be Bi**, Ba*, Sr**,
K*, Ca®, Na*, Pb*, or many rare earth metal ions, and the B cations can be transition
metal ions such as Ti**, Nb>*, Ta’*, Fe’*, Cr’*, and W®. The structure is made up of
(Bi»0)** layers which alternate with n (Ay.1BaOs041)>" perovskite slabs. Compounds with
n values ranging from 1 - 5 have been synthesized [41-44]. The compositional flexibility
of the perovskite blocks in the Aurivillius structures to incorporate various cations on the
A and B sites makes it possible to modify their ferroelectric and related properties based
on their chemical composition.

The bismuth layer structured compounds SrBisTa;Oo [SBT] (an Aurivillius
compound with A = Sr**, B = Ta’*, and n = 2) and BiTi;01 [BIT] (with A = Bi**, B =
Ti**, and n = 3) have attracted much attention recently because of their interesting
ferroelectric, piezoelectric, and pyroelectric properties [45-48]. Although structurally

similar, SBT and BIT do not have the same ferroelectric properties. SBT is well known
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for its fatigue resistance (shows retention of polarization even after being subjected to a
large number of repetitive polarization switching cycles) and it is therefore a potential
candidate for application in non-volatile ferroelectric memory devices. It has significant
advantages over the lead-based ferroelectric materials such as Pb(ZrsTi;x)O3 (PZT)
which suffers from serious fatigue problems [49,50]. It is widely believed that the
(Bi,0,)** layers in SBT seemingly play an important role in suppressing fatigue in the
material. The net electrical charge of the bismuth oxide layers and their position in the
structure compensate for the space charges that cause fatigue by accumulating at the
sample-electrode interface [49]. Although BIT has high remnant polarization value
attractive for ferroelectric random access memory applications, it is not fatigue-free [51].
This observation is interesting because it points to the fact that the charge compensating
role of the (Bi202)2+ layers might not be enough to make the material resist to
polarization degradation upon repetitive switching cycles. Using X-ray photoemission
spectroscopy (XPS) it was then demonstrated that the oxygen ion stability in the SBT and
BIT structures plays an important role in determining fatigue behavior [52]. As can be
seen from the structures of SBT and BIT in Figure 1.7 (a) and (b) respectively, the two
compounds differ in their chemical compositions and the number of perovskite slabs
separating the bismuth-oxygen layers. It was found that the oxygen ions near strontium in
the (SrTa,;07)* layer of SBT are more stable than those near bismuth in the (Bi,O)**
layer, which leads to the presence of oxygen vacancies in the bismuth-oxygen layers [52].
In the case of BIT, the oxygen ions in the vicinity of Ti** are not very stable and could be
easily lost so that oxygen vacancies are formed both in the bismuth-oxygen layers and in

the perovskite slabs. The oxygen vacancies in the titanium-oxygen octahedra may disrupt
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the ferroelectric responses coming from the perovskite blocks, and hence, result in

fatigue.
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Figure 1.7: Crystal structures of the bismuth-containing layered perovskites (a)
StBi;Ta;O9 (SBT) and (b) BisTi30, (BIT).
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1.5 Soft Chemical Synthesis — The Sol-Gel and the Co-Precipitation
Methods

Soft chemical routes to mixed oxide compounds are based on transformations that
take place in solution. Of these chemical techniques, the sol-gel processing has gained
considerable attention and popularity recently. Developed in 1845 by M. Ebelman who
made the first silica gels, this technique has extensively been employed in the synthesis
of inorganic mixed oxides because of the numerous advantages it offers over the
conventional solid state reactions [53]. Sol-gel processing has highlighted the importance
of chemistry in the fabrication of materials starting from chemical precursors. It was not
before 1950 that the first non-silicate ceramics, the perovskites, were synthesized using
the sol-gel process. In the last two decades, this soft chemistry technique has attracted
considerable interest and has known major development in the synthesis of mixed oxides
in the form of glass, ceramics, as well as thin films. Using the sol-gel methodology, the
syntheses of high purity submicron powders, electronic and ionic conductors, and
ferroelectric and magnetic materials have been accomplished [53,54].

The conventional processing of perovskites and perovskite-related materials is
usually carried out by solid state reactions of metal carbonates, hydroxides, and oxides.
These reactions require long-time grinding and also high temperature treatment so that
the starting ingredients are provided with sufficient energy to come together and react.
This process may lead to the formation of multi-phases in the final compound because of
incomplete reaction. The final product, if not homogeneous, suffers a decrease in its
performance. At the high reaction temperature, there is also loss of volatile components,

e.g., PbO volatilization from lead-containing compounds, which changes the
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stoichiometry, and degrades the property of the final material. The ability to mix (and
dissolve) the starting materials, commonly metal alkoxides, homogeneously in solution is
one of the major benefits of the sol-gel processing method [55].

The very first thing in this type of processing is the formation of a homogenous
solution containing all the necessary cationic ingredients in the desired stoichiometry.
Therefore, it is very important to choose the right solvent that is capable of effectively
dissolving all the starting chemicals in question. Once the reactants are well-mixed at the
molecular level, the next step towards forming a network of oxide in solution through
polymerization of the dispersed constituents becomes a lot easier. Broadly speaking, the
sol-gel method consists of polymerization reactions which are based on the hydrolysis
and condensation of metal alkoxides M(OR),, where M is a metal having an oxidation
state of n* and R is an alkyl group. Briefly, in the first step of the reaction, the metal
alkoxide is hydrolyzed by a water molecule. Once the hydrolysis step has been initiated,
the next reaction that follows is condensation of the hydrolyzed molecules to produce M—
O-M linkages or networks. Further condensation reactions can then take place, leading to
the formation of longer chains or oligomers. The processes can be summarized in the
reaction sequence in Figure 1.8. The formation of more extended networks in the sol
through further polymerization of the chains and oligomers then causes gelation to occur.
The homogeneous network of M-O-M units then decomposes at a much lower
temperature to give the desired inorganic oxide than is required in solid-state reactions.
One of the key features of sol-gel methods is the ability to produce small particle sizes, as

small as on the nanometer scale. The precursor powder obtained by the decomposition of
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the homogeneous gel is actually much finer than powders obtained by the solid state
reactions and this explains the increased reactivity of the former [54].

In summary, when compared to solid state synthesis, the sol-gel process offers
better control of stoichiometry and homogeneity, higher purity and reactivity of the
precursor powders, and significantly reduced temperature of ceramic densification. By
allowing the preparation of stable sols, the sol-gel method also opens opportunities to the
fabrication of thin and thick films through, e.g., spin-coating method. However, the main
disadvantages of the sol-gel process are the cost of the metal alkoxide precursors, and the

complexity in the processing.

M(OR), + xH,0 Fvdrolysis  wyoR) (OH), + xROH

(a)

R R OR R

RO—M—OH HO—M—ORMRO—M—O—I—OR + H0
R

OR OR OR
OR OR ?R R
I Dealcoholation
RO—M—OH RO-——I}II—OH > RO—M—O—M—OH + ROH
OR OR OR OR
(b)

Figure 1.8: (a) Hydrolysis of metal alkoxides, and (b) Condensation of the hydrolyzed
species through dehydration or dealcoholation steps.
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The sol-gel method is among one of the many soft chemistry methods available
for the synthesis of ceramic materials. The co-precipitation method, often referred to as
the solid state analogue or a side-branch of the sol-gel process, is another efficient soft
chemical route to mixed oxide materials [2]. Briefly, this method begins with a solution
of dissolved precursors in a common solvent to which a precipitating agent is added to
form a homogeneous and single phase inorganic solid. The precipitate is decomposed at a
high temperature to produce the target mixed oxide material. The starting materials can
be simple metal salts that can easily be dissolved in water or other appropriate solvents.

Figure 1.9 illustrates the synthesis of the complex metal oxide, FeCr,0y4, by the
co-precipitation method. The first step involves dissolving an iron (III) salt and a
chromate in water to obtain Fe** and CrO,* ions in solution. These ions are then
precipitated in a complex form by an ammonium solution (NH,"), and the resulting

precipitate can be decomposed at a high temperature into the target FeCr;04.

Fe¥* + 2CrO,> + NH,* — NH,Fe(CrO,),
Precursor to FeCr,0,

1150 °C
———

2NH,Fe(Cr0,), 2FeCr,0, + 2NH, + H,0 + 7/20,

Figure 1.9: Synthesis of FeCr,O4 by the co-precipitation method.

25



1.6 Objectives of this study

The main topic of this research work is the development of new soft chemistry routes
for the synthesis of ferroelectric and relaxor ferroelectric materials, and the
characterization of the structural physical properties of the materials synthesized. The
objectives consist of the following:

(1) Synthesis and characterization of dielectric and ferroelectric properties of (1-
x)Pb(Mg,3Nby3)03—xPbTiO; [PMN-PT] (x = 0.10 and 0.35) ceramics
synthesized using sol-gel processing,

(i) Synthesis of layered perovskite ferroelectric SrBi;Ta;O¢ (SBT) by two soft
chemical techniques, namely a sol-gel route and a co-precipitation method,

and characterization of their dielectric and ferroelectric properties.

The rationales of these objectives are given as follows:

1.6.1 Sol-gel method for the synthesis and characterization of

(1-x)PMIN—xPT ceramics

As already addressed in the previous sections, the solid solutions of (1-x)PMN-
xPT embrace a range of compositions and by varying the amount of PT, the material can
be fine-tuned for a number of important applications. For instance, compositions with
lower PT content behave more like a relaxor and therefore, have very high dielectric
constant, and low remnant polarization at room temperature. On the other hand, PMN-PT

systems with higher PT content, for example around the MPB, exhibit the largest

piezoelectric coefficients [35].
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The 0.65PMN-0.35PT composition is, therefore, very interesting because it lies
near the MPB and displays exceptional dielectric and piezoelectric properties suitable for
advanced electromechanical applications, both in the forms of electroceramics and thin
films. It also displays excellent pyroelectric properties that could be exploited in thin-
layer devices [26,30]. Moreover, the addition of 35 mol % of PT to PMN increases the
Tmax from -15 °C in PMN to around 175 °C in 0.65PMN-0.35PT, which makes the
material suitable for a number of device applications.

On the other hand, 0.90PMN-0.10PT is a typical relaxor ferroelectric material
due to the fact that this composition lies more on the PMN side of the phase diagram of
the (1-x)PMN-—xPT solid solution (Figure 1.6) [34]. This composition also displays a
diffuse phase transition temperature (Tmax) at ~ 40 °C and its dielectric constant at room
temperature is very high (¢' ~10, 000). The high dielectric permittivity, narrow hysteresis
loop and strong piezoelectric response of the 0.90PMN-0.10PT make it an excellent
material for DRAM and multi-layer capacitor applications [25,56].

However, one of the biggest challenges encountered in the processing of PMN
and related compounds, including the (1-x)PMN-xPT systems, is to eliminate the
formation of a kinetically more favorable, but functionally undesirable pyrochlore phase
which degrades the dielectric properties of the perovskite phase [57]. With a view to
improving the desirable properties in these materials, a lot of effort has been put into
trying to eliminate the unwanted pyrochlore phase of the chemical formula
‘Pb; sNbyOg¢ 5, which is a reaction product between Nb,Os and PbO [57-60]. Therefore,
to avoid prior reaction between these two components, the ‘columbite route’ was

proposed for the synthesis of PMN in solid state reactions, and it involves two
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calcinations steps [57]. These consist of first reacting MgO with Nb,Os to form the
columbite phase, MgNb,Og, which is then reacted with PbO to produce pure perovskite
PMN (to make PMN-PT, MgNb,O¢ is reacted with PbO and TiO,). Although the
columbite method is efficient in eliminating the pyrochlore phase, it still suffers from the
drawback of two calcination steps which are both carried out at relatively high
temperatures of 1000 °C and 900 °C, respectively. Moreover, to obtain ceramics with
good dielectric and ferroelectric properties, sintering of the pressed powder at higher
temperatures (> 1200 °C) is very important in order to make high density ceramics.
However, at such elevated temperatures, another problem is the loss of PbO because of
its high volatility. PbO loss from the sintered ceramics also has the effect of degrading
the dielectric properties of the material. Therefore, to prevent the loss of PbO during
sintering of ceramics, different methods have been tried which mainly include the use of
packing powders, and the addition of an excess amount of the lead starting material to the
reaction mixture [61]. Such practices have, to some extent, been successful in stabilizing
the perovskite phase up to ~95 %. The use of excess lead can, however, result in PbO
remaining at the grain boundaries, and this is known to degrade the properties of the
PMN-PT systems [62,63].

Considering the difficulties met in the processing of PMN-PT, it is necessary to
develop a method that can produce pyrochlore-free powders that are reactive enough to
give high density ceramics at relatively low sintering temperatures, and soft chemical
techniques are the answer to this. As discussed earlier (Section 1.5), the sol-gel method
has a number of advantages over the conventional solid state reactions such as high

homogeneity of the components at the molecular level, good control of stoichiometry,
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and low processing temperature due to the high purity and reactivity of the precursor
powders. Basically, in a sol-gel reaction the metal-organic precursors (typically
alkoxides) need to be dissolved in a common solvent. Hydrolysis and condensation
reactions then form extended arrays of M—O-M linkages in the sol or gel which prevent
the metal ions from precipitating. This polymerization helps keep the mixture
homogeneous. Therefore, a solvent that can chelate efficiently to the metal ions and/or
act as a cross-linking agent is of great importance in sol-gel chemistry. Two new sol-gel
routes were recently developed in our group for the synthesis of PMN-PT ceramics [64].
These methods use 1,3-propanediol as a solvent, which is believed to act as a crosslinking
agent, leading to the formation of large oligomeric species. These methods, named as the
‘two-step sol-gel’ and the ‘one-step sol-gel’, were able to produce pure phase PMN-PT
powders at relatively low temperatures of 850 °C and 750 °C, respectively. The density of
ceramics sintered at 1050 °C reached ~91 % and showed pure perovskite phase.

We thought that developing a new solvent system with more metal ions binding
sites and better crosslinking characteristics could improve the quality (uniformity of
composition) of the sol and gel, and hence of the powder and ceramics. Therefore, the
development of a new sol-gel route for the synthesis and characterization of (1-x)PMN -
xPT (x = 0.10, 0.35) ceramics constitutes the first part of this research work. Our main
goal is to study the formation of pure phase PMN-PT and to synthesize good quality
ceramics with improved dielectric and ferroelectric properties in the materials. A new
room temperature sol-gel method has been developed, which uses a polyethylene glycol
200 (PEG) and methanol mixture as solvent. The method takes advantage of the multiple

binding sites on the PEG chains (hydroxyl groups and ether oxygen) to stabilize the metal
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ions in solution. We have also studied the effect of adding a triol molecule, 1,1,1-
tris(thydroxy)methylethane (THOME) to the sol-gel reaction. With its three hydroxyl
groups, the THOME molecule is known to act as a good cross-linking agent by binding to
up to three metal centers at one time and forming oligomeric species in solution. Our new
method not only eliminates the reflux steps involved in conventional sol-gel reactions,
but also does not require the use of an excess of the lead starting material in order to
obtain pure phase PMN-PT ceramics.

Thermogravimetric analysis and differential thermal analysis (TGA/DTA),
powder X-ray diffraction (XRD), Fourrier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), dielectric spectroscopy, and ferroelectric testing
are employed to study the thermal behavior, the phase formation and transformation, the

reaction mechanisms, the microstructure, and the dielectric and ferroelectric properties.
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1.6.2 Soft chemistry methods for the synthesis of SrBi;Ta,09 (SBT) ceramics and

characterization of properties

A member of the Aurivillius family of the layered perovskites, SrBi,Ta,Og [SBT]
has been identified as a ‘fatigue-free’ ferroelectric material and this characteristic has
made it a very attractive candidate for application in non-volatile ferroelectric random
access memory (NVFRAM) devices [65-67]. With a polarization retention even after 10"
switching cycles, SBT has outweighed the well-known Pb(Zr,Ti; ) [PZT] which has
been used for decades in data storage applications [66,68]. Apart from its high lead
content, which poses environmental concerns, PZT suffers serious fatigue degradation
which leads to deterioration of its performance, accompanied by a shortened device
lifetime. Therefore, the advantages of SBT as being both fatigue resistant and lead-free
are to capture major interest.

To date, a number of different techniques have been employed for the synthesis of
SBT thin films [69-73]. There are, however, few studies available on ceramics of this
material, and most of these studies are focused on the solid state synthesis of SBT
[74,75]. Solid state reactions are more tedious, requiring relatively high sintering
temperature and long reaction times and often lead to secondary phases in the final
compound. Recourse has been made to soft chemical routes such as the sol-gel process
because of its previously mentioned advantages over the solid state reaction.

Therefore, the second part of this research work is devoted to the development of
soft chemical routes for the synthesis and characterization of SBT ceramics. We choose
to make ceramics of this compound because less attention has been given to this field and

it is also very important to first study the bulk properties of any material to be able to
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explore to full capacity the applications of the new method being developed. Given the
fact that most sol-gel processes reported so far in the literature for the synthesis of SBT
commonly use 2-methoxyethanol, a known teratogen, as solvent, our aim is to design
new solution-based methods that use less harmful solvents [76]. In that respect, we have
successfully developed two new soft chemical routes namely a sol-gel and a co-
precipitation method to synthesize pure phase SBT ceramics at a calcination temperature
as low as 750 °C. Ethylene glycol was employed as solvent in the sol-gel process while a
mixture of PEG and methanol proved to be the right solvent for the co-precipitation
method. Of the two approaches, the sol-gel route produced ceramics with better dielectric
and ferroelectric properties, while ceramics obtained from the co-precipitation method
interestingly show remarkable preferential grain orientation just through normal sintering
procedure.

The phase formation, the microstructure, the dielectric and ferroelectric properties
are studied using powder X-ray diffraction (XRD), scanning electron microscopy (SEM),

dielectric spectroscopy, and ferroelectric testing, respectively.
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CHAPTER 2:
Materials Synthesis and Characterization — Principles
and Instrumentation

2.1 Soft Chemical Synthesis of  Relaxor Ferroelectric
(1-x)Pb(Mg,,3Nb,3)03;-xPbTiO; (x = 0.10, 0.35), and Ferroelectric
SrBi,Ta,0¢ Ceramics

Sol-gel processing is one of the most common of soft chemical methods that is
widely used in the synthesis of mixed oxide materials. The method primarily relies on
polymerization reactions of the metal-containing starting materials (usually alkoxides),
which are triggered by the solvent molecules. Therefore, the choice of an appropriate
solvent is very important in such processes because it has to be the one that is able to
dissolve all the starting ingredients and produce a homogeneous solution mixture. The
dissolution depends on how well the solvent molecules can exchange with the alkoxy
groups on to the metal complexes and contribute in polymerizing them, possibly, into
chain structures which bring the cations in solution as close together as possible. Slow
drying of this solution then leads to a viscous sol or a gel in which more complex cross-
linked structures form through further polymerization reactions. Calcining of the viscous
sol or gel at high temperatures to remove all organic moieties leads to the formation of a
homogeneous precursor powder which can then be crystallized into the target inorganic
phase at considerably lower temperatures than required in solid state reactions.

In the new room-temperature sol-gel route developed in this work for the

synthesis of (1-x)PMN-xPT (x = 0.10, 0.35) ceramics, a mixture of polyethylene glycol
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200 (PEG200) and methanol proved to be the right solvent for all our starting materials,
producing a clear and homogeneous mixture. Polyethylene glycol (PEG) is well-known
to be able to stabilize metal ions in solution and keep them from precipitating by binding
them through the hydroxyl groups and also through the ether oxygens found in the
polymer backbone [1,2]. We also studied the effects of adding a triol molecule, 1,1,1-
tris(hydroxy)methylethane (THOME), which is known to help in cross-linking cations
and bring them closer together, thus further preventing them from precipitating in the
form of hydroxides [3].

For the synthesis of SrBiyTa;O¢ (SBT) ceramics, two soft chemical methods,
namely a sol-gel and a co-precipitation route, were designed. In the co-precipitation
method, the PEG200/MeOH mixture was again the solvent of choice for dissolving all
the starting materials before co-precipitating the cations into a homogeneous precursor
solid. For the sol-gel process, ethylene glycol was used as solvent and mild reflux
conditions were required.

In order to study the potentials of our soft chemical methods developed in this
research work, and to understand the effects of reaction parameters and of additives used
(e.g., THOME in the case of PMINT) on the sol-gel reactions as well as on the properties
of the final materials, a sertes of characterization techniques have been employed, which

are discussed in the following sections.

38



2.2 Thermogravimetry/Differential Thermal Analysis (TG/DTA)

In solid state chemistry it is particularly important to have knowledge of the
temperature at which a solid state reaction takes place and whether the solid decomposes
to a different composition(s) or phase(s). This information is useful for the preparation of
the desired materials. Methods that are commonly used for the characterization of these
reactions include thermal analysis techniques, namely, thermogravimetry (TG) and
differential thermal analysis (DTA) [4]. When heat is applied to a compound, two events
may take place simultaneously: a thermal change and a weight loss, but the latter does not
always occur. Thermogravimetry measures the change in weight of the sample as a
function of time or temperature, while differential thermal analysis measures the
difference in temperature between an inert reference material and the sample while both
are being heated at a constant rate in a suitable atmosphere [4].

In DTA, two thermocouples of the same nature are connected together, i.e., either
the positive or negative legs of both thermocouples are electrically connected, meaning
that the net electromotive force (EMF) for the two thermocouples is zero at any given
temperature. Therefore, an EMF response will only occur when the temperature of one
thermocouple differs from the other. In a DTA experiment the sample is put next to one
thermocouple and an inert reference material, usually alumina powder (o - Al,O3)
(because its heat capacity remains constant even up to its melting point of 1930 °C), is put
next to the other thermocouple. As both are heated at an equal heat flow, thermal changes
can be followed since each thermocouple produces its own EMF as temperature changes.
Since no thermal changes take place in the reference, any changes that are detected come

from thermal events in the sample. These temperature differences therefore, serve as
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reaction indicators. A plot of these temperature differences as a function of temperature
gives rise to a curve with peaks that either increase (Exothermic) above or decrease
(Endothermic) below the baseline. If evaporation of water (or any type solvents) occurs,
an endothermic peak appears on the DTA curve because the process absorbs heat,
causing the temperature of the thermocouple next to the sample to go down (or to decay).
If a structural change that tends to release heat occurs in the sample, then an exothermic
peak will be observed. Schematic representations of a typical DTA set-up, and a DTA
curve are shown in Figure 2.1.

As mentioned above, thermogravimetric analysis measures the change in the
weight of a sample as a function of increasing temperature [4]. The apparatus consists of
an analytical balance, which has a weight-change detector on one side of it. The
equipment also has a temperature-controlled furnace, which houses a crucible containing
the sample. A change in sample weight is detected and the current in the drive coil
changes to counter the displacement of the beam. The change in current is proportional to
the change in the weight of the sample. This change is plotted as a function of
temperature.

In this study, the thermogravimetric and differential thermal analysis of the
viscous (1-x)PMN—xPT (x = 0.10, 0.35) precursor sols obtained by the room temperature
sol-gel reactions were simultaneously measured on a Seiko Exstar 6300 TG/DTA
Thermal Analyzer. About 13—15 mg of the samples and the Al,O; reference were heated

in Pt pans from room temperature to 1000 °C at a heating rate of 5 °C/min.
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showing exothermic and endothermic peaks.
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2.3 X-ray Diffraction

X-rays are electromagnetic radiation. They are of exactly the same nature as light
but with much shorter wavelength. While visible light has a wavelength of the order of
4000 — 7000 A, that of X-rays (used in diffraction) lies in the range of 0.5 — 2.5 A. They
are found between the gamma and ultraviolet rays in the electromagnetic spectrum. This
radiation has been of invaluable importance to solid state chemistry in two key aspects of
research, namely in the fingerprint identification of crystalline materials and in
determining their structure [5,6].

X-rays are produced when electrically charged particles, usually electrons,
accelerated through >30 kV and therefore, of sufficient kinetic energy, are rapidly
decelerated by collision with a solid body, e.g., a copper target. The electrons hitting the
target have sufficient energy to ionize some of the copper ls electrons, i.e., electrons
from the K shell. As this happens, an electron from either of the outer 2p or 3p orbital
immediately drops to occupy the vacancy on the 1s level. The energy that is released in
this transition appears as X-rays. This is illustrated in Figure 2.2. In the case of copper,
the 2p — s transition produces K, radiation with a wavelength of 1.5418 A. The K,

radiation is the one typically used in diffraction experiments because of its high intensity.
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K, X-rays

3s

Figure 2.2: The generation of Cu K, X-rays by ionization of a 1s electron and the
subsequent transition of a 2p electron.

The radiation is produced in an X-ray tube comprising of an electron source (the
cathode) which is generally a heated tungsten filament, and an anode to which the copper
target is attached. The X-ray tube is evacuated to prevent oxidation of the tungsten
filament. Less than one part in a thousand of the energy of the incident electron beam
goes into production of X-rays, and the rest gets converted into heat that can easily melt
the anode. Therefore, constant cooling of the anode is very important and this is achieved
by maintaining a continuous water flow around the latter while the X-ray tube is in
operation. Beryllium is used to make up the small windows found on the tube walls
through which the X-rays leave. The X-rays emerging from the X-ray tube contain the K,
as well as radiation of other wavelengths. Since it is best to have a monochromatic beam

of X-rays for most diffraction experiments, and the K, line is the most intense one, it is
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desired to filter out all the other wavelengths. In the case of X-rays emitted from a copper
target, a Ni foil is used as filter for this purpose.

In powder X-ray diffraction method, this monochromatic beam of X-rays
emerging from the Ni filter is then allowed to strike a finely powdered sample and,
depending on the size and shape of the unit cell, and the atomic number and position of
the different atoms in the structure, different crystalline materials will produce their own
distinct diffraction patterns. In a powder sample the lattice planes are oriented in all
possible directions, of which, some are oriented at the Bragg angle, 0, to the incident
beam, satisfying the Bragg’s law, 2dsinB = nj, where 0 is the angle of incidence, d is the
interplanar distance, and A is the wavelength of the incident beam. Therefore, diffraction
occurs for these planes. The diffraction principle and the Bragg’s law are explained using
Figure 2.3 which shows two X-ray beams, 1 and 2, being reflected from two adjacent
planes, A and B. For the reflected beams to be in phase, the extra distance, xyz, travelled
by beam 2 must be equal to a whole number of wavelengths. Since

Xy = yz = d sin0,
xyz = 2d sin6, and
XyZ = nA
where, d = the spacing between the two planes, and 8 = the angle of incidence (Bragg
angle), we obtain the Bragg’s law:

2d sin0 = nA
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Figure 2.3: Diffraction principle and derivation of Bragg’s law.

The diffraction spectra, which are plots of the intensity of the Bragg’s peaks as a
function of 20, are used to identify the compounds and to check the phase purity of the
samples. Each crystalline solid has unique characteristic X-ray powder pattern which may
be used as a ‘fingerprint’ for its identification. Compounds of the same structural type do
not give rise to the same powder diffraction patterns. This is because they have different
unit cell parameters due to their different unit cell size, which make the d-spacing and
therefore, the peak positions vary. The intensities of the peaks also vary because of the
presence of different types of ions with different atomic numbers, and hence, different X-
ray scattering powers. For example, PbTiO; (PT) and Pb(Mg;,3Nb23)O3 (PMN) both have
the ABOs;-type perovskite structure, but produce different X-ray diffraction patterns
because of their different symmetries. The Miller indices, hkl, of the diffraction planes,
the intensity, Inw, of the resulting peaks, and the corresponding 26 values for the
tetragonal PT and pseudocubic PMN are given in Table 2.1, and the X-ray diffraction

patterns are illustrated in Figures 2.4 (a) and (b), respectively.
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PbTiO;

(Tetragonal; a =b =3.940 &, ¢ = 4.063 A)

Pb(Mg;3Nb,;3)O;
(Cubic; a = 4.044 A)

20 duia Ihia hkl 20 dnia I hkl
21.858 { 4.150 227 001 21.961 4.044 212 100
22.549 | 3.900 381 100 31.254 2.860 999 110
31.607 | 2.842 999 101 38.527 2.335 137 111
32.102 | 2.758 472 110 44.785 2.022 235 200
39.175 | 2.297 341 111 50.417 1.809 40 210
44.566 | 2.076 115 002 55.623 1.651 250 211
46.035 1.950 235 200 65.196 1.430 94 220
50.506 1.833 79 102 69.700 1.348 7 221
51514 1.765 65 201 74.074 1.279 67 310
51.847 1.744 62 210 78.357 1.219 9 311
55.975 1.658 148 112
56.915 1.608 266 211
66.005 1.421 98 202
67.143 1.379 52 220
69.329 1.384 7 003
70.718 1.335 42 212
71.546 1.308 18 221
71.822 1.300 11 300
73.945 1.305 49 103
76.108 1.240 44 301
76.377 1.233 53 310
78.456 1.237 16 113

Table 2.1: X-ray diffraction data for perovskite compounds, PbTiOs and
Pb(Mg1/3Nby;3)03 [5].
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Figure 2.4: X-ray diffraction spectra of (a) tetragonal PbTiO3, and
(b) pseudocubic Pb(Mg;,3Nby3)03.
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In this research work a Philips powder diffractometer using CuK, radiation (40
kV, 35 mA) was used to check the phases of the 0.65PMN ~ 0.35PT samples. For the
0.90Pb(Mg;,3Nb23)03-0.10PbTiO; [0.90PMN-0.10PT] and SrBi;Ta;O9 (SBT) samples,
phase formation was determined on a Rigaku X-ray diffractometer which also uses CuK,

radiation (46 kV, 42 mA).
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2.4 Infrared Spectroscopy

Infrared radiation occurs between the visible and microwave regions of the
electromagnetic spectrum. Bonds in molecules are able to rotate and to vibrate by
absorbing infrared radiation. When radiation of frequencies smaller than 100 cm™ is
absorbed, it is converted into molecular rotation. Since this absorption is quantized, it
gives rise to discrete lines on the molecular rotation spectrum. On the other hand, IR
radiation in the range of 10,000 - 100 cm™ is converted into energy of molecular
vibration when absorbed by molecules. Again, this absorption is quantized, but the
resulting spectra appear as bands instead of lines because a single vibrational energy
change results in a number of rotational energy changes. These vibrational-rotational
bands occurring between 4000 — 400 cm’! are of particular interest to organic chemistry
while the far-IR regions (700 — 200 cm’) are important to inorganic chemistry [7].

IR spectra are therefore plots of the intensity of the radiation absorbed by specific
bonds in the molecule as a function of the frequency or wavelength of the incident
radiation. This technique is a very important tool that helps in the elucidation of structural
information about a given molecule [7]. Since a given bond will absorb at a particular
frequency, a peak-by-peak correlation is excellent evidence for identity. Table 2.2 shows
the characteristic absorption frequencies of some common functional groups. Any two
different compounds are unlikely to show exactly the same IR spectrum unless they are
enantiomers. Either transmittance (T) or absorbance (A) is used to express the band
intensities. Transmittance is the ratio of the intensity of radiation transmitted by the
sample to that which was incident on the later. Absorbance is the logarithm, to the base

10, of the reciprocal of the transmittance. This is expressed in Figure 2.5.
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Characteristic Absorption |

Functi 0 1 '
ctional Gr up Frequenctes (cm 1) |

OO |

Alkyl C-H Stretch 2950 - 2850

| !
" Alkenyl C-H Stretch 3100 - 3010 !
| Alkenyl C=C Stretch | 1680 - 1620 |
' Alkynyl C-H Stretch | ~3300 |
Alkynyl C=C Stretch 2260 - 2100
Aromatic C-H Stretch 3030
Aromatic C-H Bending 860 - 680
Aromatic C=C Bendmg 1700 - 1500
‘ Alcohol/Phenol O-H Stretch 3550 - 3200
Carboxyhc Acid O-H Stretch ; 3000 - 2500
SRS — — -
Amine N-H Stretch 3500 - 3300
Nitrile CEN Stretch ) 2260 - 2220
Aldehyde C= O Stretch 1740 - 1690
Ketone C=0 Stretch 1750 - 1680
Ester C=0 Stretch 1750 - 1735
Carboxylic Acid C=0 Stretch 1780 - 1710
Amide C=0 Stretch 1690 - 1630
Amide N-H Stretch | 3700 - 3500

Table 2.2: Characteristic IR absorption frequencies for some of the common functional
groups [7].
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Figure 2.5: Relationship between transmittance and absorbance when electromagnetic
radiation passes through a given sample.

In this work, IR spectroscopy was used in order to give an insight of the structural
transformation taking place during the transformation of the PMN-PT precursor sol
containing metal-organic species to the crystalline inorganic phase. The 0.65PMN-
0.35PT sols prepared with and without the triol molecule (THOME) were treated at
different temperatures and IR spectroscopy was performed on the resulting powders to
investigate the different mechanisms of the thermal reactions and the crystallization of
the precursor powders into the perovskite phase. The IR spectra were obtained on a
Bomem MB spectrometer. The solid samples were mixed with potassium bromide,
ground and pressed into thin pellets for the experiments. As for the liquid samples (sols),

small drops were placed in between two sodium chloride disks for the measurements.
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2.5 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a powerful tool for unveiling important
and useful information about the microstructure of solids. SEM is able to produce very
detailed 3-D images at considerably higher magnifications than can be achieved by an
optical microscope [5]. The scanning electron microscope uses electrons rather than light
waves to create those images. SEM analysis reveals detailed information about ceramic
surface texture, grain sizes and shapes, and grain boundaries.

For an SEM experiment, the sample’s surface has to be made conducting and
this can be achieved either by applying a coating of graphite paste or by sputtering a thin
layer of gold on the surface to be scanned. The sample is then mounted on a holder inside
the sample chamber and air is pumped out of the chamber in order to create a high
vacuum. Once this is achieved, an electron gun placed right on top of the sample emits a
high energy electron beam which is focused onto a fine spot on the specimen [8,9]. This
focused beam is then made to scan the surface of the sample by moving back and forth.
As the high energy electrons hit the surface of the specimen, secondary electrons are
ejected from a depth of about 50 — 500 A. This is the result of interactions between the
energetic electrons from the beam and conduction electrons which are weakly bound in
the sample. The secondary electrons then hit a detector which counts the electrons and
sends the signals to an amplifier and the final image is created based on the number of
electrons which are emitted from the different spots on the sample. A schematic
representation of the instrumentation involved in a scanning electron microscope is

shown in Figure 2.6.



In this work, the mircrostructure and grain size of the 0.65PMN - 0.35PT and
SBT ceramics were imaged using a Bausch and Lomb Nanolab 2100 SEM equipment,
and a Strata 235 Dualbeam instrument composed of a Field Emission Scanning Electron

Microscope and Focus Ion Beam (FESEM/FIB), respectively.

Electron
Gun
Vacuum
Condensing column
lenses
Scan Display =
coils

Detector
and amplifier

Objective
lens

High energy
electron
beam

Secondary
electrons

Figure 2.6: Schematic representation of a scanning electron microscope.
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2.6 Dielectric Characterization by Means of Impedance Spectroscopy

In order to characterize the microstructure and electrical properties of
electroceramics, techniques that can probe or distinguish between the different
microstructural regions of a ceramic are required. One of the methods available to
measure the electrical properties of ceramics is impedance spectroscopy [10-12]. This
technique has gained a lot of importance because it has proved to be very powerful for
unravelling the complexities of electroceramics. The frequency dependence of the
different parts of an electroceramic allows the overall electrical properties of the material
to be separated, thus making them easier to be studied and/or modified. In impedance
spectroscopy, an alternating voltage is applied across a sample and a standard resistor,
which are in series, and the in- and out-of-phase components of the voltage across the
sample are measured. These components are then divided by the magnitude of the current
to give the resistive and reactive components of the impedance. The measurements are
repeated as a stepwise function of frequency which typically ranges from 102 to 10’ Hz,
and the different regions of the material are characterized according to their electrical
relaxation times or time constants, by a resistance and a capacitance, usually placed in
parallel. The principle of an impedance spectroscopy measurement of an electric material

is shown in Figure 2.7.
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Sample between

V0 electrodes
Generator I
Voltage 0
Analyzer Current
Analyzer

Figure 2.7: Principle of a dielectric (or impedance) measurement.

The sample, usually in the form of a disc, is sputtered with a layer of gold on each
side and the electrical wires (gold) are attached using silver paste. As shown in Figure
2.7, a sinusoidal voltage V(1) (equal to Vgsinwt) with a fixed frequency w/2x is applied to
the sample by means of the generator, and this produces polarization in the sample. This
voltage causes a current I(t) (equal to Ipsin(wt + ¢) to flow through the sample at the same
frequency. Generally, there is a phase shift between the resulting current and the applied

voltage, which is known as the phase angle, ¢. This is graphically represented in Figure

2.8.
Applied
Voltage, V,
P
2]
°
=3
=
a
E Y
= Time
c Resulting
K=l Current, |,
(72}

Figure 2.8: Relationship of amplitude and phase difference between applied voltage and
resulting current.
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By measuring the complex impedance, Z', of the sample and by separating it into its real
and imaginary parts, Z' and Z", the capacitance, C, and conductance, G, can be calculated
as follows:
Z'=7'+7"
= V/I = Vgsinot / Ipsin(ot + ¢) = 1/G + 1/oC
The dielectric constant of the sample, which is the real part of the dielectric permittivity,
g', can then be obtained from the impedance measurement.

The permittivity, €', of a dielectric material is related to its capacitance, C. The
application of a voltage, V, to the sample and the flow of a current, I, through it causes
the accumulation of a given amount of charges. Q, on the opposite plates of the capacitor,
producing an electric field between the plates. The presence of the dielectric material (the
sample) between the parallel plates of the capacitor causes a reduction in the effective
field, E. This is because the polarization of the material produces an electric field,
Epotarization, Which opposes the field of the charges on the plates, Eo. This is illustrated in
Figure 2.9. Therefore,

E = Ey - Epotarization = 6/ £'gg
where, ¢ = charge per unit area, gg = permittivity of free space, and &' = the dielectric
constant of the material between the capacitor plates.
With
E=V/d ;Q=CV ; and o= Q/A,
V=Ed=Q/C
Therefore,

C =Q/Ed = Q¢e'gp/od = g'gpA/d
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where, C = capacitance, A = area of plates, and d = distance separating the plates (or
thickness of the dielectric material).

Ferroelectric and relaxor ferroelectric materials cause a considerable lowering of
the effective electric field, E, between the capacitor plates. As discussed in Chapter 1
(Sec. 1.1), ferroelectrics have their polarization oriented in different directions, which
gives rise to the formation of domains, and within a given domain, all dipoles are
oriented in the same direction. The application of an external field then causes domain
walls to move as all the dipoles begin to align themselves in the same direction. This
leads to a large increase in polarization which results in an electric field, Epotarization,
opposing the applied electric field, Eo. Owing to these non-linear effects, large values of
static dielectric constant are observed in these materials. When subjected to an alternating
field, a point is reached when at certain frequencies the dipoles which are responsible for
polarization can no longer keep up with the oscillation of the electric field. The re-
orientation of the dipoles and the reversal of the field therefore become out-of-phase

causing a dielectric relaxation, i.e., a decrease in the real part of permittivity, &

+©+ Dielectric material

between plates

+
+
+

+ 4+ 4+ 4 4

D

Eo = 0'/50 = Vo/d

m
(=]
EPoIarization
ﬁ

Figure 2.9: Reduction of effective electric field between the plates of a capacitor by a
dielectric material.
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Impedance spectroscopy was used to study the temperature and frequency
dependences of the real part of dielectric permittivity of the ceramics prepared in this
research work. The ceramics were sputtered with layers of gold on opposite sides and
gold wires were used for electric connection. The dielectric permittivity of the 0.90PMN-
0.10PT ceramics was measured on an Alpha Broadband High Resolution
Dielectric/Impedance Analyzer (Novocontrol), while the 0.65PMN-0.35PT and
StBi,Ta,Oy (SBT) samples were studied using a computer-controlled impedance analyzer

(Solartron 1260) in conjunction with a dielectric interface (Solartron 1296).
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2.7 Ferroelectric Measurement

The spontaneous polarization present in ferroelectric materials can be reversed by
the application of an external electric field, and this forms the basis for the occurrence of
the ferroelectric hysteresis loop in these compounds. The principle of ferroelectric
hysteresis has been explained in Chapter one (Sec. 1.1). In a ferroelectric hysteresis
testing experiment, a voltage is applied to the sample (which is in the form of a capacitor)
and the resulting polarization is measured in terms of the amount of charge accumulated
on the capacitor plates. The tester is computer-controlled and the software executes the
appropriate commands by collecting and processing the data, and displaying the results in
the form of the hysteresis loop [13].

For the hysteresis measurement, the opposite surfaces of the sample (usually in
the form of a disc) of a given area, A, are coated with a layer of gold to make the
electrodes. Gold wires are then attached to the electrodes using silver paste, and the
sample is connected to an electrical circuit consisting of a reference capacitor, Cgr, as
shown in Figure 2.10. A variable power source is used to apply a voltage to the reference
capacitor and the sample, and the resulting charge, Q, is measured for each applied
voltage. By measuring the voltage, Vg, across the reference capacitor, Q can be
determined as follows:

Q = CrVr
Using the calculated charge and the surface area, A, of the sample the software can then

generate the polarization, P, from

P=Q/A
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and produce a plot of P as a function of the electric field, E (equal to Vg/sample

thickness).

Sample
between gold
electrodes

Reference
capacitor

Figure 2.10: Electrical circuit for a ferroelectric hysteresis testing experiment.

The ferroelectric hysteresis loops of the 0.90PMN-0.10PT, 0.65PMN-0.35PT and SBT
ceramics prepared in this research work were measured on a RTG66A standard

ferroelectric testing system at -178 °C for 0.90PMN-0.10PT and room temperature for

0.65PMN-0.35PT and SBT ceramics.
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ABSTRACT

Ceramics of lead magnesium niobate - lead titanate solid solution,
0.90Pb(Mg,3Nby3)03-0.10PbTiO3, have been synthesized by a new room temperature
sol-gel route, using polyethylene glycol-200 (PEG) and methanol mixture as solvent. The
use of a triol molecule, 1,1,1-tristhydroxymethyl)ethane (THOME), which is known to
serve as a complexing agent in binding together the metal ions in the precursor solution,
has been shown to give good dielectric and ferroelectric properties (e'rt = 25,000, €'max =
33,000 at Tpax = 40 °C and P, = 18 /.LC/sz at room temperature) for the stoichiometric
PMN-PT ceramics sintered at 1050 °C. A 5% mol excess of lead in the sol-gel process
without THOME led to an improvement in the formation of the perovskite phase, but a

degradation of the dielectric properties with €'y = 10,000 and P, = 11 uC/cm? only.

63



3.1 Introduction

The relaxor ferroelectric solid solution system (1-x)Pb(Mg;3Nb,3)O3-xPbTiO;
[(1-x)PMN—xPT] has attracted considerable interest because of its remarkable dielectric
and electromechanical properties in the form of ceramics and single crystals [1-3].
Pb(Mg3Nby3)O; (PMN) is very well known to exhibit typical relaxor ferroelectric
behavior characterized by a broad and frequency dependent dielectric maximum and T,y
(around —15 °C) [4]. Addition of the normal ferroelectric PbTiO3; (PT) to PMN shifts this
transition temperature upwards and enhances the dielectric properties of the solid
solutions [5, 6]. A morphotropic phase boundary (MPB) appears in a region of 30 — 37
mol % PT with the presence of a rhombohedral, tetragonal, and monoclinic phase [7]. As
a result, the (1-x)PMN- xPT system embraces a wide range of compositions which find
important and interesting applications in multi-layer dielectric capacitors, piezoelectric
devices, and sensors [8]. The PMN-PT system has a higher stability of the perovskite
structure and excellent piezo-/ferroelectric properties compared to other relaxor-based
systems, such as (1-x)Pb(Zn;;3Nby3)O03—xPbTiO; [PZNT] and (1-x)Pb(Sci,2Nby2)O0s—
xPbTiO;3 [PSNT] [3]. Being more on the PMN side of the (1-x)PMN-xPT solid solution
phase diagram, 0.90PMN-0.10PT is a typical relaxor ferroelectric material with a weak
rhombohedral distortion [7]. It exhibits high dielectric permittivity, narrow hysteresis
loop and strong piezoelectric response, which, together, make it an excellent material for
multi-layered high density capacitors [8]. The composition of 0.90PMN-0.10PT has a
diffuse phase transition temperature (Tmax) at ~40°C and its dielectric constant at room
temperature is very high (e ~10 000), making it a potential candidate for DRAM and

multi-layer capacitor applications [9].
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The synthesis of pure perovskite 0.90PMN-0.10PT by conventional solid state
reactions can be very challenging due to the formation of a kinetically more stable but
undesired impurity phase of pyrochlore structure, which considerably impairs the
dielectric properties of the material [10]. As a result, a number of different soft chemical
techniques like sol-gel and solution processes have been designed for the synthesis of
pure perovskite 0.90PMN-0.10PT [11-13]. The polymeric precursor method, which is
based on the Pechini’s technique, has become very popular in the making of fine mixed-
metal oxide powders [14-16]. This solution process consists of preparing a polymer-
cation complex in solution and then converting it into the multi-component oxide by
burning away the organic components during high-temperature treatment [17]. The main
feature of this method is that it allows a very homogeneous dispersion of the cations in
the polymer-cation complexes, which helps in the formation of fine and highly reactive
mixed oxide powders [18].

Polyethylene glycol [PEG] has proved to be a very suitable polymer for use in the
polymeric precursor method in the preparation of mixed oxide powders and ceramics.
The reason for this is the coordination of the ether oxygen atoms in PEG to the metal
cations, which allows it to dissolve a number of inorganic salts as well as metal
alkoxides. Besides polymer-binding, cross-linking can also greatly help in obtaining a
very homogeneous distribution of cations in solutions. Sriprang et al. used a triol, 1,1,1-
tris(thydroxymethyl)ethane [THOME] as a cross-linking agent for the cations in the
synthesis of lead zirconium titanate thin films [19]. They demonstrated that, with its three
hydroxyl groups, THOME could bind to up to three metal ions at a time, forming

oligomeric species that were then oxidized to form the final mixed oxide component.
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In our recent work, we have prepared 0.65PMN-0.35PT ceramics using a room
temperature soft chemical route [20]. A 1:2 volume mixture of PEG200 and methanol
was used as solvent, and THOME was used as a complexing agent. Pure perovskite
phase, high density, high dielectric constant, and excellent ferroelectric properties were
obtained in the ceramics prepared from a stoichiometric amount of the lead starting
material in the preparation of the sol [See Chapter 4]. A decrease in the ceramic quality in
terms of the perovskite phase purity and dielectric properties was observed in those
ceramics prepared without using THOME in the reaction. In this work, we report the
synthesis of 0.90PMN-0.10PT ceramics by the new room temperature soft chemical route

based on polyethylene glycol.
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3.2 Experimental

The 0.90PMN-0.10PT ceramics have been prepared by the same soft chemical
route used to prepare the 0.65PMN-0.35PT ceramics, the synthesis details of which are
outlined in the flowchart in Figure 4.1 (Chapter 4). The starting materials used were lead
(II) acetate trihydrate [Pb(CH3C0OQ);.3H,0], magnesium 2,4-pentanedionate dihydrate
[Mg(0,CsH7),.2H,0], niobium (V) ethoxide [Nb(OC;Hs)s], and titanium diisopropoxide
bis acetyl acetonate [Ti(OC3H7)2(0O,CsH7);] (TIAA). Stoichiometric amounts of
Pb(CH;C00),.3H,0, Mg(0,CsH7),.2HO  and  1,1,1-tris(hydroxymethyl)ethane
[C(CH,OH);(CHs)] (THOME) were dissolved in a 1:2 volume mixture of polyethylene
glycol 200 (PEG) and methanol (MeOH) by simple stirring at room temperature to give a
clear, yellow solution. In a separate flask, Nb(OC,Hs)s, TIAA, and THOME were mixed
and stirred in the PEG/MeOH mixture under the same conditions to yield a light orange
clear solution. These two solutions were then mixed together and further stirred at room
temperature for about 5 — 6 h, at the end of which a clear yellow solution was formed.
The volatile organic species were evaporated by rotary evaporator, giving rise to a very
viscous precursor sol, which was then burnt at 500 °C for 2 h to form a light orange
powder. The powder was then ground in acetone, pressed into discs and treated at various
temperatures between 650 — 1050 °C for 8 h. The as-prepared ceramics were abbreviated
as 10PEG(S)T. The same procedure was employed to prepare the 0.90PMN-0.10PT
ceramics under various conditions: (i) stoichiometric amount of lead (II) acetate and no
THOME [10PEG(S)], (ii) 5% mol excess of lead (II) acetate with THOME [10PEG(5)T],

and (ii1) 5% mol excess of lead (II) acetate and no THOME [10PEG(S)] in order to study
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the effects of these chemical parameters on the quality and properties of the resulting
ceramics.

The phases of the 0.90PMN-0.10PT samples were checked by X-ray powder
diffraction using CuKa radiation (46 kV, 42 mA) on a Rigaku X-ray diffractometer. The
decomposition processes of the precursor solutions were investigated by
thermogravimetric and differential thermal analyses (TG/DTA) on a Seiko Exstar 6300
TG/DTA Thermal Analyzer. The precursor sols were oxidized by heating from room
temperature to 1000 °C at a heating rate of 5 °C/min. The grain size was imaged using
scanning electron microscopy (SEM) on a Bausch and Lomb Nanolab 2100 SEM
equipment. The temperature and frequency dependences of the dielectric permittivity of
the 0.90PMN-0.10PT ceramics were measured on an Alpha High Resolution
Dielectric/Impedance Analyzer (Novocontrol). Ferroelectric hysteresis loops were
displayed on a RT66A standard ferroelectric testing system by applying a field of E = 23

kV/cm across the ceramics.
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3.3 Results and Discussion

3.3.1 Thermogravimetric/Differential Thermal Analysis (TG/DTA)

The best conditions for the pyrolysis of the precursor solutions and for the
sintering of the precursor powders were determined by thermal analyses. Figures 3.1 (a)
and 3.1 (b) show the DTA/TG curves of the 10PEG(S)T and 10PEG(S) precursor
solutions, respectively, from room temperature to 1000 °C at a heating rate of 5 °C/min.
Three different weight loss regions can be observed on the TGA curve of the 10PEG(S)T
precursor solution. The first one in the region of 45 — 120 °C indicates the volatilization
of solvent and/or moisture, which was still present in the precursor solution. A second
weight loss appears in the region of 120 - 325 °C, which can be attributed to the
decomposition of PEG chains, the THOME molecules, and the acetate groups present in
the sol. The third weight loss occurring between 325 and 545 °C is assigned to the
decomposition of the complex structures in the sol, which can be PEG chains and/or
THOME molecules bound to the metal centers. This process was accompanied by a
strong exothermic peak at 331 °C on the DTA curve. The other exothermic peaks at 345
°C and 428 °C are the result of the decomposition of more complex metal-organic
structures or oligomers that were formed from condensation reactions in the precursor
solution. The small exothermic peak at 536 °C can be attributed to the formation of the
crystalline mixed oxide phase. These observations lead to the conclusion that all the
organic moieties present in the precursor solution are oxidized and decomposed at
temperatures below ~ 450 °C, after which the resulting matter undergoes a rearrangement

of the M—O-M networks to form the crystalline pyrochlore phase at around 536 °C.
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The 10PEG(S) precursor solution exhibits similar thermal behavior. The
differences here are the absence of the THOME molecule and the presence of a 5 % mol
excess of lead in the sol-gel process. Three weight loss regions are also observed on the
TG curve shown in Figure 3.1 (b), which are at 42 — 104 °C, 136 — 285 °C, and 288 — 320
°C, corresponding to (i) the volatilization of the solvent and/or moisture present in the
precursor solution, (ii) the decomposition of the PEG-cation complexes, and (iii) the
decomposition of more complex PEG-metal structures or oligomers, respectively. The
exothermic peaks observed on the DTA curve [Fig. 3.1 (b)] at 277 °C, 350 °C, and 417 °C
result from the thermal processes associated with the second and third weight losses,
respectively. The exothermic peak at 515 °C is assigned to the crystallization of the oxide
phases that are a mixture of the perovskite and pyrochlore phases, as revealed by X-ray
diffraction [see Sec. 3.3.2]. The first exothermic peak occurs at a temperature (277 °C)
lower than in the 10PEG(S)T sol (331 °C). This strongly supports the fact that both the
PEG chains and the THOME molecules chelate to the metal centers in the 10PEG(S)T
sol, forming more complex structures that decompose at a higher temperature. In the
10PEG(S) sol, however, only the PEG chains can bind to the cations through their end

hydroxyl groups and the ether oxygens present in the polymer backbone.
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Figure 3.1: TG/DTA curves from room temperature at a heating rate of 5 °C/min for (a)
10PEG(S)T and (b) 10PEG(5) precursor solutions.
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3.3.2 Phase Analysis by X-ray Diffraction

Powder X-ray diffraction (XRD) was used to check the phases of all the samples.
The XRD patterns of the 10PEG(S)T, 10PEG(S), 10PEG(S), and 10PEG(5)T samples
synthesized at different temperatures are shown in Figures 3.2 (a), 3.2 (b), 3.2 (c¢), and 3.2
(d), respectively. It can be seen that crystallization already occurred at 500 °C in all the
samples, with the formation of the pyrochlore phase in the 10PEG(S)T and 10PEG(S)
samples, and a mixture of the perovskite and the pyrochlore phases in the 10PEG(S) and
10PEG(5)T samples. Upon heating, the perovskite phase grows at the expense of the
pyrochlore phase in all cases. In the 10PEG(5) sample an almost pure perovskite phase
appears at 1000 °C, above which, the impure phase seems to grow a bit upon further
heating. In the case of 10PEG(S)T and 10PEG(S), the perovskite phase appears as the
major phase after thermal treatment at 950 °C and 1000 °C, respectively, but a small

amount (<10 %) of pyrochlore phase persists.
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Figure 3.2: X-Ray diffraction spectra at different calcination temperatures of (a)
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Figures 3.3 (a) and 3.3 (b) show the plots of the amount of perovskite phase
formed as a function of the sintering temperature for the 10PEG(S)T and 10PEG(S), and
the 10PEG(S) and 10PEG(S)T ceramics, respectively. For 10PEG(S)T [Fig. 3.3 (a)] as
the sintering temperature is increased, the amount of perovskite phase also increases from
~75 % at 650 °C to a maximum of ~ 90 % at 950 °C, after which it drops down to ~88 %
at 1050 °C. The ceramic relative density, on the other hand, increased from ~85 % at 950
°C to 95 % at 1050 °C. For 10PEG(5) [Figure 3.3 (b)], the sample treated at 500 °C
already contains more than 87 % of the perovskite phase. Upon further heating, the
amount of the perovskite phase increases to a maximum of ~96 % at 1000 °C and then
decreases to ~93 % at 1050 °C with the relative density being ~95 % for both
temperatures. These results indicate that the presence of a 5 % excess of lead in the
precursor solution improves the formation the perovskite phase by about 2 — 5 % in the
10PEG(5) ceramics as compared to 10PEG(S)T for the same sintering temperature. The
10PEG(5)T sample treated at 500 °C contains ~20 % of the perovskite phase, which
increases to a maximum of about 85 % at 750 °C, after which it drops considerably down
to only ~25 % [Fig. 3.3 (b)] at 1050 °C. In the case of 10PEG(S), the amount of
perovskite phase formed after treatment at 650 °C is about 42 %. This value increases to a
maximum of ~91 % at 1000 °C [Fig. 3.3 (a)], dropping to 88 % at 1050 °C. Both ceramics
showed a lower calculated density of ~ 90 % compared to the IOPEG(S)T and 10PEG(S)
sintered at 1050 °C and 1000 °C, respectively. These results show that a 5 % mol excess
of lead in the precursor powder favours the formation of the perovskite phase at a
temperature as low as 500 °C in both 10PEG(5) and 10PEG(S)T but the former has

considerably more of the perovskite phase. It is interesting to note that the 5 % excess of
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lead without THOME results in the highest perovskite phase of 96 %, while the
combination of an excess of lead and THOME in the precursor powder leads to a

maximum perovskite phase of about 85 % only.
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Figure 3.3: Dependence of the amount of perovskite phase formation on the sintering
temperature of the (a) 10PEG(S)T and 10PEG(S), and
(b) 10PEG(5) and 10PEG(5)T ceramics.
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3.3.3 Dielectric Measurements

Figures 3.4 (a) and 3.4 (b) illustrate the temperature and frequency dependences
of the real part of the dielectric permittivity (¢’) of the 10PEG(S)T and 10PEG(S)
ceramics sintered at 1050 °C and 1000 °C, respectively, with a relative density of 95 %.
As can be observed from these curves, a ferroelectric to paraelectric phase transition
occurs at the Curie temperature (T¢c) of ~40 °C for both ceramics. The 10PEG(S)T
ceramic shows a room temperature dielectric constant of nearly 25,000, and a maximum
value of €max ~33,000 at Tpax ~40 °C (1 kHz). It is worth noting that these dielectric
constant values are considerably higher than those obtained by solid state reactions [10],
or other sol-gel processes [11]. The room temperature dielectric constant obtained here is
the highest value observed so far in 0.90PMN-0.10PT ceramics. On the other hand, the
10PEG(5) ceramic shows a much lower dielectric constant value of ~8,000 at room
temperature and an €myx Of ~10,000 at Tmax. The dielectric measurements of the
10PEG(S) sample sintered at 1000 °C (not shown) gave rise to a room temperature
dielectric constant of 12,500 and an €'y, of ~19,700 at a T ., ~42 °C.

It is interesting to note here that the 10PEG(S)T ceramic sintered at 1050 °C
shows the best dielectric properties even with the lowest amount of perovskite phase (88
%). The high value of dielectric constant in the I0PEG(S)T ceramic can be attributed to
the presence of the THOME molecule in the sol-gel process. Its beneficial role in the sol-
gel preparation of 0.65PMN-0.35PT ceramics using polyethylene glycol-200 and
methanol as solvent has been highlighted in our previous work [20] (See Chapter 4). The
presence of three hydroxyl groups on the THOME molecule allows it to complex to metal

centers, leading to the possibility of cross-linked or oligomeric species in solution [19].
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The benefit of this is an easier formation of M—O-M bonds and their arrangement into a
more compact structure after the organic components are burnt off, favouring a denser
ceramic with larger grain sizes [as depicted in the 0.65PMN-0.35PT ceramics prepared
with stoichiometric lead and THOME (See Chapter 4)] having better dielectric properties.
An excess of lead can improve the formation of the perovskite phase to some extent, but
it can also degrade the dielectric properties of the resulting ceramic, especially in
combination with THOME. This is shown by the considerable lowering of the room
temperature dielectric constant and €y, in 10PEG(S), as compared to 10PEG(S)T. The
dielectric properties of the stoichiometric 10PEG(S) without THOME are intermediate
between 10PEG(S)T and 10PEG(S). This is probably because the absence of THOME in
10PEG(S) results in smaller grain sizes in the ceramic, hence lowering the dielectric
constant. As for the 10PEG(S) ceramic, the presence of an excess of lead might have
resulted in the incorporation of PbO in the grain boundaries, causing a considerable

decrease in the dielectric properties.
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Figure 3.4: Impedance spectroscopic data showing the dependence of dielectric constant
as a function of temperature and frequency for (a) 10PEG(S)T and (b)
10PEG(5) ceramics sintered at 1050 °C and 1000 °C for 8 h, respectively.
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3.3.4 Ferroelectricity

The ferroelectric hysteresis loops of the 10PEG(S)T and 10PEG(S) ceramics
sintered at 1050 °C and 1000 °C are shown in Figures 3.5 (a) and 3.5 (b), respectively.
Both ceramics have a coercive field, Ec, of about 7.5 kV/cm. The 10PEG(S)T ceramic
shows a well-defined and saturated ferroelectric hysteresis loop with a remnant
polarization (P;) of 18 ],LC/sz which is higher than that of 10PEG(S) (P, = 11 pC/cmz).
The improved ferroelectric properties of the 10PEG(S)T ceramic can also be attributed to
the presence of the THOME molecule in the sol-gel synthesis, leading to a dense
morphology and good dielectric properties. These properties make the material promising
for applications in advanced electromechanical devices. The presence of excess lead in
the 10PEG(5) ceramic is again detrimental as it lowers the P, of the compound.
Ferroelectric hysteresis measurement of a 10PEG(S) sample (not shown) sintered at 1000
°C shows a coercive field of ~7.5 kV/cm and a remnant polarization of 19 pC/cm?, which

are very close to the results observed in 10PEG(S)T.
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Figure 3.5: Ferroelectric hysteresis loops showing the variation of electrical polarization

as a function of applied electric field for (a) IOPEG(S)T and (b) 10PEG(5)
ceramics sintered at 1050 °C and 1000 °C for 8 h, respectively.
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3.4 Conclusion

Relaxor ferroelectric 0.90PMN-0.10PT ceramics have been synthesized by a new
room temperature soft chemical route, which uses polyethylene glycol-200 and methanol
as solvent. The effects, on the ceramic quality, of using a complexing agent, 1,1,1-
tris(hydroxymethyl)ethane (THOME) and stoichiometric amount of the lead starting
material in comparison to using (i) stoichiometric amount of lead and no THOME, (ii) 5
% mol excess of lead and no THOME, and (iii) 5 % mol excess of lead and THOME,
have been studied in this work. Stable precursor solutions are obtained from all the sol-
gel reactions, which makes the method promising for making thin films. It has been
proposed by thermal analysis that the THOME molecule takes part in the sol-gel process,
by binding to the metal centers and forming cross-linked or oligomeric species which
have an influence on the arrangement of the M-O-M networks in the ceramic precursor
powder. The results, summarized in Table 1, show better electrical properties in the
ceramics synthesized with stoichiometric amount of lead. On the other hand, the presence
of an excess of lead in the ceramics impaired the electrical properties even though it leads
to a slightly higher percentage of the perovskite phase. These ceramics show lower values
of the room temperature and maximum dielectric constants, and remnant polarization
(8,000 and 10,000, and 11 uC/cmz, respectively) as opposed to room temperature
dielectric constant of 25,000 and &, of 33,000, and P; of 18 pC/cm? in the ceramics
prepared with THOME and no excess of lead. Ceramics synthesized from precursor
solutions containing stoichiometric amount of lead and no THOME have intermediate
room temperature dielectric constant, €ma, and P, (12,500, 19,500, and 19 uC/cmz,

respectively) between the 10PEG(S)T and 10PEG(S). It can clearly be shown from the
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results that of the ceramics prepared with stoichiometric lead, the one containing
THOME in the sol-gel process has the best dielectric properties. This highlights the

important role of the triol molecule in the synthesis of 0.90PMN-0.10PT compounds.

Phase Properties
Max. % Sintering ¢ (RT) emax. Tmax. Pr Rank
Perovskite temperature (RT)
(°C)
10PEG(S)T 90.3 950 25,000 33,000 40 18 1
10PEG(S) 91.7 1000 12,500 19,700 42 19 2
10PEG(S) 96.4 1000 8,000 10,000 40 11 3
10PEG(5)T 85.9 750 - - - - 4

* 1: Best; 4: Worst

Table 3.1: Phase formation and properties of 0.90PMN-0.10PT ceramics prepared under
various conditions.
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ABSTRACT

A new soft chemical route has been developed for the synthesis of relaxor
ferroelectric lead magnesium niobate — lead titanate solid solution (0.65PMN-0.35PT).
The method uses a polyethylene glycol (PEG) and methanol mixture as solvent and it has
very interesting features. Not only does it allow reactions to be performed at room
temperature, but it also does not require an excess amount of the lead starting material to
compensate for lead oxide loss during ceramic sintering as is usually the case in
conventional synthesis. The effect of using a triol molecule, 1,1,1-
tris(hydrox y)methylethane (THOME), which is known to serve as a complexing agent in
binding together the metal ions in the precursor solution, has also been studied. Pure
perovskite phase was obtained in ceramics sintered at a relatively low temperature of
1040 °C as compared to 1250 °C in solid state reactions. The dielectric constant at room
temperature is above 5000 and the value at the Curie temperature reaches up to ~27000 at
a frequency of 1kHz. Ferroelectric hysteresis is displayed on a ceramic with an average
grain size of 2 pm, giving rise to a remnant polarization (P;) of 21 ;,LC/cm2 and a coercive

field (E.) of ~7.5 kV/cm.
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4.1 Introduction

The solid solutions between the relaxor ferroelectric lead magnesium niobate,
Pb(Mg;sNby3)O3 (PMN), and the normal ferroelectric lead titanate, PbTiOs; (PT),
abbreviated as (1-x)PMN-xPT (or PMNT), have gained a lot of interest as potential
candidates for dielectric and piezoelectric devices, such as multi-layer capacitors,
sensors, and actuators {1-4]. While lower PT contents give rise to materials with high
dielectric constants and low remnant polarization suitable for dynamic random-access
memory (DRAM) devices, those with higher PT contents have low dielectric constants
and high remnant polarization at room temperature. Compositions around the
morphotropic phase boundary (MPB) exhibit typical ferroelectric hysteretic character,
with a large spontaneous polarization and a low coercive field, showing great potentials
for advanced electromechanical applications both in the forms of electroceramics and
thin or thick films [5]. Recently, single crystals of (1-x)PMN-xPT solid solutions have
been found to exhibit electromechanical performance superior to that of the (I-
Xx)PbZrO;—xPbTiO3 (PZT) ceramics [6,7] which have intensely been used for decades as
piezoelectric materials for transducers and actuators [8].

Although most research to date has been concentrated on compounds based on the
PZT system because of its high remnant polarizations, certain drawbacks like fatigue and
aging have deviated attention towards other materials in the quest for better properties
[9]. In that respect, the (1-x)PMN-xPT system stands as a potential candidate as its
ceramics have been reported to show high dielectric, piezoelectric, and electrostrictive

properties. One of the challenges in making PMNT compounds is to suppress and avoid
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the formation of a pyrochlore phase which is kinetically favoured over the perovskite
phase, and therefore forms more easily. This phase is functionally undesirable because it
impairs the dielectric properties of the materials [10].

Solid state reactions, which are relatively cheap and easy to handle, have been
widely used to prepare mixed oxide powders and ceramics, but the failure to achieve
homogeneity and single phase in some final products has given rise to a number of
powderless processing methods which use liquid precursors rather than powders as
starting materials [11]. The latter have gained interest because they offer such advantages
as control of homogeneity, stoichiometry, purity, therefore leading to increased reactivity
[12]. Among the various routes to homogeneous multi-component oxides that have
recently been developed, the polymeric precursor method has drawn a lot of attention
[13]. Pioneered by Pechini in the 1960's, this method provides a simple route to oxide
powders by first making a solution containing all the cations in the form of polymer-
cation complexes in the desired stoichiometry, and then firing this solution to drive off
any organic moeties and to form the target oxides [14]. Chelation and entrapment of the
cations by the polymer chains gives ceramic powders with better chemical homogeneity
and a smaller particle size. This is explained from the fact that chelation considerably
lowers the mobility of the cations thereby stabilizing them against precipitation [15],
which is the key requirement to obtaining a stable precursor solution that can be used for
making thin films.

Several researchers have reported the synthesis of multicomponent ceramic
oxides via the oxidation of polyethylene glycol- or poly(vinyl alcohol)-cation complexes

[11,13,15-17]. The Pechini method, which uses a-hydroxycarboxylic acids like citric and
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lactic acids together with polyhydroxyl alcohols such as ethylene glycol to make a
polymer resin, has been modified to some extent to the use of water-soluble sources such
as metal nitrates and chlorides. This has now become a very common method because
these inorganic salts are more stable than the corresponding alkoxides, and hence, easier
to handle. Another way of forming extended structures in solution is by crosslinking the
cations using a molecule with several binding sites. Sriprang and co-workers [18]
demonstrated this through a triol-based route to PZT thin films in which, 1,1,1-
tris(hydroxy)methylethane (THOME) was used as the complexing agent. However, to the
best of our knowledge, no application of such a technique has been made to the synthesis
of the (1-x)PMN—xPT systems. Commonly, sol-gel processes using alkoxides require
refluxing at temperatures usually above 100 °C to allow for hydrolysis and condensation
reactions to take place and to form the cross-linked structures.

In this work, we report the sol-gel synthesis of 0.65PMN-0.35PT ceramics using
a mixture of polyethylene glycol-200 and methanol as solvent for the starting materials.
The PMN/PT ratio of 65/35 has been chosen because this composition lies near the
morphotropic phase boundary (MPB) which separates the rhombohedral, monoclinic and
tetragonal phases in the (1-x)PMN—xPT phase diagram [2]. For compositions around the
MPB, anomalously high pyroelectric and dielectric properties have been demonstrated
which could be of high interest in thin-layer devices [3,4]. Single crystals of the MPB
composition exhibit excellent piezoelectric properties [6,7]. Moreover, MPB
compositions are interesting because of an increase in the maximum phase transition
temperature (Tmax) from —15 to more than 145 °C when the PT content is increased from

zero to the MPB compositions [3,19,20]. Using the polymer/alcohol mixture, we are able
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to perform a room temperature reaction to make the precursor solution, as well as to
obtain the pure (pyrochlore-free) perovskite phase for the PMN-PT ceramics.
Furthermore, this new route to PMNT ceramics does not require the use of an excess of
the lead starting material, which is necessary in all conventional and most of soft
chemical syntheses in order to compensate for lead oxide loss during sintering at high
temperatures. We also compare the difference in the quality of the final ceramics with or

without using the triol molecule during the sol-gel synthesis.
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4.2 Experimental

4.2.1 Preparation of 0.65PMN-0.35PT Ceramics

Ceramics of 0.65Pb(Mg;sNb23)03-0.35PbTiO;  (0.65PMN-0.35PT) solid
solution were synthesized by the method outlined in Figure 4.1. Stoichiometric amounts
(corresponding to the 0.65PMN-0.35PT composition) of lead acetate trihydrate
[Pb(O,C,H3),.3H,0, 2.3898 g, 6.30 mmol], magnesium 2,4-pentanedionate dihydrate
[Mg(0,CsH7),.2H,0, 03564 g, 138 mmol], and 1,1,1-tristhydroxy)methylethane
(THOME) [C(CH,OH);CHj3;, 0.3785 g, 3.15 mmol] were mixed with an excess of
polyethylene glycol-200 (PEG200) and methanol mixture (PEG200/MeOH at a 1:2
volume ratio). In a separate reaction flask, niobium ethoxide [Nb(OCH,CH3)s, 0.8687 g,
2.73 mmol], titanium di-isopropoxide bis-acetyl acetonate (TIAA)
[Ti(O,CsH7)2,(OCH(CHj3),),, 1.0701 g, 2.94 mmol], and THOME (0.1766 g, 1.47 mmol)
were also mixed with an excess of PEG200/MeOH (1:2) mixture. Both of these reaction
mixtures were kept under stirring condition at room temperature for about 3 hours before
they were mixed together and further stirred for about 5 hours to give a clear and
homogeneous yellow solution. The latter was then dried in a rotary evaporator in order to
remove all organic volatiles and form a viscous solution, which was then heat-treated in a
high temperature furnace at 500 °C for 2 hours at a heating and cooling rate of 300 °C/h.
At this point, a bright yellow powder was obtained and it was ground in acetone, and
pressed into pellets. These were then calcined for a period of 8 h in a Pt/Al,O3; double
crucible set up containing Pbs;Oy4 as a PbO source to prevent any lead oxide loss from the

sample during this process. The same reaction was also performed, but without the triol
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molecule in order to study the possible influence on the properties of the ceramics. The
samples containing the triol were named as PEG(S)T and those without the triol PEG(S),

respectively.

Pb-acetate Nb-ethoxide
+ +
Mg-pentanedionate § TIAA
+ : +
THOME THOME
+ +
PEG200/MeOH PEG200/MeOH

3 hrs stirring

3 hrs stirring
at room temperature

at room temperature

5 hrs stirring
at room temperature

Soln. containing all
the cationic species

Rotary evaporator

at ~ 75°C
I Precursor Soln.'

Heat at 500°C

I Precursor Powder l

Calcination and
sintering

PMN-PT
Ceramics

Figure 4.1: Flowchart for the preparation of precursor solutions and ceramics of (1-
x)PMN—xPT (x = 0.10 and 0.35).
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4.2.2 Characterization of the 0.65PMN-0.35PT Ceramics

Powder X-Ray diffraction (XRD) patterns were obtained on a Philips powder
diffractometer using CuKa radiation (40 kV, 35 mA) in order to check the phases
formed. The decomposition pathways of the precursor solutions were observed by
thermogravimetric and differential thermal analyses (TG/DTA) on a Seiko Exstar 6300
TG/DTA Thermal Analyzer. The precursor solutions were oxidized by heating from
room temperature to 1000 °C at a heating rate of 5 °C/min. Fourier transform infrared
spectroscopy (FTIR) spectra were obtained on a Bomem MB spectrometer in order to
monitor the transformation of the precursor solutions during the thermal reactions leading
to the oxides. Grain size was imaged using scanning electron microscopy (SEM) on a
Bausch and Lomb Nanolab 2100 SEM instrument, and dielectric permittivity was
measured as a function of temperature in a frequency range of 10%-10°Hz on a computer-
controlled impedance analyzer (Solartron 1260) in conjuction with a dielectric interface
(Solartron 1296). Ferroelectric hysteresis measurements were performed on a RT66A

standard ferroelectric testing system.
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4.3 Synthesis of 0.65PMN-0.35PT Ceramics

4.3.1 Sol-gel Synthesis

The main challenge at the beginning of this work was to find a proper solvent that
would be able to dissolve all the starting materials, especially the magnesium 2,4-
pentanedionate which is very difficult to dissolve in such solvents as 2,4-pentanedione,
pure methanol, or ethanol. Finally, a 1:2 volume ratio of polyethylene glycol (PEG200)
and methanol mixture proved to be successful in obtaining a homogeneous solution
mixture containing all four cationic species. An interesting feature here is that this
precursor solution to the target 0.65PMN-0.35PT ceramics was formed at room
temperature by simple mixing and stirring conditions, thus avoiding the reflux and
distillation steps usually required in sol-gel reactions. Moreover, the sol is not moisture
sensitive and shows very good stability against precipitation, which makes it a very
promising stock solution for depositing thin films. One common practice in the synthesis
of lead-based ceramic oxides is to use an excess amount of lead starting material in order
to compensate for any loss in terms of PbO during the calcining and sintering processes
at high temperatures. In this respect, another benefit of this solvent system is that it
facilitates the synthesis of the PMN-PT compound of pure perovskite phase without the
need for an excess amount of the lead acetate. However, it has been found that an excess
of the PEG200/methanol mixture is necessary in order to keep the solutions from
precipitating during the synthesis process.

The triol molecule, 1,1,1-tristhydroxy)methylethane (THOME), was initially

employed in the synthesis of the precursor solutions with a view of improving the quality
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of metal oxides because of its high metal-complexing ability, as demonstrated by
Sriprang et al. [18], who observed an improvement in the quality of lead zirconium
titanate thin films when THOME was employed in the sol-gel synthesis of the precursor
solution. At the same time, it is also very well known that polyethylene glycol also
chelates and entraps metal ions very efficiently in solution and this helps in the formation
of the pure phase of multi-component ceramic oxides when the solution is fired at high
temperatures [11]. Based on this consideration, we also performed the reactions without
THOME in order to study its role in the synthesis process of the 0.65PMN-0.35PT
ceramics. This resulted in ceramics containing about 5 % pyrochlore phase, with

considerably lower dielectric constant and remnant polarization values.
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4.3.2 X-Ray Diffraction (XRD)

The formation of different phases in all the samples was monitored using X-ray
powder diffraction. As can be seen from the XRD patterns in Figures 4.2 (a) and 4.2 (b),
the PEG(S)T and PEG(S) powders are already in the crystalline form after treatment at
500 °C, with the presence of a pyrochlore phase. In the case of PEG(S)T [Fig. 4.2 (a)], as
temperature is increased further, the perovskite phase grows at the expense of the
pyrochlore one, until a pure perovskite phase is obtained for the pellet calcined at 1040
°C. A very good ceramic density of ~ 96 % of the theoretical value was obtained after
sintering at 1140 °C for 8 hrs. For the PEG(S) samples the perovskite phase is
predominant over the pyrochlore phase as the temperature is increased above 500 °C, but
as can be seen from Fig. 4.2 (b), a small amount of pyrochlore phase still subsists after
heat treatment at 1040 °C for 8 hrs. As a result, the ceramics are not 100% pure

perovskite although the density also reaches ~ 96%.
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Figure 4.2: X-Ray diffraction spectra at room temperature of the (a) PEG(S)T and
(b) PEG(S) precursor powders calcined at different temperatures for a period
of 8 h (x pyrochlore; = perovskite).

96



4.4 Mechanisms of the Reactions

4.4.1 Thermogravimetric/Differential Thermal Analysis (TG/DTA)

To determine the best conditions for the pyrolysis of the precursor solutions and
the sintering of the precursor powders and to study the mechanisms of the reactions,
thermal analyses were performed. Figures 4.3 (a) and 4.3 (b) show the thermogravimetric
analysis / differential thermal analysis (TGA/DTA) curves of the PEG(S)T and PEG(S)
precursor solutions, respectively, measured from room temperature up to 1000 °C at a
heating rate of 5 °C/min. On the TGA curve of the PEG(S)T solution [Figure 4.3 (a)]
three different weight loss regions can be identified. The initial weight loss in the region
of 46 - 130 °C corresponds to the volatilization of solvent and/or moisture still present in
the precursor solution. A second weight loss in the region of 157 — 330 °C results from
the decomposition of the PEG chains as well as of THOME molecules and the acetate
groups present in the sol. The strong and sharp exothermic peak at 331 °C arises from the
decomposition of the PEG chains and the THOME molecules that were bound to the
cations in the precursor solution, in the form of a self-combustion reaction. In separate
DTA experiments on a sample of PEG200 (as illustrated in Figure 4.4), oxidation and
decomposition peaks were observed below 300 °C. It should also be noted that the
endothermic peaks that show up on the DTA curve of pure THOME at 197 °C, and 261.5
°C and 273.8 °C (shown in Figure 4.5), corresponding to the melting and the
decomposition of the molecule, respectively, are absent on the DTA curve of the
PEG(S)T sol. This indicates that the THOME has also taken part in the precursor solution

formation by binding to the metal centers. Therefore, the strong exothermic peak at 331
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°C on the DTA of the PEG(S)T sol must result from the decompositions of the PEG
chains and of the THOME molecules that interacted with the cations. The fact that they
were bound to the metal ions in the precursor solution increased their molecular weights
and thereby shifted their decomposition points to a higher temperature than for the free
chains or molecules. The final weight loss observed between 347 and 560 °C refers to the
decomposition of more complex metal-organic moieties or oligomers that could form in
the solution through the linking up of chains during the condensation reactions. This
process is accompanied by the weak exothermic peaks observed at 346 °C and 430 °C.
The other exothermic peak that appears at 537 °C can be attributed to the formation of a
crystalline mixed oxide phase [21]. This crystallization process is also confirmed by X-
ray diffraction patterns that show the formation of a pyrochlore phase in a powder heat-
treated at 500 °C [See Sec. 4.3.2 (b)]. All these observations lead to the conclusion that
all the organic components of the precursor solution are burnt off at temperature below ~
450 °C, after which, the resulting matter crystallizes into the pyrochlore phase through
rearrangement of the random M-O-M networks present.

The thermal analyses on the PEG(S) precursor solution are given in Figure 4.3
(b). The only difference in this solution as compared to PEG(S)T is the absence of
THOME as one of the starting materials in the sol-gel process. The results are similar:
three different weight loss regions are found on the TGA curve in the temperature ranges
of 40 — 100 °C, 150 — 286 °C, and 292 — 485 °C, corresponding to the evaporation of
solvent and/or moisture from the precursor solution, the decompositions of the PEG-
cation complexes and more complex PEG-cation structures, and the formation of

crystalline mixed oxide phase, respectively. The exothermic peaks observed on the DTA
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curve at 278 °C, and 335 °C and 418 °C result from the thermal events associated with the
second and third weight losses, respectively. The exothermic peak at 471 °C is attributed
to the crystallization of the pyrochlore phase, which is confirmed by X-ray diffraction
[See Sec. 4.2 (b)]. The presence of this phase was detected in a powder synthesized at
500 °C, i.e., lower than that of the PEG(S)T sample. It can be seen that the presence of
THOME in the PEG(S)T precursor solution increases the temperature of formation of the
pyrochlore phase, i.e., from 47! °C in PEG(S) to 537 °C. This is attributed to the fact that
THOME was also bound to the cations in the presence of PEG in the PEG(S)T solution.
As a result, the mechanisms of decomposition of the metal-organic complexes in
PEG(S)T and PEG(S) during the high-temperature heat treatment become different,
thereby making the rearrangements of the metal-oxygen-metal network also proceed
through different pathways. This may be the main reason why pure perovskite phase has
been obtained in PMN-PT ceramics made from the PEG(S)T precursor solution, while
some pyrochlore still exists in the ceramics synthesized from the PEG(S) solution.

Therefore, THOME is shown to play a key role in the formation of the PMNT ceramics.
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Figure 4.3: TG/DTA curves from room temperature at a heating rate of 5 °C/min for (a)
PEG(S)T and (b) PEG(S) precursor solutions.
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4.4.2 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 4.6 shows the FTIR spectra of the initial PEG(S)T and PEG(S) precursor
solutions at room temperature, and the resulting products after these solutions were
treated at different temperatures of 300, 500, 750, and 1040 °C for a period of 2 hrs. The
frequency region of the spectra is from 4000 — 200 cm’. The spectra clearly show the
decomposition of the organometallic species present in the precursor solutions as well as
their rearrangements into the inorganic crystalline phases. The room temperature spectra
for the PEG(S)T and PEG(S) solutions are very similar. The peaks in the region of 1100
~ 1000 cm™ and 700 — 300 cm™" are due to the C-O and the M-O vibrations, respectively
[22]. These peaks appear at 1100, 1030 and 662 cm™ in PEG(S)T and 1111, 1030 and 662
cm™ in PEG(S). The absorption peaks in the region of 3200 — 2800 cm™ are assigned to
the O-H and the C-H vibrations coming from the excess solvent present [23]. These two
spectra also contain peaks from other organic moieties such as carbonyl (~1722 em™),
acetate (1578 cm’') and acetylacetonate (1460 and 1350 cm™) groups which come from
the starting materials. After the heat treatment of these precursor solutions at 300 °C,
most of the peaks from the organic moieties (O-H: 3376 cm’, C-H: 2895 cm’', C=0:
1722cm™, C-0: 1100cm™, conjugated C=C: 1578cm™") [22,23] disappear, indicating the
breaking down of the bonds and the decomposition of these species. The peaks that show
up at 2363 and 1629 cm’! for the PEG(S)T sample treated at 300 °C can be assigned to
the C=0 and C=0O stretching of carbon dioxide and carbon monoxide molecules trapped
in the pores of the powder, respectively. Similar results were obtained for the PEG(S)

sample treated under the same conditions.
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As the treatment temperature is increased to 500 °C, some differences appear
between the PEG(S)T and the PEG(S)T spectra. The peaks at 1622, 1337 and 1112 cm’!
practically merge together into a broad peak on the PEG(S)T spectrum, while they remain
distinct on the PEG(S) spectrum. The other remarkable difference is the intense broad
peak at 682 cm™ for the PEG(S)T sample, which is assigned to metal-metal and metal-
oxygen bonds formed as the organic components burn away and the M-M and M-O
networks rearrange themselves towards a more ordered crystalline structure. On the
PEG(S) spectrum the two peaks at 596 and 398 cm™ almost merge into a broad one. This
clearly points to the existence of different arrangements of metal-oxygen-metal networks
in these two samples, resulting from the effect of THOME present in the synthesis of the
PEG(S)T sol. After the treatments at 750 and 1040 °C, all the organic moieties have
completely been eliminated and the absorption peaks are solely from the M-M and M-O

bonds both for PEG(S)T and PEG(S).

At 750 °C, both samples still contain some pyrochlore phase as shown by the
XRD patterns in Figures 4.3 (a) and (b). However, the IR spectra of the PEG(S)T and
PEG(S) samples treated at this temperature, show difference in the peak positions
indicating different arrangements of the metals and oxygen ions in these two powders.
After the treatment at 1040 °C, the complete disappearance of the sharp peak at 1629 cm’™
and the shift of the 742 cm™ peak to 636 cm™ on the PEG(S)T spectrum provide evidence
that the powder has transformed into the pure perovskite phase, while the PEG(S) powder
still retains some pyrochlore. This can be supported by the negligible shift in the peak
from 390 cm™! to 386 cm™! (from 750 °C to 1040 °C) on the PEG(S) spectrum. Therefore,

it can be seen that the IR and XRD data match, supporting the fact that pure perovskite
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phase is obtained at 1040 °C in ceramics synthesized from precursor solutions containing
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Figure 4.6: FT-IR spectra of the (a) PEG(S)T and (b) PEG(S) precursor solutions at
room temperature and of the resulting products after treatment at various
temperatures.
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4.5 Characterization

4.5.1 Microstructures by Scanning Electron Microscopy (SEM)

The SEM images of microstructure and grain morphology of the PEG(S)T and
PEG(S) ceramics sintered at 1140 °C are given in Figures 4.7 (a) and 4.7 (b),
respectively. As can be seen from these images, both samples show a relatively uniform
grain size distribution but they differ remarkably from each other in their average grain
sizes. While the PEG(S)T ceramic shows an average particle size of >2 pm, that of
PEG(S) ceramic is found to be ~0.8 um only. It is worth mentioning that this soft
chemical technique is able to produce ceramics which have much finer grain size than for
those derived from the conventional solid state synthesis where grain size is usually >10
um [23]. The results also point out that the use of THOME in the synthesis of the ceramic
precursor solution gives rise to a larger particle size as compared to the ceramic obtained

from the THOME-free reaction.

105



' (a)

2pum 7000X

(b)

2um 7000X

Figure 4.7: Scanning electron microscopy images of (a) PEG(S)T and (b) PEG(S)
ceramics sintered at 1140 °C for 8 h.
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4.5.2 Dielectric Properties

Figures 4.8 (a) and 4.8 (b) illustrate the temperature and frequency dependences
of the real part of dielectric permittivity (e) of the PEG(S)T and PEG(S) ceramics
sintered at 1140 °C. The peak at ~175 °C in both figures indicate the Curie temperature
(T¢) of the ferroelectric to paraelectric phase transition upon heating. For the PEG(S)T
ceramic, the dielectric constant reaches above 5,000 at room temperature, which is
significantly higher than the values in the range of 2,000 — 3,000 usually obtained in
PMN-PT ceramics prepared via solid state reactions [23]. A maximum value of the
dielectric constant (g'max) Of ~27,000 is attained at the T¢c at a frequency of 1 kHz. The
weak anomaly observed around 100 °C corresponds to the morphotropic phase transition
(3]. The dielectric constant increases sharply just before it peaks at the T, indicating a 1%
order phase transition. The PEG (S) ceramic, however, shows a much lower dielectric
constant of ~2,500 at room temperature, with a €p,x of ~9,000 only at the same T¢ of
~175 °C. As discovered before, after sintering at 1140 °C for 8§ hrs, the PEG(S)T ceramic
shows the pure perovskite phase. The PEG(S) sample, however, contains ~5% of the
impure, undesired pyrochlore phase which explains the much lower dielectric constant in
it, even though both ceramics have a high relative density of ~96 %. In addition, the
dielectric peak for the PEG(S) ceramic becomes much broadened, which can be
explained by the particle sizes of the respective ceramics. It was shown by S.
Chattopadhyay et al. [24] that a decrease in the particle size of nanocrystalline
ferroelectric lead titanate, prepared by co-precipitation, leads to a broadening of the peak
in the dielectric constant versus temperature curve and lowers the value of the g,,,. Since

the grain size is much smaller in the PEG(S) sample (Figure 4.7), its dielectric peak
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becomes broadened with a low &« This observation leads to the conclusion that
THOME used in the synthesis of the precursor solution plays a very important role not
only in favouring the formation of the pure perovskite phase, but also in substantially

improving the dielectric properties of the PMN-PT ceramics.
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Figure 4.8: Impedance spectroscopic data showing the dependence of dielectric constant
as a function of temperature and frequency for (a) PEG(S)T and (b) PEG(S)
ceramics sintered at 1140 °C for 8 h.
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4.5.3 Ferroelectricity

The polarization versus electric field relations of both the PEG(S)T and PEG(S)
ceramics sintered at 1140 °C exhibit hysteresis loops as displayed in Figures 4.9 (a) and
4.9 (b), indicating typical ferroelectric behaviour. The PEG(S)T ceramic shows excellent
ferroelectric properties as compared to the PEG(S) ceramic with a well-defined and
saturated hysteresis loop and a higher remnant polarization (P;). It shows a remnant
polarization value of 21 pC/cm?® and a coercive field of ~7.5 kV/cm. The PEG(S)
ceramic, on the other hand, displays a much smaller remnant polarization of 7.5 pC/cm?
and a slightly larger coercive field of ~10 kV/cm, and the polarization is still unsaturated
even at a field of ~30 kV/cm. The improved ferroelectricity found in PEG(S)T ceramics
can be attributed to the effect of the THOME. As discussed above, the triol molecule

favours the formation of pure perovskite phase in the PEG(S)T ceramic, hence bringing

about better dielectric and ferroelectric properties than the PEG(S) compound.
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Figure 4.9: Variation of electric polarization as a function of applied electric field for (a)
PEG(S)T and (b) PEG(S) ceramics sintered at 1140 °C for 8 h, showing
ferroelectric hysteresis loops.
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4.6 Conclusions

A new solution method for the synthesis of 0.65PMN-0.35PT ceramics has been
developed in this study. It has been shown that by using polyethylene glycol and
methanol as solvent, a sol that is very stable to air can be obtained at room temperature.
The formation of this sol does not require refluxing and distillation steps that are usually
required in conventional sol-gel reactions. More interestingly, the sol-gel reaction is
carried out using only stoichiometric amounts of the lead starting material, which gives
rise to pure and high density ceramics after sintering, with very good dielectric and
ferroelectric properties. The positive effects of the triol molecule, 1,1,1-
tris(hydroxymethyl)ethane (THOME) on the synthesis and performance of the perovskite
PMN-PT ceramic, have been demonstrated in this work which are related to its nature as
a very good metal complexing agent [18]. With three hydroxyl groups in its structure, the
THOME molecule can bind to up to three metal centers at a time, thereby forming linear
oligomeric species in solution. This has an influence on the arrangement of the M-O-M
networks in the precursor powder. Evidence of the presence of different M-O-M arrays
in the precursor powder when THOME was used or not in the sol-gel process has been
revealed by IR studies. The presence of THOME in the system during the precursor
solution synthesis has not only led to the formation of a pure perovskite phase, but also
greatly improved the dielectric and ferroelectric properties of the PMN-PT ceramics with
a maximum dielectric constant, &,x of ~27,000 and a remanent polarization, P, = 21
pClecm?, as compared to &z = 9,000 and P, = 7.5 uClecm® for the ceramics prepared

without THOME. The higher maximum dielectric constant with a sharp peak in the &
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versus temperature curve is associated with a larger grain size (>2 um) in the ceramic
prepared with THOME, as revealed by SEM. On the other hand, the ceramics prepared
without THOME showed a finer particle size (<1 um) and a broad maximum in the
dielectric peak. The excellent ferroelectric properties of PEG(S)T ceramics make the

material a very promising candidate for applications in advanced electromechanical

devices.
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CHAPTER 5:
Synthesis and Characterization of SrBi,Ta;0Q¢ Ceramics
by New Soft Chemical Techniques

Abstract

Ferroelectric ceramics of strontium bismuth tantalate, SrBi,Ta,O9 (SBT), have
been synthesized in pure perovskite phase by two new soft chemical techniques, namely a
sol-gel process and a co-precipitation method. The sol-gel process utilizes ethylene glycol
as solvent while the co-precipitation technique uses of a polyethylene glycol 200 (PEG)
and methanol mixture as solvent. The microstructure and properties of the ceramics have
been studied and discussed. The sol-gel derived ceramics sintered at 1200 °C for 8 hrs
show good dielectric and ferroelectric properties with a relative density of 96 %, &' = 227
and P,=7.6 uC/cm2 at room temperature, and €' max = 950 at T¢ = 330 °C. In comparison,
the SBT ceramics prepared under the same conditions, using the co-precipitation method
show a plate-like microstructure with preferential grain orientation along the [0010]
direction, a relative density of 85 %, a dielectric constant, ¢’ = 235 and a remnant
polarization of 3.7 uC/cm2 at room temperature, and a maximum dielectric constant €'y
of 850 at T¢ = 330 °C. The sol-gel derived ceramics show superior dielectric and
ferroelectric properties than the ceramics prepared by the solid state reactions (€'max =
500; P, = 4.5 pC/cmz), which can be attributed to a denser and more homogeneous
microstructure with a better distribution of grain orientations, thus eliminating the

preferential grain orientation along the non-polar [0010]-direction.
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5.1 Introduction

Growing interest and attention are being invested in the study of ferroelectric
materials with a view to applications in non-volatile random access memory devices [1-
3]. In this respect, Pb(Zr,Ti;x)O3 [PZT] appeared first to be a promising candidate.
However, PZT have been faced with serious problems such as fatigue, leakage current
and aging, which may significantly degrade the performance of the material and the
lifetime of the devices [4,5]. Among these problems fatigue, a decrease in the switchable
polarization as the number of read/write cycles is increased, is a major issue. Therefore, a
great amount of effort has been put into searching for alternatives to PZT. SrBi;Ta;Oq
[SBT] has emerged as a candidate for non-volatile ferroelectric memory applications [1-
3]. A member of the Aurivillius family [6] of compounds with the general formula
(Bi202)2+(An_1BnO3n+1)2', where n = 2 represents the number of comer-sharing perovskite
units, SBT has a layered structure in which (B1202)2+ layers are sandwiched between the
perovskite units. SBT has been identified as a fatigue-free material that can retain its
remnant po-lan'zation even up to 10" switching cycles, and also has very good data
retention of up to 10 years [2-3, 7-8].

There have been a large number of reports on the synthesis and characterization of
SBT thin films in the literature. These films were deposited using a number of different
techniques, namely sol-gel, pulsed laser deposition (PLD), and metallorganic chemical
vapor deposition (MOCVD) [9-13]. Single crystals of SBT were recently grown in our
laboratory from high-temperature solutions using a new composite flux and an improved

growth process [14]. As far as SBT ceramics are concerned, they were mostly
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synthesized using conventional solid state reaction in which relatively high sintering
temperature, exceeding 1200 °C, and/or long sintering time (12 — 30 hrs.) were required
[15-18]. In solid state reactions, the oxide components are mixed together and thoroughly
ground in order to achieve good mixing. Then, high temperature is needed so that the
components of the mixture have sufficient thermal energy to overcome the atomic/ionic
diffusion barriers for reaction. In most cases, the final product ends up being
inhomogeneous with some impure phase(s) present. As a result, material chemists have
turned to an alternative soft chemical technique: the sol-gel process. Developed in 1845
by M. Ebelman, this technique has extensively been employed in the synthesis of
inorganic mixed oxides because of the many advantages it offers over solid state
reactions [19]. The ability to mix (and dissolve) the constituents homogeneously in
solution is one of the major benefits of the sol-gel processing method. Once this is
achieved, the next step is to progressively form a metal-oxygen network in solution
through the polymerization of the dispersed constituents. This network then decomposes
giving rise to the desired inorganic oxide at a much lower temperature than required in a
solid-state reaction. Basically, the sol-gel process offers better control of stoichiometry
and homogeneity, and higher purity and reactivity of the precursor powders [20]. Most of
the sol-gel methods documented so far in the literature for the synthesis of SBT make use
of 2-methoxyethanol as the solvent because of its versatility in dissolving a range of the
alkoxide starting materials [10, 21-23]. However, 2-methoxyethanol is also a potential
teratogen causing potential birth defects, and its use in sol-gel processes should be

limited, if not prohibited.

118



This work focuses on researching alternative new soft chemical routes that require
mild conditions and which utilize less harmful reagents to synthesize SBT ceramics. We
report the successful synthesis of SBT ceramics by two new soft chemical techniques,
namely, the sol-gel and co-precipitation methods. While the sol-gel method employs
ethylene glycol as solvent, the co-precipitation route makes use of a polyethylene glycol
200 (PEG-200) and methanol mixture as solvent. The properties of the SBT ceramics
obtained by these two different soft chemical methods are compared and discussed.
Based on the successful room temperature sol-gel synthesis of the relaxor ferroelectric (1-
x)Pb(Mg;sNby303 — xPbTiO3 [(1-x)PMN-xPT] (x = 0.10, and 0.35) in PEG-200 (24,
25], the usefulness of this solution is once again proven in completely dissolving all the
starting materials of SBT at room temperature, allowing thereby a homogeneous co-
precipitation of the cations using an oxalate solution. Recently, there have been a few
reports in the literature on and emulsion process, which may be a promising chemical
route to fine ceramic powders [26-28]. Basically, this method involves the mechanical
dispersion of an aqueous medium, consisting of inorganic salts, into an organic phase.
Different kinds of surfactants are also used in order to stabilize the emulsion before the
cations are finally co-precipitated to give the stoichiometric precursor powder. In the co-
precipitation method reported here, the use of PEG-200 eliminates the need of a
surfactant by stabilizing all the cations in solution, possibly through interactions between
the metals and both the ether oxygen and terminal hydroxyl groups present in the PEG
chains [29].

Ferroelectric bismuth-containing layer-structured perovskites generally have their

major component of spontaneous polarization along the a-axis, with much smaller values
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of polarization lying along the c-direction. Other properties such as dielectric and
piezoelectric properties are also anisotropic in a similar way (i.e., the best properties are
obtained in a-oriented grains) [30]. For this reason, many researchers have tried to
achieve grain control in these layer-structured ferroelectric perovskites. The most
commonly used grain orientation technique in the literature is the hot-forging method
which results in the spontaneous polarization being in the grain-oriented c-plane [31-34].
As a result, enhanced dielectric, piezoelectric, and pyroelectric properties have been
observed in the hot-forged bismuth layered ceramics. It has been shown by Desu ez al.
[11] that highly c-axis oriented SBT thin films exhibit a decrease in polarization and
coercive field as opposed to randomly oriented polycrystalline films. Therefore, it is
desirable to synthesize SBT ceramics and thin films with preferred grain orientation, if
possible, along the a-axis, for improved properties.

The co-precipitation method developed in this work leads to ceramics with some
degree of preferred grain orientation along the c-axis and therefore a lower remnant
polarization value, while the sol-gel derived ceramics have higher dielectric constant and
P; values. This is a very interesting feature of the newly designed sol-gel process which
minimizes grain orientation along the c-axis without the need of special grain orientation
techniques, thereby improving the dielectric and ferroelectric properties of the SBT
ceramics. Figure 5.1 illustrates grain orientation in two ceramics, each having their grains

oriented in some preferred direction with respect to the plane of the ceramic.
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Figure 5.1: Ceramics with preferred grain orientation: (a) grains are preferentially
oriented in the ab-plane, (b) grains are preferentially oriented along the c-axis
in the (001) direction.



5.2 Experimental

5.2.1 Synthesis of SBT by an Ethylene Glycol-Based Sol-Gel Method

In the first part of this work, SrBi;Ta;O¢ (SBT) ceramics were synthesized by a
sol-gel route using ethylene glycol [HO(CH,),OH] as solvent. The synthetic procedure of
SBT ceramics by the sol-gel method is outlined in Figure 5.2, in which the metal
alkoxides, strontium acetate [Sr(OOCCH;);.0.5H,0O], bismuth (III) acetate
[Bi(OOCCH3)3], and tantalum (V) ethoxide [Ta(OCH,CHj;)s] were used as starting
materials. The key to a successful sol-gel reaction is to find the right solvent that can
readily dissolve all the starting ingredients. The next step is to hydrolyze and polymerize
them through condensation reactions. In this sol-gel method ethylene glycol has proved
to be a very good solvent for all our starting materials. This is because the presence of
two terminal hydroxyl groups in the molecule makes it easy for ethylene glycol to readily
exchange with the alkoxy groups on the metals in a first step. Once this is achieved, the
hydrolyzed metal alkoxides can then undergo condensation reactions which lead to the
progressive formation of metal-oxygen oligomers and polymers in solution. The possible
hydrolysis and condensation of strontium acetate in ethylene glycol are illustrated in
Figure 5.3. Similar reactions are possible between the other two metal alkoxides (bismuth
acetate and tantalum ethoxide) and ethylene glycol. When all the solutions are mixed
together in a final step, further hydrolysis and condensation occur, leading to the

formation of an extended and/or cross-linked metal-oxygen-metal network.
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Figure 5.2: Flowchart for the synthesis of SBT ceramics by the sol-gel process.
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HO— CH,—CH,—OH + Sr(OAc),
Ethylene Glycol

Exchange

(AcQ)Sr—Q—CH,—CH,—OH + AcOH

Condensation
{- AcOH)

or

Condensation
(- H,0)

(AcO)Sr—O0— CH,—-CH,—O—Sr—— 0—CH,—CH,—OH
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Bi- and Ta-ethylene glycol complexes

Metal-oxygen-metal network

Figure 5.3: Proposed possible hydrolysis and condensation reactions of strontium acetate
[Sr(OACc);] in ethylene glycol [HO(CH;),OH].
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Stoichiometric amounts of strontium acetate and bismuth (III) acetate were
refluxed separately in ethylene glycol for ~1 h to give respective clear, colourless
solutions. About 5 mL of acetic anhydride was also added to the flask containing bismuth
in order to clear the white precipitate, which forms during reflux. The strontium and
bismuth solutions were then mixed together and refluxed for ~1 h. In a separate flask,
tantalum (V) ethoxide was refluxed in ethylene glycol for ~%2 h and the resulting clear,
colourless solution was then added dropwise to the Sr-Bi mixture with constant stirring
and refluxing for another Y2 h. A colourless sol was finally obtained, which was then
dried using a rotary evaporator under vacuum. The resulting white gel was fired at 750 °C
for 4 h to produce a white powder, which was examined by X-ray diffraction to confirm
the perovskite SBT phase. This product was then mixed with a few drops of polyvinyl
alcohol (PVA) solution (5% w/v) as a binding agent and ground to a fine powder after the
water (from the binder solution) had evaporated. The powder was pressed into pellets,
which were then sintered at different temperatures and for different times, (a) 1000 °C for
8 h, (b) 1200 °C for 4 h, and (c) 1200 °C for 8 h, to obtain dense SBT ceramics. These as-
prepared ceramics are abbreviated as SG1000(8), SG1200(4), and SGI1200(8),

respectively.
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5.2.2 Synthesis of SBT by a Polyethylene Glycol-Based Co-precipitation Method

The procedure for the synthesis of SBT ceramics by the precipitation method is
illustrated in Figure 5.4. Strontium acetate [Sr(OOCCH3),.0.5H;0], bismuth (III) nitrate
[Bi(NO3)3.5H>0], and tantalum (V) chloride [TaCls] were used as starting materials
(obtained from Sigma Aldrich Chemicals and Alfa Aesar), and a mixture of polyethylene
glycol 200 (PEG) (obtained from Sigma Aldrich Chemicals) and methanol was used as
solvent. This solvent system is very efficient in dissolving all the starting metal salts used
in this experiment at room temperature. As stated earlier (Sec. 5.1), PEG was chosen
because of its ability to interact with metal ions and hence stabilize them in solution. A
precipitating agent is added to co-precipitate the cations into a homogeneous solid.

Stoichiometric amounts of the reagents were mixed with 100 mL of a 1:2 volume
mixture of PEG and methanol. The mixture was stirred until a clear colourless solution
was obtained. Figure 5.5 is a possible picture of the interactions between the ether oxygen
and the terminal hydroxyl groups present in the PEG chains, and the cations in this
solution. An oxalate solution was prepared by dissolving oxalic acid in aqueous
ammonium hydroxide and 50 mL of this solution was added to the Sr-Bi-Ta mixture in
order to co-precipitate all the cations. This mixture was stirred for ~2 h and filtered. The
white precipitate obtained was stirred in distilled water (50 mL, 3-4 times) and decanted
to remove residual chloride. It was filtered again and washed thoroughly with distilled
water and finally dried at 100 °C. The dried homogeneous powder was calcined at 750 °C
for 4 h after which a few drops of PVA (5% w/v) were added. It was then ground to a

fine powder, pressed into pellets, and sintered at higher temperatures for different times:
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(a) 1000 °C for 8 hrs, (b) 1200 °C for 4 hrs, and (c) 1200 °C for 8 hrs, to produce dense

SBT ceramics, which are abbreviated: PR1000(8), PR1200(4), and PR1200(8),

respectively.

Sr (ll) acetate
Bi (Ill) nitrate
Ta (V) chloride

1. PEG/MeOH

2. Stir at room
temperature
for 1 hr.

Clear colourless
solution

Oxalate
solution

White
precipitate
1.  Stir for 2 hrs, filter,

wash with distilled

water
2. Dryat100<C

White powder

Grind, press,
calcine, and sinter

\ 4

SBT
ceramics

Figure 5.4: Flowchart for the synthesis of SBT ceramics by the co-precipitation method.
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Figure 5.5: Proposed possible interactions between the PEG chains and the metal ions in
solution before their co-precipitation by the oxalate ions.

X-ray powder diffraction using Cu Ka radiation (46 kV, 42 mA) was carried out
on a Rigaku X-ray diffractometer in order to analyze the phases of the samples. The
temperature and frequency dependence of the dielectric permittivity of the ceramics were
measured using a computer-controlled impedance analyzer (Solartron 1260) in
conjunction with a dielectric interface (Solartron 1296). Ferroelectric hysteresis
measurements were performed on an RT66A standard ferroelectric testing system. Gold
layers rather than silver were deposited on the ceramics surface for the purpose of
electrical measurements because silver was found by Sih et al. [35] to diffuse into SBT
ceramics, influencing their electrical properties as well as their T¢. The microstructure
was imaged and the grain size determined using scanning electron microscopy (SEM) on
a Strata 235 Dualbeam instrument composed of a Field Emission Scanning Electron

Microscope and Focus Ion Beam (FESEM/FIB).
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5.3 Results and Discussion

5.3.1 Phase analysis by X-ray diffraction

Phases in all the samples were analyzed using powder X-ray diffraction (XRD).
The XRD patterns of the SBT ceramics synthesized by the sol-gel process and the
precipitation method, and sintered at different temperatures for different times, are shown
in Figure 5.6. It is clearly seen from Figure 5.6 (a) that the precursor powder obtained
from the sol-gel method is crystalline at 500 °C but not a completely formed perovskite
SBT phase. Upon calcination at 750 °C for 4 h this powder converts into the pure SBT
phase. The XRD also shows the perovskite phase is still stable to sintering at higher
temperatures of 1000 °C and 1200 °C.

As for the ceramics prepared by the co-precipitation method, the precursor
powder obtained at room temperature proved to be amorphous, as shown in the inset of
Figure 5.6 (b). Pure SBT phase is only obtained after calcination at 750 °C for 4 h which
are the same conditions as in the case of the sol-gel process. Once again, the pure SBT
phase is stable to sintering at higher temperatures, indicating no degradation of the
compound. One important observation from the XRD patterns in Figure 5.6 (b) is the
considerable increase in intensity of the (0010) peak for the PR1200(8) ceramic. This is
an indication of an increase in preferred grain orientation along the (0010) direction upon
increasing the sintering temperature and time to 1200 °C and 8 h, respectively.
Interestingly, this is not the case for the ceramics obtained from the sol-gel process. As
shown below, this difference in grain orientation is confirmed by microstructural analysis
and is found to affect the properties of the ceramics obtained by these two different

methods.
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Figure 5.6: XRD patterns of SBT samples prepared by (a) the sol-gel process, and
(b) the precipitation method, and sintered at different temperatures for

different times. The inset in (b) is the XRD pattern of the precursor powder
obtained in the co-precipitation method.
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5.3.2 Microstructure by Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of SG1000(8), SG1200(4),
SG1200(8), PR1000(8), PR1200(4), and PR1200(8) are shown in Figures 5.7 (a) — (f).
The ceramics synthesized by the sol-gel process show a dense microstructure [Figures 5.7
(a) - (c)], with apparent grain growth as the sintering temperature increases. The
appearance of this dense microstructure is consistent with the measured relative density
of the ceramics, ranging from ~93 % (for the ceramic sintered at 1000 °C) to ~96 % (for
those sintered at 1200 °C). SG1000(8) has an average grain size of about 1 pum [Fig. 5.7
(a)]. With an increase in the sintering temperature to 1200 °C, the ceramics are clearly
densified while the grain size increases only slightly (2-3 pm), giving rise to a dense and
homogeneous microstructure with comparatively isotropic grain morphology [Figure 5.7
(c)]. This indicates that no significant preferential grain growth has occurred in the sol-
gel derived SBT ceramics, in agreement with the X-ray diffraction pattern [Figure 5.6
@]

In the case of ceramics obtained from the co-precipitation method, rod-like
grains of ~2 — 3 pm long and ~0.6 pm diameter are observed in PR1000(8) with a
relatively loose microstructure [Figure 5.7 (d)], corresponding to a lower calculated
relative density (~ 65 %). Sintering at higher temperature leads to a denser microstructure
in the PR1200(4) and PR1200(8) ceramics [Figures 5.7 (e) and (f)], which is consistent
with increased densities of 80 % and 85 %, respectively. PR1200(4) noticeably contains
some plate-like grains of ~2 — 4 pum long (wide), and about 1 pm thick. PR1200(8)
ceramic contains many plate-like grains up to ~8 pm long (or wide) and ~1 — 2 pm thick.

This plate-like structure results from a preferential grain growth in the a-b plane due to
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the layered structure, with weaker bonding between the perovskite slabs along the c-axis,
which gives rise to the plates of (0010) plane, as confirmed by the increase in the

intensity of the corresponding peak in the XRD pattern of PR1200(8) [Figure 5.6 (b)].
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Figure 5.7: Scanning Electron Microscopy irnages of SBT ceramics; (a) SG1000(8),
(b) SG1200(4), (c) SG1200(8), (d) PR1000(8),
(e) PR1200(4), and (f) PR1200(8).
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5.3.3 Dielectric Measurements

The temperature and frequency dependences of the real part of the dielectric
permittivity (¢’) of the SBT ceramics prepared by the sol-gel and the co-precipitation
methods are illustrated in Figures 5.8 (a) — (c) and Figures 5.8 (d) - (f), respectively. All
the ceramics show a peak of dielectric constant, indicating the ferroelectric to paraelectric
phase transition at the Curie temperature, Tc. From Figures 5.8 (a) - (c), it can be seen
that the SG1000(8) ceramic [(a)] shows a permittivity maximum (€'max) of about 600 at a
frequency of 1 kHz while SG1200(4) and SG1200(8) exhibit an &'y,« value of about 950
at the same frequency [(b) and (c)]. In addition, the dielectric peaks for the SG1200(4)
and SG1200(8) ceramics are slightly broadened. The room temperature dielectric
constant, €'rt, is 142 in SG1000(8) and it increases to 227 in both SG1200(4) and
SG1200(8). Tc is found to decrease from 365 °C to 330 °C when the sintering
temperature is increased from 1000 °C to 1200 °C. The results also show that for the
ceramics sintered at 1200 °C, increasing the sintering time from 4 hrs to 8 hrs does not
affect the dielectric properties of the material by much, nor does it further decrease the
Tc.

Similar trends are observed in ceramics prepared from the co-precipitation
method. From Figures 5.8 (d) — (f), we can also see a decrease in T¢ from 380 °C to 330
°C as the sintering temperature is increased from 1000 °C to 1200 °C. The T¢ of 330 °C
observed in the PR1200(8) ceramic with (0010) preferred orientation is close to the value
of 320 °C found in (001) platelets of SBT single crystals prepared in our laboratory by

Sih et al. [14]. Interestingly, PR1000(8) shows a significant frequency dispersion of the
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dielectric permittivity as well as a much broader transition compared to PR1200(4) and

PR1200(8).
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Figure 5.8: Dependences of the real part of the dielectric permittivity on temperature and
frequency for SBT ceramics prepared by the sol-gel process, and the
co-precipitation method: (a) SG1000(8), (b) SG1200(4), (c) SG1200(8),
(d) PR1000(8), (e¢) PR1200(4), and (f) PR1200(8).
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The room temperature dielectric constant values are found to be 125, 215, and
235 for PR1000(8), PR1200(4) and PR1200(8), respectively, which are comparable to
those observed for ceramics obtained by the sol-gel method. On the other hand, €« (=
455) for PR1000(8) is lower than &pmyx (= 600) of SG1000(8). A slight increase in
maximum permittivity value occurs upon increasing the sintering temperature and time,
giving rise to the €'max values of 750 and 850 for PR1200(4) and PR1200(8), respectively.
The €'max values measured in all the sol-gel derived ceramics [SG1000(8), SG1200(4),
and SGI1200(8)] and the co-precipitation derived ceramics sintered at 1200 °C
[PR1200(4) and PR1200(8)] are higher than the values of ~ 400 - 500 reported in the
literature for the SBT ceramics synthesized by the conventional solid state reactions [35-
37]. The dielectric propertties of the ceramics obtained by our sol-gel and co-precipitation
methods are compared in Table 5.1 with both those of single crystals [14, 38] and

ceramics prepared the solid state reactions.

Table 5.1: Comparison of the dielectric properties of SBT prepared by different methods.

Method £'rr (100 kHz) €' max (100 kHz) Tc (°C)
Sol-Gel* 207 900 330
Co-precipitation* 219 800 330
Single Crystals 135 127 320
[14]*
Single Crystals 105 130 355
[38]
Single Crystals 110 1325 355
[38]H#**
Solid State ~100 ~ 500 315
Reactions{35]
" This work.

" Single crystals with dominant (001) orientation and about 1-3% of (113) orientation.
ek
Perfectly c-oriented single crystals.

LR Y]

Single crystals oriented in the ab-plane.
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The enhanced dielectric properties in the sol-gel derived ceramics can be
attributed to an increase in density and a more homogeneous microstructure without
preferentially oriented grains. The decrease in T¢ with increasing sintering temperature
for the ceramics prepared by the sol-gel method and the co-precipitation technique is
believed to arise from partial loss of Bi;Oj; due to volatilization. The dielectric and
ferroelectric properties of SBT are known to be highly dependent on its stoichiometry
[15,18]. A decrease in T¢ is an indication of a decrease in the stability of the ferroelectric
phase. A change in the stoichiometry of SBT through the loss of bismuth oxide can
trigger this effect. The broadening of the dielectric peaks in the sol-gel derived ceramics
when the sintering temperature is increased from 1000 °C to 1200 °C [Figures 5.8 (b) and
(c)] can also be due to the change in stoichiometry caused by bismuth oxide
volatilization. The ceramics may contain regions or grains with varying bismuth content
leading to a variation in composition, and hence, broadening of the dielectric peak. The
frequency dispersion observed in the ceramic prepared by the co-precipitation method
and sintered at 1000 °C for 8 h [Figure 5.8 (d)] can be attributed to the relatively low
density (65 %) of the ceramics.

To estimate the extent of loss of bismuth oxide from the SBT ceramics during
sintering, the weight loss of the samples was monitored. Table 5.2 summarizes the
variation of the percentage weight loss for the ceramics obtained by the sol-gel and the
co-precipitation methods. As can be seen from the results, the weight loss increases as the
sintering temperature and time are increased for all the ceramics. For the sol-gel derived
samples the weight loss increases from 1.73 % in SG1000(8) to 6.48 % in SG1200(4) and

8.65 % in SG1200(8). It is reasonable to suggest that the loss of bismuth oxide from these
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ceramics causes a change in the composition from SrBi;Ta;O9 to SrBiz5Tax0g. 35,
according to the following equation [35]:
SrBi;Ta;09 — SrBi;.25Ta;09.35 + 6Biz03

Oxygen vacancies are formed in the (Bi,0,)*" layer because the oxygen ions in this layer
are less stable than those in the perovskite blocks [39]. The interlayer bonding between
the perovskite slabs is expected to weaken as a result of increased anionic repulsion
between them, causing a lengthening of the c-axis and resulting in the destabilization of
the ferroelectric phase and thereby a lowering of the T¢ [14]. This is indeed observed in
the non-stoichiometry, 6, created in the SBT ceramics by the Bi,O;3 loss as shown in
Table 5.2. Similar observations are made in the case of ceramics prepared by the co-
precipitation method, which exhibit a higher weight loss under the same conditions
(Table 5.2). The high weight loss observed in PR1000(8) may be due to the smaller initial
grains [Figure 5.7 (d)] which have a larger specific surface area. This gives rise to a more
reactive surface which results in a higher volatilization of Bi;O3. The PR1000(8) ceramic
shows a very diffuse dielectric maximum at a temperature higher than the Tc¢ of
SG1000(8) probably due to its porous and anisotropic microstructure. The results also
suggest that the value of T stabilizes at ~330 °C after the weight loss exceeds about 6 %

in the ceramics prepared by both soft chemical methods.
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Table 5.2: Variation of weight loss of ceramics with sintering temperature and its effect

on Tc and the stoichiometry for ceramics prepared by the sol-gel and the co-
precipitation methods.

Sintering % Weight Loss Non-Stoichiometry Tc (2C)
Temperature (5)
and time
SBT by SBT by Co- SBT by | SBT by Co- SBT by SBT by Co-
Sol-gel precipitation | Sol-gel | precipitation | Sol-gel | precipitation
1000(8) 1.73 3.70 0.038 0.080 365 380
1200(4) 6.48 7.83 0.141 0.170 330 330
1200(8) 8.65 8.97 0.188 0.195 330 330
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5.3.4 Ferroelectric measurements

Typical ferroelectric behaviour is exhibited in SG1000(8), SG1200(4), and
SG1200(8) ceramics by the dielectric hysteresis loops displayed in Figures 5.9 (a) - (¢),
respectively. The values of the remnant polarization and coercive field are extracted and
shown in Table 5.3. They are compared with values reported in the literature for ceramics
prepared from solid state reaction processes, and for single crystals. An increase in the
remnant polarization (P;), and a decrease in the coercive field (Ec) are found with
increasing sintering temperature and time. P, increases from ~3.40 uC/cm” in SG1000(8)
to 6.0 pC/cm?in SG1200(4), and to 7.6 pC/cm”in SG1200(8). SG1200(4) and SG1200(8)
show an E¢ of 23 kV/cm and 22 kV/cm, respectively, while SG1000(8) has the highest
coercive field E¢c = 34.5 kV/cm, and its polarization is only saturated at a field as high as
~100 kV/cm.

Figures 5.9 (d) — (e) illustrate the ferroelectric hysteresis loops of PR1200(4) and
PR1200(8), respectively. PR1200(4) and PR1200(8) yield almost the same values of the
P, and Ec: 3.5, and 3.7 pC/cm2 and 19.5, and 21 kV/cm, respectively. However, the P,
values for these ceramics obtained from the co-precipitation method are only half of
those observed in ceramics prepared by the sol-gel process and sintered under the same
conditions.

The lower P, values observed in the ceramics prepared by the co-precipitation
method can be due to the preferred orientation along the [0010] direction of the grains, as
depicted in the XRD pattern of the PR1200(8) ceramic [Figure 5.6 (b)]. The spontaneous
polarization in SBT is known to be parallel to the a-axis because the O — Ta — O chains in

the a-b plane have high polarizability and hence, is responsible for the polarization [2].
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Therefore, the polarization measured in ceramics containing more grains with the
polarization oriented along the a-axis parallel to the field direction is larger than in those
containing mostly the grains with c-axis along the field direction (i.e., perpendicular to
the electrode surfaces) [40, 41]. The XRD spectra clearly show that the grains are
preferentially oriented along the c-direction in the PR1200(8) ceramic, which is
confirmed by the microstructure in Figure 5.7 (f). Moreover, the measured densities of
the SG1200(4) and SG1200(8) ceramics are much higher than those of PR1200(4) and
PR1200(8) which is another reason for their higher P, values. The relationship between
the high preferential orientation, relatively low density, and low P; value observed in the
PR1200(8) ceramic is consistent with the previous report that excessive directional grain
growth in SBT and BaBi;Ta,0O ceramics leads to a lower density resulting from a loosely
packed microstructure [17, 42]. Therefore, the sol-gel derived ceramics have shown a
better grain orientation, and thus achieve the purpose of ‘grain control’ in SBT by

minimizing the c-oriented grains.

Table 5.3: Comparison of the ferroelectric properties of ceramics synthesized by the sol-
gel process and the co-precipitation method with literature data on single
crystals and ceramics prepared by the solid state reaction.

Samples Sol-Gel method Co-precipitation | Single | Single | Solid
1000(8) | 1200(4) | 1200(8) | 1200(4) | 1200(8) | crystals | crystals state
[14]1 [38]** | reaction

[43]
Ec 34.5 23 22 19.5 21 1 22 30
P, 3.4 6.0 7.6 3.5 3.7 0.01 14 4.5

* Single crystals with dominant (001) orientation and about 1-3% of (113) orientation.
** Single crystals oriented in the ab-plane.

141



€ @) T (d)
[
4 ._..p-'"'— ? ?E, '.-:-"-
.1;)0 ’ .slo ’ c) ) 5|0 i 160 T T ———6 T L LA B
40 -30 Bo -10 10 0 40 P
,"‘f 2 f E (kV/em) T’ N E (kV/om)
penn®
..p.... 4 J e =
‘—'-—-#45- i Ry
K ~> () T ()
) 3, |
E a J f’ '+—
f3) J 2
E 24 /
T v T ] T la 0 T \J 'r 1 T v T v T A T T 'e 1 v T T T
do -4 -30 I 2 0§ oo f w0 4 30 J20 0 o 10 30 40
24 )‘( E (kV/cm) 2. E (kV/cm)
4-1—‘.’ z
] -
e -___—-“1 S e e

r

...I; o

"
suniliss

A

r
)'1'0'2‘,'ﬁ

30 40
E (kV/cm)

Figure 5.9: Ferroelectric hysteresis loops of SBT ceramics derived from the sol-gel
process, and the co-precipitation method; (a) SG1000(8), (b) SG1200(4),

(c) SG1200(8), (d) PR1200(4), and (e) PR1200(8).
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5.4 Conclusions

Pure SBT ceramics of layered perovskite structure have been successfully
synthesized by two new soft chemical routes — a sol-gel process and a co-precipitation
method. The sol-gel route employs ethylene glycol to dissolve the starting materials and
the co-precipitation method makes use of a PEG-200 and methanol mixture for the same
purpose. Ceramics obtained by these two different methods under different processing
conditions were systematically investigated. It is found that the sol-gel derived ceramics
are much denser (93 — 96 % of theoretical density) and also have smaller and more
homogeneous grain sizes when compared with those obtained from the co-precipitation
process (< 85 % of theoretical density). Ceramics made from the co-precipitation method
also tend to have a microstructure with plate-like anisotropic grains preferentially
oriented parallel to the (0010) plane. The preferential grain orientation occurs when the
sintering temperature and time are increased to 1200 °C and 8 hrs, and it is possibly the
reason for a lower measured density.

The maximum dielectric constant values, €'max, in the sol-gel derived ceramics are
higher than in ceramics prepared by the co-precipitation method under the same sintering
conditions. It is worth noting that the €'ma values of 950 in SG1200(8) and 850 in
PR1200(8) are higher than in ceramics prepared by the solid state reactions (€'max ~ 500).
In the ceramics synthesized by both the soft chemical techniques the Curie temperature,
Tc, decreases when the sintering temperature is increased from 1000 °C to 1200 °C. The
decrease in Tc can be explained by partial Bi,O3; volatilization at higher sintering

temperatures, which destabilizes the ferroelectric phase. This observation is confirmed by
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the loss in weight of the ceramics during sintering, which increases with an increase in
temperature and time.

The ferroelectric properties of the ceramics made from the sol-gel method are
superior to those derived from the co-precipitation technique, showing a larger P, of 6.0
uC/em?® and 7.6 pClem? for ceramics sintered at 1200 °C for 4 hrs and 8 hrs, respectively.
The lower remnant polarization values of 3.5 ;LC/cm2 and 3.7 ;LC/cm2 found in
PR1200(4) and PR1200(8) are possibly due to the c-oriented plate-like structures,
especially in PR1200(8). Overall, the sol-gel process produces ceramics with much better
dielectric and ferroelectric properties because it allows a more homogeneous grain
distribution by reducing c-oriented grains in the materials, thus achieving ‘grain-control’.
This method therefore shows promising potential for depositing SBT thin films with
minimized c-axis orientation and hence, improved remnant polarization, which is a key

performance parameter for non-volatile memory applications.
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CHAPTER 6:
General Conclusions

This research work deals with the study of the synthesis and characterization of
the ceramics of the relaxor-ferroelectric solid solution, (1-x)Pb(Mg;;3Nb2/3)O3—xPbT105
[(1-x)PMN-xPT] (x = 0.10 and 0.35), and the layer-structured ferroelectric, SrBi,Ta;Oq
(SBT). The excellent piezoelectric properties recently discovered in the single crystal
form and the high dielectric constant of the (1-x)PMN-xPT system make it very
attractive for a wide range of applications namely, in multi-layered capacitors and
electromechanical transducers. On the other hand, SBT is a promising candidate for non-
volatile ferroelectric memory devices because of its excellent fatigue resistance and good
data retention. It is therefore desirable to investigate the bulk properties of these materials
in the form of ceramics which can be the cost-effective alternative to single crystals.
However, the many difficulties encountered in the solid state synthesis of the (1-x)PMN-
xPT ceramics to stabilize the perovskite phase, have required better methods of synthesis.
As for the SBT system, the synthesis of ceramics by conventional solid state reactions
required high temperature and long reaction time, and the soft chemical routes developed
previously to synthesize thin films and ceramics made use of harmful solvents such as 2-
methoxyethanol which is a teratogen.

Therefore, the main objectives of this thesis was to design new soft chemical
methods that use less harmful solvents for the synthesis of pure (1-x)PMN-xPT (x =0.10

and 0.35) and SrBi,Ta,Og ceramics, and to study the effects of these methods on the
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phase formation, microstructure, and dielectric and ferroelectric properties of these

materials. The following has been achieved in the course of this research study.

6.1 (1-x)Pb(Mg,;3Nb,;3)0;—xPbTiO; [(1-x)PMN—xPT] (x = 0.10 and
0.35) Ceramics by a Polyethylene-Glycol Based Sol-Gel Route

A room-temperature sol-gel method has been developed for the first time for the
successful synthesis of (1-x)PMN-xPT (x = 0.10 and 0.35) ceramics. The method uses a
mixture of polyethylene glycol 200 (PEG200) and methanol as solvent, which have
proved to be very efficient in dissolving all the starting materials at room temperature,
thus eliminating the refluxing steps commonly required in sol-gel reactions. PEG is also
environmentally less harmful and therefore, a much better solvent compared to other
hazardous compounds such as 2-methoxyethanol. The PEG molecules can bind to the
metal ions through the ether oxygen found in the polymer chain and also through the
terminal hydroxyl groups in solution. The other advantage of this new method is that it
allows the formation of pure 0.65PMN-0.35PT ceramics without the need for an excess
of the lead starting material in the sol-gel reaction as was the case in conventional
syntheses in which up to 10 - 15 mol % excess of lead oxide is added in order to
compensate for the PbO loss during sintering. The effects of the addition of a complexing
agent, 1,1,1-tris(hydroxy)methylethane (THOME), to the sol-gel reaction have also been
studied. Thermal analysis has shown that with the presence of three hydroxyl groups in
the molecule, THOME serves as a good metal-binding agent, helping in the formation of
cross-linked or oligomeric structures in both the 0.65PMN-0.35PT and 0.90PMN-
0.10PT sol or gel, and these influence the arrangement of the M—O-M networks in the

ceramic precursor powder. IR spectroscopic studies performed on the 0.65PMN-0.35PT
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precursor powder have revealed that different M—O-M arrays are present depending on
whether THOME was used in the sol-gel reaction or not.

Therefore, this sol-gel method combines the metal binding ability of both PEG
and THOME to stabilize the metal ions against precipitation, leading to the formation of
a very stable sol. Such a stable sol has not only given rise to the ceramics of good quality,
but also shows to be very promising for the deposition of (1-x)PMN-xPT thin films, a
work worth being followed up naturally in the near future.

This room-temperature sol-gel process has led to the synthesis of high-density (1-
x)PMN-xPT ceramics with very good dielectric and ferroelectric properties, which are
achieved by the just one heat treatment of the precursor powder without the addition of
any sintering agent. Among the series of 0.90PMN-0.10PT ceramics synthesized with
different amounts of lead oxide (stoichiometric or 5 % mol excess), and in the presence
or absence of THOME, the one prepared with the stoichiometric amounts of lead oxide
and THOME shows the best dielectric and ferroelectric properties. It has a high relative
density of 95 % and shows a room temperature dielectric constant, g'rt of ~25,000 at 1
kHz which is the highest value known for 0.90PMN-0.10PT ceramics. The ceramics
show typical relaxor ferroelectric behaviour with diffuse and frequency-dispersive
dielectric peaks at Tmax ~40 °C. The maximum dielectric constant, €'max, reaches ~33,000
at 1 kHz which is the highest value ever reported for 0.90PMN-0.10PT ceramics. The
ceramics also display well-defined and saturated ferroelectric hysteresis loops with a
remnant polarization (P;) of 18 uC/cm? at the temperature of liquid nitrogen, arising from

an electric field-induced ferroelectric state.
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The 0.65PMN - 0.35PT ceramics synthesized with the stoichiometric amount of
lead oxide and THOME also show much better phase purity, and dielectric and
ferroelectric properties than the one prepared without THOME. Pure perovskite phase is
obtained at a relatively low sintering temperature of 1040 °C. The ceramics exhibit a
room temperature dielectric constant, €'rt > 5,000, an €'yax of ~27,000 occurring at the T¢
of 175 °C, and a remnant polarization, P,, of 21 },LC/sz (measured at room temperature).
It is worth noting that the €rr and €' values obtained for the 0.65PMN-0.35PT
ceramics are remarkably higher than those observed in the ceramics of the same
composition synthesized by solid state reactions. The microstructural features of the
0.65PMN-0.35PT ceramics, as revealed by SEM, show a larger grain size for the ceramic
synthesized with THOME, leading to the higher maximum dielectric constant value and a
sharp peak in the & versus temperature curve as opposed to a broad maximum in the
dielectric peak of the ceramic prepared without THOME.

The excellent dielectric and ferroelectric properties of the 0.90PMN-0.10PT and
0.65PMN-0.35PT ceramics synthesized by this new room temperature sol-gel process
make these materials very promising for applications in advanced electromechanical

transducer devices.
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6.2 SrBi,Ta,Oy Ceramics by Soft Chemical Methods

Two new soft chemical methods, namely, a sol-gel process and a co-precipitation
method have been successfully developed for the synthesis of SrBi,Ta,O¢ (SBT)
ceramics. Both methods avoid the use of toxic solvents such as 2-methoxyethanol by
employing environmentally more friendly ethylene glycol and polyethylene glycol 200
(PEQG) as solvents for the sol-gel process and the co-precipitation method, respectively.
Ethylene glycol serves both as a solvent and a good complexing agent for the metal ions,
keeping them from precipitating in solution. This allows the formation of a stable sol
which can be further exploited for the deposition of SBT thin films in a future work. On
the other hand, PEG is very effective in dissolving the starting reagents in the co-
precipitation method at room temperature because of its metal binding affinity discussed
in Sec. 6.1, allowing a homogeneous co-precipitation of the cations.

The ethylene glycol-based sol-gel method results in SBT ceramics with a denser
and more homogeneous microstructure, and better dielectric and ferroelectric properties
compared to the ceramics synthesized under the same processing conditions by the co-
precipitation method. These soft chemical processes give rise to sintered SBT ceramics at
a temperature of 1200 °C which is relatively lower than what is generally required in
conventional solid state reactions.

A decrease in T¢ is observed from 365 °C (for the sol-gel derived ceramics) and
385 °C (for ceramics synthesized by the co-precipitation method) to 330 °C upon

increasing the sintering temperature and time. This is attributed to the loss of Bi,0O; at the
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higher sintering temperatures which results in a change in the stoichiometry of the SBT
ceramics. As a result, the ferroelectric phase is destabilized and hence, T¢ decreases.

For the ceramics synthesized by the co-precipitation method, SEM shows a plate-
like microstructure with preferential grain orientation along the (0010) plane, as
confirmed by XRD. This preferred orientation leads to a lower ceramic density, and
smaller dielectric constant (€'max = 850 at 1 kHz) and remnant polarization (P; = 3.7
,u,C/cmz) values, as opposed to an €'max Of 950 and a P, of 7.6 ,LLC/cm2 in the sol-gel
derived ceramics. It is interesting to note that all these dielectric constant values are
considerably higher than those (~500) reported so far in the ceramics synthesized by solid
state reactions.

Therefore, the sol-gel method offers better grain control by minimizing the c-
oriented grains, thereby leading to superior dielectric and ferroelectric properties in the
material. The process can potentially be used to deposit thin films of SBT with controlled
grain orientation and thereby improved remnant polarization, which is very useful for

applications in non-volatile memory devices.
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