


Dedicated
To
My Family

And My Preceptor






CERTIFICATE

It is certified that the work contained in the thesis titled “INVESTIGATIONS ON
PHOTO CONDUCTING BEHAVIOUR OF HALIDE PEROVSKITES” by “"MANISH
KUMAR?™ (Roll No. 16171005), in partial fulfillment of the requirement for award of degree
of Doctor of Philosophy at Indian Institute of Technology (B.H.U), Varanasi is a record of
his own work carried out under my supervision and guidance and this work has not beén

submitted elsewhere for a degree.

Itis further certified that the student has fulfilled all the requirements of Comprehensive

Examination, Candidacy. and SOTA for the award of Ph.D. Degree.

r),sclo 1 baafdsder

epartment of Physics

: Supervisor . Institute of Technology
Date: 25 \ o 2\ Qo1 m(%lgr?aras Hindu University)

(Prof. Prabhakar Singh) Varanasi-221005
Place: Varanasi
Department of Physics

Indian Institute of Technology (Banaras Hindu University)

Varanasi (U.P.)-221005







DECLARATION BY THE CANDIDATE

I, MANISH KUMAR (Roll No. 16171005), certify that the work embodied in this thesis is my
own bonafide work and carried out by me under the supervision of PROF. PRABHAKAR
SINGH from JULY, 2016 to FEBRUARY, 2022 at the DEPARTMENT OF PHYSICS,
Indian Institute of Technology, Varanasi. The matter embodied in this thesis has not been
submitted for the award of any other degree/diploma. I declare that | have faithfully
acknowledged and given credits to the research workers wherever their works have been cited
in my work in this thesis. I further declare that I have not willfully copied from any other's
work, paragraphs, text, data, results, efc., reported in Jjournals, books, magazines, repor%s
dissertations, theses, efc., or available at websites and have not included them in this thesis and

have not cited as my own work.

Date: 025109_,239_9_ Signature of the Student
MNM&S{"K“ 55 c"\”w’
Place: Varanasi (MANISH KUMAR)

CERTIFICATE BY THE SUPERVISOR

It is certified that the above statement made by the student is correct to the best of our

knowledge.
L e
e\ A
Supervi Signature of£Head of Department
HEAD/fasrmeas
(Prof. Prabhakar Singh) ferest et/ Deptt. of Physics
Professor ~ Alofiotio /(FofkoRo) /IIT (BHU)
Department of Physics arred / Varanasi-22100%

" .dian Institute of Te_chno_logy
{Banaras Hindu University)
Varanasi-221005







COPYRIGHT TRANSFER CERTIFICATE

Title of the Thesis: “Investigations on Photo Conducting Behaviour of Halide

Perovskites”

Name of the Student: Manish Kumar

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 “Doctor of Philosophy”.

Date: ‘;25{62_,945?_2. Signature of the Student
o puv?
Maud o e 7 )202 2
Place: IIT (BHU), Varanasi (Manish Kumar) 2

Note: However, the author may reproduce or authorize others 1o reproduce material 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.













Acknowledgments

Foremost, I would like to express my sincere gratitude to my supervisor Prof.
Prabhakar Singh, Department of Physics, Indian Institute of Technology (Banaras
Hindu University), for the continuous support to my Ph.D. study and research, for
his patience, motivation, enthusiasm, and immense knowledge. His guidance helped
me in all the time of research and writing of this thesis. I could not have imagined a
better supervisor and mentor for my Ph.D. study. I don't have enough words to
describe my gratitude to him for teaching me not only to be a better researcher but
also a better human being.

I would also like to express my sincere thanks to RPEC members Prof. A. K.
Singh, School of Materials Science & Technology, Indian Institute of Technology
(Banaras Hindu University), and Dr. Anita Mohan, Indian Institute of Technology
(Banaras Hindu University), for their encouragement, insightful comments, and
stimulating help.

I wish to express deep regards to all the teachers of the Department B.N.
Duwivedi, Prof. Sandip Chatterjee, Prof. D. Giri, Prof. R. Prasad, Dr. P. C. Pandey, Dr.
Shail Upadhyay, Dr. A. K. Srivastava, Dr. S. K. Mishra, Dr. S. K. Singh, Dr. Avanish
Singh Parmar, Dr. Saurabh Tripathi, Dr. Awaneesh Singh, Dr. R. K. Singh, Dr.
Swapnil Patil, Dr. Shradha Mishra, Dr. Prasun Dutta, Dr. Rajeev Singh, Dr.
Somnath Nag, Dr. Gauhar Abbas, Dr. Bidya Binay Karak, Dr. P. K. Aluri for their
kind support at all moment during the progress of my research.

Specially, I would like to express my thanks to Dr. Pardeep K. Jha and Dr.
Priyanka A. Jha, Department of Physics, IIT (BHU), Varanasi for their
encouragement, guidance, support, and scientific approach in solving the difficulties
faced during the research work.

My sincere thanks also go to CIFC, IIT (BHU), Varanasi for help in carrying
characterization of the synthesized samples. I am also grateful to all office staff of
the Department and authorities of IIT (BHU), for their kind help during the period

of my stay to complete the thesis work.



I would like to thank Dr. S. K. Gupta, Department of Physics, Banasthali
University, Rajasthan Jor providing the Raman Facility. I am also thankful to Prof,
A.S. K. Sinha, Department of Chemical Engineering and Technology, IIT (BHU).

With a special thanks to my senior Dr. P. K. Dubey, Dr. Vani Pawar, Dr.
Raghvendra Pandey, Dr. Pravin Kumar, Dr. Onkar Nath Verma, Dr. Saurabh Singh,
and my labmates Mr. Ajay S. Bangwal, Ms. Manisha Chauhan, Ms. Vandna Tomar,
Ms. Pragati Singh, Mr. P. C. Bharti, Mr. Ashish K Ranjan, Ms. Uma Sharma, Ms.
Swarnima Singh, Ms. Manisha Shrama, Kamana, Jaynarayan Mishra, Gargi, and
all my friends for their support, suggestion, and healthy discussion of my research
issues.

Last but not the least, I express my sincere and cordial gratitude to my father
Shri. Dhyan Singh, my mother Mrs. Leela Wati, my sisters Ms. Sarita Rani, and Ms.
Varsha Rani, who always stood by the decisions and provided all kinds of moral and

Jinancial support. It was their love, care, and patience that encouraged me to move
on.

Date: 25,02,3022 “ 8{“%"’_

Place: Varanasi (Manish Kumar)









Contents

CItifICALE .uuunreeriiiiiiiinttitiiciininnttticiiittteeecisssttetesssisssssstssessssssssssnessssssssssssasssssssssssssesens i
Declaration by the Candidate .........cccoovvvveerieiciiivnnnnreicssscsssnneenscsssssssssnsssssssssssssssssssssnsases iii
Copyright Transfer CertifiCate ......iiiiiiiiiiiiiiiiiiiiiiisnieeessessns v
ACKNOWIEAZMENTS....ccovvvrrrririciisrrrnnenecssssssnrrressssssssssensscsssssansesssssssssssssnesssssssssssssssssssnnsanes ix
COMLEINLS c.uunniiiirineiiiiiiutenciintieissntecssstseesssstesssssasscssssteesssssssssssssessssssssssssssssssssassssssssnsesssns xiii
LSt Of FiGUIES .cciiiiiiiiiiiiiininsnisssssssssssscssennssssssnssssssrssssssissseesssssssssssssssssssssssesssrarssnssansassssnssss Xix
LISt Of TADIES ceceeivniiiiiitiiiniiiiiinininiciintieciinteesnsneessssnneeessssnecssssessssssssessssssssssssssssssssasses XXix
List of Symbols and AbDreviations.........cueeeeiieiiicnnnniecciisissnnneniicsssssseeneccsssssnnseesscssssnns XXXi
g 4 T TR XXXVii
CHAPTER 1: INtroduUCHiON .ccuuueeeeeeriiiiissnnienecisssssnneeeecsssssssssenessssssssaseessssssssssssssssssssssssssens 1
1.1 Global Energy Demand.............ccooouiiiiiiiiiiaiiiiee ettt e e e s 1
LA 1) 3l =5 1 1<) o USRS 3
1.3 Solar Cells: AN OVEIVIEW ....coouuiiiiiiiiiiiiiiieeeiieeeiee ettt ettt sttt et e s 5
1.3.1  The absorption of incident PhOtONS.........cccueeieeiiiieeiiiie e 6
1.3.2  The generation of photo-generated charge carriers (electron-hole pairs) .................. 7
1.3.3  The transportation of these photogenerated charge carriers ............cccceeeeeveeeercnnenenns 7
1.3.4  The collection of photo-generated charge carriers...........cccveeeviieeeiviieeiiniieeeniieeens 8
1.4 Characteristics 0f S0lar CellS ........ccoouiiiiiiiiiiiii e 8
1.4.1 The I-V (Current-Voltage) CharacteriStiCS......ceuvurrrierreerriiiirieeeeeeriiieeeeeeeniireeeeeens 9
1.4.2  Open-Circuit VOIAZE .....cccueiiiiiiiiiiiiiiienic e 10
1.4.3  Short-Curcuit CUITENt (Lsc).....ceeeeeeeeeieeieeeccciiiiiiiieerere e e e e eeeeeeeeeeeeeeeeeaeeeanananns 11
1.4.4  Maximum POWET OULPUL (Priax) -«eeeeeveeereimreeeanitieeeeiieeeenieteeesiteeeesieeesssteeeeenneeeens 12
L1.4.5  FILFACLOT (FF) oottt ettt e e ettt e e e e e e aasaeeeeeeeans 12
1.4.6  Power Conversion Efficiency (PCE) ......ccocuuiiiiiiiiiiiiieiiieieeeee e 13
1.5 Generations 0f Solar Cell.........oooiiiiiiiiiiiiii e 14

Xiii



1.6 Perovskite (3D and 2D) Crystal Structure: An OVEIVIEW .......ccceeveevveeeeiieireeeiiieeeeeieeeenns 15

1.7 Perovskite Solar CellS.......cocuuiiiiiiiiiiiiiiiicec e 18
L.7.1 Stability ISSUES ..eeeeeeeiiiiiiieee ettt ettt e e e e et e e e e e nnnneeeeeeeens 20
1.7.2  Current-Voltage (I-V) HYStEresis ......cooveiriiirniiiiiiiniiiiiieciiceeeniec e 23

1.8 Comparison of Cesium Lead Bromide (CsPbBr3) Material with the Hybrid and All-Inorganic

Perovskite Materials .........cc.ueiiiiiiiiiiiiiieie e 25

1.9 The objective of CUrrent TeSEATCH ........ccceiiiiiiiiiiieeciieie e e 30
CHAPTER 2: Materials and Methods ..........ccuiiiiiniiiinsniiiisseeiinsseeicsnnneicnnneecesnneeenns 33

2T OVEIVIBW ..ttt ettt ettt et ettt et e at et sttt ettt et esat e e et enab e e s 33

2.2 Synthesis Of COMPOUNGS: .....cciviieeiiiiieeeiiieeeiee e et e e ete e e e ettt eeesaeaeeeeeaeeeennneaeeenssaeeeennes 34
2.2.1  Specification of the MaterialS...........ccceeeviuiiiiiiieiiiiiiieee e 34
2.2.2  Cold Sintering Method via Solid State Reaction Method (SSR).........cccceevvininneen. 35
2.2.3  Thin Films SYNthesiS.......uuuiiiiiiiiiiiiieeeeiiiiiieee e e e e e e e e e e e e e e e e sianaaee s 37

2.3 Characterization Techniques (Measuring Equipment and Experiment Analysis Techniques)

........................................................................................................................................ 40
2.3.1  X-Ray Diffraction (XRD) .....ccooooiiiiiiiiiiiiiicceecee e 40
2.3.2  Differential Scanning Calorimetry (DSC)........ccovvuiiieriiiiiiiiie e 42
2.3.3  X-Ray Photoelectron Spectroscopy (XPS)......eeeiiiiiiiiiiiiiiiiiieeeieeeeiee e 44
2.3.4  Scanning Electron Microscope (SEM).........cooiiiiiiiiiiiiiiiiiiiieee e 46
2.3.5  RaAmMan SPECLIOSCOPY -.vvvveeteriuiiitteteteiiiiiteeeeeeenittttreeesesiieteeeeesseabtreeeessssnrreeeeessanns 47
2.3.6  Ultra-Violet Visible (UV-Vis) SPECtrOSCOPY -.vvreerurrireeiiiieeeiiieeeiiiiieeeeiieeeeneeeeenns 49
2.3.7  Photoluminescence (PL) SpectroSCOPY.......uuvireeiiriuiiiiieeeeiiiiiiieeeeeeiriee e e e 51

2.4 EleCtriCal PrOPETLICS. .. .eeiiiiiieiiiiieeeiiieeeeriiteeeeiie e e sttt e e st ee e st eeestbeeeesnbaeeesssaeessnssaeesnnns 52
2.4.1  CUITeNt-VOIAZE (1) eeeeiiiiieeiiie ettt et e e e s aaeeeenaaaeeenes 52
2.4.2  Impedance Spectroscopic TeChnique............eeeeeeiiiiiiiiiieeeiieee e 54

2.5 Analysis TECRNIQUES ......cccuiiiiiiiiieiciiie e e e e e e s aeessnsaeeesssaeeennes 58
2.5.1  Rietveld Refinement TEChNIQUE .........cccevuviiiiieeeiiiiiiiee e 58
2.5.2  Process of Analyzing the Obtained Data.............cccveeeviiiiiniiiiiiiiieeeiee e 59

Xiv



2.6 CONAUCTION MECRATISIIIS ... eeeeeee et e e e e e e e e e e e e e e e e e e e e e eeeaaeeeeeans 60

2.6.1  Space Charge Limited Current (SCLC) ....ccooiiiiiiiiiiieiiiiiie e 60
2.6.2  POOIE-Frenkel.........cooiiiiiiiiiii s 61
CHAPTER 3: Compositional Degradation with Br Content in Cesium Lead Halide
G111 53 o RN 65

3.1 INETOAUCEION ..ttt e ettt e sttt e e ettt e e e et e e e et e e e snaeeas 65
3.2 Experimental detailS ..........cooiviiiiiiiiiiiiiie et e 65
3.3 Results and DISCUSSION .....ceiiiiiiiiiiiieiiiiiee ettt ettt e et e e e e e 67
3.3.1  X-ray Diffraction and microstructural StUdi€s .............cccvvirieeeiiiiiiiireeeeeiiiieee e 67
3.3.2  ThermOAYNAmICS......cuuireeiiiieeeiiiieeeieieeeeiteeeetee e e teeeeeereeeesnaeeeesnsaeessnsaeeennnneeeens 77
3.3.3  OPUICAl PTOPEITIES .. .uvviiieeeiiiiiieeeeeeeiiitt e e e ettt e e e e ettt e e e e e esiabbraeeeseesasnaaaeaeeennns 79
3.3:4  XPS STUAIES ..eoneieiiiieeiie et 81
3.3.5  Electrical StUAIES. ...cc.uviiiiiiiiiiiiiieeeieee et 84
3.3.6  Current (7)-Voltage () StUIES .....cccveiiiiiiieeiiiee ettt e e 85
34 CONCIUSION. ...ttt ettt e e st e e sabteeesaneees 89
CHAPTER 4: Thermo-Optical Correlation for Room Temperature Synthesis: Cold
Sintered Lead HALides .....ueeiiiiiiieiisniiinsnniinniinieicnnnnecninieeinieeccnsieecsseeessssesssssses 93

4.1 INEFOAUCTION ...ttt et e e e st et e s eeaneens 93
4.2 Experimental PrOCEAUIE............uiiiiiiiiiiiiieee e e 94
Synthesis of the CsPbX3 (X =1 and Br) and Analysis of the Results..........cccceeevuunneeeneees 95
4.3 Results and DISCUSSION ....c..ueiiiuiiiiiiiiiieeiiee ettt sttt eeieee s 95
4.3.1  ThermoOdyNamCS.........uutieeiiiiurieeeeeeieiieteeeeeeirtreeeeeesstarreeeeeessnsareeeeseessnsreeesaannns 95
4.3.2  X-1ay diffrACHION ..vvviiiiiiee ittt et e e e e 96
4.3.3  RamMan SPECITOSCOPY «vvvveeeeeriurrirreeeeaiiiititeeeeesiittteeeeeassssreeeesssasnssreeeessesansssneeessnnns 99
4.3.4  MIicCrostructural STUAIES ........coovuiiiriiiiiiiiiiiie e 101
4.3.5  X-ray Photoelectron Spectroscopy (XPS) Studies ..........ceeeuvvreeivieeeniiireeniieeeenne, 101
4.3.6  Band gap using UV ViSIDIE ........coeeiiiiiiiiiiiiie et 103
4.3.7  Urbach ENEIZY ...uvvviiiiiiiieeiiieeeiee ettt e e e e e e 106

XV



4.3.8  Structure- optical COTelation ............eeeeiuiiieeiiiiie e e 107

4.3.9  Thermo-optical COrTelation.............ueiieieeiiiiiiieeeeeciiiee e e e e e 108
4310 SEADIIEY cneeieeiie ittt 108
4.3.11 Comparative (on the basis of synthesis techniques) of structural and optical
0] 0131 8 T PSP PPSPPRP 111
Non-Linear Conduction Mechanism in Perovskite Halide CSPDI; ........ccccoeeuuunneernannne. 113
4.4 Results and DISCUSSION .....cccuuiiriiiiiiiiiiiie ettt ettt 113
4.4.1  Electrical Characterization (AC Conductivity Studies) .........ccceeevvvrreerivrreennneennns 113
4.4.2  Relative Permittivity ANalySiS........cceiiieiiiiiiiiieeeiiiiiiiee e e e e e e e 118
443  Electrical MOAUIUS ......coouiiiiiiiiii e e 120
4.5 CONCIUSION ...ttt ettt ettt ettt e e 124
CHAPTER 5: Hysteric Photo-Conduction and Negative Differential Resistance in
Cesium Lead Bromide........eeeeeiiininneieeiiiiiinnnneeiiiiiiinneieecisssssnseeeccssssssssessssssssssssenes 129

5.1 TIEOQUCTION ...ttt sttt et e it e s 129
5.2 EXperimental ProCeAUIE............vviiiiieiiiiiiiee ettt e e e ee e e e e e eeeeees 130
5.3 ReSUlts and ANALYSIS......ccoiiieiiiiiiiieeeiiiiiie et e e e et e e e e r e e e e e e aeanes 132
5.3.1  Observation 0f [V hYStETeSIS ......uuveiriiiieeiiiieeccieeeeeiiee e eree e e e eeee e e 132
5.3.2  Photo-CONAUCLION ......eoiiiiiiiiiniiiieiicee ettt e 136
5.3.3  TON AYNAMICS. ceeiiiiiiiiiiieeeeeeeeeee et e e ettt e e e e et e e e e et e e e e e nnnraeaeeeeaann 138
5.3.4  ThermioniC EMISSION .....eeivurreteriiieeeniiieeeeeiietee ettt e e et e e eibreeeesbreeesabbeeesnatneeesanee 142
5.4 CONCIUSION ...ttt ettt ettt ettt e e e e eenaeeesanees 144
CHAPTER 6: Comparative Study of Perovskite and Ruddlesden Popper (RP) for Lead
(Pb) and Lead-free Halides ......cccccceeiiiiniisnsisssssscsssrsrsssssassssssssssssssensessessessssssssssssssans 147

6.1 INErOAUCTION ..c.uiiiieiii ettt et e et e e sabeee e e 147
6.2 Experimental ProCedUIC..........ccuuviiiiiiiiiiiiiie et e e e 147
6.3 Results and DISCUSSION .....ueiiiiiiiiiiiiiie ittt ettt e e e 148
0.3.1  Structural StUAIES ......coocuiiiiiiiiiii e 148
6.3.2  Current-Voltage Hysteresis Studies .........cceivuiiiiiiiiniiiniiieie e 149

XVi



6.3.3  OPLICAl PrOPEITICS...c.uvviieeeiiiieeeitiiieeciiee e et e e et e e et e e et ee e eeaeeeesnnaeeeenaaeeeensseens 156

0.4 CONCIUSION. ...coiiiiiiiiiiiiie ettt ettt ens 158
CHAPTER 7: Thin Films and Devices for Perovskite Solar cells ..........cccouueeeeiueerannns 163
7.1 INEFOAUCHION ...ttt et et e e s eas 163
7.2 MEthOAOIOZY ..eeeeeeiiiiiiiiee et e e et e e e e st e e e e e e raraaee s 163
7.3 Results and DISCUSSION .....ccoiiuiiiiiiiieiiiiiee ettt e et e e naeaee e 167
T4 CONCIUSION. ..ottt ettt ettt et et e e naeeesareeeas 173
CHAPTER 8: Conclusions and Future SCOPES ......cccccvvrrericcsccvnnnnnnmenennnnnneensnineneriessecsees 177
8.1 Conclusion of the Present INVeStIZation .........ccoocueeiiriiiiiiiiiiieeeiiee e e 177
8.2 FULUIE SCOPE....uuueeiieeee ettt et e ettt e e e e ettt e e e e e ettt e e eeeessneeeeeeeeeesnsneeeaaeeeannnssaeeaesaannns 181
L 2 0 ) 1 T PSR 183
List 0f PUDLICAtIONS ccccuuuiiiiiiniiiiintiiiiintieiniteeinsnneeissneeicssnnesesssnesesssssessssssesesssssessssssassns 199

XVii



Xviii



Chapter I

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.1

1.2
1.3

1.4
1.5

1.7
1.8
1.9

1.10

1.12

1.13

1.14

LIST OF FIGURES

Introduction

(a) Energy consumption by energy sources from 2010 to
2050. (b) Represents the total energy consumption in
selected countries and regions from 1990-2050

Depicts the solar radiation spectrum.

(a) Depicts the structure of a solar cell and (b) represents an
architect of a solar cell

Represents the solar cell equivalent circuit model

Schematic diagram of I-V peculiarities of a solar cell in dark
and light

(a) Represents the open-circuit voltage and (b) shows the
short-circuit current equivalent circuits

Schematic diagram of Fill Factor (FF) for a solar cell
Represents the generations of the solar cell

Represents the crystal structure of the perovskite and
Ruddlesden-Popper materials

Depicts the Ruddlesden-Popper (RP) perovskite crystal
structure with increasing ‘n’ values

(a) and (b) represents year-wise publications worldwide and
publications by Indian authors

Power conversion efficiency trend with different
technologies from NREL map

(a) Represents photodecomposition and thermal degradation
processes of MAPbDI3, (b) Extrinsic and intrinsic factors (c)
CsPbl; phases

(a) The stability of the perovskite by the surrounding
condition with the crystal structure of the perovskites
(Fig.(b)). (¢) Normalized PCE vs Time (h) spectra for

Page No.

20

22

27

XiX



Fig.

Fig.

Fig.

Chapter 11

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.15

1.16

1.17

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

perovskite solar cell devices. (d) Degradation of CsPblz<Bry
thin films exposed to ambient condition. (e) Photo-stability
of CsPbBr; and MAPDBr3; perovskites. (f) Depicts the
relative absorbance vs aging time

(a) Represents the power conversion efficiency of tin (Sn)-
based with organic and Sn-Pb mixed perovskite solar cells.
(b) Cyclic degradation mechanism of tin iodide (Snls4) in
ambient condition

Overview of CsSnBr3 perovskite material properties

Overview of CsPbBr3; perovskite material properties

Methods and Materials

Flow chart of cold sintering method for synthesizing the
perovskite samples

Yellow precipitate of lead iodide

Image of the thin-film process by the spin coating system

Schematic diagram of Pulsed Laser Deposition and
experimental setup

Two parallel incident X-rays reflected from crystalline
planes

X-ray diffractometer (Rigaku Miniflex, Japan), CIF LT
(BHU)

The working principle (left) and the experimental setup of
DSC (right), CIF IIT (BHU)

Depicts the mechanism of XPS spectroscopy and
experimental setup for the XPS measurement

Schematic diagram of the SEM working principle

Experimental set-up of DXRxi Raman measurement.
(Banasthali  University, Rajasthan) (b) Schematic
representation of the principle of Raman spectroscopy

Experimental setup of JASCO V-770 UV-Vis spectrometer

28

29

29

36

37

38

39

41

42

43

45

46

48

49

XX



Fig. 2.12

Fig. 2.13

Fig. 2.14

Fig. 2.15

Fig. 2.16
Chapter 111

Fig. 3.1

Fig. 3.2
Fig. 3.3

Fig. 3.4

Fig. 3.5

Fig. 3.6

Fig. 3.7

Fig. 3.8

Principle of Photoluminescence spectroscopy (PL) and
setup of the 450W Illuminator model FL-1039A/40A
spectrometer

An experimental setup of a solar simulator with a Keithley
source meter

Solid-state reaction synthesis of investigated samples by
using mortar pestle

(a) Represents the experimental setup of a computer-
controlled automatic impedance analyzer with sample
holder and furnace. (b) Solartron 1260 A impedance
analyzer

J-V characteristic of SCLC

Compositional Degradation with Br Content in Cesium
Lead Halide CsPbBryI3.x

XRD patterns for CsPbBryxl3.x (x= 0.0 - 3.0 in steps of 0.5)
samples at room temperature

Double phase refinement of CsPbls

Rietveld refinement of XRD patterns of CsPbBr«I3.x (x= 0.0,
0.5, 1.0, and 3.0) samples.61

(a) Comparison of XRD patterns of 1.5 < x < 3.0 with
standard JCPDS files and (b) The indexing of every peak
with various phases such as PbBr, Pbl,, CsPbBr; in the
monoclinic and orthorhombic phases etc. for 1.5 <x < 3.0

3

(a, b) Variation of lattice parameters ‘a’, ‘c’, with x (c)
variation of dislocation density and microstrain with x and
(d) Structure of CsPbls and CsPbBrs; plotted with Diamond
using cif file obtained from Rietveld refinement

SEM micrographs of CsPbBryl3« (x= 0.0, 0.5, 1.0, 1.5 and
3.0) samples. Circle A and B show grain boundary rupturing
(degradation)

Variation of 1 content obtained from EDX and grain size
analyzed from grain size histograms of CsPbBrl3 (x= 0.0
- 3.0 in steps of 0.5) systems

(a) Variation of (AQ/Am) with temperature(b) Variation of
(AG) with temperature (c) Variation of (C,) with

51

53

56

57

61

67

71
72

74

74

76

76

78

XXi



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Chapter IV

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

temperature (d) Schottky Anomaly variation for CsPbBryls-
x (x=0.0, 0.5, 1.0, and 3.0) systems

The change in Gibbs free energy (AG) and entropy (AS) with
temperature and showing Little change in the entropy of
these compounds indicates that the samples are
thermodynamically stable at room temperature

(a) Absorbance spectra for CsPbBr«I3.x (x= 0.0 to 3.0 at the
step of 0.5) samples (b) Differential absorbance showing
peaks at the band edges (c¢) Tauc plot for CsPbBrxI3x (x= 0.0
to 3.0 at the step of 0.5) samples (d) Energy band gap at two
indicated band edges (I and II) for CsPbBr«I3.« (x= 0.0, 0.5,
1.0, 1.5, and 3.0) samples

Wide range XPS spectrum of CsPbBril3« (x= 0.0, 0.5, 1.0,
1.5 and 3.0) systems

XPS spectra with peak fitting of CsPbBrxI3.« (x=0.0, 0.5, 1.0,
1.5, and 3.0) corresponding to (a) Cs 3d; and(b) Pb 4f

XPS spectra with peak fitting of CsPbBry3« (x=0.0, 0.5, 1.0,
1.5, and 3.0) corresponding to (a) I 3d (b) Br 3d and (c) O

(2p)

Impedance and Modulus Nyquist plots for CsPbBryl3.«
(x=0.5 and 1.5) showing grain disintegration

Current (I) - voltage (V) curves for CsPbBr«l3.x(x = 0.0, 0.5,
1.0, 1.5, and 3.0) samples

Current (I) - voltage (V) curves for CsPbBrxI3x (x= 0.0 - 3.0
in steps of 0.5) samples. Inset shows compositional
variation of ratio of photocurrent to the dark current at 5V

Deviation of Vegard’s law for CsPbBrxl3 (x= 0.0 - 3.0 in
steps of 0.5) samples

(a) Activation energy of CsPbBrxlzx (x= 0.0 to 3.0 at the
steps of 0.5). (b) Variation of In(AG) vs 1000/T for x = 0.0
and 3.0

(a) Raman spectra of CsPbBr«l3x (x= 0.0 to 3.0 at the steps
of 0.5). (b) Area of peaks corresponding to metal-O and
metal-OH bond in O XPS spectra
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(a, b) Variation of specific heat (Cy) (insets show variation
of (AQ/Am)) and (c, d) Variation of change in Gibbs free
energy (AG) and entropy (AS) with temperature for CsPbBr3
and CsPbls, respectively

Room temperature indexed X-ray diffractograms showing
the single phase formation for CsPbBr3 and CsPbls,
respectively. Most intense peak is highlighted in gray
rectangle to show change in the XRD pattern with
replacement of Br with |

Rietveld refinement of XRD with the evaluated parameters
for CsPbBr3; and CsPbl;, respectively

De-convoluted Raman spectra of CsPbBrs and CsPbl;
showing the number of modes in agreement with the Pnma
symmetry according to Bilbao crystallographic server

SEM micrographs of CsPbBr; and CsPbls samples

Wide range XPS spectrum for the confirmation of oxidation
states of different ions

De-convoluted elemental XPS spectrum along with the spin
orbit interaction for CsPbBr3 and CsPbl3

Optical absorption spectra for CsPbBr3; and CsPbls, a strong
absorbance edge at 555 nm is observed for CsPbBr3 while,
on the other hand, for CsPbls two absorbance edges at 501
nm and 543 nm are observed, (b) direct band gap energy
estimation from Tauc relation for CsPbBr; and CsPbls,
respectively

Direct allowed transitions in CsPbBr3 and CsPbl;
Plot of In () versus /v (eV) for Urbach energy

The comparative normalized XRD patterns in case of (a)
CsPbBr3;, (b) CsPbls. The comparative UV absorption
spectra in case of (¢) CsPbBr3, (b) CsPbls. ( between 0 day
(i.e., freshly prepared sample) and after, 100 days (i.e., aged
sample))

Current (I) -Voltage (V) plot in different light exposure
(Dark, room light and AM 1.5 G Sun light) along with
current degradation with time (0 h -3.0 h) in AM 1.5 G Sun
light
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Chapter V

Fig. 5.1

Fig. 5.2

Variation of log o with log v at 84 °C, 114°C, 133°C and
155°C for CsPbls. The red lines are fitted lines using JPL
with goodness fits (<r>> > 0.96)

Arrhenius plots using de conductivity with temperature for
grain and grain-boundary and goodness fits (<r*>> 0.98)

(a) Variation of log 4. with log vy, for grain (b) Variation of
log 64c with log vy for grain- boundary

Variation of exponent with temperature for grain and grain-
boundary

Variation of €' and ¢" (real and imaginary parts of
permittivity, respectively) are plotted with the temperature
at 10 kHz, 100 kHz, and 1MHz frequencies

Shows the fitting of the Modulus Nyquist plots over the
temperature range from 84 °C to 153 °C and goodness fits
(<r*>>0.96)

(a) Shows the Modulus Nyquist plot at 153 °C and (b)
Arrhenius plots showing the variation of In(t) vs 1000/T and
goodness fits (<r>> > 0.98)

Bode plots of permittivity (¢) with temperature and fitting
with Cole- Davidson equation and goodness fits (<r>>
>0.98).

Hysteric Photo-Conduction and Negative Differential
Resistance in Cesium Lead Bromide

I-V characteristics with the different scan rates of CsPbBr3;
synthesized via Cold sintering technique (6-month-old
sample)

(a) Experimental setup for [-V measurements showing the
light and sample alignment in air (not in an inert
atmosphere). (b) Time scale for the measurement of -V
characteristics. Just after dark and room light measurements,
solar simulator was switched on and then continuously, the
sample was illuminated for 3 h. (c) Observation of -V
hysteresis in CsPbBr3 with an illumination of AM 1.5 G Sun
light taken at time intervals as line marked with an arrow on
the light intensity and the time plot (right bottom corner). On
the time scale, the origin is the start of illumination of the
Sun light on the sample surface and (d) shows variation in
the hysteresis area with the voltage in dark, room light (RL)
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Fig. 5.3

Fig. 5.4
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and with a continuous illumination of AM 1.5 G Sun light
(at a few intervals of time, O h, 0.5 h, 1.0 h, 1.5 h, 2.0 h, and
3.0h)

(a) Variation of extracted parameters “n” and “k” (lines are
to guide only) from fitting J = kE" for both forward scan (FS)
and reverse scan (RS) shown in the inset and (b) the
variation of conductivity with an electric field for CsPbBr3;
in dark, room light (RL) and with a continuous illumination
of AM 1.5 G Sun light (at a few intervals oftime, 0 h, 0.5 h,
1.0 h, 1.5 h, 2.0 h, and 3.0 h)

(a) The o—E curves for dark and just illuminated (b)—(d)
variation of 6, 6o, and Eo parameters with illumination time.
The negative time scale represents dark current and room
light current

(a) With the bias electric field (from the bottom to top: 0 V,
2 V, and 5 V), the photo generated current in a discharge
mode after triggering by a 5 V pulse for 50 s. The inset
shows a linear variation of the photo generated current with
the electric field. (b) Absorption co-efficient and
photoluminescence emission spectra with different
excitation energies

(a) Jonscher power fitting log—log o (conductivity)—v
(frequency) isotherms for the temperature range 301421 K
in regimes I (low frequency regime) and II (high frequency
regime). (b) Arrhenius plot of dc conductivity extracted, for
regimes I and II. (¢) Log— log o4 (dc conductivity)—vn
(hopping frequency) plots. (d)—(f) Ghosh scaling for regime
II in the temperature range 301-421 K, regime II in the
temperature range 351421 K and regime I in the
temperature range 351421 K. (g) Temperature variation of
exponent extracted from the Jonscher fitting. (h) Imaginary
impedance and the modulus bode plot and (i) Mott plots for
two regimes I and II

(a) Fitted impedance Nyquist plot at 301 K (inset)
comparative impedance Nyquist plots on a log scale at
temperatures 301 K and 426 K. (b) Fitted impedance
Nyquist plot at 426 K with an equivalent circuit in the inset.
(c) Variation of the circuit element with the parallel
resistance R2 and (d) o, exponent of the constant phase
element Q1 for the volume (grain, g) barrier (grain
boundary, gb)
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(a) Density of state (Oroq) variation with the field and (b) the
variation of a relative dielectric constant of RS with FS and
(c) Frenkel-Poole fitting for just illuminated photo-current
voltage variation

Comparative study of perovskite and Ruddlesden-
Popper of lead (Pb) and lead-free halides

(a and b) represents the XRD patterns for CsPbBr3, CsSnBr3,
Cs2PbBrs, and Cs>SnBrs, respectively

Observation of current density with electric field in
perovskite (CsPbBrs; and CsSnBr3) and Ruddlesden-
Popper(CsoPbBrs  and  Cs2SnBrs) materials with an
illumination of AM 1.5 G Sunlight

FS and RSfitted from J=KE" for CsPbBr3 and Cs;PbBrsin
dark light and with the illumination of AM 1.5 G Sunlight
(at a few intervals of time, Oh, 0.5h, 1h, 1.5h, 2h,2.5h,3.0h )

FS and RS fitted from J=KE" for CsSnBr3 (zoomed images
of current density on the right side of Fig. a) and Cs>SnBr4
in dark light and with the illumination of AM 1.5 G Sunlight
(at a few intervals of time, Oh, 0.5h, 1h, 1.5h, 2h, 2.5h, 3.0h

)

Variation of (c-E)for CsPbBr; and Cs;PbBry4 in dark light
and with the illumination of AM 1.5 G Sunlight (at a few
intervals of time, Oh, 0.5h, 1h, 1.5h, 2h, 2.5h, 3.0h)

Variation of (oc-E) for CsSnBr; (zoomed images of
conductivity are indicated by the arrow sign on the right side
of Fig. a) and Cs;SnBrs in dark light and with the
illumination of AM 1.5 G Sunlight (at a few intervals of
time, Oh, 0.5h, 1h, 1.5h, 2h, 2.5h, 3.0h)

Variation of photoconductivity (just illuminated) and dark
conductivityfor CsPbBr; and CsSnBr3 samples

Variation of extracted parameter ‘n’ from fitting J=KE" for
FS and RS

Photoresponse current vs time with the bias electric field

Optical absorption spectra for CsPbBr3, Cs2PbBrs, CsSnBr3,
and Cs2SnBrs samples (b) direct band gap energy calculation
from Tauc relation (c) Plot of In (a) versus Av (eV) for
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Urbach energy (E.) (d) Variation of 4v (eV) verses Urbach
energy (Eu)

Represents the ratio of ers/ers with time in the continuous
exposure of AM 1.5 G Sunlight

Thin Films and Devices for Perovskite Solar Cells
The morphology being optimized in FEM simulations

The Mesh structure (triangular) being optimized in FEM
simulations

CsPbBr3 and CsSnBr; thin films and devices by PLD
techniques at room temperature with the -V measurements

Variation of absorbance for TiO2/CsPbBr; heterostructure in
the wavelength range (0.01- 1.4 pm) inset (i) nearly 100%
absorption is obtained for 700 nm thickness for CsPbBr3; and
70 nm thickness of TiO» (i) Surface electric field
distribution in visible region for 300nm thickness of
CsPbBr3

Variation of absorbance for TiO2/CsSnBr; heterostructure in
the wavelength range (0.01- 1.4 pum) inset (i) nearly 80%
absorption is obtained for 200 nm thickness for CsSnBr3 and
20 nm thickness of TiO, (ii) Surface electric field
distribution in visible region for 300 nm thickness of
CsSnBr3

(a)Variation  of  absorbance for  CuO/CsPbBr;
heterostructure with thickness in the wavelength range
(0.01- 1.4 pm) (b) 98% absorption is obtained for 150 nm —
750 nm thickness for CsPbBr3 and 50 nm — 250 nm thickness
of CuO (b inset) Surface electric field distribution in visible
region for 300 nm thickness of CsPbBr3

(a) Variation of absorbance for CuO/ CsSnBr;
heterostructure with thickness in the wavelength range
(0.01- 1.4 pm) (b) 98% absorption is obtained for 150 nm —
750 nm thickness for CsSnBr3 and 50 nm — 250 nm thickness
of CuO (b inset) Surface electric field distribution in visible
region for 300 nm thickness of CsSnBr3

(a) XRD patterns of CsPbBr3 powder and their thin film. (b)
Absorbance spectra of CsPbBr3 thin films and device. Band
gap plot in insets. (c) Photoluminescence spectrum
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