O edioated
T
i Dloarn DBhal Dlingh






CERTIFICATE

It is certified that the work contained in the thesis titled ""Band gap Engineering and
Photo-induced Physical Properties of Perovskite Ferroelectric Ceramics™ by
""Chandra Bhal Singh' has been carried out under my supervision and that this work
has not been submitted elsewhere for a degree.

It is further certified that the student has fulfilled all the requirements of

Comprehensive, Candidacy and SOTA for the award of Ph.D. degree.

Place: Varanasi (Dr. Akhilesh Kumar Singh)
Supervisor
Associate Professor
School of Materials Science & Technology
1T (BHU), Varanasi






DECLARATION BY THE CANDIDATE

I, Chandra Bhal Singh, certify that the work embodied in this Ph.D. thesis is my own
bonafide work carried out by me under the supervision of Dr. Akhilesh Kumar Singh
for a period from December 2013 to July 2022 at the School of Materials Science and
Technology, Indian Institute of Technology (Banaras Hindu University), Varanasi. The
matter embodied in this Ph.D. thesis has not been submitted for the award of any other
degree/diploma. | declare that | have faithfully acknowledged and given credits to the
research workers wherever their works have been cited in my work in this thesis. |
further declare that I have not willfully copied any other's work, paragraphs, text, data,
results, etc., reported in journals, books, magazines, reports dissertations, thesis, etc., or
available at websites and have not included them in this thesis and have not cited as my

own work.

Place: Varanasi (Chandra Bhal Singh)

CERTIFICATE BY THE SUPERVISOR
This is to certify that the above statement made by the candidate is correct to the best of

my knowledge.

(Dr. Akhilesh Kumar Singh) (Dr. Chandana Rath)
Supervisor Coordinator of the School
Associate Professor
School of Materials Science & Technology
1T (BHU), Varanasi



Vi



COPYRIGHT TRANSFER CERTIFICATE

Title of the Thesis: “Band gap Engineering and Photo-induced Physical

Properties of Perovskite Ferroelectric Ceramics”

Candidate's Name: Chandra Bhal Singh

Copyright Transfer

The undersigned hereby assigns to the Indian Institute of Technology (Banaras Hindu
University), Varanasi all rights under copyright that may exist in and for the above

thesis submitted for the award of the Ph.D. degree.

Date: .............

Place: Varanasi (Chandra Bhal Singh)

Note: However, the author may reproduce or authorize others to reproduce materials
extracted verbatim from the thesis or derivative of the thesis for author’s personal use
provided that the source and the Institute’s copyright notice are indicated.

vii



viii



ACKNOWLEDGMENTS

First of all | bestow the thanks before Lord Mahadev who vigorate me with

capability to complete this research work.

Fore mostly, I would like to express my deep sense of gratitude to my
supervisor Dr. Akhilesh Kumar Singh, Associate Professor, School of Materials
Science & Technology, IIT(B.H.U.), Varanasi for his constant guidance and kind
encouragement during PhD journey. He has provided opportunity to work in his group
while allowing me freedom to work on my interest area. Thank you for giving
opportunities to try new things. | sincerely acknowledge his support during all sorts of

hurdles in the execution of my thesis work as well as the personal difficulties.

I would also like to thank the faculty members of the School, Prof. Dhananjay
Pandey, Prof. Rajiv Prakash, Prof. Pralay Maiti, Dr. S. R. Singh, Dr. Chandana Rath,
Dr. Chandan Upadhyay , Dr. B. N. Pal, Dr. A. K. Mishra, Dr. S. K. Mishra and Dr.
Sanjay Singh for discussion during seminars and coursework studies. I am sincerely
thankful to my RPEC member Prof. Prabhakar Singh for his decent support and
guidance. | would like to thank Dr. B. N. Pal for supports through providing lab
facilities. | gratefully acknowledge CIF, IIT(BHU), Varanasi for providing various
instrumental facilities.

| express my deepest regards to Dr. Akash Bhatnagar for providing me
opportunity to work at ZIK SiLi-nano (MLU, Halle, Germany) and extending their
guidance in solar cells fabrication and characterizations. Moreover, | would like to
thank Dr. Ashish Kumar Singh, Mr. Lutz Muhlenbein, Mr. Niranjan, Ms. Yun, Mr.
David, Dr. Vijayeta, Ms. Krishna , Ms. Puja and Mr. Vishwapratap for unconditional
help and technical suggestions. | would like to thanks to Dr. Anand Sharma, Dr.
Satyaveer Singh and Ms Nila for providing help in electrical characterizations, Mr.
Yogesh Singh for Raman measurement, Dr. Chhotelal Yadav for helping in optical
measurements, Mr. Nirmal Mallick for AFM characterizations, Mr. Vinay Sharma for
his support in HRTEM characterization and Mr Girish Shahu for SEM characterization.
I am also thankful to Dr. H. P. Singh (NPL, Delhi) and Dr. Vandana Singh (11T Kanpur)
for their help in thin film deposition facility. I would also like to thank Dr. Sekhar
Bhattacharya and Mr. Surajit Sarkar for helping me to learn thin film and

nanostructured materials growth.



I am indebted to my friends Dr. Narendra Kumar Verma and Dr. Dinesh Kumar
who are always ready for scientific discussion, personal help and moral support. | thank
to my mates Dr. Pramod Yadav, Dr. Sandeep Singh Patel, Dr. P. Jena, Dr. Sushil
Kumar, and Dr Keshav Kumar for sharing their intellectuals during tea moments. Also, |
am thankful to my lab juniors Ms. Monika, Mr. Ankit, Mr. Pragyanand, Mr. Satyendra,
Ms. Puja, Ms. Shristi, Ms. Deepmala, Mr. Prosun, Ms. Sadhna, Mr. Kamlesh for
providing pleasant, encouraging and friendly environment. | am thankful to Dinesh,
Abhay and Satyendra for their hospitability during my last 7 month stay in Varanasi.
Regarding friends, | must recall at this point my friends Dr. Sanjay Ram, Dr. Debjit
Datta, Dr. Sunil Mishra, Dr. Venkateshwarlu Bhavnashi, Dr. Ankur Solanki, Mr.
Pradeep Rai, Mr. Sandeep Chauhan, and Mr. Rajesh Mishra for their continuous
encouragement and supports.

I am also thankful to all, to whom 1 could not mention here who helped me
directly or indirectly throughout the work. I am thankful to all non-teaching staff of the

School for their cooperation at all levels.

I also wish to express my gratitude to my uncle Sri F. B. Singh for his priceless
support and encouragement. | express my indebtedness to my parents for their love,
affection and support during every moment in my life. | would like to express my
heartfelt appreciation to my wife Ms. Rashmi for her support, love, sacrifice and
especially infinite patience as we have gone through tough times. | am especially in
debted to my daughters Anwesha and Shreeyukta whose love has contributed
enormously to my strength and faith. 1 would like to thank my sisters and my nephew
Harsh and niece Aradhya for their unconditional love and support. My gratitude will
remain incomplete if | do not mention that great contribution of my caring brother Late
Sri Swarn Bhal Singh who supported me in all my pursuits. Your unexpected loss has
opened a deep wound. Times can’t be rewinded but I believe he is always there with

me.

| gratefully acknowledge the Indian Institute of Technology (Banaras Hindu
University), Varanasi for providing me the necessary funding and fellowship to pursue

research work.

Varanasi (Chandra Bhal Singh)



“F FBd YT AT ¢al”

“The gods do not befriend them who are not exhausted [by hard

work].”

(Rigved : 4.33.11)

Xi



xii



CONTENT

Page No.
Preface I-XX
Chapter 1: Introduction and Literature Review 1-64
1.1 Introduction 1
1.2 Perovskite structure 3
1.3 Ferroelectricity and related phenomena 5
1.4 Light induced physical phenomena in materials 8
1.5 General Description of the Photovoltaic effect 13
1.6 Mechanism of Photo-voltaic effect in Ferroelectric materials 16
1.6.1 Bulk-photovoltaic effect (BPVE) 18
1.6.2 Depolarization field model 20
1.6.3 Domain wall effect 27
1.6.4 Schottky diode model 32
1.7 Strategies to improve PV efficiency in ferroelectric oxide solar cells 36
1.7.1 Optical band engineering of ferroelectric layer 36
1.7.2 Charge Separation in ferroelectric solar cells 41
1.7.3 Charge Collection in ferroelectric solar cells 43
1.8 Brief review of ferroelectric photovoltaic materials 48
1.8.1 Bismuth Ferrite (BiFeO3) 48
1.8.2 Lead Titanate (PbTiO3) 53
1.8.3 Solid Solution of (1-x)Bi(Ni3Nby3)O3-xPbTiO3 55
1.8.4 Band gap engineering and PV response in BaTiO3; and KNbO3 59
based binary solid solutions
1.9 Objectives of the Present Work 64

xiii




Chapter 2: Synthesis and Characterization Techniques

65-98

2.1 Introduction 65
2.2 Synthesis of Samples 65
2.2.1 Precursors 66
2.2.2 Mixing and milling 66
2.2.3 Calcinations 67
2.2.4 Preparation of Green Pellets and Target 71
2.2.5 Sintering 72
2.3 Microstructural and compositional study 73
2.4 Preparation of Ferroelectric thin films 76
2.4.1 Pulsed laser deposition (PLD) 77
2.4.2 RF Magnetron Sputtering 78
2.4.3 Sol-gel based deposition technique 81
2.5 Device fabrication process 83
2.5.1 Substrate Cleaning 83
2.5.2 Processing steps for device 83
2.5.3 Electrode deposition 86
2.6 Bulk Ceramics and thin films Characterization techniques 90
2.6.1 XRD 90
2.6.2 Scanning Electron Microscopy 91
2.6.3 Transmission Electron Microscopy 92
2.6.4 Dielectric Spectroscopy 92
2.6.5 Polarization-Electric field hysteresis loop characterization 93
2.6.6 . UV- Visible spectroscopy 94

Xiv




2.7.7 Raman Spectroscopy

95

2.7.8 Atomic Force Microscopy and Piezoresponce Force 95
Microscopy
2.7.9 Photovoltaic device Measurement 97
2.8 Conclusions 98
Chapter3: Band gap Narrowing of xPbTiO3-(1-x)Bi(Niz3Nb13)O3 99-142
ceramics, and Photo-voltaic effect in its PLD grown thin films
3.1. Introduction 99
3.2 Experimental 101
3.3 Results and discussion 102
3.3.1 Structural Investigation 103
3.3.2 Composition Dependent Dielectric and Ferroelectric properties 111
of xPbTiO3—(1-x)Bi(Niz3Nby/3)O3 solid solution
3.3.3 Composition Dependent Optical Band gap analysis 117
3.34 Band Gap Narrowing in Ni doped 0.65PbTiOs- 120
0.35Bi(Niz;sNby/3)O3 Ferroelectric Ceramics
3.35 Band Gap Narrowing in Co doped 0.65PbTiO3- 123
0.35Bi(Niy;3sNby3)O3 Ferroelectric Ceramics
3.3.6 Band Gap Narrowing in Composites of NiggsZng 3sFe204 and 128
Cog5ZngsFe,04 With 0.65PbTiO3-0.35Bi(Niy;3Nby/3)O3 ceramics
3.3.7 Band Gap Narrowing and Bulk Photovoltaic Effect in CuO 132
doped 0.65PbTi03-0.35Bi(Niy;3Nby/3)O3 Ferroelectric Ceramics
3.3.8 Fabrication of PT-BNN Thin Film and study of Nano-scale 137
ferroelectric phenomenon
3.3.9 Current- voltage (1-V) characteristics of 139
AZO/65PTBNNO/LSMO/STO heterojunction device
3.4 Conclusions 141
Chapter 4: Synthesis, Band-gap tuning and Conduction mechanism
study of (Co, Bi) doped PbTiOj3 for Photo-ferroelectric Applications 143-191

XV




4.1 Introduction 143
4.2 Experimental 145
4.3 Results and discussion 146
4.3.1 Effect of calcination Temperature XPbTiO; (1-x)- 146
Bi(CO]_/zTij_/z)Og (X:060)
4.3.2 Composition Dependent Crystal Structure, Ferroelectric, and
Semiconducting Properties of xPbTiO3-(1-x)Bi(Co1/,Tiy2)O3 Solid 150
Solution in the Composition range (0.55 < x < 0.80)
4.3.3 Composition Dependent Optical Band Gap Analysis of 158
XPbTiOs-(1-x)Bi(Co1/2Tiy2)O3 Solid Solution in the Composition
Range (0.80 <x <0.55)
4.3.4 The Band gap tuning by changing Co/Ti ratio in 0.60PbTiOs- 161
0.40Bi (CoyTi1.y)O3 solid solutions
4.3.5 Fabrication of 0.60PbTiO3-0.40Bi(C0¢6oTio40)O3 Thin Films 167
and Their photoelectrical properties
4.3.6 Optical Properties of 0.60PbTiO3-0.40Bi(C0gg0Ti0.40)O3 Thin 170
Film
4.3.7 Study of Nano-scale ferroelectric phenomenon 171
4.3.8 Current-Voltage (I-V) Characteristics and Conduction 174
mechanism study of Ag/0.60PbTiO3-0.40Bi(Cog60Tio.40)03/FTO
device
439 Tip-Enhanced I-V  Characteristics of PT-BCT/FTO 186
Heterostructure
4.4 conclusion 190
Chapter 5: Synthesis, Band gap engineering and Anomalous
photovoltaic response in xBaTiO3-(1-x)Bi(NisNby3)Os  solid 192-299
solution
5.1 Introduction 192
5.2 Experimental 194
5.3 Results and Discussion 195
5.3.1 Composition Dependent Structural analysis of xBaTiO3-(1- 195

XVi




X)Bi(Niz;3Nb13)O3 solid solution in the composition range (0.60 < x
<0.92).

0.9KNBNN films

5.3.2 Composition Dependent microstructure of xBaTiOs-(1- 200
X)Bi(Niz;3Nb1/3)O3 solid solution in the composition range (0.50 < x
<0.92).
5.3.3 Composition Dependent ferroelectric and electrical 204
behaviour of xBaTiOs3-(1-x)Bi(Ni2;3Nb3)O3 solid solution in the
composition range (0.50 <x <0.92).
5.3.4 Composition Dependent Optical Band gap analysis of 207
xBaTiO3-(1-x)Bi(Niz3Nby/3)O3 solid solution in the composition
range (0.50 <x <0.92).
5.3.5 Light intensity dependent Current density- voltage (J-V)
characteristics of AZO/BT-BNN/Ag device 213
5.3.6 Switchable photovoltaic behavior of AZO/BT-BNN/Ag 220
device
5.3.7 Compositional dependent J-V characteristics of AZO/BT- 225
BNN/Ag Heterostructure
5.4 Conclusions 228
Chapter 6: Growth and Photovoltaic behavior of (1-xX)KNbO3-
xBa(Ni12,Nb12)O35 Thin Films and Application of ZnO nano-
structures as light trapping layer in device 230-280
6.1 Introduction 230
6.2 Experimental 233
6.3 Results and discussion 235
6.3.1 Room Temperature Structural characterization 235
6.3.2 Optical Band gap analysis 237
6.3.3 Raman and Dielectric properties of 0.90KNbOs- 244
0.10Ba(Niy2Nb;/2)O3.5 Ceramic
6.3.4 Synthesis of 0.90KNbO3-0.10Ba(Ni2Nby/2)O3.5 thin films by 246
magnetron sputtering
6.3.5 XRD pattern, HRSEM image and optical band gap of 248

XVii




6.3.6 Atomic force and Piezoforce microscopy Analysis 252
6.3.7 Current-voltage characteristics in KNBNN /FTO 257
heterostructure
6.3.8 Sol-gel deposited (1-x)KNbO3-xBa(Ni12Nb1)Os35 Thin 261
Films as photoactive layer
6.3.9 ZnO nano-Structures as Light Trapping Layer for KNBNN 263
Solar Cells Application
6.3.9.1 Synthesis of ZnO nano-Structures 263
6.3.9.2 Structural and Morphological properties of ZnO nano- 266
Structures
6.3.9.3 Growth Mechanism of Nanowalls and Nanoscale 273
Characterization using AFM
6.3.9.4 Light Trapping behavior of ZnO nano-Structures 276
6.3.9.5 Photo-voltaic behavior of KNBNN and KNBNN/ZnO 279
nanostructures Heterojunction devices
6.4 Conclusions 289
Chapter-7: Summary and Future Prospects 291-298
7.1 Summary and Conclusions 291
7.2 Significant outcomes of the Present Work 291
7.2.1 Band gap engineering in xPbTiOs—(1-X)Bi(Ni3Nby3)O3 291
system and detection of photovoltaic behavior in PT-BNN thin film
7.2.2 Band gap engineering in XPbTiOsz-(1 -X)Bi(C01/,Ti12)O3 293
system and Discovery of switchable flexo-photovoltaic behaviour in
PT-BCT thin film
7.2.3 Development of BaTiO3 based new low band gap perovskite 293
system and observation of Bulk-photovoltaic behaviour
7.2.4 Investigation of photovoltaic behaviour of 0.9KNbO;3- 294
0.10Ba(Niy2Nby2)0z5 Thin Films and Enhancement in photo-current
by application of ZnO nano-structures as light trapping layer
7.3 Key Contributions of this Thesis 295

XViii




7.4 Suggestions for Future Work 296
References 299-325
List of Publications 326-327
List of Conferences/Workshops/Seminars/Symposiums Attended 328-330

XiX




XVi



LIST OF FIGURES

Figure No.

Captions

Page No.

Figure 1.1

(a) Representation of crystal structure of cubic perovskite
oxides ABO3 (N. Xu et al 2010) (b) Typical dielectric
constant vs. temperature plot for ferroelectric to
paraelectric transition in BaTiO3

Figure 1.2

Typical P-E hysteresis loop for ferroelectric .

Figure 1.3

Schematic of a photoconductor between two metal
contacts (M) (a) in dark and (b) under illumination.

11

Figure 1.4

Logarithmic plot of conductivity with time. The inset
shows IV curves obtained before (blue) and after (red)
illumination for a BiFeOs film.

11

Figure 1.5

Frequency dependence of the (a) dielectric permittivity
and (b) dielectric loss (tand) at 330 K for
Ba(Alp.95Zn0,05)204-5. Squares and circles indicate the dark
states and the photo-irradiated states respectively.

12

Figure 1.6

Typical curve for (a) photovoltaic effect and (b)
photoconductivity and (c) Bulk-photovoltaic effect.

13

Figure 1.7

Schematic illustration of Bulk-photovoltaic effect in
ferroelectric materials.

15

Figure 1.8

(@) Schematic diagram for bulk-photovoltaic mechanism
and (b) typical curves for switchable bulk-photovoltaic
effect.

16

Figure 1.9

(@) Photo-emf across n individual grains adding to
produce a net voltage V, across edge electrodes. The
arrows show the directions of spontaneous polarization
(b) an individual grain showing region of space charge
shielding the potential due to the polarization.

17

Figure 1.10

(a) Symmetric distribution of nonequilibrium carriers in a
centrosymmetric crystal; (b) Asymmetric distribution of
nonthermalized carriers in a noncentrosymmetric crystal.

20

Figure 1.11

Direction of depolarization field inside the ferroelectric.

23

Figure 1.12

Thin-film ferroelectric sandwiched capacitor: a poled
ferroelectric layer sandwiched between two metal
electrodes.

23

XVii




Figure 1.13

Distribution of potential V in a ferroelectric
semiconductor configuration.

24

Figure 1.14

J-V characteristics for (a) UP-poled and (b) DOWN-poled
state of the BZT-BCT film recorded under dark and light
illumination conditions. Schematic energy band diagram
showing the variation of the barrier field for (c) poled
with Epoled < Ecoercive, and (d) p0|ed with Epoled > Ecoercive
states of the AuU/BZT-BCT/Pt film. Here, 8p IS the
polarization charge due to poling, and W; and W, are the
depletion widths at the top and bottom electrode/film
interfaces, respectively.

26

Figure 1.15

Mechanism of photovoltaic effect in (a) conventional p-n
junction solar cell and (b) Ferroelectric photovoltaic cell,
in the ferroelectric domain, band bending occurs across
the domain wall (DW). The directions of electric
polarization (P) are shown by arrows.

29

Figure 1.16

Band structure in dark conditions and under illumination.
(@) Schematic of four domains (three domain walls) in an
order array of 71° domain walls. (b) Corresponding band
diagram showing the valence band (VB) and conduction
band (CB) across these domains and domain walls in the
dark. Note that there is no net voltage across the sample
in the dark. Section (i) illustrates a photon hitting in the
bulk of a domain and section (ii) a photon hitting at a
domain wall. (c) Evolution of band structure upon
illumination of the domain wall array. (d) Detailed picture
of the build-up of photo excited charges at a domain wall.

30

Figure 1.17

Schematics of the perpendicular domain wall (a) and the
parallel domain wall (b) device geometries and (c), (d)
Corresponding I-V measurements.

30

Figure 1.18

Schematic depicting majority 71° domains (not to scale)
and typical measurement geometries in which the
electrodes are running: (a) parallel (PLDW) and (b)
perpendicular to DW (PPDW), respectively. 1-V
characteristics under illumination with monochromatic
light (20=3.05 eV) of BFO thin films comprising (c) 109°
and (d) 71° periodic stripe domains. A schematic showing
the periodic arrangement of domains and DW in BFO
thin films for the () PLDW and (f) PPDW geometry with
respect to the DW. An equivalent circuit considering that
the domain bulk and DW have different resistances, Rpuik
and Rpw, is shown for both the geometries in (g) PLDW
and (h) PPDW.

31

XViii




Figure 1.19

Schematic energy band diagrams illustrating the
variations in Schottky barriers from back-to-back diodes
at virgin (a) to a forward diode at polarized up (b) and a
reverse diode at polarized down (c).

33

Figure 1.20

Schematic illustrations of a asymmetric Schottky barriers,
b built-in field distributions: red or blue line indicates the
electric field without or with the interface layer and c top
and bottom interface layers in Pt/PZT/Pt capacitor.

34

Figure 1.21

J-V characteristics of (a) ITO/h-LFO/Pt (b) J-V curve of
the ITO/h-TFO/Pt device compared with those of the
ITO/h-LFO/Pt and ITO/BFO/SRO devices after upward
poling. Modulated energy band diagrams of ITO/h-
LFO/Pt (c) the virgin state (d) up-polarization state (e)
down-polarization state.

35

Figure 1.22

Photocurrent properties for the (a) BT, (b) Mn(0.03%)-
BT, and (c) Mn(0.25%)-BT crystals. (d) Defect states in
the electronic band structure of BT and Mn-BT (A = Al,
Fe etc.).

38

Figure 1.23

(@) Optical conductivity of BIiT (blue), 1BisTi3O1—
1LaCoO3 (1B2L) (red) and LCO (grey) confirms an
orderly and considerable decline in bandgap values on
site-specific substitution of BIT with La and Co (b)
Photo-current density (J)-Electric field (E) curves (c)
Photoresponse J-t curve from BiT (blue) and 1B2L (red)
thin films (c) J recorded from BiT (blue) and 1B2L (red)
thin films by switching on and off the solar simulator at
20 kvem ™.

39

Figure 1.24

(@ Absorption spectrum of KBiFe,Os Inset:
(ahv)? versus hv (b) J-V curves in the dark and under UV
illumination.

40

Figure 1.25

(@) schematic electronic structures of transition metal
(TM=Cr, Mn, Co, Ni and Cu)-doped BFO obtained from
DFT calculations (b) J-V piss curve under dark and
illuminated (hv=2.4 eV) conditions.

41

Figure 1.26

Charge separation mechanisms in (a) Ferroelectric
material (b) semiconducting p-n  junction (c)
Ferroelectric-semiconducting perovskite heterostructure .

43

Figure 1.27

(@) 1-V curves and the corresponding terminal voltage Vo
dependence of light-to-electricity power conversion
efficiency n for ITO/BFO/Pt ((a) and (b)) and Au/BFO/Pt
((c) and (d)) capacitors, respectively.

44

XiX




Figure 1.28

(a) Current—voltage characteristics measured under 3.06
eV at room temperature. (b) Jsc and Voc extracted from
(a) plotted with the thickness of the samples.

45

Figure 1.29

(a) Polarization-voltage hysteresis loops of the samples
measured at 1kHz. (b) Comparison of photovoltaic
current density (J) vs output voltage (Vou) curves of the
as-grown samples.

46

Figure 1.30

(@) J-V characteristics under AM1.5G illumination for:
(a) i—n devices and (b) p—i—n devices; Layout of the
devices for: (c) i—n and (d) p—i—n.

47

Figure 1.31

(@) J-V characteristics measured by probing with the
AFM tip in the middle of the illuminated area. The inset
in (b) shows the measurement setup for the local
measurements by the AFM tip.

47

Figure 1.32

(@) The experimental configuration for I-V measurement ,
including the thermalization hemisphere (b) Dependence
of the photovoltaic current in the BTO crystal on the
intensity of the monochromatic illumination intensity
using a 25-nm-radius tip.

48

Figure 1.33

Photovoltaic effects in epitaxial BFO thin films using
ITO/BFO/SrRuO3/STO heterostructure.

51

Figure 1.34

(@) J(E) curves of the BFO sample in the dark (D) and
with green-light illumination on right (R) or left (L)
semitransparent Au electrodes. The inset shows an
expanded view of the J(E) curves near zero bias field (E =
0). (b) The zero-bias photocurrent density as a function of
time with (top) green light (I =532 nm) or (bottom)red
light (I = 650 nm) on or off, shining on the different sides
of BFO.

51

Figure 1.35

(@) Photovoltaic response for ITO/BFO/SRO/STO.
Schematic of energy-band alignment for the
ITO/BFO/SRO capacitor. E, and E; are the built-in field
at the bottom- and top-electrode interfaces, respectively.
Epi is the unswitchable built-in field in the film bulk
possibly due to nonuniform distribution of defects. Qs
denotes the gap-state charge density.

52

Figure 1.36

Intensity dependent I-V characteristics in (a) undoped and
(b) MnO, Doped sample 0.895PbTiO3-
0.105La(Zn2/3Nb1/3)03.

54

XX




Figure 1.37

(O) Experimentally measured band gap of ferroelectrics
versus their theoretical polarization (x) Estimated values
for the materials proposed in this study.

54

Figure 1.38

(ahv)” plotted as function of hv for the PbTiO; (PT) and
PbTige7Nip3303 (PTN) ceramics. The inset shows the
mechanism of band-gap narrowing in such type of solid
solutions.

57

Figure 1.39

P-E loops of PbTi;«NixO3 () x=0 (b) x=0.20 thin films,
(c) Compositional dependent photocurrent of PbTi;.
xNixO3 thin films.

57

Figure 1.40

XRD patterns for (1-x)Bi(Niz3Nby/3)O3-xPbTiO3 with
increasing PT content (b) Phase diagram showing Curie
temperature.

58

Figure 1.41

J-V curve for 0.65PT-BNN samples with and without
poling, inset display device structure.

58

Figure 1.42

(a) plots of (ahv)” versus hv for the absorption spectra (1-
X)BaTiO3-xBaCogsNbys03.5  ceramics.  Inset:  The
schematic diagram of band-gap structure in such
materials [D. Zhenga et al (2019)]. (b) Plots of (ochv)2 VS.
hv  in the absorption spectra (1-x)BaTiOs-
xBaNby/3Cry303.5 ceramics. Inset: the schematic pattern
of band structure.

61

Figure 1.43

(a) Bandgap values versus BNNO fraction. Images of the
KNbO3z and KBNNO pellets forx= 0.1 andx= 0.4
compositions. (b) Photoresponse at 77 K under 4
mW/cm? of above-bandgap illumination. Reversal of
poling voltage results in the reversal of photocurrent
direction. (c) The inset shows the photoresponse versus
applied bias at 77 K.

62

Figure 1.44

J-V characteristics of the device without poling and after
poling at -1V and +1V under AML.S5 illumination, in
comparison with those of the unpoled device in dark.

63

Figure 2.1

Schematic illustrations of steps of synthesis process to get
phase pure ferroelectric perovskite solid solution using
Mechano-chemical solid-state ceramic method.

66

Figure 2.2

The XRD patterns of 0.65PbTiO3-0.35Bi(Niz3Nby3)03
powders obtained after calcination at different
temperatures for 6.5 hours duration. XRD peaks
corresponding to perovskite phase are marked with “P”
and intermediate/secondary phase peaks are marked with

68

XXi




asterisk (*).

Figure2.3 |SEM images of as synthesized polycrystalline 70
0.65PbTi03-0.35Bi(Niz;sNby/3)O3 ceramic calcined at (a)
700°C (c) 850°C (e) 900°C and corresponding EDS
spectra in the right panel (b), (d), (f) respectively, showing
the presence of elements as per the composition.

Figure2.4 | The XRD patterns of 0.65PbTiO3-0.35Bi(Niz;sNby/3)O3 71
powders obtained after calcination at 850°C temperature
with varying the calcination time duration.

Figure25 | XRD patterns of sintered 0.65PT-0.35BNNO samples 73
with varying the sintering temperature and time.

Figure2.6 | XRD patterns of xPT-(1-x)BNNO samples for 73
compositions x = 0.87, 0.77, 0.70, 0.67, 0.66, 0.65,
0.64,0.63,0.60,0.55 and 0.50.

Figure 2.7 | Scanning electron micrographs and EDX spectra of 75
0.65PT-0.35BNNO samples sintered at (a) 990°C, (b)
1040°C and (c) 1090°C.

Figure 2.8 Elemental mapping of 0.77PT-0.23BNNO solid solution. 76

Figure 2.9 Image of a Pulsed laser deposition unit during its 78
operation.

Figure 2.10 | Schematic diagram of Pulsed laser deposition unit. 78
Figure 2.11 | (a) Ilustration of magnetron sputtering system and 80
process (b) Image of a rf-magnetron sputtering unit during

its operation.

Figure 2.12 | (a) Schematic illustrations of spin coating process and (b) 82
effect of annealing temperature on spin coated films.

Figure 2.13 | Schematic illustrations of thin film deposition steps by 82
chemical solution deposition technique for (1-x)KNbO3-
xBa(Nil,sz1,2)03 ceramic.

Figure 2.14 | Schematic illustrations of device Fabrication steps on Si 84
substrate using silver paste and thin ferroelectric pellet.

Figure 2.15 | Schematic illustration of device Fabrication steps on FTO 85
glass substrate.

Figure 2.16 | Sketch of bottom-top electrodes configuration for 86
ferroelectric films.

Figure 2.17 | Schematic illustration of device architecture on FTO glass 86

substrate using MoO3 as hole transport layer and ZnO as
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electron transport layer with ferroelectric layer.

Figure 2.18

(@) XRD pattern (b) Transmittance (c) AFM topography
image and (d) 3-D image of AZQO thin film.

88

Figure 2.19

AFM Topography image of SrRuO3; (SRO) thin film (a)
single layer (b) 3 layers (c) 6 layers, (d), (e) , (f) showing
their 3-D image, (g), (h), (i) showing their roughness
profile respectively. (j) XRD pattern of single layer SRO
films (k) XRD pattern of 6 layer SRO films (l) resistivity
of SRO films with varying number of layers.

89

Figure 2.20

Sawyer-Tower circuit for measurement of ferroelectric
polarization.
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Figure 2.21

Schematic diagram of atomic force microscopy system.
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Figure 2.22

Schematic illustration of I-V measurement from C-AFM
system.

98

Figure 3.1

Powder XRD patterns of xPbTiOs3-(1-x)Bi(Niz3Nby/3)03
solid solution (a) Full range profile (b) the magnified
profiles of (111), (200) and (210) reflections .

103

Figure 3.2

Room temperature Raman scattering spectra of xPbTiO3-
(1-x)Bi(Niz3Nby3)O3 solid solution for compositions (x =
0.87 to 0.50).

107

Figure 3.3

The Scanning electron microscopy (SEM) images of PT-
BNN for (a) x = 0.70 and (b) x = 0.63 compositions, Dark
HRTEM image for (c) x = 0.70 and (d) x = 0.60 and
showing the Corresponding SAED pattern.

109

Figure 3.4

Temperature dependent permittivity of xPT-(1-x)BNN as
a function of frequency for compositions (a) x = 0.87 to
(f) x = 0.50 and temperature dependent dielectric loss for
compositions (g) x = 0.87 and (h) x = 0.50.

112

Figure 3.5

(a) Curie temperature and (b) Dielectric permittivity of
XPT-(1-x)BNN as a function compositions measured at
100kHz frequency.
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Figure 3.6

Room temperature P-E hysteresis loops of the xPT-(1-
X)BNN for various compositions x = (a) 0.87, (b) 0.77 (c)
0.70 (d) 0.65 (e) 0.625 (f) 0.50.

115

Figure 3.7

Room temperature I-E hysteresis loops of the xPT-(1-
X)BNN for various compositions x = (a) 0.65, (b) 0.625.
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Figure 3.8

Temperature dependent P-E hysteresis loops of the
0.65PT-BNN measured at 5 Hz frequency and 30kV/cm
applied field.

116

Figure 3.9

Composition dependent variations of (a) absorption
spectra (b) direct band gap estimation using the Tauc plot
(ochl))2 vs hv for XPbTiOs-(1-x)Bi(Niy;3Nby3)Ossolid
solution for compositions in the range (0.55 < x < 0.87).
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Figure 3.10

Composition dependent variations of Indirect band gap
estimation using the Tauc plot (ahl))o'5 vs hv (c) for
XPbTiO3-(1-x)Bi(Niz3Nby/3)O3 solid solution.

119

Figure 3.11

Schematic diagram of density of electronic states (a) Ideal
Situation for PbTiO3; (b) With presence of oxygen
vacancies (c) with effect of Ni states and oxygen
vacancies XPbTiOz-(1-x)Bi(NizsNb13)Os.

119

Figure 3.12

The Tauc plot (ohv)® vs hv for 0.65PT-BNN solid solution
(@) without and with Ni doping (b) y = 0.04, (c) y = 0.07
and (d) y = 0.1. P-E hysteresis loops of 0.65PT-BNN
doped with Ni (e) y =0.04 (f) y =0.07.

122

Figure 3.13

Powder X-ray diffraction patterns of 0.65P T-BNN with
and without Co doping. Inset is showing the change in
position of diffraction peak with Co doping.

124

Figure 3.14

The Tauc plot (ahv)” vs hv for 0.65PT-BNN solid solution
with extra Co doping (a) y=0.3(c) y=0.6 (¢) y=1.0 and
corresponding P-E hysteresis loop in (b), (d) and (f).

126

Figure 3.15

(a) The Tauc plot (ohv)” vs hv and (b) optical band gap
for 0.65PT-BCN solid solution. (c) Nyquist plots of
impedance spectra of 0.90PT-BCN and (d) 0.60PT-BCN.
The inset shows the equivalent circuit model grain
boundary resistance (Rqp) and bulk resistance (Rg)
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Figure 3.16

Powder XRD patterns of (1-y) 0.65PT-BNN-yNZFO
particulate composites for compositions with y = 0, 0.05,
0.10,0.50, 0.75 and 1.0.

129

Figure 3.17

Tauc plot (chv)® vs hv for 0.65PT-BNN-yNZFO
composites with y = (a) 0.05 (c) 0.10 (e) 0.50 and (g) 0.75
and corresponding P-E hysteresis loop in (b), (d), (f) and

(h).
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Figure 3.18

Tauc plot (ahv)® vs hv for (a) 0.65PT-BNN, (b) CZFO
and 0.65PT-BNN-yCZFO composites with y = (c) 0.05
(d) 0.10 (e) 0.50 and (f) 0.75
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Figure 3.19

Powder X-ray diffraction patterns of 0.65P T-BNN with
and without CuO doping. Inset is showing the change in
position of diffraction peak with CuO doping.
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Figure 3.20

The Tauc plot (ohv)® vs hv for 0.65PT-BNN solid solution
with and without CuO doping. Two different slopes
provide two characteristic threshold gap. (a) The first
threshold band gap Eqi, Inset is showing the simplified
energy band diagram of system. (b) Second threshold
band gap Egp.
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Figure 3.21

Linear J-V Characteristic of Solar cells in dark and under
light with Device structure: AZO/0.65PT-BNN-CuO/ /Ag,
the inset is schematic design of device.
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Figure 3.22

(@ A schematic energy level diagram for AZO/PT-
BNNC/Ag Hetero-structure showing the internal photo-
electric process (b) Internal electric field distribution
showing the dotted arrow which represents the applied
polarization direction and big blue arrow shows the
depolarization field direction.
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Figure 3.23

AFM topography image of 65PTBNNO thin film with
thickness (a) 20 nm and (b) 200 nm.
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Figure 3.24

(@ PFM Amplitude image (b) PFM Phase image of
65PTBNN thin film. Arrows indicate the domain walls.

138

Figure 3.25

Real time measurement image of device during laser light
illumination and Schematic diagram of
AZO/65PTBNNO/LSMO/STO heterojunction device.
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Figure 3.26

I-V characteristics of AZO/65PTBNNO/LSMO/STO
heterojunction in dark and under 520 nm laser light
illumination.

140

Figure 4.1

Comparison of XRD patterns of 0.60PbTiOs—
0.40Bi(Cop5Tip5)O3 ceramic powders calcined at various
temperatures for 5 hours.

148

Figure 4.2

Calcination temperature dependent lattice parameters for
0.60PbTiO3-0.40Bi (Cog5Tip5)O3 ceramic.

148

Figure 4.3

SEM images of as synthesized polycrystalline
0.60PbTi03-0.40Bi (CogsTips)O3 ceramic calcined for 5
hours at (a) 600°C (b) 700°C (c) 850°C (d) 950°C.

149

Figure 4.4

HR-TEM 1images of as synthesized polycrystalline
0.60PbTi03-0.40Bi(CoosTio5)Os particles calcined at (a)
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600°C (b) 850°C and SAED pattern for particles of
samples calcined at (c) 600°C (d) 850°C.

Figure 4.5

Elemental Mapping and EDAX for 0.60PbTiO3—0.40Bi
(CoosTigs)Os3 particles calcined at 850°C.

150

Figure 4.6

Powder x-ray diffraction patterns of xPbTiOs-(1-
X)Bi(Co1/2Ti12)O3 solid solution in the composition range
(0.55 < x < 0.80) sintered at 1000 °C for 2 hours. The
inset shows the zoomed portion for 26=43°-49°, to show
tetragonal splitting of diffraction peaks with increasing the
Bi(Coy/2Tiy2)O3 contents.

152

Figure 4.7

Rietveld fit for the XRD pattern of sintered sample of
0.60PbTiO3-0.40Bi(CogsTigs5)O3 ceramic. Dots indicate
experimental XRD data, while calculated XRD pattern is
shown by continuous line. The lower curve shows the
difference between experimental and calculated XRD
patterns. Vertical bars indicate position of Bragg’s peaks.

153

Figure 4.8

The Scanning electron microscopy (SEM) images of (a)
0.70PT-BCT and (c) 0.65PT-BCT ceramics, (b) and (d)
showing the corresponding Energy dispersive X-ray
spectroscopy (EDS) spectrum.

156

Figure 4.9

Room temperature P-E hysteresis loops of the 0.80PT-
0.20BCT as a function of (a) frequency with fixed applied
electric field 5kV/cm (b) P-E loops as a function of
Electric Field with fixed frequency 100Hz.

156

Figure 4.10

Room temperature P-E hysteresis loops of the 0.60PT-
0.40BCT (a) and (b) as a function of frequency; P-E loop
as a function of Electric Field at a fixed frequency (c) 1
Hz and (d) 10 Hz.
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Figure 4.11

Composition dependent variations of (a) absorption
spectra (b) Indirect band gap estimation plots using the
Tauc equation (ahv)*® vs hv (c) direct band gap
estimation plots using the Tauc equation (ozhv)2 vs hv for
XPbTiO3-(1-x)Bi(Co1/,Tiy2)O3 solid solution in the
composition range (0.80 < x < 0.55) and (d) The Tauc
plot (ohv)? vs hv for undoped PbTiOs.
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Figure 4.12

Composition dependent direct band gap estimation plots
using the Tauc equation (ahv)® vs hv for XPbTiOs-(1-
X)Bi(Co1/2Ti12)O3 solid solution with compositions (a) x =
080 (b) x = 0.70 (¢) x = 0.60 and (d) x = 0.55
respectively. The tangent line drawn for linear region is
used to estimate the band gap.
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Figure 4.13

Schematic diagram of density of electronic states (a) Ideal
situation for PbTiO3 (b) With presence of oxygen
vacancies (c) with presence of Co states and oxygen
vacancies for XxPbTiO3z-(1-x)Bi(C0y1/2Ti1/2)Os.

161

Figure 4.14

Powder x-ray diffraction patterns of 0.60PbTiOs3-
0.40Bi(CoyTi1.y)O3 with varying Co/Ti concentration,
y=0.45, 0.50, 0.55 and 0.60.

164

Figure 4.15

SEM Image of 0.60PbTiOs-0.40Bi(CoyTi;.y)Os solid
solution with composition (a) y=0.50 and (c) 0.60 and
Elemental mapping of Co in 0.60PbTiO3-0.40Bi(CoyTis-
y)O3 sample with composition (b) y = 0.50 and (d) y =
0.60. In inset, respective EDS spectra is shown.
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Figure 4.16

The Tauc equation (ahv)® vs hv plots for 0.60PbTiOs-
0.40Bi(CoyTi1.y)O3 solid solution with composition (a)
y=0.45 and (b) 0.50 (c) 0.55 and (d) 0.60. The tangent line
extrapolation on the linear region is used to estimate the
band gap.
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Figure 4.17

Schematic diagram of density of electronic states for
0.60PbTiO3-0.40Bi(CoyTiy.y)O3 solid  solution  with
composition (a) y=0.45 and (b) 0.50 (c) 0.60. The
increasing CBM tailing is shown by dotted lines and state
created by oxygen vacancies are drawn in yellow colour
area.
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Figure 4.18

(@) XRD pattern (b) SEM image of as deposited PT-BCT
thin films
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Figure 4.19

Cross-section SEM image of as deposited PT-BCT thin
film on FTO glass Substrate. Inset is showing EDX
spectra of PT-BCT film.

168

Figure 4.20

(@) Tauc plots and band gap (b) Urbach Energy of as
deposited PT-BCT thin films..
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Figure 4.21

() AFM topography image, (b) grain size distribution
obtained from AFM image and corresponding histogram
(c) 3-D microstructure (d) AFM roughness profile for
O.60PbTiO3-0.4OBi(COoleoTio.4o)O3 thin film.

172

Figure 4.22

AFM/PFM images for O.GOPbTi03-0.4OBi(COo_eoTio,4o)03
thin film, (a) AFM topography image, (b) PFM Amplitude
and (c) PFM Phase image for negatively poled film; (d)
Topography, (E) PFM amplitude and (f) PFM phase
image for unpoled film; (g) Topography (b) PFM
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Amplitude and (c¢) PFM Phase image for positively poled
film.

Figure 4.23

(a) AFM topography image and corresponding (b) Cross
section profile which is showing grain boundaries (G.B.);
(c) PFM phase image and their (b) Cross section profile
which is showing domain walls (D.W.); for 0.60PbTiO3-
0.40Bi(Cog60Tip.40)O3 thin film. The arrows are used to
indicate the position of D.W. and G.B. in profile image.

173

Figure 4.24

Time dependent photocurrent response of
Ag/PTBCT/FTO device under light illumination.

176

Figure 4.25

J-V characteristics of Ag/PT-BCT/FTO heterojunction in
dark and light illumination. The Inset shows same graph
as the semi-log J-V plot.

176

Figure 4.26

A schematic energy level diagram for Ag/PT-BCT/FTO
Heterostructure showing the internal photo-electric
process.

177

Figure 4.27

Typical time-zero current-voltage data and various fits of
data to determine the conduction mechanism in Ag/PT-
BCT/FTO heterostructure (a) Space-charge-limited
conduction (SCLC), (b) Poole-Frenkel (PF) emission, (c)
Schottky Emission model, and (d) Fowler-Nordheim (F-
N) tunneling.

177

Figure 4.28

(@) J-V plots for PT-BCT based diode on a semilog scale.
The slopes of linear fit are used to extract ideality factor
and saturation current (b) logJ vs logV curve for positive
applied voltage region (c) logJ vs logV curve for positive
applied voltage region to extract charge mobility p (d)
Plot d(V)/d(InJ) vs J with linear fit to extract series
resistance and ideality factor () H(J) vs J plot under dark
condition (f) H(J) vs J plot under light condition to extract
to barrier potential height ®g, inset is showing d(V)/d(InJ)
vs J plot.

185

Figure 4.29

(@) Schematic diagram of PT-BCT/FTO device structure
with C-AFM measurement system (b) Local I-V curve
and inset showing the measurement points on the surface
(c) Dark I1-V curve (d) I-V curve under light of
0.60PbTi03-0.40Bi(C0g60Tl0.40)O3 film surface measured
using platinum tip.

189

Figure 4.30

(@) Schematic diagram of PT-BCT/FTO device structure
with C-AFM measurement system showing the strain
gradient induced flexoelectric effect using Pt tip.
Schematic energy band diagram of PT-BCT/FTO
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heterostructure when Pt tip is in contact with film under
conditions (b) without poling (c) with positive poling (d)
with negative poling. The field at interface is termed as
Epi, depolarization field due to poling Eyq and field due
spontaneous polarization P generated by strain gradient is
termed as Efjexo.

Figure 5.1

Powder x-ray diffraction patterns of xBaTiOs-(1-
X)Bi(Niz3Nby3)O3 solid solution in the composition range
(0.60 <x <0.92).

196

Figure 5.2

Rietveld fit for the XRD patterns of xBaTiOs-(1-
X)Bi(Niz;3Nb13)O3 ceramics with x=0.92, 0.85, 0.80, 0.75,
0.70 and 0.60. Dots indicate experimental XRD data,
overlapping calculated XRD pattern is shown by
continuous line. The lower curve shows the difference
between experimental and calculated XRD patterns.
Vertical bars indicate position of Bragg’s peaks.

197

Figure 5.3

Variations of Bond length (a) Bi/Ba-O and (b) Ni/Nb/Ti-O
for cubic phase of various compositions of xBaTiOs-(1-
X)Bi(Niz3Nby3)O3 obtained after Rietveld refinement.

200

Figure 5.4

The Scanning electron microscopy (SEM) images of (a)
0.92BT-0.08BNN, (c) 0.80BT-0.20BNN and (e) 0.60BT-
0.40BNN ceramics, (b), (d) and (f) showing the
Corresponding Energy dispersive X-ray spectroscopy
(EDS) spectrum.

202

Figure 5.5

The EDS elemental map of xBaTiOs-(1-
X)Bi(Nip;3Nb13)O3 ceramics with compositions x=0.92
(left panel) and x=0.60 (right panel).
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Figure 5.6

Room temperature P-E hysteresis loops for the xBaTiOs-
(1-x)Bi(Niy3Nby/3)O3 ceramics with the compositions (a)
x=0.92 (b) x=0.75 (c) x=0.60 and (d) x=0.50 recorded at
different applied electric field.
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Figure 5.7

Nyquist plots (Z’ vs Z’°) for (a) 0.92BT-0.08BNN (b)
0.80BT-0.20BNN (c) 0.60T-0.40BNN and (d) 0.50BT-
0.50BNN  compositions  measured at  different
temperatures.

206

Figure 5.8

Composition dependent variations of (a) absorption
spectra; (b) Estimated indirect band gap using the Tauc
plot (ozhv)o'5 vs hv; (¢) and (d) Estimated direct band gap
using the Tauc plot (ahv)® vs hv, for xPbTiOs-(1-
X)Bi(Niy;2Tiy2)O3 solid solution in the composition range
(0.50 < x <0.92); (e) Direct band gap Eq and (f) the Tauc
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plot (ahv)® vs hv for undoped BaTiOs. The tangent line
for linear region is used to estimate the band gap.

Figure 5.9

Direct band gap for (a) Varying Ni doping in BaTi.-
»NixO3 solid solution (b) Varying Ni and Nb co-doping in
BaTi(l-X)(Nil/ngz/g)X03 solid solution.
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Figure 5.10

Schematic diagram of density of electronic states (a) Ideal
Situation for BaTiOs; (b) With presence of oxygen
vacancies (c) with presence of Ni*" 3d states (d) For
higher doping percentage of BNN and (e) Eg and Eg
band gap in xBT-(1-x)BNN.
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Figure 5.11

A Schematic illustration of various fabrication process
steps of AZO/BT-BNN/Ag heterojunction device on
silicon substrate.
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Figure 5.12

A schematic representation of the AZO/BT-BNN/Ag
heterojunction device.
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Figure 5.13

J-V curves of AZO/BT-BNN/Ag devices in dark and
under different light intensity after positive poling.
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Figure 5.14

Photovoltaic ~ mechanisms in  AZO/BT-BNN/Ag
heterojunction device in (a) dark and (b) under light
conditions. The photocurrent is mentioned as I,y and E is
electric field.
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Figure 5.15

Schematics of energy band diagram and photovoltaic
mechanism of AZO/BT-BNN/Ag/Si device under various
light illumination intensity (a) 50mW/cm? (b) 70mW/cm?
and (c) 100mW/cm?. Es, Eg and Ey represent Fermi
energy level, conduction band and valence band
respectively. Dotted arrow represents the applied
polarization direction and big blue arrow shows the
depolarization field direction.
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Figure 5.16

J-V curve of 0.60BaTiO3-0.40Bi(Niy3Nbi3)O3 ceramic
device with unpoled, positively and negatively poled
samples showing switchable photovoltaic effect. Black
open squares are for the J-V curve in dark, red line
indicates the J-V curve of device before poling, blue filled
triangles and magenta filled circles indicate J-V curves of
devices with negative and positive poling.
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Figure 5.17

Schematic of energy band diagram with internal electric
field distribution and mechanism of the photovoltaic effect
of AZO/BT-BNN/Ag device with interfacial layers in (a)
Unpoled state (b) positively poled state and (c) negatively
poled state. Built-in-field formed at AZO/BT-BNN and
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BT-BNN/Ag interface is termed as E; and Ey.
Depolarization field is termed as Eq4 which is opposite to
applied polarization P. E;, E¢, and E,, are Fermi energy
level, conduction band and valence band respectively.
Large red coloured arrows represent the random direction
of polarization in unpoled state.

Figure 5.18

Composition dependent J-V curves of AZO/BT-BNN/Ag
devices after positive poling. J-V characteristic curves of
heterostructure with BT-BNN layer having different band
gap demonstrating the photovoltaic effect.
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Figure 6.1

X-Ray Diffraction patterns  of  0.90KNbO3-
0.10Ba(Niy;2Nby2)Os.5 solid solutions sintered at 990 °C
to 1125°C. The impurities are marked with * sign.

236

Figure 6.2

X-ray diffraction patterns of (1-x)KNbO3-
xBa(Niy2Nby2)0s.5 ceramic  solid  solutions  with
compositions of (x =0.05, 0.10,0.15, 0.20, 0.25).

237

Figure 6.3

Composition dependent variations of absorption spectra
for (1-x)KNbOs-(x)Ba(Niy2Nb12)Os.5 solid solution in the
composition range (0.0 < x <0.25).
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Figure 6.4

Composition dependent optical band gap for (1-x)KNbOs-
(x)Ba(Niy2Nby2)O3.5  solid solution in the composition
range (0.0 <x <0.25).
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Figure 6.5

Composition dependent direct band gap (Eg) for (1-
X)KNbOs-(x)Ba(Niy2Nbi2)Os5  solid solution in the
composition range (0.0 < x <0.25).
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Figure 6.6

Direct band gap for 0.9KNbO3-(0.10)Ba(Niy»Nb1/2)O35
solid solution. Inset is showing direct band gap (Eg2).
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Figure 6.7

Schematic diagram of density of electronic states (a) Ideal
Situation for KNbO; (b) With presence of oxygen
vacancies in KNbO3 (c) with effect of Ni** 3d states for
KNBNN (d) higher doping percentage of BNN in
KNBNN and (e) Eq; and Eg band gap in 0.90KNBNN
composition.
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Figure 6.8

(a) Raman scattering spectra for the sample 0.90KNBNN.
Inset is showing the enlarged view of lower range Raman
shift data (100-350 cm™).(b) Temperature dependent
relative permittivity of 0.9KNBNN sample. Inset is
showing the temperature dependent dielectric loss.
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Figure 6.9

Schematic drawing of 0.9KNBNN thin film deposition
configuration using magnetron sputtering (a) Sputtering
process (b) Image of running sputtering process showing
the plasma formation (c) Device configuration using FTO
substrate and (d) KNBNN film deposited of silicon wafer
with parallel electrode.
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Figure 6.10

(@) XRD patterns of magnetron sputtered 0.9KNBNN thin
films grown on (a) quartz substrate and (b) on FTO coated
glass substrate shown in inset.
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Figure 6.11

(@) Cross-section HRSEM image of 0.9KNBNN thin film
deposited on FTO coated Glass substrate and (b) HRSEM
image of magnetron sputtered 0.9KNBNN thin films.
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Figure 6.12

(@) UV-visible absorption spectra of magnetron sputtered
0.9KNBNN thin films and (b) Tauc plot for absorption
spectra showing direct band gap. Inset is showing the
schematic presentation of intraband electronic transition
in material.
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Figure 6.13

AFM Topography images of magnetron sputtered
0.9KNBNN thin films deposited at (a) 50W, (d) 100W
and (g) (50W+100W) in two step and their respective
roughness profile is shown in (b) (e), (h). Fig (c), (f), and
(i) are showing the respective 3-D images.

253

Figure 6.14

(a) Topography, (b) PFM amplitude and (c) PFM phase of
0.9KNBNN thin film obtained at OV. Topography (d)
Amplitude (e), phase image (f) obtained at +5V and
topography (g), amplitude (h), phase image (i) obtained at
-5V.

255

Figure 6.15

The PFM phase image of 0.9KNBNN film (a) obtained at
+5V and section profile (b) shows the position of domain
wall (D.W.). Section profile of phase image obtained at
+5V.
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Figure 6.16

The MFM (a) amplitude and (b) phase image of
0.9KNBNN film.
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Figure 6.17

(@) Semilog plots of AU/KNBNN/SI device in Dark and
light (b) Time dependent photocurrent response of
Ag/KNBNN/FTO device under light illumination. (c)
Rising edge and (d) decaying edge after enlarging the I-t
curve.
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Figure 6.18

J-V curve of (a) Au/KNBNNN/FTO (c) Ag/KNBNN/FTO
heterojunction devices in dark and under light
illumination. (b) and (d) shows the semilog plots of curves
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presented in (a) and (b).

Figure 6.19

(@) XRD pattern (b) SEM image (c) AFM topography (d)
3-D image of AFM (e) PFM image showing ferroelectric
domains and (f) Tauc plots for band gap of sol-gel
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Preface

The efforts for reducing large consumption of fossil fuels and continuously increasing
demand of low-cost photoactive materials for solar energy have stimulated research towards
perovskite ferroelectric photovoltaic materials. Even though, the crystalline silicon solar cells
are available with high efficiency, but due to its high production cost, the other category of
photovoltaic materials have attracted attention, for developing low-cost alternative of silicon
solar cells. Various ferroelectric perovskite materials fulfill essential requirements as
photovoltaic materials for device applications [Yuan et al (2014)]. The huge interest towards
ferroelectric perovskites in photovoltaic area is closely related to their long-term stability and
large-scale materials availability, potential for polarization driven charge carriers separation,
high open circuit voltages and chemical stability [Butler et al (2015)]. In this direction,
various perovskite ceramics such as BaTiOs, BiFeO3 and transition elements doped PbTiOs
have shown considerable promise for ferroelectric photovoltaic applications [Koch et al
(1975); Choi et al (2009)]. Emergence of bulk photovoltage, switchable photovoltaic nature,
spontaneous polarization driven internal electric field for charge separation and multiferroic
character are the key parameters, which can revolutionize optoelectronic technologies
[Matsuo et al (2017)]. There are a number of studied highlighting the ferroelectric
photovoltaic phenomenon in perovskite materials such as BaTiOsz, PbTiOz, and LiNbO;
[Bhatnagar et al (2013)]. Bhatnagar et al have demonstrated the bulk photovoltaic effect in
BiFeOs films [Huang et al (2017)]. Recently, the bulk photovoltaic effect and switchable
diode effect in ferroelectrics have been recognized as the most outstanding features that make
these materials very promising candidates for solar cells. However, the low photocurrent
densities in wide band gap ferroelectric materials have restricted their application in
photovoltaic devices, so far. Thus, development of new low band gap ferroelectric materials

has drawn great attention of researchers.
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The main obstacle in limiting the application of ferroelectric perovskite oxides in
photovoltaic cells is their wide band gap and low charge mobility. Due to wide band gap (>
3.0 eV), the ferroelectric photoactive layer cannot absorb visible part of incident solar spectra
and thus shows very low photocurrent. The reason behind wide band gap in ABOj3 type
perovskite oxides is large difference in electro-negativity between transition metal atoms and
oxygen ions in the unit cell. Recently, transition element doped perovskites have shown
attractive properties for the ferroelectric photovoltaic applications because of their
comparatively lower band gap than other undoped conventional ferroelectric perovskite
oxides [Qi et al (2011)]. The Ni and Nb-doped KNbO3 have been widely studied due to its
high spontaneous polarization and great promise for application as solar energy harvesting
material. Band gap tuning of KNbO3; produced a semiconducting solid solution [KNbO3];.x-
[Ba(NigsNbgs)Os]x (KNBO-BNN) having a lower band gap of 1.1 eV without losing the
ferroelectricity [Grinberg et al (2013)]. However, this solid solution exhibited low photo-
current [Grinberg et al (2013)]. Another reason for lower photocurrent in these solar cell
materials is absorption reduction in photoactive layer due to nano-meter thin film
construction for fabrication of solar cell. Different theoretical studies have pointed out that
nanostructured materials could improve thin film device efficiency due to their extremely
high surface to volume ratio [Tang et al (2014); Ferry et al (2011)]. Variously engineered
nanostructures were integrated into the thin films solar cell to increase the absorption in
photoactive layer by trapping the light within the surface. The trapping of light inside device
is made possible by increasing the optical path length of incident photons. Indeed, multiple
studies have already shown the potential application of nanostructured ZnO as the functional
element for sensors, photo-diodes, transistors, and light-emitting diodes, but, their light
scattering/trapping properties still require in-depth study [Xu et al (2014)]. With the objective

of designing and developing new low band gap ferroelectric systems, in the present thesis, we
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have investigated the optical band gap of transition element doped PbTiO3, BaTiO3;, KNbO3
based solid solutions. We have investigated the photovoltaic properties of these new
materials in their thin film form also. Our studies have resulted into many new and important
findings that can open up new possibilities in the direction of development of low cost
photovoltaic materials that can replace silicon based solar cells.
The significant investigations and important findings of the present thesis are listed below:
1. Band gap tuning of XxPbTiOs-(1-x)Bi(Niy3Nby;3)Os ceramics, Observation of
microscopic domain switching and Photo-voltaic effect in PLD grown thin films

Solid solution of xPbTiO3-(1-x)Bi(Niz;3Nb13)O3 [PT-BNN] system with compositions
(x= 0.87, 0.77, 0.70, 0.67, 0.66, 0.65, 0.64, 0.63, 0.625, 0.62, 0.60, 0.55 and 0.50) were
successfully prepared by solid state ceramic synthesis and characterized for crystal structure,
microstructure and optical properties. The PT-BNN shows morphotropic phase boundary
(MPB) region in the composition range of x = 0.65 to x =0.60, where tetragonal and
rhombohedral phases coexist. The crystallographic structural transitions as a function of
composition, in PT-BNN solid solution has been further confirmed by Raman spectroscopy
analysis. Composition dependent dielectric properties are also studied. Curie temperature for
XPT-(1-x)BNN compositions decreases from 456°C (x = 0.87) to 181°C (x = 0.50).
Composition 0.65PT-0.35BNN in the MBP region shows the highest value of dielectric
permittivity and remnant polarization (P, = 25.6 pC/cm?) and a direct band gap of Eqg=23
eV. We have investigated in details the band gap tuning in XPbTiO3—(1-X)Bi(Niz;3Nby/3)O3
(PT-BNN) ceramic by compositional variation in the composition range 0.50 < x < 0.87. The
absorption spectra of PT-BNN exhibits three absorption shoulders, with one lying in the near-
infrared (NIR) region. The presence of absorbance peak in NIR range makes this solid
solution applicable in NIR-related fields. The multi-absorbance peaks are originated in

absorption spectra due to presence of Ni ions which promotes formation of oxygen vacancies.
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The band gap of PbTiO;z; is significantly reduced by solid solution formation with
Bi(Ni2sNby/3)O3. This work provides good insights for the band gap tuning of PbTiO3 by
varying the concentration of Bi(Niz;sNb13)O3. The band gap of this solid solution system has
been shown to be directly influenced by transition elements (Ni, Co, Cu) doping and altering
the stoichiometric ratio of Ni and Nb in Bi(Niz;sNby3)O3 component. The Co-doping in
0.65PT-0.35BNN provides the lowest band gap (E; = 1.55 eV) but ferroelectric polarization
is also decreased. When Ni is replaced by Co, the new solid solution system 0.58PbTiOs-
0.42Bi(Co23Nby/3) shows a lower band gap of 1.3 eV. The reduced band gap is attributed to
the extra Co-d,? state and Co-dzx.y states created between conduction band (CB) and valance
band (VB).

We have demonstrated that the multiferroic particulate composites of 0.65PT-
0.35BNN with spinel NiggsZng3sFe2,04 (or CogsZnosFe,04) also effectively provide a lower
band gap. The lowest band gap of Eg = 1.39 eV is obtained for (0.25)[0.65PT-0.35BNN]-
0.75C005Zno sFe,04 composite. CuO doped 0.65PT-0.35BNN also provide a lower band gap
and bulk photo-voltaic effect in ceramic pellets form. Ceramic pellets of 0.65PT-0.35BNN
composition shows an open circuit voltage (Voc) ~ 4.13V which increases to 5.1 V for 0.3%
CuO doped 0.65PT-0.35BNN composition.

The epitaxial PT-BNN films were grown on single crystalline substrate by pulsed
laser deposition (PLD) technique and were analyzed using atomic force microscopy,
piezoresponse force microscopy (PFM). The photovoltaic effect is studied in PT-BNN thin
films prepared by PLD. The temperatures dependent short-circuit current and open circuit
voltage is measured and data is analyzed.

2. Band gap tuning of (Co, Bi) doped PbTiO3 ceramics and Observation of Photo-voltaic

effect in magnetron sputtered thin films
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We have successfully demonstrated the development of XxPbTiO3-(1-x)Bi(C01/2Tiy2)O3 [PT-
BCT] (x= 0.80,0.70, 0.65, 0.60, 0.55) solid solution using the conventional solid-state
reaction technique. Phase identification and structural characterization of PT-BCT powders
were made by X-Ray diffraction technique. Changing the concentration of Bi(Co1/,Ti1/2)O3
(BCT) has significant effect on the crystal structure, microstructure, and optical properties of
the PT-BCT solid solution. Optical band gap of PT-BCT reduces from 2.9 eV to 1.83 eV with
40% BCT (x = 0.60) concentration. The PT-BCT material shows two direct band gaps. The
direct band gap Eg; arises from p-d charge-transfer excitations. The band gap at lower energy
side Eg, arises from hybridization of Co (3d,2+02p,) and Co-- 3d excitations The band gap
tuning is done by varying the doping percentage of Co (y= 0.45, 0.5, 0.55, 0.60) in
0.60PbTi03-0.40Bi(CoyTi1.y)O3. The optical band gap is found to reduce from 3.2 eV to 1.65
eV as the Co concentration increases in 0.60PT-BCT. The reduced band gap makes the
XxPbTiO3-(1-x)Bi(Co1/2Ti12)O3 a promising multiferroic material for ferro-photovoltaics
applications. The 0.60PbTiO3-0.40Bi(C0g60Tio.40)O3 (PT-BCT) thin films were deposited on
FTO coated glass substrates by magnetron sputtering. The local ferroelectric switching is
observed in optimum composition of PT-BCT thin films. The current-voltage (I-V)
characteristics of as prepared Ag/PT-BCT/FTO device were measured in dark and under light
illumination. The development of switchable electronic devices for future and photo-ferroic
solar devices basic understanding of charge transport properties in ferroelectric thin films is
crucial. We have analysed different charge transfer mechanism models and the new insight
will widen the basic understanding of light induced charge transport process in ferroelectric
films deposited on TCO electrode. We also report the strain-gradient induced flexo-
photovoltaic effect in PT-BCT/FTO heterostructure measured using conducting Pt-tip. The
results of these studies could provide interesting opportunities for designing thin film

ferroelectric solar cells and help in analyzing the charge transport mechanism.
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3. Development of xBaTiO3-(1-x)Bi(NizsNby;3)O3 ceramics as new narrow band gap
ferroelectric materials for photovoltaic applications

The main obstacle limiting BaTiO3 as photo-absorbing layer in solar cells is its wide
band gap which restricts the full absorption of solar spectrum. We have developed and
investigated a new low band gap perovskite system xBaTiOs-(1-x)Bi(Niz;3Nby3)O3 (BT-
BNN) with compositions (0.50 < x < 0.92). Refined structural parameters and bond lengths
for xBT-(1-x)BNN solid solutions obtained by Rietveld structure refinement confirms the
cubic structure with space group Pm3m for studied compositions. We have carried out
detailed investigation to develop lead free semiconducting ferroelectric material. The direct
band gap is significantly reduced from 3.2 eV to 2.19 eV for BNN modified BaTiO3. We
have chosen Ni** as non-d, transition-metal ion (3d*) along with Nb>*(4d°) to reduce the band
gap and support ferroelectric states. In this work, we have compared the effect of Ni-only
substitution and Ni-Nb co-substitution at the Ti-site of BaTiO3 for lowering optical band gap.
The presence of Ni-3d states, both at the top of the valence band and at the bottom of the
conduction band reduces the overall band gap of BT-BNN. The P-E measurement of BT-
BNN samples reveals that the saturation polarization is reduced than BaTiOs3 but it retains the
ferroelectric nature after BNN substitution. We have demonstrated light intensity dependent,
polarization direction dependent photovoltaic behaviour and bulk photo-voltage in BT-BNN
ceramics. The current- voltage (I-V) characteristics of as prepared AZO/BT-BNN/Ag/Si
device was measured and the PV mechanism in dark and under light illumination is explained
using the schematic energy band diagrams. The highest photo-current (J~1.5 pA/cm?) is
obtained for 0.70BT-0.30BNN composition. Open circuit voltage Vo highly depends on the
polarization of material and it reduced from -3.23 V to -1.38 V with increasing BNN doping
concentration in BaTiO3;. From obtained experimental results, it can be concluded that V.

directly depends on remnant polarization of material and Js is related to both band gap and
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polarization. Our discovery of switchable ferroelectric diode effect in lead free
polycrystalline ceramic BT-BNN may provide an opportunity for designing new electronic
devices. The observed polarization and band gap dependent photo-current, switchable
photovoltaic effect of BT-BNN will be of great interest for future ferroelectric photovoltaic
devices.

4. Photovoltaic behaviour of Magnetron Sputtered and Solution processed (1-x)KNbOs-
xBa(Niy2Nb;2)O35 Thin Films and Enhancement in photo-current by application of

ZnO nano-structures as light trapping layer

The ceramic solid solution of (1-x)KNbO3z-xBa(Niy2Nb12)0z5 (KNBNN) with
compositions x = 0.05, 0.10,0.15, 0.20, and 0.25 were synthesized by solid state reaction
method. The UV-visible absorption spectra of KNBNN reveal that the band gap of KNBNN
samples shrink from 3.1 eV to 2.19 eV. A sputtering target of 0.9KNBNN composition was
prepared and films were deposited on FTO glass substrates. First time magnetron sputtered
and sol-gel based 0.90KNbO3-0.10Ba(Niy2Nb;,)O03.5 thin Films were grown and their
photoelectrical properties were measured. We have applied magnetron sputtering and sol-gel
techniques to grow KNBNN films as their fabrication process is user friendly cost effective
and can be implemented for industrial production. The ferroelectric nature of as deposited
films was confirmed by piezoforce microscopy (PFM). A low short circuit photo-current
density of 0.026 mA/cm? was obtained for AU/KNBN/FTO devices after poling which
increased for AgQ/KNBN/FTO devices. The low open circuit voltage of device is due to
polycrystalline nature of films as polycrystalline films contain defects or grain boundaries
that act as recombination centers to trap the photon generated charge carriers. The observed
photovoltaic effect in AQ/KNBNN/FTO device can be attributed to depolarization field in
KNBNN thin film and Schottky barriers at KNBNN/Ag and KNBNN/FTO interfaces.

Further, in this work, we have grown ZnO nanostructures on glass and FTO substrates and
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explained the growth mechanism using AFM. The surface morphology of the as-grown ZnO
nanoparticles, nanowalls and nanorods on glass and FTO coated glass substrates were
analyzed using SEM, HRTEM and AFM. It was observed that as grown ZnO nanostructures
reduce the reflectance of FTO coated substrates. So, ZnO nanostructures can be sandwiched
between an electrode layer and photo-active layer to trap light inside solar cells. Our
investigations reveal that a variation in growth geometry of ZnO nanostructures strongly
influences their light-harvesting properties as well as the current collection efficiency of
devices. The AFM analysis indicated that larger surface area, rougher surface and lower
density of interconnected ZnO nanowalls make them a better candidate for light harvesting in
solar cells. We have analyzed the possible built-in-field (Ep;) at interfaces of different layers
in device and depolarization field (Eqy) within KNBNN layer. The photocurrent for devices
with ZnO nanowalls shows increased Jy. = 0.067 mA/cm? as compared to devices with ZnO
nanorods and nanoparticls. Single layer KNBNN junction solar cell in negative poled
condition, shows Js. = 0.01286 mA/cm?. The photocurrent density of device for ZnO as light
trapping layer in the form of nanowalls, nanorods and nanoparticles follows the sequence
Jnw-knBNN> INR-kNBNN > Inp-knenn, WhHich s consistent with their percentage reflectance.
These results indicate that efficient light trapping is the main factor that affected the
photocurrent in these devices.

The present findings are not only beneficial to study the growth mechanism of ZnO
nanostructures but also provide the clear evidence that optimal geometry of ZnO
nanostructures is highly effective in improving the efficiency of solar cells. The results
presented in our work can provide a guideline to develop light trapping methodology needed
to achieve higher efficiencies in solar cells.

The thesis is organized into 7 chapters.
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Chapter 1: gives an introduction to basic concepts of semiconductors and multiferroic
materials including the light induced photoelectric phenomenon such as bulk photovoltaic
effect, photo-dielectric effect and photo-polarization. A concise review of the recent progress
on the understanding of ferroelectric photovoltaic effect, band gap tuning of ferroelectric
materials and device design strategies to enhance the photocurrent are also presented.
Chapter 2: describes the preparation methods used for bulk ceramics ferroelectric solid
solutions, thin films by PLD, RF sputtering and chemical solution deposition by spin coating
method. A brief description of various characterization techniques used in the present thesis
is presented. The details of ferroelectric photovoltaic device fabrication and their
characterization is also given.

Chapter 3: presents the composition dependent structural, morphological, Dielectric,
ferroelectric and optical properties for xPbTO3-(1-x) Bi(Niz;3Nby3)O3 solid solutions in the
composition range 0.50 < x < 0.87. The impact of calcinations and sintering temperature on
the structural, morphological and optical properties is also discussed. This chapter also
describes the growth procedure, microscopic domain switching and photovoltaic properties of
XPbTO3-(1-X)Bi(Niz3Nby/3)O3 thin films.

Chapter 4: describe the structural, morphological, ferroelectric and optical properties of
XPbTiO3-(1-x)Bi(Co1/,Ti2)O3 (PT-BCT) samples with composition (x=0.8, 0.70, 0.65, 0.60,
0.55). The mechanism of band gap narrowing in PT-BCT with Co-doping is analyzed. The
charge transport mechanisms and photovoltaic effect in the magnetron sputtered PT-BCT thin
film based devices are investigated.

Chapter 5: describes the detailed procedure to prepare a new low band gap lead free
ferroelectric material xBaTiO3-(1-x)Bi(Niz3Nby3)03 (0.50 < x < 0.97). The results of

structural, morphological, dielectric, ferroelectric and optical properties investigations are
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presented. Polarization direction dependent photovoltaic behaviour in BT-BNN based devices
is studied and anomalous photovoltaic mechanism in this system is explained.

Chapter 6: Describe the growth of (1-xX)KNbO3-xBa(Niy2Nb1/2)O35 (KNBO-BNN) thin
films using magnetron sputtering and sol-gel based spin coating and their photovoltaic
properties. This chapter also presents the growth of ZnO nanostructures, their anti-reflection
properties and applications in KNBO-BNN based ferroelectric solar cells as light trapping
layer.

Chapter 7: summarizes the main findings of the present work and lists a few suggestions for

future investigations.
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