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ABSTRACT

Smart materials remember their original shape on removal of external parameters

(like temperature, electric field, magnetic field, etc.), and are said to exhibit the shape
memory effect. Our work is mainly focused on converse piezoelectric ceramics (e.g.,
Pb(Zr,Sn, Ti)Oz etc.) in which appreciable value of remnant strain observed even when
applied electric field is removed, and an electric field in opposite polarity is required to
get initial state, which is the characteristic of shape memory materials. The maximum
value of field induced strain/remnant strain is observed at the composition with
coexistence of ferroelectric and antiferroelectric phases known as morphotropic phase
boundary (MPB) composition in these oxides. Shape memory oxides (SMO) with a
remnant strain of ~0.1-0.25 % have been reported in literature and PZST is a well-studied
SMO with maximum remnant strain ~ 0.06% at morphotropic phase boundary (MPB)
composition (Zr:Sn=7:3) reported by Pathak et. al.. This makes interest to study these
PZST-based SMO for various applications such as actuators, memory, and transducer
devices. In this regard, we perform a detailed study on lead-based oxides (in bulk and
thin-film form) with modification at A-site and B-site (i.e., by composition variation) to
achieve shape memory behaviour with improved remnant strain value.

Focus of the present work is to look for the compositions at the Antiferroelectric
(AFE) and ferroelectric (FE) phases Morphotropic Phase Boundary (MPB) with objective
to enhance strain and energy storage properties due to the unique crystal structures and
the coexistence of two phases with minimal energy difference. In view of different
literature survey and title of my thesis, present work will focus on the study the lead-

based smart complex perovskite oxides (in bulk and thin film form). The main aim of this



investigation is to examine the behavior of lead-based smart complex perovskite oxides
(in bulk and thin film form) under doping and to develop a new processing method that
will improve the properties of these ceramics.

In this thesis work, polycrystalline Bi-doped PZST series namely, Pbg.-
ay2)Biy[(Zro7Snos)xTirx]Os (with x=0.938, y=0.00, 0.01, 0.02 and y=0.01, x=0.930,
0.931, 0.932, 0.933 and 0.934), prepared using the conventional ceramic method and we
demonstrate a remnant strain of ~0.27 % in Bi doped PZST bulk ceramics at MPB
composition (x=0.933, y=0.01). Moreover, thin films (thickness ~ 250 nm) compositions
close to MPB of bismuth-doped PZST series with the stoichiometric formula
Pbo.9ssBio.01[(Zro.7Sno.s)xTi1x]Os, by varying the (Zr, Sn)/Ti ratios (x=0.935, 0.940, 0.945,
0.950) were deposited on a Pt/TiO2/SiO2/Si substrate using pulsed laser deposition
ttechnique. The highest piezoelectric coefficient (d33~330 pm/V) and remnant strain
(Srem~0.33%) values at the MPB composition (x=0.945 film) indicates good ferroelectric
and piezoelectric properties.

The comprehensive outline of thesis including all chapters is as given below.

Chapter 1 (Introduction) contains aim, motivation, scope, and organization of the
present thesis with a brief description of electrical and electromechanical studies
performed on lead-based (A and B-site doped Pb(Zr,Sn)TiO3) smart/intelligent perovskite
oxides (bulk ceramics and thin film form). Some technical terminologies such as
perovskite structure, ferroelectricity, piezoelectricity, converse piezoelectricity, shape
memory effect (SME), and morphotropic phase boundary (MPB) were explained. The

detailed recent progress including literature survey of maximum shape memory



(recoverable remnant strain) obtained in these systems at around MPB composition (with
mixed FE and AFE phases) are also reviewed in present chapter.

Chapter 2 (Processing and characterization techniques): is divided into two sections
including detailed description on the experimental methods (used to produce bulk
ceramics and thin films) and techniques to characterize them. In first section, starting
from the detailed optimization process for preparation of Bulk ceramics (Bi doped PZST)
oxides using conventional solid state reaction route, their thin film device preparation
using pulsed laser deposition technique in different compositions is being reported here.
Second section describes about characterization techniques utilized for the detailed
electrical and electromechanical studies of prepared oxide samples.

Chapter 3 (Bismuth as antiferroelectric phase-stabilizer in Pb(ZrSn)TiOs:
Designing a new material with large strain and shape memory effect): contains AFE
phase stabilizing effect of Bi substitution at A-site in Pb[(Zro.7Sno.s)o.ossTio.0s2]O3. A
detailed structural, dielectric, ferroelectric, current, and shape memory studies performed
on bulk PZST system (around MPB composition) with A-site Bismuth modification,
PbyBi1-@r)y[(Zr0.7Sno0.3)o.038Tio.0s2] O3 (y=0.00, 0.01, 0.02). The composition
Pbo.9ssBi0.01(Zr0.7SNo.3)0.938 Tio.06203 With 1% Bi substitution lies just outside the MPB
towards the AFE side and allows an electric field driven atomic rearrangement for
disordered state. The disorder and randomness introduced through this substitution is seen
to impact the electromechanical property like strain, quite drastically (Smax ~ 0.3%).
Keeping the optimal Bi inclusion and Zr. Sn as 70:30, the B-site of
Pbo.ossBio.01[(Zro.7Sno.3)xTi1x]Os, is varied between x=0.930 to 0.934. I-E measurements

confirms that the system is brought back to MPB for x = 0.933, which is in well

Vi



agreement with our P-E/S-E measurements. The strain values of Smax ~ 0.44% and a
remnant strain Srem ~ 0.27% are obtained for the optimized MPB composition
Pbo.9ssBi0.01[(Zr0.7SN0.3)0.933Ti0.067]O3. This value is larger than the value found for other
Pb-based, BNT-based, BT- based, KNN-based, BiFeOs, NaNbOs; and AgNbOs based
ceramics [26,27].

Chapter 4 (Optimization of MPB for Sn substituted Lead Bismuth Zirconate
Titanate thin films by the electromechanical behavior related to energy storage
capacity) examines the electromechanical behaviour of Sn substituted Lead Bismuth
Zirconate Stannate Titanate (PBZST) thin films at MPB. Using PLD technique, the thin
film growth parameters of bismuth-doped PZST close to MPB were adjusted by varying
the (Zr, Sn)/Ti ratios. Thin films (~250 nm) with the stoichiometric formula
Pbo.ogsBio.01(Zro.7Sno.3)x Ti1x03, (x = 0.935, 0.940, 0.945, and 0.950) were grown on a
PU/TiO2/SiO2/Si substrate using PLD technique at optimized conditions. P-E loops
confirm that MPB is near to x = 0.945, and further PFM measurements also confirmed
the same. Analyzing the PFM phase and amplitude hysteresis loops, local piezoelectric
coefficient (ds3) and remnant strain (Srem) values computed as ~330 pm/V and 0.33 % at
the MPB composition (x = 0.945).

Chapter 5 (Conclusions and Future Scope) focus on the key findings and drawn
conclusions of the current study and provides a summary of the entire thesis’s work of

research. This chapter also provide recommendations for further studies in this area.
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I i 1. 1.
ST e STed HucEl I araH, faegd 85, Yuig &, M) Bl gem IR S U SR
@ 1S T 8, 3R B8l ST & & T8 MR WY gHT veRRid #3d 1 AR & g-7 ¥ 9
H-aY UioNgalfacd RRME (SETERUI & T, Pb(zr,Sn, Ti)0; 3N W Hikd B, o any fagga
&7 1 geT AU IM WR ot SN T1G &1 TG Yoo &l Sl &, SR RN SawT YT
¥ fore fausiar yfaa # U fagyd & &t 3maxadhd gl 8, S 3R WS uard ot fadwar g1 39
SfiqTss! o &F URd d-1a/3aRIY I1d &1 SHfUGaH Jed Ik ciUd TR0 T (THUTET) TRa-T
& EYH TH o a1d BIgaaesd 3R TehRigafded RO & Te-3ifidd & Ty a1 # S

ST 81 e H ~ 0.1-0.25 % & SR GG & 1Y THR AHRY RIS (TTHS) BT a1
3 T2 B, 3R PZST U o3l IRE A 31eqy fohan mar wuwsh § ford Afpiciite wror I
(@AYTSH) WEAT (Zr: Sn= 7: 3) TR SHeHdH TN TG ~ 0.06 % UG TC 3fdl. GRT Ufdafed faar
a1 g | U8 UagUcy, AURT SR CISy@R SUHRUN ol fafia ruai & fore 7 pzsT-3menfkd
THUHSN BT 3T o3 7 B U 3l § | 39 Yae &, §H S8R A=Y T1d Yoo & 1Y 3MHR

Wfd TaER U HA & AU T-Tige 3R d-Trge @, I fHFd gR) IR 9= & ard
IHAT- ST 3fiaTSS (1% 3R ga-fhed & ©0 H) IR T fawqd 3108 Hd g

AT BT BT BIhd g fheed AT 3R ATH Sroll SR b 1Y &l aRUN & 8-
% HRUN TG 3R FHo1l HSRU U Bl dgMH & I I TRIZafaesd (TUHS) iR WRgafdesd
(T3) TRUN AThICIUE TR0 T (@HTe) T Ta-13f &) garer &3 ¢ | faftr Trfee Tdemor sik
™R MY JY & MYF & &aF H I@d gU, TadH B G- Figd™ Sfed WRisknprse
RIS (e 3R Udeh fbed & TG H) & LI W Higd SN 39 S &1 T I I
F dgd THT- TR Ffamm Sfed WishTse Sfiaurss (e 3R uda fthed & ¥U H) & Fd8R
B e BIAT 3R T 78 URIEp0T fafey faepRid o & o 39 RXfEres 3 1ol & gur B4t

T MY Uy & B T Uldifheedis Bi-SI@ PZST 47al 31U, Pby-s,/2)Biy[(Zro7SN03).Ti1»]Os

(x=0.938 & WY y=0.00, 0.01, 0.02 3R y=0.01, x=0.930, 0.931, 0.932, 0.933 3R 0.934), URURS



R fafer o1 IugivT Hes duR foram T 3R g4 THUe WREAT (x=0.933, y=0.01) R Bi-SIS
PZST Ui RRAE T ~ 0.27 % BT TN TG TefRid HRd &1 THb Sarar, ydah e @ iers ~
250 nm) WCISHIATCD T PboossBioor[(Zro75n03)xTir»]0s b AT fawY-STTS PZST YRaall & THUTe

& PRIS P G, (Zr, Sn)/Ti ST (x=0.935, 0.940, 0.945, 0.950) P! URFA HXP Wigd ToR
SHE Ah-lh B SN PR Pt/Ti0,/Si0,/Si Isdee WR ST fbar T o1l wodie WRa
(x=0.945 fore) R I UISIgaAfded oM (dss ~ 330 pmy/V) 3R TN TG (Srem ~ 0.33%)
A 3= Brisdiaead 3R Uieligaided ol &1 $fd #d &

Tt srearell Ffed TNy T BT S FUREN 1 &l 715 ¢

e 1 (AREE) H IHM QY T BT I£=3, IRUT, GRIRT 3R W1e- 2fdvet 3, foras Hiar-snemia
(@ 3R §-WIZe SIS Pb(Zr,Sn)TiO: FSHH WIHIEe SHquss (did RRMAE 3R uddh fhed &
=0 ) W U 70 gty @ik faeyd aife sieae) o1 I fGaru &1 $© do-ie! Usarad
Y TRIHIEe W], TRIZaaeRicl, Togafaed], Hay gegaiaeic], ATHR Wi gHE
(@EHS), 3R ARt aRor AT (@HdTeT) & JHEm TaT| TTHT THOE a1 (i uwes
3R TUPE =RON & 1Y) § 39 yonferdt & U SHfiddd SR AR (G TG 3fa=y d-ra)
& wifec wderu wfed favgd siferan umifa ot ot adar sreama & wHian 1 778 g |

SR 2 (FHHRUT SR TE0T UM Thei1h): TARTIS aRiap! (Ui R SR uaent fhed! &1
AT B & T uge) SR 3¢ Rfed H &1 bl W fqd faavur wfed @ @i A
faafore foram mar B1 g WS H, URURS 31 srawt ufaferar Ant &1 IudiT o die Rfis
(Bi-SIE PZST) HTeRIZS &1 R & foIe favga g Ufshal ¥ & axp, fafird wammaeft o
T AR SHIG Th-1d BT IUNT Heb P! Udall e fEarss ot qaRt 78t aars o &t 2
TR TS dIR TS A & fawqad fagyga ok fagga aifie sremm & fog SuaiT &t o
Tl A&r quie Tl & IR § qUH FRT 5

3T 3 (Pb(ZrSn)TiOs) H ThIgAfRe TRU-RREBUGA & U # @y 98 g9 3R

3MPR Wi THTT P T1Y T a1 Uerf fESmEgT HN): Pb[(Zro7SNn0s)os:sTinos2]0s H T-TTEE WR B



ORI &1 TUhs o0 fAH0 U M g1 T-9ge fqwy I=ieE, Pb,Bir
@/2n[(Zr07Sn03)0938Tioos2]03 (y=0.00, 0.01, 0.02) & Y U PZST WU (THUTS! T & STHUN)
R T [gd WReIdd, Wdegd, digdedd, YRT 3R 3MeR Wi sremge fpar | =
Pbo.ssBioo1(Zro7SNo3)os3sTioos203 1% Bi TR o T TUWS U&l BT 3R THUT & dles a1eR
fRyd § SR sreqafyd fRufd & o U faggd &= aTferd TR giedawt 31 SigAfd ST ¢ 1 39
UFRITT & ATeaH q Y[E Bt T3 HFaRT 3R SifAafiad &) a-rd o faggd aifies 101 &1 Hrw!
§< @ THTFAd HRd 1 T § (Smax ~ 0.3 %) | addH Bi THIARM 3fR Zr: Sn &1 70:30 & = A
A BY, PboogsBioot[(Zro7Snos)xTir]Os B S1-H18C, x=0.930 ¥ 0.934 & &g - e Srchl & |
|-E A9 g G &xal g fob Tommelt &1 x = 0.933 & forg wadiel & aro wmar Srn §, S §9R P-E/S-

E ATU & 1Y 373 RE A N QI 8 | SIBford THUTS TR=AT PhiosasBioor[(Zro7Snos)osssTioos7]O3
& TOTT S o BT TG HIF ~ 0.44% 3R TP SHARIY AT Syern ~ 0.27% VI GBIl § | TG A 31 Pb-
TR, BNT-3TUTRG, BT-3ATHTRG, KNN-3MTHTR, BiFeOs, NaNbO; 3R AgNbO; STeTRd RifAw
& o U Y A §9T © [26,27] |

T 4 (Sl HERUT &HAT I Faed [aggd TifHd TIgR gRT Sn WaRAUd 7€ fawy R® e
TrgcHce uda fthedl & o Tadtel &1 3 a) THUE! IR Sn gRT WiaiIftd de oy foR® e
}KAT TZeAC (PBZST) Uddl! fihedl & fagyd aifie SIagR &1 9iid &Rl ¢ | UIeaa! dadb-idb &l
I Xl §Y, TAUNS! & PpRId [HY-3Ite Toreuac! & Udd fthed s Amaes! &I (Zr, Sn)/Ti
AT DI HT-3MTHT deb FHEISTT fobar a1 oTI3dpiad uRfRufadl & diuast do-ie &1
SYART DHRD Pt/TiOz/Si02/Si HSHLT TR WIFHIHGH A PbosssBioor (Zro7Snos)TirOs, (x = 0.935,
0.940, 0.945, 3R 0.950) & TTY Ul fheH (~250 nm) TIR HI TS| P-E U P & g b THUTE
x = 0.945 & HS g, 3R M Fuwed A1g 7 +ft S9! g &1 81 Tl TR (x = 0.945) R
frurrus =Rur 3R Sy R R qu &1 fazan &1 R, R fieigafded oM (dss) 3R
AN TG (S em) AT B TTUFAT ~ 330 pm/V 3R 0.33 % & =9 H B oIl 1

31eAT 5 (Y SR UaS HT GRRT) TdHH S & Td s 3R fAdTa TT fswel R &
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effect and shape memory effect.

Fig.1.16 | P-E and I-V for (120)-oriented (thick line plots) and (001)- 23
oriented (thin line plots) PbZrOg thin films at MPB compositions
[61].

Fig.1.17 | Room temperature phase diagram for Pb(Zro.7Sno.3)xTi1-x)O3 29
compositions [29].

Fig.1.18 | Comparison of SME in Pb-based particularly PZST systems 34

with other reported Pb and non Pb based systems. [5,120]

denotes bulk-ceramic, ™ is thin-film, and S refers to bulk single
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CHAPTER II
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No.
Fig. 2.1 | Ball milling and schematic shown in left and right side. 43
Fig.2.2 | Flow chart demonstrating steps followed for ceramics processing 45
Fig.2.3 | Schematic representation of PLD Chamber (left) and setup used to | 49
deposit films (in right).
Fig.2.4 | Diagrammatic representation of Bragg’s diffraction. 52
Fig.2.5 | X-Ray diffraction equipment (Rigaku Ultima IV) utilized for XRD | 53
measurements.
Fig.2.6 | Scanning Electron microscope (right) and its schematic representation | 55
(left).
Fig.2.7 | AFM’s schematic representation in contact mode 57
Fig. 2.8 | Asylum Research (MFP-3D origin+) AFM utilized to conduct surface | 58
topography study.
Fig. 2.9 | Schematic diagram representing poling setup utilized to pole bulk | 60
ceramics.
Fig. 2.10 | For bulk samples, dielectric measurement schematic (left) and setup | 61

(right) comprising of PC (with LabView programming) and

impedance analyzer.
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Fig. 2.11 | Modified Sawyer Tower (S-T) circuit diagram (left) and setup utilized | 63
for P-E/I-E loops measurements.
Fig. 2.12 | Tailored sample holder specifically to conduct ferroelectric| 64
characterizations of bulk ceramics (left) and thin films (right).
Fig. 2.13 | Setup utilized for Strain Hysteresis measurement. 65
Fig. 2.14 | Piezoresponse force microscopy (PFM) configuration’s schematic | 66
representation in which both ac and dc voltages are given to the
metallized probe and mechanical dislacement is detected utilizing
conventional AFM approach.
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Fig.3.1(a) | XRD patterns of Pbi-32)yBiy[(Zr0.7SNo.3)0.938Ti0.062]O3 for y=0, 71
0.01, 0.02 ceramic samples at room temperature before poling.
Fig.3.1(b) | XRD patterns of Pbi-3/2)yBiy[(Zr0.7SN0.3)0.938Ti0.062]O03 for y=0, 72
0.01, 0.02 ceramic samples at room temperature after poling.
Fig.3.2 SEM micrograph for y=0 (B0), y=0.01 (B1) and y=0.02 (B2) 74
compositions.
Fig.3.3 EDX spectrum along with weight% and atomic% for y=0 (B0), 74
y=0.01 (B1) and y=0.02 (B2) compositions.
Fig.3.4 75

For Pbi-@2)yBiy[(Zro.7Sno3)0.938Tio0s2] O3, (y=0, 0.01, 0.02),

XVi




Variation of dielectric constant with temperature at a fixed
frequency of 1 kHz and inset shows the Dielectric constant vs

Temperature plots at different frequencies for y=0.01.

Fig.3.5

For Pbi-3/2)yBiy[(Zr0.7Sno.3)0.938Ti0.062]O3, (y=0, 0.01, 0.02) (a)
Polarization vs Electric field hysteresis loops (b) Strain vs

Electric field plots.
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Fig.3.6

Refined XRD data of poled B3, B4, B5 B6 and B7

compositions.

79

Fig.3.7

Room temperature polarization vs electric field (P-E), current vs
electric field (I-E) and strain vs electric field (S-E) curves of
Pbo.gssBio.o1[(Zro7Sno3)xTi1x]O3  (x=0.938(B1), 0.934(B3),

0.933(B4), 0.932(B5), 0.931(B6), 0.930(B7)) ceramics at 1 Hz.

82

Fig.3.8

For  Pbo.gssBio.oi[(Zro.7Snos)xTi1x]JO3 ,  comparison  of
polarization vs electric field (P-E), current vs electric field (I-E)
and strain vs electric field (S-E) plots for x=0.938 and x=0.933

compositions at room temperature and 1 Hz frequency.
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Fig.4.1

XRD pattern of Pbo.ggsBio.oi[(Zro.7 Snos)xTi1x]O3 (where x =
0.935, 0.940, 0.945, and 0.950) thin films deposited using pulsed

laser deposition technique.

90

Xvii




Fig.4.2

P-E hysteresis loop of PbogssBio.o1[(Zro.7Sno3)xTi1x]O3 (where
x= 0.935, 0.940, 0.945, and 0.950) thin films deposited using

pulsed laser deposition technique.

91

Fig.4.3

AFM images, three-dimensional with poled thin film of
Pbo.gssBio.01[(Zro.7Sno.3)xTi1x] O3 (where x=0.935, 0.940, 0.945,

and 0.950) deposited using pulsed laser deposition technique.
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Fig.4.4

Shows the distribution of number of events with topography and

bearing area with height for PBZST thin film grown by PLD.
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Fig.4.5

Shows the piezoelectric coefficient ds3 vs concentrations for

PBZST thin film grown by PLD.
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