Controlled Growth of Organo-Metal Halide
Perovskite Quantum Dots and Two dimensional
Nanosheets for Blue Light Emission and
Photodetection

A Thesis Submitted to
Indian Institute of Technology Guwahati
For the Degree of

Doctor of Philosophy

By
Sumaiya Parveen

Department of Physics

Indian Institute of Technology Guwahati
Guwahati-781039, India

Februowy 2021

TH-2453_156121029



Dedicated to

.....My beloved parents, brother and husband

for their endless love, support and encouragement

TH-2453_156121029



ER RIS Department of Physics

5 2
{? q%é’ Indian Institute of Technology Guwahati
"c;g. O g Guwahati-781039, India
% &
% S

(9,
“€ of Tachno®

STATEMENT

The work contained in the thesis entitled “Controlled Growth of
Organo-Metal Halide Perovskite Quantum Dots and Two
dimensional Nanosheets for Blue Light Emission and
Photodetection” has been carried out by me at Indian Institute of
Technology Guwahati under the supervision of Prof. P. K. Giri,
Professor, Department of Physics, Indian Institute of Technology
Guwahati. This work has not been submitted elsewhere for the award

of any degree.

Sumaiya Parveen

Roll No. - 156121029

Senior Research ‘Fellow
Department of Physics
Indian Institute of Technology Guwahati
Guwahati-781039, India

TH-2453_156121029



PRI Prof. P. K. Giri

I ) Professor
£ S .

3 e % Department of Physics
P\ A Indian Institute of Technology Guwahati
0}‘/2 oS . .

© offechno®” Guwahati-781039, India

Phone: +91 361 2582703, Fax: +91 361 2690762
Fmail: Qiri@iitg.ac.in

CERTIFICATE

This is to certify that the work contained in the thesis entitled
“Controlled Growth of Organo-Metal Halide Perovskite Quantum
Dots and Two dimensional Nanosheets for Blue Light Emission
and Photodetection” has been carried out by Ms. Sumaiya Parveen
at Indian Institute of Technology Guwahati under my supervision.
This work has not been submitted elsewhere for the award of any

degree.

Prof. P. K. Giri

Thesis supervisor

TH-2453_156121029



ACKNOWLEDGEMENT

It gives me immense pleasure to acknowledge everyone who have contributed in the journey
towards successful completion of my PhD Thesis. I am overwhelmed in all humbleness and

gratefulness to acknowledge my depth to all those who have helped me in my PhD journey.

The first and foremost | would like to express my sincere gratitude to my supervisor Prof.
P. K. Giri for his insightful guidance and constant support throughout my thesis. I owe my
sincerest gratitude to him for giving me the opportunity to work under his guidance. | have
been fortunate to have an advisor who not only the guided me to conduct research through
critical thinking, but also introduced me to the importance of leadership and communication in
science. | am indebted to him for suggesting me this interesting topic, helping me understand
it and guiding me in writing my manuscripts. | am thankful to him for giving me the complete
freedom in my work and providing the essential arrangements, laboratory facilities and moral
support throughout my PhD work to achieve the goal. | cannot imagine a better PhD advisor

and this work would not have been possible without his vision, knowledge and expertise.

| express my sincere gratitude to my Doctoral Committee members, Dr. Gagan Kumar
(Chairman), Dr. Subhash Thota, and Dr. A. S. Achalkumar for their regular review of my work,

critical inputs, insightful comments and valuable suggestions.

I would like to express my heartfelt gratitude towards our Head of the Department of Physics
and other faculty members of Physics department for their constant help and support towards
the completion of my Ph.D. research work and providing me a research friendly environment.
This research work would not have been possible without the support of the members from the
Central Instruments Facilities and Centre for Nanotechnology as they provide latest research
facilities to conduct my work. I am immensely grateful to Indian Institute of Technology
Guwabhati for providing the fellowship, good accommodation in this beautiful campus, safe and
enjoyable working environment. A special thanks to the scientific/technical officers, Dr.
Sidananda Sarma, Indrajit Talukdar, Kaustubh Acharya, Chandan Borgohain, Dr. Kula K.
Senapati, and Madhurjya Borah for their help and co-operation to complete my work. | also
like to extend my thankfulness to junior technical superintendents Ashim Malakar, Sujit Deb,
and Milan Mahadani who helped in the characterization of my samples. I am also thankful to
Central Workshop, Department of Mechanical Engineering for the fabrication of essential

components used in my experimental setup.

TH-2453_156121029



| am also grateful to get the opportunity to work with the groups outside II'T Guwabhati: Prof.
Minoru Fuji and Dr. Sugimoto from Kobe University, Japan, Dr. Wolfgang Theis and A. J.
Pattison from University of Birmingham, UK whom 1 like to thank for providing the
opportunity to use some of their laboratory facilities. 1 would also like to thank Ponnappa
Kechanda Prasanna and Dr. Sudip Chakraborty from 1T Indore for helping me with theoretical

calculations and sharing their expertise with me.

I am grateful to get a fun filled research environment in our group. |1 would like to express
my gratitude to my seniors Dr. Sk. Md. Obaidullah, Dr. Ramesh Ghosh, Dr. Jitendra Kumar,
Dr. Rajender Gone, and Dr. Kamal Kumar Paul for their constant help and support in my PhD
journey. Thanks to my lab mates Dr. Sumana Paul, Somorjit, Dr. Larionette, Dr. Joydip, Dr.
Ruma, Abhilasha, Tarik, Koushik, Ravinder, Abdul, and Tadasha for their help and support. It
was a lot of fun to discuss with all the lab mates about both science and life and | have learned
a lot from all of them. I would like to thank my close friends Neda and Ankita who made my
PhD journey colorful. | feel very grateful to have such friends who always try their best to help
me in everything and have always been by my side in this journey. | would like to thank them

for their kindness to me, and also for their close concerns to my life as friends.

Finally, I would like to express deepest gratitude towards my father Sk Sahabuddin and my
mother Lutfa Begum without whom this journey would not have been possible. They always
have been the driving force that encouraged me to follow my dreams and pursue my passion
for physics. It is rightly said, ‘Behind every successful daughter there are parents who believe
in her unconditionally’. I truly like to thank them for always believe and having faith in me
even in my failure days, though thank you is not enough for them for whatever they have done
for me. | will always be indebted to them for their selfless love, support, care, affection,
encouragement and prayers. The characteristics that they inculcated in me in my childhood
have always helped me in all aspects of my life. | would also like to thank my brother Sk Zahin
Mujahid who has always been a bundle of joy and brightens up my life. His presence made my
life cheerful as he always tries to motivate me and makes me laugh when | feel low. Without a
doubt my husband Mir Alimuddin has been the biggest strength and support over the past three
years. It was his patience, care and affection, that made me overcome my failures and
encouraged me to strive for excellence. Hence, | would like to thank my husband for his
unwavering tolerance, support and understanding. | would also like to thank my in-laws for
their constant support, prayer during my PhD. It is my honor to be able to include salutation to
my idol Prophet Muhammad (peace be upon him) whose life is a guidance for me to the right

TH-2453_156121029



path. Last but not the least | would like to express my sincere gratitude towards The Almighty
without whose blessing I can’t achieve anything in life. My success is only by The Almighty
Allah.

Sumaiya Parveen

HT Guwahati

TH-2453_156121029



TH-2453_156121029



CONTENTS

Sy IO PSHS .ttt IX
List Of PUDIICALIONS ... . et XV
List Of ADDreviations ..........c.oiiiiiii e XVIII
Chapter L: INtrodUCLioN ... ..o e 1
1.1. Crystal Structure of Metal Halide Perovskite................c.ooiiiiiiiiiiniinn.. 1
1.2. Band Structure of Metal Halide Perovskite ................cccoovviiiiien ceeenn. 3
1.3. 3D MAPDbX3 Perovskite Thin Film ..... ..o 5
1.3.1. Spin Coating Method ..ot 5
1.3.2. Blade Coating .......ccoviniriritiiiiie e 7
1.3.3. Vapor Assisted Solution Process ............cooevveiiiiiiiiiiiniiiieinns 7
1.3.4. Vacuum Deposition Technique .............ccoviiiiiiiiiniieeeeene, 8
1.3.5. Challenges of Perovskite Thin Film ..................ooiiiiin . 8
1.4. Organometal Halide Perovskite Nanomaterials ...............ccoooiviiiiiiiiiiinl. 9
1.4.1. 2D Layered MAPDX3 PerovsKite. ........oovvvinieriiieinieiinanannnn. 10
1.4.1.1. SOIULION PrOCESS. ... uvieie e 11
1.4.1.2. Vapor Deposition Method................cooeviiiiiiiiiiininiinnn, 11
1.4.2. 0D MAPbX; Perovskite Nanoparticles.............cccooovvvviiiieiinnn... 12
1.4.2.1. Template Assisted Growth..............ccceeieriiiiiiiiiiinnnnn.. 12
1.4.2.2. Hot Injection Method ...............coiiiiiiiiiiiiiiiiiiie, 13
1.4.2.3. Ligand Assisted Reprecipitation Method.......................... 13
1.4.3. 1D Organometal Halide Perovskite Nanowires...................c........ 14
1.5. Doping in Organometal Halide Perovskite .............cccoviiiiiiiiiiiiiin 14
1.6, ApPliCation .. ..o e eeenns 1O
1.6.1. Dye Sensitized Solar Cell............coooiiiiiiiiiiiiii i, 16
1.6.2. PhotOdetector. . ...ttt et 17
L6.3. LED ... ittt e 18
1.6.4. WhIte LED.......iuinieiiitie e 19
0 TR 50 T N 19
1.7. Challenges in Fabrication and Applications of MAPbX3 Perovskite ............... 20
1.8. FOCUS OF the Present ThesSis. .. ....ueueeer e 21
1.9. Organization of the Thesis.........cooiiiiiiii e, 22
RO OIENCES ...ttt 22

TH-2453_156121029



Chapter 2: Growth Kinetics of Hybrid Perovskite Thin Films on Different Substrates at
Elevated Temperature and Its Direct Correlation with the Microstructure and Optical

o 0] 0 [=] g (- TP 31
2.1, INErOAUCTION ...ee et e 31
2.2. Experimental ProCeAUre ..........oiiiriiiiii e e 33

2.2.1. MaterialS ....ooviiii 33

2.2.2. SYNthesis ProCedures. .........c.ooveieiiiiiii e 33

2.2.1.1. Synthesis of CHsNHsBr ... 33

2.2.1.2. Deposition of MAPbBr; Thin Film ............................ 34

2.3. Characterization TeChNIQUES ..........oiriiiii e 34
2.4, Results and DISCUSSION ........euinieeteteteteeene et eet e e e eei e eer e e eneenes 35
2.4.1. Molecular Stability and Morphological Studies ........................... 35

2.4.2. Structural AnalySiS .......coouiii i 47

2.4.3. Optical ANalYSIS .. .ovoirii i 49

2.5, Summary and CONCIUSIONS..........iuitiit i 57
Referenges..... JF............ . ... . PP, ... ...l LT 58

Chapter 3: Large Exciton Binding Energy, High Photoluminescence Quantum Yield and
Improved Photostability of Organo-Metal Halide Hybrid Perovskite Quantum Dots Grown

on a Mesoporous TiO2 TEMPIALE ceeeeeeeeeeeereeenraeeaeeenceeeeeasencnsescnsascnsscascnsananns 63
3L INErOAUCTION ...een et e 64
3.2. Experimental ProCeAUIE .........oovinie i e 65

321, MALerialS ... 65

3.2.2. Synthesis Procedures........c.ooeiiiiiiiiiiiiiiiii e 66
3.2.2.1. Synthesis of Porous TiO2 Nanostructures ..................... 66

3.2.2.2. Synthesis Of MAPDI3 .........coiiiiiiii 66

3.2.2.3. Synthesis Of MAPDBY3 ......ooviviiiiiiiiiiiiieeeee 66

3.2.2.4. Growth of Perovskite QDson F-TiOz ................oee.at. 67

3.3. Characterization TeChNIQUES ... ..ot 67
3.4, Results and DISCUSSION ........ieeee ettt et ee e e 68
3.3.1. Morphology StUTIES .........cuiiiiie e 68

3.3.2. XRD ANAIYSIS ...voneie i 74

3.3.3. 0ptical ANALYSIS ... .ninei e 75

3.3.3.1. UV-Vis Absorption Studies...........ccoeveviniviiiiiinniennnne. 75

3.3.3.2. Steady State Photoluminescence Studies ........................ 78

3.3.3.3. Low-Temperature Photoluminescence Studies.................. &4

3.3.3.4. Time-Resolved Photoluminescence Studies ...................... 88

Vi

TH-2453_156121029



3.3.3.5.  Photostability Studies ............cccceeeveviivececereee e, 91
3.4. Summary and CONCIUSIONS. .......cuiiitii e e 92
RETEIENCES ... e 94

Chapter 4: Precise Tuning of the Thickness and Optical Properties of Highly Stable 2D
Organometal Halide Perovskite Nanosheets Through a Solvothermal Process and Its

Applications as a White LED and a Fast PNotodetector .......ccceveveiieieiecninrnnnnnnn. 99
I | oo [0t 0 P 100
4.2, Experimental ProCedure ..........cooviiiiiii e 101

421 Maerials ....c.oniiii i 102

4.2.2. SYnthesis PrOCEAUIES .........cuiuviniieiiiieie e 102
4.2.1.1. Synthesis of CHaNH3zBr .........cccooiiiiiiiie 102

4.2.1.2. Synthesis of Ultrathin 2D Perovskite NS ........................ 102

4.2.3. Fabrication of Photodetector ..............coovviiiiiiiiiiiiieieeceee 104

4.3. Characterization TEChNIQUES ........ouitiriniiiiet et e 104
4.4, ResUlts and DISCUSSIONS ... . .uuuieietet ettt et re e ae e ea s 104
4.4.1. Morphology and Microstructural Analyses ...........c...ccoeeiiiinnni. 105

4.4.2. Structural and Compositional Analyses ...........cccoveiiiiiiiiiiinin... 110

4.4.3. Optical ANalYSIS ... 114

4.4.3.1. UV-Vis Absorption and Photoluminescence Studies......... 114

4.4.3.2. Low-Temperature Photoluminescence Studies ................ 120

4.4.3.3. Time-Resolved Photoluminescence Studies ................... 122

4.4.4, Stability of the 2D NS ... 124

4.4.5. Performance of 2D Perovskite NS as White LED ........................ 126

4.4.6. Performance of 2D Perovskite NS Based Photodetector .................. 127

4.5, Summary and CONCIUSIONS...........ouiirii i e 133
References ......... 6. 4 oo e e L 134

Chapter 5: Stable Deep Blue Emission with Unity Quantum Yield in Organic-Inorganic

Halide Perovskite 2D Nanosheets Doped with Cerium and Terbium at High Concentrations

............................................................................................................. 139
o T0 R 11 0o [¥ [ o 140
5.2. Experimental ProCedUIe ..........oiiiriiii e e 143

521 Material ..o 143

5.2.2. SYNthesis ProCedures. .........c.oiviiriiiiiiii i, 143

5.2.2.1. Synthesis of CHaNHzBr ..........cccooiiiiiiiiiii e 143

5.2.2.2. Synthesis of Undoped and Ce, Tb Doped 2D Perovskite NS.. 143

5.3. Characterization TEChNIQUES .........coiiiiiiiiii e 144

TH-2453_156121029



5.4. Computational Methodology ..........ccoviviniiiiiiiii e, 145

5.5. Results and DISCUSSIONS ........uueeniniieetet e e ee e 145
5.5.1. Morphology StUTIES .......cviriniieii e 145

55.1.1. FETEM ANAlYSis. ....ouvvieiiiiiiieeee e 145

5.5.1.2. AFM ANalYSiS...iuiieiiiitit ittt e e 148

5.5.2. Structural AnalysSiS .........oiiiiii 150

5.5.3. Optical ANALYSIS . ..vvininiiieeee e 153

5.5.3.1. UV-Vis Absorption and Photoluminescence Studies......... 153

5.5.3.2. Low-Temperature Photoluminescence Studies ............... 159

5.5.3.3. Time-Resolved Photoluminescence Study..................... 163

5.5.4. Stability 0f the 2D NS .....oviiiiiiiiiii 165

5.5.5. Electronic Structure Calculation..............coeeeniiniiininninenanennnn. 165

5.5.6. Application of Ce doped NSs for White LED .............................. 168

5.6. Summary and COoNCIUSIONS. .........ouiieiit i e 170
References ... JBF.......... (U .. "SRR .. .................... W ..o\, 171

Chapter 6: Europium Doped Organo-Metal Halide 2D Perovskite Nanosheet Based UV

Photodetector with Improved Responsivity and Fast RESPONSE..c.ceeeeeeeeneeeraraeencnnnns 177
6.1, INErOUCTION ...t e e e e neae e 177
6.2. Experimental ProCEAUIE .........c.oviiiirit i 179

B.2.1. MaterialS . ..ottt 179

6.2.2. SYNthesis ProCedures. ...........ooveieiniiiiiiiiiiee e 180
6.2.2.1. Synthesis of CH3NH3Br ..............cocoiiiiiiin 180

6.2.2.2. Synthesis of Undoped and Eu Doped 2D Perovskite NS ...... 180

6.2.2.3. Fabrication of Photodetector.................cccoveiiiiininnn... 181

6.3. Characterization TEChNIQUES ..........ouirinitii e, 181
6.4. ReSults and DISCUSSIONS ......eueuieeetetenenietaie ettt eeeeeeens 182
6.4.1. Morphology and Structural Analyses .............ccccoiviiiiiiiininnnnn.. 182

6.4.1.1. FETEM ANAIYSIS .....oviiiii e 182

6.4.1.2.  Structural ANalysiS.........ccevviiiiiiiiiiiiiiiaieieieeaan, 184

6.4.2. Optical ANalYSIS ... ..o 185

6.4.3. Performance of Eu Doped Perovskite NS Based Photodetector ......... 188

6.5. Summary and ConCIUSIONS............oovuiiiiii e 196
RETEIENCES ... e e 198

Chapter 7:  Summary and OULIOOK ......eieiiiieiieieieiieeniieiiirecniencereecessaceesncsannen 203
8.1. Summary and Highlights of the Thesis Contribution ..................ccc..oeviie 203
8.2. Scope OF FULUrE WOTK ..o e, 207

viii

TH-2453_156121029



SYNOPSIS

Organo-metal halide perovskite is currently one of the most far reaching and promising
materials owing to its exceptional performance in various optoelectronic devices. In particular,
CH3NH3PbBrs (MAPDbBr3, MA = CH3NH3) thin film and nanomaterial systems have been used
in various next-generation devices, such as light-emitting diodes (LED), phototransistor,
photodetectors, solar cells and lasers due to its remarkable characteristics, such as low cost,
long-range charge transport, tunable optical bandgap, high absorption coefficient and high
photoluminescence (PL) quantum yield (QY).

To improve the optical and structural quality of perovskite thin film, various deposition
techniques and numerous morphology control procedures have been adopted. The film
morphology has great impact on its transport and optical properties, such as injection,
separation, and recombination of charge carriers and these are known to be strongly correlated
to grain size, grain boundaries, molecular packing, and surface roughness of the film. Though
intensive work is being done on perovskite materials, the detailed analysis of growth model
and correlation between of microstructural with optical properties of hybrid perovskite
CHsNH3sPbBr3 are not studied properly. We have studied growth Kinetics and scaling behavior
of CHsNH3PbBr3 thin films on various substrates using a vacuum co-evaporation method.
Among various deposition techniques, vacuum deposition techniques are believed to yield
smooth, low roughness and uniform film. However, controlling the growth and surface
morphology of perovskite film using the vacuum co-evaporation method possess several
fundamental challenges due to its hybrid nature. We evaluate the evolution of the structural
and optical properties of the CH3NHsPbBr3 thin films grown by vacuum co-evaporation

method at various substrate temperatures (25-100 °C) and various thicknesses (4-120 nm).

Although co-evaporation technique provides smooth and uniform perovskite thin film, the
emission efficiency of bulk perovskite film is very low for the application of optoelectronic
device and due to its bulk nature, the film is very unstable for practical application. To improve
the emission intensity and stability, we have synthesized template grown perovskite quantum
dots (QDs), since QDs are expected to provide high PL emission yield due to quantum
confinement effect (QCE). The reported PL QY of template grown perovskite nanocrystals

(NCs) is typically quite low and needs further improvement for device applications.
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Currently, the research in perovskite nanomaterials is extended to two-dimensional (2D)
layered perovskite structure by virtue of their appealing features, such as good environmental
stability, large lateral size, narrow band absorption and emission spectra, long diffusion length,
long carrier lifetime, and excellent charge transport properties. Layered perovskites are
generally nanomaterials with micron size lateral dimension and strong QCE in vertical
dimension, which is responsible for very interesting photophysical properties. For the first time,
we report a highly reproducible and facile solvothermal route to synthesize perovskite
nanosheets (NSs) and tailor its thickness and optical band gap by changing the solvothermal
temperature. Increase in solvothermal temperature enables precise tuning of the thickness from
14 layers down to 2 layers, giving rise to a systematic shift in the PL peak position towards the

blue region.

Though green luminescent perovskites achieved near unity QY long back, achieving a stable
deep blue emission with near unity quantum yield from halide perovskite has remained a great
challenge. Incorporating dopants is currently considered as an effective means to broaden the
practical application of perovskite nanomaterials and to overcome some inherent shortcomings
such as toxicity, low external quantum efficiency and poor stability. Our newly introduced
solvothermal route is proved to be an effective route to develop perovskite nanomaterials.
However, the emission efficiency decreases with decreasing thickness of the NS, To improve
the emission efficiency, the rare-earth dopants (Ce®*, Tb®*) are introduced inside
CH3NH3sPbBrs NS. With Ce doping at high concentration, we achieved a deep blue emitting
NSs with 100 % QY, narrow linewidth (~24 nm), and a color coordinate of (0.145, 0.054)
closely matching with the standard color Rec. 2020 (0.131, 0.046) specification, making it one

of the most efficient perovskite blue light emitters reported to date.

Highly sensitive photodetector is another extremely desirable device in recent times for the
applications in various fields, such as environmental monitoring, remote sensing, fiber-optics
communication etc. Reportedly, 2D perovskites are supposed to give better photodetection
properties compared to 3D/0D structure due to large lateral size and high diffusion length. We
have done a comparative study on the photodetection properties between solvothermally
synthesized undoped CH3NH3PbBrz NS and EuCls doped CH3NHsPbBrs NS. Eu doped 2D
CH3NH3sPbBrs photodetector exhibits self-biased behavior with photocurrent to dark current
ratio of ~10° and enhances the responsivity significantly compared undoped perovskite.
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This thesis encompasses a controlled growth of 3D perovskite thin film, 0D QDs and 2D
perovskite NS systems for tunable optoelectronic properties and its applications in white/blue
LEDs and photodetectors. We have developed novel synthetic routes to synthesize high quality,
stable perovskite nanomaterials with impressive optical properties. We have proposed the
synthesis of deep blue emitting 2D NSs with 100 % PL QY for the first time by improving the
material properties. Further, we have achieved high performance, self-biased photodetection
using 2D Eu®* doped perovskite NS. We believe that our studies are significant to address the
current challenges in perovskite research community, such as low stability, toxicity, low
emission efficiency etc. The thesis work is organized in seven chapters, which is briefly

discussed below:

Chapter 1 presents a brief introduction to perovskite crystal structure and properties,
perovskite thin film deposition methods, challenges with 3D perovskite structure, synthesis
procedures of perovskite nanomaterials and their applications in optoelectronics. In addition,
fundamental issues related to growth/synthesis mechanism and optoelectronic properties of
perovskite is discussed. A brief discussion on the experimental techniques used in this thesis is

presented and finally the motivation of the present thesis work is addressed in the end.

Chapter 2 elucidates the controlled growth of vacuum deposited 3D CH3sNH3PbBr3 thin film
and its structural evolution on SiO2 and ITO substrates at various substrate temperatures (25—
100 °C) and various thicknesses (4-120 nm). The growth dynamic of perovskite thin film is
studied with the help of scaling parameters using atomic force microscopy (AFM), height-
height correlation function (HHCF), X-ray diffraction, UV-vis absorption and PL analyses. For
the first time, we have investigated the substrate temperature dependent growth front scaling
parameters for perovskite thin film in the temperature range 50-100 °C and activation energies
are calculated to be 0.10 eV and 0.15 eV for the film on ITO and SiO; substrates, respectively,
which implies an easier diffusion of molecules in case of ITO substrate. The scaling parameter

dependent optical properties of the perovskite thin film are also addressed in this chapter.

Chapter 3 presents a novel synthetic route for the template assisted growth of size tunable
perovskite (CH3NHsPbBrs and CHsNH3sPbls) QDs. Fluorine doped mesoporous TiOz (F-TiOz2)
template acts as a template and the nucleation site for the growth of perovskite QDs. We have
demonstrated the growth of CHsNH3sPblz and CH3NH3PbBrs QDs with the size tuned from 1.7
nm to 5.1 nm inside mesoporous F-TiO, template by a simple solution processed method. The
optical tunability of the QDs is quantitatively discussed with the help of Brus equation, which

Xi
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confirms the strong confinement affect. As a result, the enhancement of PL QY from 5 % to
57 % in CH3NH3PbBrs QDs and 1 % to 25 % in CH3NHsPbls QDs is observed. Low
temperature PL analysis is also discussed in detail to investigate the excitonic properties of the
QDs. High optical stability (10 h) of the QDs is inferred to the partial coverage of the QDs by

TiO2 nanocrystals restricting its complete exposure to the external environment.

In Chapter 4, we have discussed about the structural evolution of 2D perovskite nanomaterials
synthesized using a novel, highly reproducible, and facile solvothermal route. Precise tuning
of the NS thickness (18.5-1.2 nm) is discussed using AFM and TEM analyses. We have
qualitatively discussed the growth mechanism of the NS based on the classical theory using
XRD analysis. Systematic tuning of the bandgap from green luminescent nanorods to cyan
luminescent 2D QDs is observed simply by varying the solvothermal temperature with a
maximum PL QY of ~84 %. Further, practical applications of the synthesized NS are explored
as white light converter and photodetector. The 2D perovskite photodetector exhibits a stable
and very fast rise/fall time (24 ps/103 ps) along with high responsivity and detectivity of ~1.93
A/W and 1.04x10%2 Jones, respectively. The efficacy of the current solvothermal method for
fast, convenient, and controllable synthesis of the large-area, stable 2D perovskite layers and

their uses in various optoelectronic devices are demonstrated in this chapter.

In Chapter 5, we have addressed the doping of rare earth elements in the 2D perovskite NS
for high performance optoelectronics. Two-dimensional layered structure of the perovskite NS
allows easy and effortless substitution of the rare-earth dopant ions Ce®*" and Th®". Size
(thickness) tunability of the NS in the range 8.4-1.6 nm with increasing doping concentration
is discussed based on TEM and AFM analyses. Characteristic diffraction peaks corresponding
to 2D perovskite phases at low angles (20<14.81°) are observed in the rare-earth ion doped NS
confirming the formation of pure layered structure. The excitonic absorption peak of the NS is
tuned by 42 nm and 86 nm to the deep blue region with Ce®** and Tb®* doping, respectively,
mainly due to strong quantum confinement effect. We also achieved 100 % emission efficiency
from the blue 2D nanoplatelet with narrow line width (~24 nm) and a color coordinate of
(0.145, 0.054) closely matching with the standard color Rec. 2020 (0.131, 0.046) specification,
making it one of the most efficient perovskite blue light emitters reported till date. Multiple PL
peaks appear at low temperature due to the coexistence of ordered and disordered orthorhombic
phases. We have investigated the role of dopants in the achieving the high QY and deep blue
emission in 2D perovskite using density functional theory (DFT) based calculation of its

electronic structure. The experimental results are fully supported by the DFT calculation

xii
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results. Due to decrease in formation energy in the doped 2D NS, the stability of the perovskite

NS increases post Ce and Th doping.

In Chapter 6 we have presented the performance of Eu®* doped 2D perovskite NS based
photodetectors. Evolution of perovskite NS from 10 layer thickness to monolayer QDs with
increasing Eu®* doping concentration is addressed with the help of TEM and AFM analyses.
Due to smaller size of Eu®" dopants than the host Pb?*, the doped system has less strain
compared to undoped system with desirable morphology and properties. We have studied the
performance of europium doped perovskite photodetector in detail and compared it with the
undoped one. Eu®* doped 2D perovskite photodetector exhibits self-biased photocurrent, high
switching ratio (~10%), fast response time (17.5 ps/ 38.5 ps), high responsivity (5.29 A/W)
under 405 nm laser excitation. The rise and fall times are ~3 times and ~4.4 times faster in the
doped device compared to that of the undoped one due to efficient charge separation and
passivation of trap states with the introduction of lanthanide ion in the perovskite crystal. The
Eu®* doped perovskite photodetector shows excellent operational and storage stability, suitable

for practical applications.

Chapter 7 presents the summary and highlights of the contributions of the present thesis.
Future scope of work on the perovskite nanomaterials for the optoelectronics application are

also presented in the end.

xiii
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1] Introduction

Chapter 1

Introduction

Over the past decade, metal halide perovskite materials are at the cutting edge of the
optoelectronics field due to their exciting and favorable characteristics that surpass the previously
achieved device efficiency at an unprecedented rate. Perovskite has emerged as a new class of
revolutionary materials within a short period of time courtesy to its superior optical and electrical
properties and easy manufacturing. In just five years, the power conversion efficiency of
perovskite solar cells have reached from 3.4 % to 22.1 % whereas, other solar cells took decades
to reach that efficiency. Interestingly, in conjunction with excellent performance in photovoltaic
devices, perovskite materials have been found to be a good candidate for light-emitting devices by
virtue of their good balance of various properties. Particularly, low-dimensional perovskite
materials have sparked massive attention due to their superior optical properties and render them
as highly appealing for a plethora of optoelectronic applications. Inspired by the rapid progress in
graphene and MoS; as prototype two-dimensional (2D) materials, recently, 2D perovskite has
emerged as a new member in the family of 2D materials. It is of fundamental interest to have a
detailed understanding of the various growth techniques of perovskite nanostructures, doping
strategy, and its effect on shape, size, bandgap and other properties of the material. A through,
understanding of its physical properties is necessary for the development of photovoltaic and
optoelectronic devices. In this chapter, we briefly review important features of perovskite thin film
and nanostructures, various techniques used for the growth of shape-controlled perovskite
nanostructures and the fundamental issues related to the controlled growth of halide perovskite
nanostructures. We also highlight the doping mechanism and its effect on the stability,
photophysical properties, and optoelectronics application of perovskite materials. The existing
challenges, along with the focus of the present thesis and the outline of the thesis are described at

the end of the chapter.
1.1. Crystal Structure of Metal Halide Perovskite

The name perovskite is used for wide range of earth abundant materials having stoichiometry of
ABX3, where A is any organic or inorganic cations (typically, CHsNHs", Cs*, Rb* etc.), B can be
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any divalent metal ion (Pb?*, Sn?* etc.) and X is halide anions (CI°, Brand I). The name perovskite
was chosen in honor of eminent Russian mineralogist, Count Lev Alexevich von Perovski.
Perovskite crystal structure was first discovered inside a meteorite containing CaTiOs (calcium
titanate) in the Ural Mountains by geologist Gustav Rose in 1839. Oxide perovskite (ABOz) was
the first family of perovskite and has been widely studied in the 20" centuries on account of their
interesting magnetic and dielectric properties. However, since last decade, there has been an
explosion of research activity on the metal halide perovskites due to their fascinating optical
properties, low-cost synthesis, and remarkable device performance. In its stable form, metal
perovskite has a cubic structure with corner-sharing BXe octahedral and A cation positioned in the
cuboctahedra voids. However, metal halide perovskites undergo one or two phase transitions with

the variation of temperature.

Fig. 1.1. Crystal structure of cubic phase of (a) ABX3 perovskite and (b) CH3NH3PbBr3 perovskite.

The probability of forming (or not) a perovskite structure is generally estimated using the
Goldschmidt tolerance factor (t) and the octahedral factor (u)[1]. t and p are defined as, t =
(ry +1¢) /N2 (rg + 1) and u = rz/ry, Where ra, rs and rx are the ionic radii of A, B and X
constituents. For stable perovskite structure, the tolerance factor, t should be nearly equal to 1,
however, empirical condition for cubic perovskite structure is found to be 0.80 <t <0.90 and 0.40
<p < 0.90[1]. The main perovskite structure used in this thesis is of the form CH3NHsPbBr3
(CHsNHs:=MA, MAPbBr3), where A site is occupied by organic cation MA and crystal structure
is presented in Fig. 1.1. t and p factors for MAPbBr3 are 0.84 and 0.61 (rwa= 1.8 A, rpp = 1.19 A

and rsr = 1.96 A), respectively, indicating a stable cubic structure at room temperature. Note that
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these factors do not consider ionic or covalent-bonding interactions, vibrational motion, or
hydrogen bonding which may distort the symmetric cubic structure[2]. The crystal structure of
MAPbDBrs perovskite changes with temperature. Orthorhombic phase is the low-temperature
ground state of MAPDBTr3, which is stable up to 145 K[3]. It maintains tetragonal phase in the
temperature range 145 K to 237 K and with increasing temperature, it stabilizes to a more

symmetric cubic phase (> 237 K)[3].

In contrast to 3D ABX3 perovskite structure, layered perovskite structure has the general formula
of (RNH3)2An-1BnX3n+1 Where n is any definite integer[1]. n=1 and infinity correspond to pure 2D
layered and 3D perovskite structure, respectively. Conceptually, low dimensional perovskite is
derived by cutting the inorganic 3D network of three-dimensional ABXz perovskite structure into
smaller pieces. In the 2D structure, due to large A cation size the cubic symmetry is broken and
the 3D structure is separated along <001> or <110> directions (Fig. 1.2)[4]. For lead halide
perovskite, layered perovskite structure is formed typically when A cation size exceeds 2.6 A[1].

Mixed-dimensionality

Increasing perovskite dimensionality

Increasing binding energy and band gap

Fig. 1.2. lllustrated image of layered 2D perovskite crystal structure. Adopted from Ref. [4]

1.2. Band Structure of Metal Halide Perovskite

Metal halide perovskite has a direct bandgap nature due to its crystal symmetry. Theoretically,
bandgap of a material is determined by the difference between the highest and the lowest occupied

molecular orbital energy levels, called as valence band maxima (VBM) and conduction band
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minima (CBM), respectively, in semiconductor physics. VBM of metal halide perovskite is
reported to be anti-bonding hybrid state of the metal s and halide p orbitals from the first principles
electronic structure calculations[5]. Hence, all the electronic and optical transitions are occurred
mostly within the inorganic (PbBrs) octahedron[2]. Organic cation does not have much influence
in the band structure of the perovskite but it can modulate the band by controlling the lead-halide
bond distance. The conduction band minimum (CBM) is affected by the hybrid of metal p and
halide p orbitals and bonding between s and d states of Pb[6]. Therefore, VBM is mostly anti-

Defect-intolerant Defect-tolerant
CdSe, GaAs , ‘ APbX,
CB CB
/’—\\ N _*\_\ Pb(6p)
/ _N_metal I' — :
i . 1 shallowor
! mid-gap !/ 1 intra-band ,
/ states 7 ! states
nonmetal / s/ ' :
\\ e———— ll ! !
A G P _
v i [I X(34.5p) 1 P —y A
\ — el \ N
— K S\ N Pb(6S)
\__::: = De—
VB VB

Fig. 1.3. Schematic diagram of the band structure of defect intolerant conventional semiconductors and defect tolerant
perovskite materials. Adopted from Ref. [7]

bonding type and CBM exhibits non-bonding type bond. The conduction band is less affected by
the structural distortions or other factors due to poor orbital overlap. Any change in the perovskite
lattice or say Pb-X (X=CI, Br and I) bond destabilizes the VBM. But, the defect electronic states
mostly stay near the valence band edge or within it because of anti-bonding VBM. This makes the
perovskite structure more defect tolerant and thus external factors do not put negative impact on
the optoelectronic properties unlike other inorganic semiconductors, as shown in Fig. 1.3[7]. A
change in the halide composition of the perovskite from Cl to Br to | results in the change of the
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valence orbital from 3p to 4p to 5p, respectively, causing a systematic reduction in the bandgap
from ~ 3.0 eV to 1.55 eV[8]. Changing the ratio of I-Br or Br-Cl can tune the optical bandgap of
the perovskite due to comparable ionic size, but replacing | by CI does not tune the bandgap
significantly due to large size difference. This is one of the significant advantages of perovskite
structure, which allows bandgap tuning from UV to visible to infrared region just by replacing the

halide ions.
1.3. 3D MAPDbX3 Perovskite Thin Film

Perovskite materials have emerged as a new research paradigm since 2009 for the photovoltaic
and optoelectronic applications. Easy tunability of bandgap of the perovskite enforces the research
community to tune the morphology of the organic-inorganic halide perovskite by decreasing the
dimension. Crystal structure of perovskite is highly dependent on chemical composition,
temperature and synthesis procedures. Over the years, various deposition techniques have been
developed for MAPbX3s thin films to overcome the shortcomings. To increase the device
efficiency, surface morphology, thickness and grain size of perovskite thin film have been
modified through controlled deposition methods[9]. Here we will briefly discuss about some of

the main scalable MAPbX3 perovskite thin film deposition methods.
1.3.1. Spin Coating Method

Spin coating is the most widely used and one of the simplest deposition methods for the perovskite
thin film. In one-step spin coating method, the precursor materials MAX and PbX> are mixed in a
single polar solvent, typically N-dimethylformamide (DMF), dimethyl sulfoxide (DMSQO) or
gamma-butyrolactone (GBL). The solution is stirred for few hours at room temperature or low
temperature (~60 °C) to mix the precursors properly and spin coated on the substrates at high speed
(see Fig. 1.4(a))[10]. Then the substrate is annealed to form the perovskite later. The one-step spin
coating method was first developed by Kojima et al. in 2009 for the fabrication of MAPbI3
sensitized solar cell[11]. In the two-step spin coating method, first reported by Im et al., the
preparation of single solution is not needed[12]. However, MAX and PbX; solutions are separately
prepared in the proper solvents. First MAX solution is spin coated on the substrate followed by
waiting for ~10-30 second followed by spin coating of PbX: solution (see Fig. 1.4(a))[10].

Subsequently, the substrate is placed on the hot plate for annealing. The rotational speed, time and
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viscosity of the solution determine the thickness of the thin film. The spin coating method was first
used to deposit hybrid (CsHsC2H4NH3)2Pbl4 layered perovskite in the year 1994[13]. To improve
the film quality, modified spin coating method has been developed, such as hot casting process,
anti-solvent washing/solvent engineering, gas quenching, anti-solvent/solvent extraction etc. In

the hot casting approach, the substrate is heated prior to spin coating and the precursor solution

(a) /} (Pbl, + CH;NH,1)/DMA (b) Ink supply
= Blade
” ONE-STEP COATING
ﬁ/ —

Coated film

=

é Pbl,/DMF 6 CH;NH,I/IPA

ey 1O

dj) qp G P El \\ Substrate or web

TWO-STEP COATING
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Organic vapor
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Inorganic film Inorganic film ’ Sensor 1 Sensor 2
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Fig. 1.4. Various deposition methods of perovskite thin film: (a) Spin coating method, (b) Blade coating method, (c)
Vapor assisted solution process and (c) co-evaporation method. Adopted from Ref[10, 14]

was also maintained at 70 °C which enforces rapid crystalline growth during deposition[15]. The
solvent engineering approach is a slight modification to the spin coating method, where any non-
polar anti-solvent (toluene, chlorobenzene, or diethyl ether) is dripped on to the substrate while
spinning. Addition of anti-solvent accelerates the super-saturation of the precursor solution which
in turn increases the nucleation process giving rise to uniform film[16]. Though spin coating
method is useful for lab scale studies for small area devices, however, it has some bottlenecks
when it comes to large-scale production or commercialization. Due to different miscibility of the

precursor materials, the crystallization rate is different for various components in a single film and
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inadequate control over the crystal growth also leads to poor coverage, pinholes and cracks in the

film.
1.3.2. Blade Coating

In this method, a blade is moved across the surface to spread the precursor ink on the substrate to
form wet thin films, as shown in Fig. 1.4(b)[14, 17, 18]. The thickness of the film depends on the
concentration of precursor ink, blade-moving frequency, and the gap between blade and substrate.
It is a scalable technique and used for roll-to-roll production of perovskite solar cells. Previously,
this method was used for polymer solar cells and first perovskite solar cell fabrication using blade
coating was reported by Kim et al. with power conversion efficiency (PCE) of 10.44%[19]. A
maximum of ~ 20 % power conversion efficiency is achieved in perovskite solar cell using blade
coating method[20, 21]. Generally, blade coated perovskite thin films are homogeneous, pinhole
free, polycrystalline in nature. However, the ink space in blade coating method is not fully enclosed
which opens the possibility of change in ink chemistry over time. Blade coating is not only used
for the deposition of uniform film but the crystal orientation direction could also be controlled in
the direction of blade. Hence this method can be used to prepare single crystalline structure[17,
22]. This method still has some limitations for the deposition of uniform thin film due to complex
fluid dynamics and formation intermediate phases that coexist during the crystallization

process[23].
1.3.3. Vapor Assisted Solution Process

It is hybrid sequential method with a combination of vacuum deposition and solution process.
PbX: film is first deposited using spin coating method and then the film is kept in MAX vapor
environment by sprinkling MAX powder around the film in a capped petri dish to induce gas-solid
crystallization process (see Fig.1.4(c))[10]. However, a dissolution process may occur during the
second step since the formed MAPbBr3 may be ionized under Br rich environment and further,
recrystallizes with increased duration. Hence, MABTr deposition duration, temperature and quality
of the inorganic film are very crucial for the high-quality perovskite film. A maximum external
quantum efficiency (EQE) of ~ 4.36 % is achieved using this method for MAPbBr; LED[24].
Alternatively, PbX> film can also be prepared using any physical vapor deposition (PVD) or

chemical vapor deposition methods. In the second step, MABY can be introduced to the film in the
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form of powder, solution or vapor to convert the inorganic layer to hybrid halide perovskite[25-
29]. However, proper diffusion of the organic component while reacting with the compact

inorganic film is still challenging in two-step methods[23].
1.3.4. Vacuum Deposition Technique

Various vacuum deposition techniques such as co-evaporation, sequential deposition, CVD, PVD,
flash evaporation have been adopted to prepared uniform perovskite bulk film. Vacuum deposition
method has many advantages in comparison to the solution process, such as uniform, pinhole free,
low roughness film without using any toxic solvent. During co-evaporation method, two solid
precursors MAX and PbX: are kept in separate crucibles and heated under vacuum till the required
sublimation temperature is reached(see Fig. 1.4(d))[10]. Under high vacuum, the precursor
materials slowly evaporate, diffuse and then assemble at substrates to form perovskite crystal[9].
This method allows controllable fine-tuning of the film thickness. Liu et al. first reported co-
evaporation of MAI and PbClI to fabricate perovskite solar cells with PCE ~ 15.4 %[30]. MAPbBr3
perovskite LED fabricated using co-evaporation method achieved an EQE of ~ 0.06 %[31]. In the
sequential deposition method, MABT is deposited on pre-deposited PbX> film. In flash evaporation
method, a tantalum heater foil is pre-coated with perovskite and then it is placed in a vacuum
chamber to feed it by a strong current. In the process, perovskite film is deposited within few
second due to high current without any decomposition[32]. The film thickness is controlled by the
amount of the precursor material and the distance between heater to substrate. This method can
deposit organic-inorganic halide, all inorganic, layered 2D perovskites with different A
cations[33]. CVD is used in industrial process to fabricate large area devices. High-quality
perovskite film can be formed using CVD in a low-pressure environment and EQE of 0.02 % is
achieved from metal halide perovskite LED[34]. Even though vacuum deposited perovskite thin
films show low roughness, highly-uniform morphology, the luminescence efficiency is inferior
compared to solution-processed film. During evaporation, some unreacted precursors may stay in

the perovskite film, which induce non-stoichiometry and limit the luminescence efficiency.
1.3.5. Challenges in the Growth of Perovskite Thin Film

Despite the availability of various deposition methods, there are still several challenges for the

controlled growth of thin film to fully explore their optoelectronics application. To reach the
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record-setting device efficiency, careful attention is required at each step of the growth processing.
Electroluminescence (EL) efficiencies of 3D perovskite LEDs are still very low compared for
commercialization. Low photoluminescence (PL) quantum yield (QY) of bulk perovskite film is
attributed to easy dissociation of excitons due to low exciton binding energy, large grain size. Even
the small grains of metal halide perovskite film contains many grain boundaries, pinholes, and
defects which severely increase the leakage current and non-radiative recombination resulting in
the reduction of the luminescence efficiency of the perovskite LEDs. 3D bulk films are very
unstable in ambient conditions and easily decompose, which needs to be addressed. In comparison,
nanostructured perovskites exhibit better ambient stability and are thus a subject of intense

research.
1.4. Organometal Halide Perovskite Nanomaterials

Reducing the size of the semiconductor materials is one of the popular and effective approaches
to manipulate photophysical properties. Ever since the discovery of MAPbBrs quantum dots (QDs)
in 2014, perovskite nanomaterials have aroused great attention in a very short period. Perovskite
nanomaterials have become one of the important divisions of nanomaterial-based optoelectronics

devices due to their excellent device performance. Here, we have briefly discussed various organic

Morphological Low Dimensional Perovskites (Still ABX;)

Molecular Level Low Dimensional Organometal Halide Hybrids

Fig. 1.5. MAPbX; metal halide perovskites with different dimensionalities. Adopted from Ref. [35]

-inorganic halide perovskite (MAPbX3) nanomaterials, their synthesis procedures and
applications. Fig. 1.5 shows the morphological and molecular level illustration images of MAPbX3
perovskite with decreasing dimensionality from 3D bulk film to 2D nanoplatelets, 1D nanorods,
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0D quantum dots to obtain quantum confinement effect, which strongly influences its

photophysical properties.
1.4.1. 2D Layered MAPbX3 Perovskite

In the layered perovskite, 3D cubic symmetry is broken by separating the inorganic octahedral
layer in the <100> or <110> direction with the introduction of large A cations or long-chain
ligands[1]. 2D layered structure can also be prepared with MAPbX3 composition by reducing the
thickness to form 2D nanoplatelets, nanosheet (NS), and nanodisk[36-38]. The number of sheets
of inorganic layers decides the layer number of the 2D perovskite, which are attached with weak
Van der Waal force, but are fundamentally different from other 2D semiconductors[1]. The
restriction only along one dimension of 2D perovskite results in advantages of quantum
confinement effect of 1D with higher exciton binding energy and low defect density[39]. Along
with this, it retains high carrier mobility along horizontal direction due to its large lateral size[40].

The structure of the layered perovskite nanostructure can be considered as quantum-well like with
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Fig. 1.6. Synthesis of 2D MAPbX3 perovskite NSs: (a,b) LARP method, (c) vapor-phase conversion method. Adopted
from Ref. [41-43]

inorganic sheets and organic molecules act as wells and barriers, respectively. Different dielectric

environments of the wells and barriers increase the electron-hole interaction giving rise to

TH-2453_156121029



11| Introduction

enhanced binding energy and reduced forbidden electron transition contributing to high
luminescence efficiency[1]. Synthesis of 2D layered perovskite has been carried out by both

solution process and vapor deposition methods, some of them are discussed here.
1.4.1.1. Solution Process

This is one of the most commonly used techniques to grow nanostructured perovskites. Initially,
colloidal perovskite nanoplatelets were observed during optimization of QDs synthesis
parameters. A higher amount of capping ligand in the precursor solution during synthesis results
into the formation of nanoplatelets with high PL QY[44, 45]. Ligand assisted reprecipitation
(LARP) method is also hugely used for the synthesis of perovskite nanomaterials through the
careful selection of capping ligands and solvents (see Fig. 1.6(a)). Cho et al. modulated the layer
thickness of the MAPbBr3 perovskite nanoplatelet by changing the chain length and concentration
of the added alkylammonium cations using the modified LARP method[46]. Ling et al. fabricated
LED based on MAPbBTr3 perovskite nanoplatelets using modified LARP method with brightness
up to 10,590 cd/m?[44]. Using the room temperature colloidal method, Manna and coworkers
finely tuned the thickness of the perovskite nanoplatelets from 3 to 5 layers at low reaction
temperature[47]. Similar to LARP method, Feldmann et al. synthesized MAPbBrz nanoplatelets
by adding dilute solution of PbBr2, MABr and n-Octylammonium bromide (OABr) in DMF into
vigorously stirred toluene (see Fig. 1.6(b))[43]. Long chains of octylammonium suppress the
crystal growth in one direction and changes the thickness, and PL of the perovskite nanoplatelets
is tuned by tuning the ratio of MABr to OABr[43]. Ogale et al. synthesized 2D MAPbX3 NSs
using electrospray technique in conjunction with anti-solvent extraction by intercalation via host-
guest chemistry[48]. Regardless of the inhomogeneous distribution of solution-processed
perovskite NSs, interesting optical properties make it feasible for optoelectronics applications. The
main advantage of LARP method is that it is a low-temperature synthesis process and can be
performed in ambient condition[49]. However, its main drawback is that polar solvent which is
used during the synthesis process may dissolve in the perovskite nanomaterials during

purification[49].

1.4.1.2. Vapor Deposition Method
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Compared to the solution process, in-situ growth of layered perovskite on different substrates
makes it available for direct use in devices. Xiang and coworkers were the first ones to report the
fabrication perovskite NS based solar cells and lasers using two-step CVD method[50]. Bao et al.
combined solution process and vapor-phase conversion method to synthesize monolayer 2D
MAPbI3 nanoplatelet for the fabrication of photodetector (see Fig. 1.6(c))[42]. Shi and coworkers
prepared single-crystalline ultrathin large-scale MAPbCIs NS using CVD method and identified
the favorable role of weak Van der Waals film—substrate interaction on the nucleation and growth
of the two-dimensional morphology out of non-layered materials compared to conventional
epitaxy[51]. The deposition of hybrid perovskites is still challenging in vacuum deposition

method.
1.4.2. 0D MAPbX3 Perovskite Nanoparticles

Perovskite NPs show superior optoelectronic properties compared to their bulk counterparts due
to a large surface to volume ratio, strong quantum confinement effect, high exciton binding energy.
Exceptional light generation ability of perovskite nanoparticles (NPs) has attracted sustained
interest for the development of commercial display devices due to their unique optical properties
such as narrow emission bandwidth, unity PL QY, high ambient stability, etc. Since the discovery
of the first CsPbX3 perovskite nanocrystal, it has become a hall of fame and wide variety of
perovskite NPs have been synthesized via various solution processes. Due to the temperature
instability of organic cation, the synthesis of MAPbXz NPs is conducted at low temperatures. One
of the remarkable properties of perovskite material, as opposed to conventional semiconductors,
is its low formation energy enabling the preparation of perovskite NPs merely at room temperature
just by mixing or grinding the precursor materials. Here, we will briefly discuss various synthesis
procedures of MAPbX3 NPs and their properties.

1.4.2.1. Template Assisted Growth

Considering the strategy for the synthesis of other QDs, MAPbBrs NPs were first synthesized
using mesoporous Al>Os film by Miyasaka and coworkers in 2012[52]. DMF solution comprising
of bulk perovskite was spin coated on porous Al20s film and perovskite nanoparticles are formed
due to rapid self-organization inside the pores during annealing process. In 2015, Bolink et al.

modified this method slightly to achieve high PL QY by first mixing precursors MABTr, PbBr, and
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Al>0O3 nanocrystal and then spin coated the solution on glass or quartz substrate[53]. MAPbBr3
NPs size can be tuned by varying the template pore size. Additionally, mesoporous silica and TiO>
have also been used for the growth of perovskite NPs[54]. Even without the use of any ligands,
template assisted grown MAPDbBr3 NPs show >50 % PL QY due to the intrinsic tolerance of

electronic structure to the defects of the template grown materials[55].
1.4.2.2. Hot Injection Method

Perez-Prieto and coworkers who did pioneering work by preparing colloidal MAPbBr3 NPs
employed a non-template synthesis method[45]. They used widespread hot injection method for
the synthesis of 6 nm sized MAPbBr3 NPs. Typically, PbBr2 and MABTr precursors were first added
into a non-coordinated solvent system, octadecylene (ODE) combined with oleic acid and
octylamine (OA) in sequence[39]. After a short period, light yellow nanoparticles were
precipitated out with the addition of acetone. Here, the long-chain ammonium and acids acted as
capping ligands which endow stability in QDs solution and restricts the crystal growth. Though
high luminescence properties of perovskite NPs is achieved using this method, poor crystallinity,
presence of impure phase, instability in polar solvent and temperature make it unattractive for the
synthesis of organometal halide perovskite NPs. However, pure inorganic perovskite NPs prepared

via hot injection method exhibit very impressive photophysical properties.
1.4.2.3. Ligand Assisted Reprecipitation Method

To overcome poor solubility of MAPDbBr3 perovskite precursors in octadecylene, Dong et al.
synthesized colloidal MAPbBrs NPs by incorporating n-octylamine and oleic acid as ligands into
the reprecipitation process with absolute PL QY up to 70 %[41]. This room temperature synthesis
method is widely used for the synthesis of organometal halide perovskite due to low cost and easy
processing. Slight increment in precipitation temperature increased the PL QY up to 93 % due to
increased crystallinity of NPs and the efficient surface passivation of long-chain ligands[56].
Zhong and coworkers further studied the role of the key parameters (sequence of solvent mixing,
solvent ratio, amount of ligands, etc.) which determine the degree of super-saturation to refine the
size and shape of the colloidal perovskite NPs following the reverse LARP approach by changing
the sequence of mixing the solvents[57]. Toluene was slowly added in the DMF precursor solution

to prepare single-crystalline MAPbBrs nanocubes and nanowires[57]. LARP is simple room
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temperature synthesis method for the production of NPs with high PL QY. However, the as-
prepared NPs are very difficult to separate from the reaction solution due to the instability in polar

solvents hindering their applications in high performance devices[58].
1.4.3. 1D Organometal Halide Perovskite Nanowires

Along with 2D layered perovskite and OD nanoparticles, 1D perovskite nanowire or nanorod is
another important nanostructure as it is an excellent candidate for the optically pumped laser
application due to its great optical properties and strong isotropy. Zhu et al. developed a surface-
initiated solution growth strategy of MAPbI3 nanowire using lead acetate (PbAc:) solid thin film
deposited on glass substrate in contact with a high concentration MAX solution in isopropanol at
room temperature with lasing QY approaching 100 %[59]. MAPbI3; nanowires were developed by
low-temperature solution-processed crystallization using a simple slip-coating method[60]. Yang
et al. accomplished direct growth of vertical MAPbBrz: nanorod array by coating a saturated
methanolic solution of lead acetate onto PEDOT:PSS coated ITO/glass substrate and fabricated

the first hybrid perovskite nanorod array LEDs[61].
1.5. Doping in Organometal Halide Perovskite

Doping, surface engineering, interface engineering or other strategies have been adopted
extensively to overcome the drawbacks which are present in pristine perovskite, such as the high
non-radiative recombination from surface defects, charge-carrier injection barrier caused by
trapping defects, low-efficient blue LEDs, toxicity and so on. Doping of impurity ions provides an
effective way to solve these issues by stabilizing the crystal structure and improving the
optoelectronic properties. lonic nature of ABX3 type perovskite endows easy incorporation of
dopants in the host crystal. Most of the dopants do not introduce deep trap levels as they do in
other conventional semiconductors due to defect tolerant nature of perovskite[7, 62-66]. Though
intensive doping study is going on inorganic CsPbXs perovskite, but volatile nature of hybrid
perovskite in an exposed environment makes the doping process quite challenging in MAPbX3
type perovskite. However, the low bandgap phase of inorganic perovskite (CsPbls) is not ideal for
luminescent perovskite phase, since it easily transforms from the perovskite phase to wider gap
yellow phase[67-69]. Dopants in the MAPbX3 perovskite may replace organic cation, Pb site ion,

or halide anion depending on the size of the dopants. MA can be replaced by monovalent cations
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and Pb ions should be replaced by other bivalent or heterovalent metal ions. Commonly used A
site cations are MA* (2.70 A), formamidinium (FA*) (2.79 A) and inorganic cesium (Cs*) (1.88
A)[67]. Among these, the size of MA cation is perfect for perfect cubic structure, but it suffers
from unsatisfactory thermal stability[70, 71], whereas, inorganic Cs cation is much more stable at
high temperature allowing high-temperature synthesis procedure. The sizes of other organic
cations such as rubidium (Rb*) and potassium (K*) are very small to form stable perovskite
structures[67]. However, Rb doped Mesoporous perovskite solar cell
(FA0.8sMA0.15Rbo.0sPbl2s5Bross) was fabricated by Zhang et al. via gas quenching method and
achieved a remarkable PCE of 19.6 % [72].

Mixed halide perovskite is an effective way to tune the bandgap of perovskite over UV to infrared
region. Kumawat et al. first reported the mixed halide-based blue MAPb(BrxCli )3 (0 < x < 1)
perovskite LED in 2015 with tunable emission from sky blue to blue region by changing the halide
from Br to CIl ratio[73]. Though the device performance was poor, but they achieved
electroluminescence (EL) at 482 nm by employing MAPbBr10sClig. as the active layer. By
increasing Cl content, Shi et al. demonstrated deep blue emission at 450 nm but EL was observed
only at low temperature[74]. Though adding Cl in MAPDIs based perovskite does not change the
bandgap, but it has a strong impact on carrier mobility and carrier’s thermalization time[75].
Huang and coworkers observed improvement in carrier mobility (560 cm?V-!s!) with CI doping
in MAPbBr3single crystal and presented high-resolution gamma-ray energy spectrum detection at
room temperature under small electric field[76]. Wang et al. fabricated blue LED by adding ethyl
ammonium bromide in MAPDbBTr3 and achieved a maximum EQE of 2.6 % at 485 nm[77].

Substitution of Pb site ion by other ions should fulfill both the criteria of tolerance and octahedral
factors to form perovskite structure. Tremendous efforts have been devoted to incorporate
transition metals (Mn?*, Cu?*, Fe?*, Zn?*), metalloids (Sn?*, Bi**) and lanthanide materials (Ce®*,
Eu®*, Yb%, etc.), etc. in the halide perovskite crystal[78-83]. Sn?* was the first candidate to be
considered as a replacement of Pb?* in MAPbX3 to reduce the lead toxicity[81, 82]. But Sn doped
perovskite crystal was found to be very unstable in nature since Sn?* quickly oxidizes to Sn** upon
exposure to atmosphere[78]. Kanatzidis et al. extended the light absorption to near-infrared region
(~1050 nm) with anomalous bandgap behavior of Sn doped CHsNH3Sn1xPbxls alloys[81]. To

overcome the facile oxidation of Sn?*, Yan and coworkers developed a new strategy by combining
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FASnIz with MAPDI3 and the best-performing cell achieved a PCE of 15.08 % with negligible
hysteresis[84]. Bakr et al. incorporated other trivalent ions, such as Bi**, Au**, or In®* into
MAPDX3, and observed doping-induced band gap tuning and considerable enhancement of
electrical conductivity by 104-fold for Bi-doped bulk crystals[85]. The bandgap of the pristine
perovskite crystal was found to be narrowed down with the increase in Bi** dopants amount.
However, Snaith et al. subsequently claimed that the incorporation of Bi®* could not lead to
bandgap narrowing in MAPbBr3 crystals and the previously observed bandgap change is just a
misinterpretation from light transmission measurements resulting from the significant increase in
the sub-bandgap density of states[80]. Wang et al. fabricated Nd** doped MAPbI3 perovskite solar
cell with PCE of 21.15 % due to the reduction in trap states, prolong charge carrier lifetimes, and
high charge carrier mobility[86]. The doping of Eu?* ions into the MAPbIs perovskites enhances
both the stability and PCE of solar cells[87]. Doping study in organometal halide perovskite is less
explored compared to inorganic perovskite due to the instability of organic cation. However, there
still remain a large number of elements that can be explored as dopants to improve the device

performance of organometal halide perovskite.
1.6. Applications

Low-dimensional perovskite material is widely used in the optoelectronics field and has generated
extensive interest as a material of choice for a variety of applications (see Fig. 1.7). Due to
excellent emissive properties, MAPbBr: nanomaterials are mostly studied in the LED,

photodetector and laser fields with limited studies in solar cells.
1.6.1. Dye-Sensitized Solar Cells

There are countless research articles on perovskite thin film based solar cells, but only a few report
target perovskite nanomaterial-based solar cell. Zhang et al. reported that lowering the dimension
of perovskite from 3D to 2D till 1D potentially improves charge transport behavior due to a slower
recombination rate[88]. 1D perovskite nanowires are also found to be a good light absorption layer
in perovskite solar cells and show better performance compared to perovskite NPs. Gratzel’s group
reported the first perovskite nanowires-based solar cell and the device showed a photocurrent
density of 19.12 mA/cm? at the voltage of 1.052 V, and a fill factor of 0.721, leading to a PCE of
14.71 %[89]. Perovskite QD sensitized solar cell was first demonstrated by Park’s group in 2011
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with a PCE of 6.54 %, a record value at that time. Kojima et al. fabricated MAPbX3 (X = Br, I) NP
based solar cell having the device structure of MAPbX3/TiO> using lithium halide and halogen as
redox couple and achieved 3.13 % and 3.81 % efficiency in MAPbBrz and MAPDIs solar cells,
respectively[11]. Mali et al. fabricated solar cells using different sizes of MAPbBrs NPs using
PTAA (poly triarylamine, a high hole mobility polymer) and Spiro-MeOTAD polymers as hole
transporters and achieved a high efficiency of 11.46 %[90].

o
0D perovskite 1D perovskite 2D perovskite
quantum dots nanowire nanosheet
""""" / " 600 700

Solar cell LED Photodetector Waveguide Nanolaser

Fig. 1.7. Application of perovskite nanomaterials. Adopted from Ref. [88]

1.6.2. Photodetector

Hybrid perovskite materials are promising for the fabrication of sensitive and fast photodetector
due to high carrier lifetime, high quantum yield, effective absorption and high charge carrier
mobility. MAPbI3, MAPbBrs;, MAPbCI3, MAPDI3.xClx, MAPbBr:«Clx, and MAPbBr3xlx have
been extensively studied in the field of photodetectors and shown exceptional photodetection
performance[91-98]. The first study on perovskite-based photodetectors consisted of continuous
films with tiny perovskite particles, leading to devices with ultrafast speed and good overall
performances[49, 99, 100]. However, compared to other morphology, 2D and 1D perovskite
nanomaterials exhibit better photodetection performance due to high exciton binding energy and
quantum confinement effect[49, 101]. High photo responsivity of 950 A/W, on/off ratio ~10° and
photoconductive gain of around 2200 were achieved by sandwiching 2D MAPDbI3 perovskite NPs
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between highly conductive graphene layers[49, 102]. Horvath et al. fabricated 1D MAPbI3 based
photodetectors with ~10* times faster photoresponse speed than that of the photodetectors based
on monolayer MoS; and graphene[60]. Photo responsivity of MAPDbIz nanowire photodetectors
was increased to 1.3 A/W by aligning the nanowires, which is almost 260 times larger than that in
a nonaligned one[60, 103]. Jang et al. combined MAPbBr3 thin film and MAPbBrl, NPs to
fabricate photodetector by spin coating the solution on SiOx substrate with Au contacts[104].
Nakamura et al. reported lateral MAPDI3.<Clx thin film photodetector protected by a spin-coated
water-resistant fluorescent polymer (CYTOP)[94]. The device exhibited high responsivity of 14.4
A/W, high environmental stability and waterproof properties for the spin-coated CYTOP
layer[94]. Yan et al. reported a low voltage (0.5 V) broadband phototransistors on MAPbDIs.
xClx/poly-(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS) heterojunction
with an ultra-high responsivity of 10° A/W and specific detectivity of ~10%* Jones in a broad
spectral response range from 350 to 1100 nm due to the pronounced photo gaining effect[105].

However, the effect of doping on the photodetection performance is not explored.
1.6.3. LED

High color purity, easy solution processing, low bandwidth and high exciton binding energy make
perovskite nanomaterials perfect candidate for the next generation lighting and display
applications. The figure of merit, EL efficiency of LEDs is correlated to charge carrier
dynamics[88] and effective charge carrier injection at the interface between active layer and charge
selective layers is paramount to obtain high EL efficiency[49]. The first breakthrough in
perovskite-based LED was reported in 2014 with MAPbBr3 based green LED, which exhibited a
bright EL with luminance of 364 cd/m? and EQE of 0.1 % at room temperature[91]. Within a year
after first report, the MAPDbBrs-based LEDs demonstrated a 20-fold increase in luminous
efficiency and remarkable improvement in luminance and EQE (20000 cd/m?, 3.5 %), benefitting
from elaborate interfacial engineering techniques[58, 106]. The maximum EQE for a MAPbBr3;
thin-film LED has reached the stirring value of 8.5 % within very short span of time[58, 107]. A
higher degree of charge transfer process between active layer and n-type layers was observed in
MAPDbBr3 NPs compared to the bulk film[108]. Kumar et al. fabricated 2D MAPbBr3; NPs based
perovskite LEDs with EQE of 0.29 % and with the help of organic host material 4,4'-bis(N-
carbazolyl)-1,1'-biphenyl (CBP), 2.07 % efficiency was further improved to 2.31 %[109]. Kim et
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al. constructed efficient MAPbBrs NP-LEDs with CE of 15.5 cd/A and EQE of 5.1 % without
using any complex post-treatments and multi-layers[110]. MAPbX3 (X = Br, 1) nanowire-based
LED was demonstrated by Yang and coworkers exhibiting green EL at 533 nm with a small
linewidth of 26 nm[61]. Organic capping ligands were used for the synthesis of colloidal
nanocrystal. However it suppresses the charge injection resulting in to low brightness and high
turn-on voltage[35]. To overcome this, Park’s group reported in-situ formed MAPbDBr3
nanocrystalline films with excess MABr for highly efficient LEDs with a maximum EQE of 8.21
% and current efficiency of 34.46 cd/A[111]. In situ formed MAPDbIz and MAPbBrs QD film-based
LEDs showed a peak EQE of 7.9 % and 7 %, respectively[112]. Di et al. proposed a methodology
of growing metal halide NPs in a polymer matrix without using additional capping agents[114].
Wang’s group successfully fabricated a red perovskite LED with a very high EQE of 11.7 %, by
employing multi-quantum wells[49, 113].

1.6.4. White LED

Recently, phosphor-converted white light-emitting diodes have become one of the most popular
and useful light-emitting source due to easy production, energy saving, high efficiency, improved
stability, and long lifetime. High color rendering index and tunable correlated color temperature
are preferable for comfortable indoor white light. Zhang et al. fabricated a prototype wide-color
gamut phosphor-converted white light-emitting diode using a mixture of green emitting MAPbBr3
NPs, a red emitting inorganic K2SiFs:Mn*" phosphor and blue emitting GaN chips producing
white-lighting luminescence with color coordinates of (0.33, 0.27) and CCT of 5772 K[41].
Following a similar architecture, Zhou et al. fabricated white LED with MAPbBr3 NPs/PVDF
nanocomposite as an emissive layer and blue emitting InGaN chips and K2SiFs:Mn** phosphor
exhibiting luminous efficiency of 109 Im/W at 20 mA current and wide colour gamut (121 % of
NTC standard)[114]. The stability of white light converter was improved by using the composites
of MAPDbBrz/NaNOz with the same device configuration[115]. Teunis et al. achieved white light
emission from ultra-small size MAPbBrz NPs (~1.5 nm) using high-temperature method and

surprisingly these smaller NPs showed a white light emission even after ligand exchange[116].

1.6.4. Laser
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Long carrier lifetime, large diffusion length, high fluorescence yield and wavelength tunability
also make lead halide perovskites ideal choice for lasing as these properties contribute to decrease
in pumping threshold and obtain high optical gain. The first demonstrations of perovskite material
in laser applications were reported in 2014, when Xing et al. reported the gain properties of bulk
MAPbI3 thin films and noted that amplified spontaneous emission could also be seen in the
functional photovoltaic device[49, 117]. Room temperature, continuous-wave operation was
achieved by Li et al. in 2018 with a distributed feedback laser utilizing thermally nanoimprinted
MAPbDIs film[49, 118]. The imprinting process significantly improved the crystalline quality which
in turn reduced the scattering at the grain boundaries. Xiong et al. fabricated MAPbIz nanowire-
based laser exhibiting 777 nm near-infrared light with low threshold of 11 uJ/cm? and a quality
factor of 405[119]. Zhu et al. showed room-temperature and wavelength-tunable lasing from
single-crystal MAPbI3 nanowires with very low lasing thresholds (220 nJ/cm?) and exceptionally
high-quality factors (Q ~3,600)[59].

1.7. Challenges in Fabrication and Applications of Organometal Halide

Perovskite

Though reasonable development has been made regarding the room temperature and high
temperature synthesis of organometal halide perovskite nanomaterials, a proper good strategy for
the controlled synthesis to obtain various morphologies is still lacking. Most of the synthesis
processes produce large size perovskite NPs which show weak quantum confinement effect.
Newer approaches for controlled synthesis is needed to prepare ultra-small (<2 nm) NPs to use the
advantage of the strong quantum confinement effect in the devices. Upscale production of
perovskite nanomaterials like other semiconductors can also be beneficial for industrial use.
Compared to inorganic perovskite, the progress of MAPbX3 type perovskite is lagging behind in
terms of various aspects. Organometal halide perovskite family with interesting optical properties
can be expanded by introducing suitable dopants. Alternatively, potential lead-free hybrid
perovskites and their applications in device should be analyzed. Among different lower
dimensional perovskite, 2D perovskite exhibit many interesting optoelectronic properties, which
needs to be studied in greater extent. Long-term stability is a critical issue that need to be addressed
seriously for the practical application and commercialization of perovskite-based devices.

Specifically, 3D MAPDIz is extremely sensitive to moisture, UV irradiation, oxygen, heat and
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electric field due to its intrinsic chemical instability which deteriorates the device performance.
lon migration was also found in mixed halide perovskite under illumination resulting into phase
segregation[120]. Though at room temperature MAPbBr3 shows cubic structure, MAPDI3
transforms from tetragonal at room temperature to cubic phase at around 57 °C, resulting in
significant changes in photophysical properties[121]. In contrast, low dimensional perovskite is
shown to exhibit better stability compared to its 3D counterpart. However, it is still not stable
enough to compete with conventional inorganic semiconductors and more detailed investigation
is needed regarding the degradation mechanism. The discovery of new family of perovskite mainly
relies on trial and error methods, and proper guidelines need to be developed for the precise control

of dimensionality and crystal structure and resulting photophysical properties.
1.8. Focus of the Present Thesis

Despite the significant advancement, there are still several challenges to the fabrication of high-
quality perovskite thin film and nanostructure for their applications in the diverse area of
nanotechnology. In the present thesis, we have attempted the growth of 3D, 2D and 0D perovskite
nanosheet (NS) and investigated their optoelectronic properties. The main objectives of the present
thesis are as follows:

e Study the anomalous scaling behavior of the vacuum-deposited CH3NHsPbBr3z hybrid
perovskite thin film on different substrates and its correlation with its microstructural and
optical properties.

e Study the template assisted growth of size-tunable hybrid perovskite (CH3NH3sPblz and
CH3NH3PbBr3) QDs and investigation on the optical properties and photostability.

e A fast solvothermal synthesis of 2D perovskite NS with precise control of thickness only
by solvothermal temperature control is discussed for the first time.

o Application of perovskite NS in white light emission and fast, UV-visible photodetector.

e Development of a novel strategy to achieve stable and deep blue emission with absolute
unity PL QY through Ce*" and Tb** doping at high concentration in 2D CH3zNHsPbBr3
NS using a solvothermal method and its application in solid state lighting.

e Theoretical analysis of Ce/Tb dopants in the electronic structure of the 2D MAPDbBTr3

perovskite.
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e Growth of Eu®* doped CHsNHsPbBrs NS using simple solvothermal route and
fabrication of a high performance self-biased Eu@CHsNH3PbBr3 based photodetector.

1.9. Organization of the Thesis

The complete thesis work is presented in seven chapters. This chapter, i.e., Chapter 1 presented a
summary of the various dimensional halide perovskite materials including latest developments,
key properties, doping strategies and their promising applications. Chapter 2 presents the growth
kinetics and scaling behavior of vacuum deposited CH3sNHsPbBr3 thin film on various substrates
and correlation of scaling exponents with its microstructural and optical properties. Chapter 3
presents novel synthetic route for the template-assisted growth of size tunable perovskite QDs and
its optical tunability through quantitative analysis. Chapter 4 discusses a novel, highly
reproducible and facile solvothermal route to synthesize and tailor the thickness and optical band
gap of organic —inorganic halide perovskite NSs and its application as light converter and
photodetector. In Chapter 5, we demonstrate a novel strategy to achieve stable and deep blue
emission with absolute unity PL QY through Ce** and Tb*" doping at high concentration in 2D
CH3NH3sPbBrs NS using a solvothermal method. The effect of Ce/Th dopants in the electronic
structure of the 2D perovskite is investigated using density functional theory based calculations to
reveal the origin of large blue shift and high PL QY in the doped NSs. Chapter 6 presents
europium doped 2D layered mixed halide perovskite NS self-biased, stable photodetector.
Chapter 7 summarizes the major findings and important conclusions of the present thesis and

future directions of work.
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Chapter 2

Growth Kinetics of Hybrid Perovskite Thin Films on Different
Substrates at Elevated Temperature and Its Direct Correlation
with the Microstructure and Optical Properties

In this chapter, the growth kinetics and scaling behavior of vacuum deposited CH3sNH3PbBr3 thin
film on various substrates are presented and the same is correlated with its microstructural and
optical properties. AFM analysis reveals an abrupt change in the grain features for thickness, d >
40 nm. Based on the evaluation of the scaling parameters, the perovskite films exhibit an
anomalous scaling behavior for d < 40 nm, and stable growth for d > 40 nm. Interestingly, the
growth exponent (5) is found to be distinctly different, ~0.22 and ~0.90, for the films on ITO and
SiO; substrates, respectively. The study of the temperature-dependent growth kinetics yields
higher activation energy (Ea) for SiO2 (~0.15 eV) than that of ITO (~0.10 eV) substrates indicating
mound-like growth on SiO; substrate. Structural and photoluminescence (PL) studies reveal better
crystallinity of the film on ITO, which is consistent with its low Ea value. Optical absorbance and
PL analyses reveal a blue shift in the bandgap with decreasing thickness attributed to the lattice
expansion. These findings provide new insights on the growth kinetics and optimum conditions

for the vacuum deposition of hybrid perovskite thin films on various substrates.
2.1. Introduction

Organo-metal halide perovskite is currently one of the most far-reaching and promising materials
due to its exceptional performance in various optoelectronic devices. In particular, CHsNHsPbBr3
(MAPDbBr3, MA= CH3NHj3) thin film and nano system have been used in various next-generation
devices, such as light-emitting diodes (LED)[1-4], phototransistor[5], photodetectors[6-11], solar
cells [12-16] and laser[17-20] etc.. Recently, the power conversion efficiency of perovskite-based
solar cells achieved a record high value of 23 %, higher than any other thin-film based photovoltaic
devices [21]. The external quantum efficiency of the perovskite-based LED is reported to achieve
a value of 21.6 %, which is close to the value reported for organic LEDs [22-24]. However, the
poor stability of perovskite-based devices is a major concern. Based on the application, it is

important to achieve high quality and stable thin film with desirable morphology to improve the
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performance and stability of the perovskite-based optoelectronic devices. For the improvement of
the structural and optical quality of the film, various deposition techniques, such as solution
processing, vapor phase method, and numerous morphology control procedures have been
adopted. In particular, transport phenomena, such as injection, separation, and recombination of
charge carriers are known to be strongly correlated to grain size, grain boundaries, molecular
packing, and surface roughness of the film[25, 26]. Hence, an in-depth knowledge of the surface
roughness and grain size is crucial for the enhancement of device fabrication and optimization of
optoelectronic properties. For example, the mobility of the charge carriers is directly related to the
grain size and correlation length of the molecules in thin-film transistor [27]. Various methods
have been reported to improve the surface morphology of the perovskite film in the solution
process. However, precise control of grain boundaries and surface roughness are better achieved
using the vacuum deposition method. Further, vacuum deposited processed better suited for large

area devices with reproducible performance.

In the literature, the growth Kinetics and scaling properties of several pure organic and some
inorganic thin films have been studied [25, 28-31]. However, the detailed analysis of surface
roughness, grain size, and growth model of hybrid perovskite MAPbBr3 is not reported yet.
Controlling the growth and surface morphology of perovskite film, using the vacuum co-
evaporation method possesses several fundamental challenges due to its hybrid nature, the
inorganic part (PbBr2) of MAPDbBrs being dominated by strong binding energies. In contrast, the
organic part (MABY) is bounded by relatively weak van der Waals forces, and it has higher degrees
of freedom than the inorganic counterpart. Owing to the different orientations of organic and
inorganic parts of the perovskite, the deposition process does not follow the conventional growth
models. The growth kinetics of MAPbIs film is recently reported by Liu et al [32], however an in-
depth analysis of the scaling exponents and its correlation with the structural and optical properties
of the film are not explored yet. Further, it is important to understand the effect of molecular-level
interaction of perovskite MAPbBrs molecules with different substrates for its practical
applications. Interestingly, the vacuum deposition is an established method and well suited for
large-scale fabrication of optoelectronic devices. However, very few studies have addressed the
growth kinetics and scaling behavior of vacuum-deposited perovskite thin films and its correlation,
if any, to the observed optoelectronic properties of the films. Due to immense technological

implications and emerging applications of perovskite thin films, it is imperative to develop a
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thorough understanding of the growth kinetics of vacuum-deposited perovskite thin film to

optimize the quality of the film and the related device performance.

Here, the growth kinetics of vacuum deposited MAPbBr3 thin film on ITO, and SiO» substrates
are studied along with the effect of various growth parameters on the structural and optical
properties of the film. MAPbBr3 thin film was deposited using a vacuum co-evaporation method
at various substrate temperatures (25-100 °C) and various thicknesses (4-120 nm). The variation
in surface morphology and statistical behavior of the films as a function of its thickness and growth
temperature with film thickness is studied with the help of FESEM and AFM images. The scaling
parameters were extracted from the height-height correlation function (HHCF) to develop an
insight into the growth pattern on different substrates. Optical absorption, photoluminescence (PL)
and time resolved PL (TRPL) analyses were carried out to understand the effect of growth
parameters on the optical properties of the films. Low-temperature PL analysis was carried out to
evaluate the radiative recombination and non-radiative defects, exciton phonon coupling, and the
exciton binding energy of the vacuum deposited MAPDbBr3 film. Finally, we have attempted to
correlate the growth/scaling parameters with that of the structural and optical characteristics of the

films on two different substrates.
2.2. Experimental Procedure

2.2.1. Materials

The starting materials for the present work are methylamine solution (CH3NHs, 33 wt% in absolute
ethanol, Sigma-Aldrich), lead (I1) bromide (PbBr2, 99.999 %, Sigma-Aldrich), hydrobromic acid
(HBr, 48 wt% in water, Sigma-Aldrich), N,N-dimethylformamide (DMF, >99 %, Sigma-Aldrich),
and diethyl ether (>99 %, Merck).

2.2.2. Synthesis Procedures
2.2.2.1. Synthesis of CH3sNH3sBr

To prepare the CH3NH3Br powder, 8 mL of diluted methylamine solution in ethanol was stirred
in 250 mL round-bottom flask, and then 3 mL of hydrobromic acid was slowly added in an ice

bath with vigorous stirring at 800 rpm for 2 h. Subsequently, the solution was heated at 70 °C for
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7 h with continuous stirring to evaporate the solvent. The obtained white CH3NH3Br powder was

washed several times with ethanol and dried at 60 °C.
2.2.2.2. Deposition of MAPbBrs Thin Film

MAPbDBr3 thin film was thermally evaporated in a high vacuum evaporation chamber (HHV,
Bangalore) with a base pressure ~10° mbar. Before the deposition, the substrates were cleaned
sequentially by deionized water, acetone, and 2-propanol with sonication for 15 min each to
remove the organic contamination from the substrate. Afterward, the substrates were again rinsed
with deionized water followed by heating at ~200 °C and allowed to cool down slowly to room
temperature. The substrates were then transferred to the evaporation chamber and placed on a
substrate holder. The sublimation temperatures of CHsNH3zBr and PbBr, were maintained at 120
°C and 280 °C, respectively, and then simultaneously deposited onto the substrates. The substrate
holder was placed above the crucible and heated at different temperatures. The substrate holder
was rotated at a slow speed (~40 rpm) to enable uniformity of the deposited film. The deposition
rate (~0.6 A/s) was maintained at a very low value to allow enough time for the molecules to
interact with the substrate and deposit uniformly, and the film thickness was monitored in-situ
using a quartz thickness monitor. MAPDBTr3 thin films of various thicknesses (4-120 nm) were
deposited for different durations (1, 3.5, 7, 14, 28 and 36 min) and at various substrate temperatures
(Ts=50, 60, 70, 80 and 100 °C).

2.3. Characterization Techniques

The molecular stability of the precursor organic molecule MABr was examined using
thermogravimetric analysis (TGA) (NETZSCH) in Ar gas. The surface morphology of the
MAPbDBTr3 thin film was characterized using FESEM (Sigma, Zeiss) and AFM (Cypher, Oxford
Instruments) measurements. For the structural characterization, high power X-ray diffractometer
(Rigaku RINT 2500 TRAX-I1I, Cu-Ka radiation) was utilized in powder mode. UV-Vis absorption
spectra were recorded using a commercial spectrophotometer (PerkinElmer, Lamda 950). The
room temperature steady-state PL spectra of MAPbBr3 film were recorded using a 405 nm diode
laser excitation with the help of a commercial fluorometer (Fluoromax-4, Horiba Scientific). Low
temperature (80-300 K) PL measurements were carried out using a liquid nitrogen-cooled optical

cryostat (Optistat DNV, Oxford Instruments) attached to the above fluorometer and excited with
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a 405 nm laser. Time-resolved PL measurements were performed using a 405 nm pulsed laser

excitation, with an instrument response time of < 50 ps (LifeSpecll, Edinburgh Instruments).

2.4. Results and Discussions

2.4.1. Molecular Stability and Morphology Studies

Since the structure of the organic component of the perovskite molecule is susceptible to
temperature, the molecular stability of MABr and PbBr, were first characterized by TGA
measurement (see Fig. 2.1). TGA data show that the MABr and PbBr; are stable up to ~220 °C
and 500 °C, respectively. Our optimized sublimation temperatures for MABr and PbBr; are ~120
°C and 280 °C, respectively, which ensures that the molecules are not fragmented or decomposed

during the vacuum deposition process.
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Fig. 2.1. Thermogravimetric analysis plot for (a) CHsNH3sBr and (b) PbBr, molecules.

The surface morphology of vacuum deposited MAPDbBTr3 thin film was first investigated using
FESEM imaging. FESEM image of the 20 nm (thickness) perovskite thin film (see Fig. 2.2(a))
reveals large grain size and partial/incomplete surface coverage, while the 40 nm thin film shows
complete surface coverage, with compact and uniform morphology, without any pinholes (see Fig.
2.2(b)). FESEM image of the 120 nm film (Fig. 2.2(c)) reveals the presence of larger crystal grains
with a complete surface coverage. Note that the substrate temperature was maintained at 50 °C for

these samples.
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Fig. 2.2. FESEM images of MAPbBr3 films of various thicknesses: (a) 20 nm, (b) 40 nm, and (c) 120 nm on the ITO-
glass substrate at 50 °C.

The surface morphology of the vacuum-deposited film and statistical parameters of the growth
kinetics were analyzed by AFM imaging in the tapping mode (size: 512x512 pixel) to avoid any
damage to the film. To optimize the growth parameters, we attempted different sublimation
temperatures of the precursors, and various substrate temperatures (Ts). The optimized conditions,
which provided uniform and compact surface morphology, are adopted for further experiments.
AFM topography images of 40 nm MAPbBTr3 thin film deposited at room temperature (Ts = 25 °C)
show very abrupt grain features on both the ITO and SiO> substrates (See Fig. 2.3).

MAPLBr /ITO" . #g R .~16.9 nm@MAPbBr/SiO, MR ~42.6nm

»

Fig. 2.3. AFM topography images of the perovskite film of 40 nm thickness grown on ITO and SiO, without any
substrate heating (Ts = 25 °C).

Therefore, for the stable growth of the film, the substrate temperature was chosen as 50 °C, which
is much less than the molecule desorption temperature. Multiple AFM images/scans were taken at
different locations of the film to check the surface morphology, and the typical images are shown
in Fig. 2.4. AFM topography images (area 2 pm x 2 um) of the MAPbBr3 thin films of various
thicknesses on ITO and SiO; substrates deposited at 50 °C are presented in the upper and lower
panels of Fig. 2.4. AFM images of the bare ITO and SiO2 substrates are shown in the first column
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of Fig. 2.4, indicating an extremely smooth surface for the SiO substrate. When the perovskite
film of thickness 4 nm is deposited, large-sized, isolated spherical crystals are observed, which are
divergently distributed, resulting in higher surface roughness than the corresponding substrate. As
shown by the arrows in Fig. 2.4, at the initial stage of the growth (d ~ 4 nm), large number of
grains are formed along with small grains before covering the substrate. Here, the molecules follow
a hit and stick model at the surface height level since the molecule remains at the position where
it was deposited. As the film thickness increases to 10 nm, the isolated grains/crystals grew in
number and formed bigger clusters, which are uniformly distributed, and eventually the surface

roughness decreases for the film on both the substrates (Fig. 2.4). As the film thickness increases

"RV R=550m[E € R~651m
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Fig. 2.4. AFM topography images (scan size: 2x2 pum) of bare substrates and perovskite thin film of various
thicknesses (d ~ 4 —120) nm on ITO coated glass and SiO; substrate, respectively; RMS roughness (Rg) for each film
is mentioned in the inset of the corresponding image.

to 20 nm, crystal size is enlarged due to coalescence of the small crystals, which results in higher
coverage of the surface with perovskite film consisting of very few open channels. For the 40 nm
film, secondary nucleation takes place, resulting in the full coverage of the substrate and reduction
in the surface roughness and grain size. With further increase in the film thickness (> 40 nm), the
crystallites are no longer spherical, revealing the presence of anisotropy as the clusters
agglomerate. In addition, there is an increase in grain size as well as surface height (see Fig. 2.4)
due to vertical nucleation of the grains. The variation in grain size and RMS roughness of
MAPDBTr3 film grown on ITO and SiO> substrates are shown in Fig. 2.5(a,b) revealing quite similar
behavior for both the substrates. However, at higher thickness the RMS roughness is much higher
for the film grown on SiO: substrate as compared to that of ITO substrate, indicating a different

growth mechanism for the SiO> substrate. More uniform growth of the film on ITO substrates is
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observed perhaps due to better accommodation of perovskite molecules on the ITO substrates.
Interestingly, we observed the minimum surface roughness and minimum grain size for the film
thickness of 40 nm on both the substrates. Therefore, the film thickness of 40 nm is considered
optimum here for the growth of smooth and compact film at a substrate temperature of 50 °C. The
effect of substrate temperatures on the growth of perovskite film is studied next for further

optimization of the film (40 nm) quality.
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Fig. 2.5. Comparison of grain size and RMS surface roughness of MAPbBr; films as a function of film thicknesses
(d) grown on (a) ITO and (b) SiO2 substrates.

Topographical AFM images of the optimized perovskite thin film (40 nm) grown on ITO and SiO>
substrates at various substrate temperatures, Ts = 50 -100 °C, are shown in Fig. 2.6. As the substrate
temperature is increased, the crystallite size and RMS surface roughness (Rq) of the films are
increased systematically (see Fig. 2.6). At Ts = 60 °C, coalescence of two crystal grains is clearly
discernable for the film on ITO substrates, while larger surface roughness (Rq ~9.4 nm) is observed
for the film on SiO; substrate and it reveals a mound-like growth behavior. In the ITO case, as the
substrate temperature is increased from 70 °C to 80 °C, the nearly spherical crystallites change its
shape to anisotropic and irregular shape, and the grain size is dramatically increased from ~43 nm
to ~123 nm. This is probably due to the coalescence of smaller grains to the larger elongated grains
through the diffusion process. At Ts = 100 °C, the presence of small crystallites on large grain

feature is noticeable because of the fact that the substrate temperature was close to the MABr
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sublimation temperature; so, the thermodynamic driving forces may be dominantly responsible for
the overall evolution of the surface morphology (see Fig. 2.6). At high substrate temperatures, the
crystallite shape changes from spherical to highly anisotropic and surface roughness is largely
increased along with large grain size for the film deposited on SiO: substrates, indicating the

=5 3 T ~ =
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> T ’v I
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Fig. 2.6. AFM topography images (scan size: 2x2 um) of optimized perovskite film (40 nm) deposited at various
substrate temperatures Ts = 50-100 °C on ITO coated glass substrate and SiO»/Si substrate; the corresponding RMS

roughness (Rq) is mentioned on the respective images.

predominance of island-like growth. It is clear that with increasing substrate temperature, the grain
size and RMS surface roughness increase systematically, as shown in Fig. 2.7(a,b). These results
indicate the significant role played by the substrate temperature on the morphological and

structural evolution of perovskite film, which are studied here for the first time.

To elucidate the details of the growth kinetics, it is necessary to identify various scaling exponents:
roughness (a), growth (5), and dynamic (1/z) exponents. The scaling concept considerably
simplifies the description of the thin film surface and introduces various aspects of a rough surface.
The scaling exponents are calculated from height-height correlation function (HHCF), g(r), which
is defined as the statistical average of the mean square of height difference between two surface
positions separated by a lateral distance r, is given by, g(r) = ([h(r + ") — h(r")]?), where, h(r")
and h(r + r’) are the surface heights at r and (r + r’), respectively. HHCF is extracted from the
AFM images taken at different regions by spatial averaging for a distance much larger than r to
avoid the edge effects using Gwyddion software [29]. Sinha et al. proposed the functional form of
HHCF for the isotropic self-affine surface [33], g(r) = 2w?[1 — exp{—(r/&)?%}]. Hence, g(r)
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behaves differently in two different regions depending on the relative magnitude of r and
correlation length, & (i) g(r) o« r2® for, r < &, where « is the roughness exponent (0 < a < 1)
and (ii) g(r) = 2w? for, r > &, where w is the mean square surface roughness defined by w =
((h — (h))?)1/2. w and & depend on the film thickness (d) and vary according to the power-law:
w « df and & « d/# where f and 1/z are the growth and dynamic scaling exponents, respectively
[29]. Fig. 2.8(a,b) show a comparison of the HHCF in the log-log scale for MAPbBTr3 film of

various thicknesses (d = 4-120 nm) grown on the ITO and SiO> substrates, respectively. It is
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Fig. 2.7. Comparison of grain size and RMS surface roughness of optimized perovskite films grown on (a) ITO and
(b) SiO; substrates as a function of substrate temperature (Ts).

evident that the HHCF, g(r), is significantly increased after the deposition of the film on both the
substrates. At low thickness, before the formation of continuous film, g(r) value is high, and with
increasing film thickness g(r) values systematically goes down until d = 40 nm, and afterward, it
again shifts upward with increasing thickness, as revealed from Fig. 2.8(a,b). Thus, at the initial
stages of the growth, g(r) displays an anomalous behavior for both the substrates, since in general,
the HHCF shifts upward with increasing thickness for other organic materials [29]. Fig. 2.8(c,d)
show the variation in HHCF as a function of the substrate temperature (Ts = 50-100 °C) for the
optimized film (d=40 nm) on ITO and SiO2 substrates, respectively. On both the substrates, the
g(r) value of the film (40 nm) shifts upward with the increase in substrate temperature. As

discussed above, the HHCF increases linearly for small r and saturates at larger r following the
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Fig. 2.8. HHCF g(r) as a function of distance r for MAPbBTr; thin films on (a) ITO and (b) SiO; substrate with various
film thicknesses. HHCF g(r) as a function of distance r for optimized MAPbBr; thin film (40 nm) at various substrate
temperatures on (c) ITO and (d) SiO; substrate.

asymptotic behavior. Roughness exponent, o, is calculated from the linear fitting of the g(r) vs. r
plot in the linear region, and RMS roughness, w, is calculated from the intercept at the higher r
region. The behavior of HHCF as a function of film thickness suggests two different growth modes
for the films: (a) an anomalous growth mode before full coverage of the substrate (i.e. at d < 40
nm), and (b) a stable growth mode after the formation of the compact film (at d > 40 nm). Fig.
2.9(a) shows the variation of roughness exponent, a, with the film thickness on ITO and SiO>
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substrates. The value of « varies largely in the anomalous growth region, and it is nearly constant
in the stable growth region. The average value of « in the stable growth region is 0.90 and 0.91 for
the film grown on ITO and SiO> substrates, respectively (see Fig. 2.9(a)). At higher substrate
temperature, the average roughness exponent, «, is found to be 0.93 for the film grown on ITO and
SiO> substrates (see Fig. 2.9(b)). Fig. 2.9(c) shows the schematic representation of the local
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Fig. 2.9. Roughness exponent, «, as a function of MAPbBT; film (a) thickness, d and (b) substrate temperature, Ts. (C)
Schematic of film surface morphology for different values of roughness exponent (a).

surface of the film for the low and high values of a. Note that « represents the short-range
roughness/surface-irregularity of self-affine surface; a near-unity roughness exponent corresponds
to a locally smooth film. In the present case, the value of « is found to be close to unity signifying
a locally smooth surface. Fig. 2.10(a) shows the variation of RMS roughness, w, as a function of
the thickness of the film grown on ITO and SiO: substrates. At the initial stage of the growth, an
anomalous behavior is observed with scaling exponent, 5<0 followed by crossover to >0, and this
kind of behavior is reported for rubrene molecule[30]. Since the scaling behavior is unstable in
lower thickness region, the linear fit for w vs. d plot applies to the higher thickness region (d > 40
nm), and the growth exponent, g is calculated from the slope showing the distinct values of S as
0.21 + 0.01 and 0.90 + 0.05 for the film grown on ITO and SiO, substrates, respectively.
Interestingly, larger value of g for the film on SiO> substrate as compared to that on ITO substrate
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signifies large step-edge barrier or Ehrlich-Schwobel barrier (Ees), which restricts the molecules
to diffuse over the nearest step and favors the growth on the same step resulting into the island-
like growth, as revealed from the AFM images [29, 34]. High g (> 1/2) value is often associated
with rapid roughening behavior [34], as seen in the AFM images for the film on SiO substrates.
In the random deposition (RD) limit, WRD~DW , IS expected to give an upper limit on w [35],
where D is the molecular size, here ~11.913203 A (lattice constant of MAPBr3 along c-direction,
as most of the molecules are adsorbed vertically on the SiO2 substrate), and d is the film thickness.
We found $>1/2 (here, p ~ 0.71 for d = 40 nm; w ~ d#), which is consistent with the earlier
calculated value (5>1/2 from HHCF analysis). This limit is attained if every particle stayed on the
surface height where it was deposited [36]. In our case, the rapid roughening occurs probably due
to the transportation of matter to the higher layers which is acquired from thermodynamic driving
force (as, e.g., substrate temperature Ts = 50 °C and slow deposition process), and this kind of

rapid roughening is reported for other organic molecules [36].

The growth exponent () and roughness exponent (o) generally reveal the vertical features of the
surface, but it does not provide any information about the lateral correlation between two surface
heights separated by r. To gain an insight into the lateral features, the lateral correlation length (&)
is calculated from the autocorrelation function (R(r)) which is extracted from the AFM images
using Gwyddion software. & measures the correlation of surface heights separated laterally by r
and is defined as the value of r, at which autocorrelation function decreases to 1/e th of its original
value, i.e., R(¢) = 1/e. & denotes a representative lateral dimension of a rough surface and the
two points are considered to be correlated if the distance between two surface points is within £.
Hence, the auto-correlation function R(r) is an important characteristic function to describe the
surface morphology of thin film, as different rough surfaces may have different autocorrelation
functions. Correlation length is calculated from autocorrelation function and it is plotted as a
function of the film thickness in Fig. 2.10(b). The & vs d plot is fitted with a straight line in the
stable growth region to obtain the dynamic exponent (1/z). Dynamic exponent, 1/z, is found to be
0.32 £0.03 and 0.44 + 0.01 for the films deposited on ITO and SiO> substrates, respectively. Note
that the scaling exponents are not fully independent; these are generally connected by the given
relation: B/a = 1/z [37-40]. In the present case, /o (ITO) = 1/z - 0.09 and p/a (SiO2) = 1/z +

0.55, indicating a pronounced deviation from the scaling law for the SiO- case.
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Fig. 2.10. (a) RMS roughness, w, and (b) correlation length, & as a function of perovskite film thickness on various
substrates. (c) RMS roughness, w, as a function of substrate temperatures for the optimized film thickness (40 nm)
grown on ITO and SiO, substrates. The symbols in each figure correspond to the experimental data, and the solid line
signifies the fitted data. (d) Schematic of the growth models for the perovskite thin films on ITO and SiO; substrates.
Ees represents the Ehrlich-Schwobel barrier energy.

It has been reported that in the case of vertical growth of molecules [34], deviation from the scaling
law is prominent. To understand the origin of the roughening during the growth, we have deposited
the perovskite thin film at different substrate temperatures, which enables the calculation of
molecular activation energy. As shown in Fig. 2.10(c), with the increase in substrate temperature
Ts, the RMS roughness (w) amplitude increases, and it closely follows an Arrhenius behavior given
by w «< exp(—E,/kgT), where Ea and kg are the activation energy and Boltzmann constant,
respectively. The activation energy of the molecule is often associated with rotational and
translational barriers of the molecular diffusion. Hence, it is essential to gain the knowledge about

the activation energy to engineer the performance of various optoelectronic devices. The activation
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energies calculated from the fitted parameters for the In(w) vs 1/kgTs plot for the films grown on
ITO and SiO substrates are found to be 0.10 + 0.01 eV and 0.15+0.01 eV, respectively, as shown
in Fig. 2.10(c). The values of various scaling exponents are tabulated in Table 2.1. A comparison
of various scaling exponents calculated in the present case with the earlier reported values of
different organic and inorganic films is presented in Table 2.2. Interestingly, the activation energy
of the perovskite film on the ITO substrate (0.10 eV) is lower than that of the SiO, substrate (0.15

Table 2.1. Details of the scaling exponents of the CHsNHzPbBrs thin film on different substrates.
d and Ts correspond to the thickness and substrate temperature.

Film Substrate Roughness Growth | Dynamic | Activation
exponent, <a> exponent, . scaling energy,
d TS p exponent, Ea (eV)
variation | variation 1/z
MAPDBr3 ITO 0.90 0.93 0.22 0.32 0.10
SiO: 0.91 0.93 0.90 0.44 0.15

Table 2.2. A summary of experimentally determined scaling exponents and activation energy (Ea)
for the perovskite thin films and several organic and inorganic thin films reported in the literature.

Thin film/ Substrate p 1/z Ea (eV) Ref
MAPDBrs/ITO 0.22 0.32 0.10 This work
MAPDBI3/SiO; 0.90 0.44 0.15 This work

Oligomer/Si 0.28 0.31 0.37 [25, 31]
ZnOl/glass 0.53 - - [28]
SnCl,Pc/Si 0.21 0.12 - [29]
SnClPc/glass 0.48 0.26 -
MAPbI3/Si 0.79 0.78 - [32]
PTCDA/glass 0.54 0.25 - [34]

eV), which implies an easier diffusion of molecules in case of ITO substrate. Higher activation
energy or a large step-edge barrier for the film on SiO> substrate indicates that the perovskite

molecules cannot diffuse easily to the adjacent layer/ island, i.e., lateral diffusion is less probable

TH-2453_156121029



CHAPTER 2 | 46

giving rise to 3D island-like growth on SiO- substrate (See Fig. 2.10(d)). In contrast, the film on
the ITO substrate prefers to diffuse to lower layer and grow side by side resulting in the smoother
film at higher thickness. Therefore, the higher values of £ and Ea in case of SiO> suggest a large
step-edge barrier preventing new molecules from diffusing to a lower layer, which leads to the
upward growth of the film on the SiO> substrate and, as a consequence, the surface roughness of
MAPbDBTr3 is very high [34]. However, the barrier height is relatively lower in case of ITO substrate,
which allows the new molecules to diffuse to the next lower level after looking for more
energetically favorable positions resulting in very uniform and homogeneous growth of the film
(see Fig. 2.10(d)).

Note that we have observed a dramatic change in the surface morphology of MAPBr3 film above
d> 20 nm. It is highly inhomogeneous at d ~ 4 nm with large grains (bright spots in Fig. 2.1) in
between small grains and high surface height (~ 500 nm), while at d ~ 40 nm, uniform grains with
low surface height (~ 25 nm) are observed. Note that at higher thickness (e.g., d=120 nm), the
RMS roughness is considerably higher in case of SiO> substrate than that of ITO substrate. One
plausible explanation for the transition in morphology at higher thickness/deposition time is as
follows. At low thicknesses (d <40 nm), MAPBrs molecules remain on the surface height level
where it was initially deposited. Here shadowing effect is negligible, since the substrate holder
was rotated during the deposition. On the other hand, at higher thickness (d > 40 nm), reemission
of molecules as well as diffusion of molecules might occur from large surface height, and at the
same time, smaller grains may effectively increase their surface height due to the incoming flux of
large number of molecules. Next, coalescence may occur between two adjacent grains and thus
the roughness is low at higher thickness. However, in case of SiO2, due to large activation barrier,
diffusion of molecules is not pronounced and hence RMS roughness is not as low as that of ITO
substrate. Another possible mechanism that may contribute to the surface roughness is the
dissociation of the molecules at higher substrate temperature. The large grains (lateral size = 312
nm), which was observed at d ~ 4 nm, might dissociate into smaller grains (lateral size ~ 200 nm)
at higher thickness/ deposition time (d > 40 nm) due to high thermal mass (high temperatures of
the molecules due to the thermal energy gained during the sublimation process) and the substrate
at elevated temperature. After dissociation, grains may become thermodynamically more stable
and relaxed; consequently, the overall morphology is uniform at higher thickness. Further, due to

the difference in temperature between the sublimed molecules and the substrate (at relatively lower
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temperature), lattice strain is introduced in the films (as indicated from the XRD analysis). Also,
the evolution of surface roughness with thickness may be partly related to the change in
conformational degrees of freedom of the molecules[30]. At the higher thickness, the molecules
orient their direction to strongly interacting planar molecules which triggered the smoothness of
the film[30].

2.4.2. Structural Analysis

With the above understanding of growth kinetics of the film on two different substrates, it would
be interesting to correlate the growth behavior with its crystal structure. The structural quality of
the vacuum deposited MAPDbBTr3 film at different stages of growth is evaluated from the XRD
analysis. Fig. 2.11(a) shows a comparison of the XRD pattern for different thicknesses of the films
grown on ITO substrate. Even at low thickness (~ 4 nm), the XRD pattern reveals a highly
crystalline film on the ITO substrate as compared to that of the SiO> case. Note that the intense
XRD peak at 35.30° is related to ITO substrate and its intensity decreases with the increase in
deposition time/film thickness due to the complete coverage of the substrates with perovskite film.
The intensity of perovskite (100) diffraction peak at 14.97° is the highest for the film thickness of
40 nm on ITO. A closer look at the XRD peak for (100) plane reveals a systematic shift towards
higher 26 angle with increasing thickness of the film (see Fig. 2.11(a)). As film thickness
increased from 4 nm to 120 nm, the 26 value increases by ~ 0.11° implying a decrease in
interplanar spacing with increasing thickness. It is evident that as the film thickness increases, the
crystal lattice spacing decreases, which may affect the bandgap of the film (discussed later). The
XRD patterns of perovskite film as a function of thickness on the SiO; substrates are shown in
Fig. 2.11(b). Only (100) diffraction peak is observed at 14.97° for the 4 nm film on SiO> substrates
indicating growth of the molecules primarily along the (100) direction. At higher thickness, along
with highly intense (100) diffraction peak, (200) and (210) diffraction peaks are also observed at
30.20° and 33.90°, respectively. Note that the XRD pattern of the films grown on SiO; substrate
reveals the presence of (100), (200) and a slight trace of (210) diffraction peaks, while the film
grown on ITO substrates is relatively smoother as compared to SiO2, and it shows multiple
diffraction peaks, which is consistent with the lower £ value, and lower activation energy for the
ITO substrate. As discussed earlier, higher g value for SiO case implies a higher step-edge barrier

leading to the island like growth and steepness of the perovskite crystallites. The presence of (200)
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Fig. 2.11. (a, b) Comparison of the XRD pattern of perovskite film of various thicknesses on ITO and SiO, substrates,

respectively. (c,d) Comparison of the XRD pattern of MAPbBr; film of an optimized thickness (40 nm) grown at
various substrate temperatures on ITO and SiO; substrates, respectively.

and (210) peaks for the higher thickness of the film on SiO; indicates mound plus layer type
growth. At higher thickness, the intermolecular interaction increases due to the presence of excess

molecules and some molecules could overcome the step-edge/potential barrier to reach the lower
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steps. At lower thicknesses, perovskite film prefers to grow along the upward direction instead of
the lateral direction on the SiO. substrate. However, the molecular plane of MAPbBTrs3 is oriented
parallel to the ITO substrates, which maximizes the intermolecular interactions in a direction
normal to the surface [34]. This configuration allows the freshly deposited molecules to overcome
the step-edge barrier, and molecules could diffuse to the energetically favorable adjacent lower
layer resulting in a layered configuration and a relatively smooth morphology. Our results for the
perovskite film on ITO substrates show better crystallinity due to more stable molecular
configuration. Fig. 2.11(c) shows the effect of substrate temperature (Ts) on the XRD pattern of
the 40 nm (optimized) perovskite film on the ITO substrate. As the Ts increases, the intensity of
the principal peak (100) decreases systematically, and at Ts = 100 °C, the peak disappears
completely, while the peaks related to perovskite precursors and ITO substrate appear in the XRD
pattern. This is likely to be caused by the partial degradation/desorption of the perovskite molecule
at high substrate temperature. Substrate temperature (Ts) dependence of the film crystallinity on
the SiO> substrate is shown in Fig. 2.11(d) showing nearly identical behavior as that of the ITO
case, except the relatively lower intensity of the XRD peaks in SiO> case. Our results show that
high crystallinity and smooth surface of the perovskite film is obtained for the ITO substrate at Ts

=50°C and d = 40 nm, which are considered as optimum for the device quality film.
2.4.3. Optical Analysis

The effect of film thickness on the optical properties of the MAPbBr3 film was studied through
optical absorption and emission spectra. UV-Vis absorption spectra of perovskite films of various
thicknesses are shown in Fig. 2.12(a) revealing a systematic blue shift in the absorption edge with
the increase in thickness. The excitonic absorption peak at the absorption edge is observed for the
films at room temperature, which is the characteristics of a strong excitonic transition. The
bandgap of the vacuum-deposited film was obtained from the corresponding Tauc plot. Fig.
2.12(b) shows the comparison of the Tauc plot of MAPDbBTr3 film of thicknesses 10, 40, and 120
nm calculated from corresponding absorption spectra. As the film thickness decreases, we
observed a systematic blue shift of the absorption edge, perhaps related to the lattice distortion.
The Tauc plot reveals the bandgap of 2.29, 2.25 and 2.24 eV for the films of thickness 10, 40, and
120 nm, respectively. The slopes of the Tauc Plot corresponding to thickness 10 nm, 40 nm and
120 nm are 10.14, 5.43 and 10.45. Weaker slope or weaker Urbach tail in 40 nm thick film implies
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the presence of less disordered state. 40 nm film shows uniform and pin-hole free film which
supports the weaker slope in Tauc plot. Lower and higher thickness film exhibit anisotropy and

irregularity. The PL emission spectra of the films were recorded with the 405 nm laser excitation.
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0.4 -

Absorbance

T T T T T T T T 00 T T % T v
480 510 540 570 2.0 2.2 24 2.6
Wavelength (nm) Energy (eV)

Fig. 2.12. (a) Absorption spectra and the corresponding (b) tauc plot of perovskite films grown on ITO with various
thicknesses.

A comparison of the normalized PL spectra (normalized to 1) of MAPbBr3 films is shown in Fig.
2.13(a) revealing a systematic blue shift (15 nm) in peak position with decreasing film thickness.
The observed emission peaks are at 525, 530, 530, 532, 533, and 540 nm for the film thicknesses
4, 10, 20, 40, 80, and 120 nm, respectively. Inset of Fig. 2.13(a) shows the change in PL peak
intensity with film thickness (calculated at the corresponding PL peak value and normalized with
the film thickness) revealing the highest PL intensity for 10 nm film, and the PL intensity reduces
at higher thickness possibly due to the presence of nonradiative recombination centers. Note that
the large blue shift in the PL peak with the change in thickness from 120 nm to 80 nm cannot be
explained through the quantum size effect. The blue shift can be explained from the change in the
lattice constant of the perovskite crystallites in the film. Interestingly, we find a clear correlation
among the film thickness, interplanar spacing, and the PL peak shift, as shown in Fig. 2.13(b). It
is evident that as the film thickness increases, the crystal lattice spacing decreases (inset of Fig.
2.13(b)), and correspondingly the bandgap decreases. For conventional semiconductors, the
bandgap is inversely proportional to the interplanar spacing [41]. In general, decrease in interplanar

spacing leads to the stronger binding force between valence electrons with the core atoms, and as
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a result, the valence electrons move to the lower levels which in turn, increases the energy gap
between the conduction and valence band. However, in the case of perovskite semiconductor, the
bandgap increases as the interplanar spacing increases. The bandgap of perovskite is primarily
determined by the bonding between the metal (Pb cation), and the halide (Br anion), which form
the [PbBre] octahedral structure [42-44]. The valence band maximum (VBM) is determined by
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Fig. 2.13. (a) Normalized PL spectra of perovskite film with different thicknesses on the ITO substrate; the inset shows
the variation of PL intensity with film thickness where PL intensity (Ir.) is normalized by the thickness (d) of the film.
(b) Change in bandgap with the thickness of perovskite film; the inset shows change in (100) interplanar spacing
(dspacing) With thickness. (c) Comparison of PL spectra of the perovskite film (120 nm) grown on ITO and SiO>
substrates. (d) Temporal change in PL spectra of MAPDbBr; film (120 nm) on ITO substrate recorded at specific
intervals under continuous laser illumination (405 nm, 15 mW); the inset shows the change in PL intensity as a
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antibonding hybrid states of the halide p and metal s orbitals, while the conduction band minimum
(CBM) is affected by a hybrid of metal p and halide p orbitals and bonding between s and d states
of Pb [42, 43]. The conduction band is mostly comprised of a nonbonding hybrid of Pb and Br
atoms, which makes it less affected by any structural distortion [43]. However, VBM is extremely
sensitive to lattice distortion; any change in the lattice structure of the perovskite increases the Pb-
Br overlap, which destabilizes the VBM and increases the bandgap [43]. It is reported that the
bandgap isotopically increases as the interplanar spacing increases due to the shift in VBM to the
higher energy levels [43, 45]. Taking advantage of this behavior, the bandgap of perovskite can be
easily tuned from 1.5 to 3 eV by changing the halide compositions from | to Cl via Br [46]. Thus,
the blue shift in the PL peak at lower thickness is ascribed to the decrease in the lattice constant of

the perovskite crystals.

Next, we discuss the substrate-dependent intensity of the PL spectra, as shown in Fig. 2.13(c). For
the film thickness of 120 nm, PL intensity is ~2.2 times stronger for ITO substrate than that of
SiO2 substrate. As revealed from the growth kinetics analysis, the film on 1TO favors uniform and
compact growth due to lower step-edge barrier (0.1 eV), and the molecular orientation favors the
growth of the film with high structural and optical quality than that of SiO». Since the molecules
could easily move towards lower levels on the ITO substrate, it leads to the formation of more
compact film comprising fewer pinholes and low trap states, resulting in higher PL intensity. The
optical stability of the perovskite film (120 nm) on the ITO substrate is examined under continuous
irradiation of 405 nm laser, and the PL spectra were recorded at regular intervals, and results are
shown in Fig. 2.13(d). During the first 1 hr, the PL peak intensity (measured at 540 nm) increases
by ~100 % due to laser exposure and afterward the intensity decreases and finally it reaches a
plateau with intensity higher than the initial value (see the inset of Fig. 2.13(d)). The initial
increase in PL intensity is believed to be caused by laser-induced heating and defect healing.
Improved optical performance under prolonged laser exposure has been reported [47, 48].
Prolonged laser exposure is stated to cause local heating, which in turn reduces the defect
concentration resulting in higher PL emission [47, 49]. Thus, the vacuum-deposited perovskite
thin films are highly stable under UV laser exposure, which is significant for their practical

application.
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Low-temperature PL measurement was conducted in the temperature range 80-300 K at an interval
of 10 K, to assess the contribution of radiative and nonradiative processes, and the results are
shown in Fig. 2.14(a). The inset of Fig. 2.14(a) shows the PL intensity count as a function of
temperature for the sample with film thickness 120 nm. Note that higher thickness samples showed
lower intensity of PL due to the contribution of nonradiative channels. As the temperature
decreases from 300 to 80 K, integrated PL intensity systematically increases by a factor of ~682,

due to the reduced thermal quenching and the suppression of the nonradiative processes at low
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Fig. 2.14. (a) Temperature-dependent PL spectra of perovskite film (120 nm) in the temperature range 80 - 300 K; the
inset shows the temperature dependence of PL intensity. (b) Integrated PL intensity vs. inverse of the temperature for
120 nm perovskite film. The experimental data are fitted with the modified Arrhenius equation.

temperatures. Since the PL emission is quite stable and intense near room temperature, the exciton
binding energy can be calculated from the temperature-dependent intensity of the spectra. Fig.
2.14(b) shows the variation in PL intensity with inverse of temperature in the high-temperature
region (250-300 K) and the experimental data are fitted with a modified Arrhenius equation [46],
given by,

I(T) =1,/(1 + Aexp(— Eg/kgT)) (2.1)

where, I(T) and lo are integrated PL intensities at T K and 0 K, respectively, A, Eg, ks are the
constant, exciton binding energy, and Boltzmann constant. Exciton binding energy extracted from
the fitted data is found to be ~92 meV for the MAPDbBr3 film, which is relatively higher than the

reported values. Exciton binding energy of the bulk perovskite film prepared using the solution
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method is reported to be in the range 30-70 meV [50-52]. In the present case, the exciton binding
energy (> ksT) is relatively large compared to the earlier reported values [50-52]. Higher exciton
binding energy of the film than the room temperature thermal energy (ksT) is responsible for the
stable PL emission at room temperature, mainly caused by excitonic recombination. This is
consistent with the absorption spectrum, where the excitonic peak is observed even at room

temperature, making the film appropriate for optoelectronic device applications.

MAPbBr,/ITO
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520 540 560 580
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Fig. 2.15. Deconvulated PL spectra of MAPbBr; film measured at 80 K and 300 K. The symbols represent the
experimental data and the solid lines represent the fitted Gaussian peaks.

A closer look at the shape of the PL spectra, particularly at low temperatures, reveals its
asymmetric line shape. The deconvulated PL spectra of the perovskite film at 80 and 300 K are
presented in Fig. 2.15. The PL spectrum at 300 K is deconvulated with two peaks, where peak 1
and peak 2 correspond to free exciton and bound exciton recombination, respectively. At room
temperature, PL emission is mostly due to the free exciton recombination (peak 1). However, at
lower temperatures, the contribution from the bound excitonic recombination becomes significant

(peak 2), as shown in Fig. 2.15.
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Note that the FWHM of the PL spectra increases with increasing temperature (see Fig. 2.16(a)),
due to exciton-phonon coupling, longitudinal optical (LO) contribution and enhanced drift motion
of the carriers at a higher temperature which causes the redistribution of the carriers and in turn
results into the broadening of the PL spectra [50, 53]. Inset of Fig. 2.16(a) shows the comparison
of the PL spectra (normalized to 1) of the film taken at 80 and 300 K, revealing the FWHM of ~45
and ~92 meV, respectively. Narrow linewidth of the PL spectra at low temperatures reveal the

color purity of the film appropriate for light-emitting and display applications. To understand the
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Fig. 2.16. (a) Variation of FWHM of the PL spectra of MAPDbBr; film with measurement temperature. The
experimental data is shown by the symbol and the solid line corresponds to the fitted data; the inset shows the
comparison of the normalized PL spectra taken at 80 and 300 K. (b) Variation in PL peak position (energy) with
measurement temperature for the 120 nm perovskite film.

exciton-phonon coupling, FWHM of the excitonic peak as a function of temperature is analyzed.
It has been reported that the exciton-phonon coupling parameter is associated with the localized
and delocalized electronic transition and it affects the PL spectral line width. The contribution of
exciton-phonon coupling is quantified by fitting the FWHM vs. temperature data using the Boson

model, as shown in Fig. 2.16(a). The Boson model [54, 55] is given by,

I'(T) =Ty +To/(exp(hwo/kgT) — 1) (2.2)

where, I'o, I'Lo, hiwLo, and kg are the inhomogeneous broadening contribution, longitudinal exciton-
phonon contribution, longitudinal optical phonon energy, and the Boltzmann constant. From the
fitted data, the extracted parameters are as follows: 7o =32 meV, Lo = 174 meV, hiwLo = 27 meV.
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The longitudinal optical phonon energy is consistent with the earlier reports (25-42 meV) [56].
Note that there is an overall blue shift of the PL peak with the increase in measurement
temperature, as shown in Fig. 2.16(b). As the temperature increases from 80 to 300 K, the PL peak
is blue-shifted by 30 meV due to exciton-phonon coupling and lattice expansion, since the

perovskite semiconductors show positive thermal expansion coefficient for the bandgap.

The carrier lifetime of the vacuum deposited MAPDbBTr3 film on ITO is investigated using the TRPL
measurement under 405 nm pulsed laser excitation monitored at the corresponding PL peak (see
Fig. 2.17). A comparison of the TRPL spectra of the films with thickness 10, 40, and 120 nm is
shown in Fig. 2.17. In each case, the TRPL spectra of 10, 40 and 120 nm films are recorded by
monitoring the decay at the corresponding PL peak positions, i.e., at 530, 532 and 540 nm for the
films with thickness 10, 40, and 120 nm, respectively. The experimental data are fitted with tri-
exponential decay function, since the PL emission peak primarily has the contributions from free
exciton recombination, bound exciton recombination, and trap states. The tri-exponential decay

function is given by, I(T) = Y.7_; A;exp(— t/t;), where Ai is the amplitude of the decay curve

1000 4@ MAPbBr/ITO @ 10nm
39 @ 40nm
@ 120nm

o
(=]
1

PL intensity (a.u.)

—
o
|

Time (ns)
Fig. 2.17. Comparison of TRPL spectra of perovskite films with different thicknesses on ITO substrate.

corresponding to the lifetime zi. The average lifetime of the film is calculated using the relation
[46]: Tapg = Xi=1 AiT7/X7-1 A;T;. Average lifetimes corresponding to the 10, 40, and 120 nm
films are found to be ~45, ~6 and ~5 ns. The decrease in carrier lifetime with increasing thickness

can be attributed to the higher contribution of non-radiative recombination in the thicker film

TH-2453_156121029



57 | Growth Kinetics of Hybrid Perovskite Thin Films

associated with trapping centers due to grain boundaries, and this is consistent with the lower PL

intensity in the steady-state spectra. If the radiative and nonradiative lifetimes are expressed as z

L =24+ Since, 1, < T, the above

Teff Tr  Tnr

and v, then the effective lifetime zs is given by,

equation reveals that .. = 7, and thus, 7. < 7,.. The presence of defects is also confirmed
from the PL line shape analysis at low temperature. Thus, considering the moderate PL lifetime
and high PL intensity in the 40 nm film grown at a substrate temperature of 50 °C, this condition

is considered optimum for the growth and fabrication of optoelectronic devices.
2.5. Summary and Conclusions

In this chapter, we have presented a thorough analysis on the growth kinetics and scaling behavior
of vacuum deposited MAPDBTr3 thin film on ITO and SiO> substrates. Later, a direct correlation
between the growth parameters and structural/optical characteristics of the film is established.
These results may lead to a new path to engineer the device performance as we correlate the growth
parameters to the optical and structural properties of the perovskite film, and we can precisely
control various morphological parameters using the vacuum deposition method. The key findings
of the chapter are summarized below.

1. Anomalous scaling behavior of the vacuum-deposited MAPDbBr3 hybrid perovskite thin
film on different substrates at low thicknesses.

2. For the optimized thickness, the near-unity roughness exponent («) of the film on both ITO
and SiO- substrates indicate locally smooth surface.

3. The growth exponents, g, are found to be ~ 0.22 and ~ 0.90, and the thermal activation
energies (Ea) are found to be ~ 0.10 and ~ 0.15 eV, for the films grown on ITO and SiO;
substrates, respectively.

4. The higher values of £ and Ea for the films grown on SiO- substrate as compared to the
case of ITO suggest a higher step edge barrier resulting in a mound-like growth on the SiO-
substrate and a steady lateral growth on the 1TO substrate.

5. High exciton binding energy and high optical stability of the perovskite film on ITO
substrate.

6. Optimized film thickness and substrate temperature are found to be 40 nm and 50 °C with

high crystallinity and low surface roughness on the ITO substrate.
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Chapter 3

Large Exciton Binding Energy, High Photoluminescence
Quantum Yield and Improved Photostability of Organo-Metal
Halide Hybrid Perovskite Quantum Dots Grown on a
Mesoporous TiO, Template

In this chapter, we present a novel synthetic route to grow size-tunable hybrid perovskite
(CH3NHsPbls and CH3NH3PbBr3) quantum dots (QDs) using a Fluorine-doped TiO2 (F-TiO»)
mesoporous template and these QDs exhibit large exciton binding energy, high photoluminescence
quantum yield and improved photostability. The pore size in F-TiO, template is tuned by varying
the HF molar concentration during its solvothermal growth and size of the perovskite QDs
embedded in F-TiO2 pores is tuned in the range of 1.7-5.1 nm. As compared to its bulk counterpart
the CH3NHz3Pbls (MAPDIs, MA= CH3NH3) QD with average size ~1.7 nm exhibits ~47 nm blue
shift in the PL spectrum, ~43-fold enhancement in photoluminescence (PL) intensity and ~25 %
PL quantum yield (QY). On the other hand, MAPbBrs QD of similar size exhibits dramatically
enhanced (~124 times) PL emission with narrow line width and a PL QY of ~57 %, which is
significant for the template-assisted growth of perovskite QDs film. Quantitative analysis of the
PL emission energy vs QD size shows an excellent fit with the Brus equation confirming the strong
qguantum confinement effect in the perovskite QDs. Analysis of low-temperature PL spectra
reveals high exciton binding energy (162-272 meV) of the QDs as compared to the bulk film (~32
meV) due to the high effective dielectric constant and high electron-hole recombination probability
in the QDs, consistent with the high PL QY of the QDs. The blue shift of the PL peak energy with
increasing temperature is explained on the basis of localization effect. The MAPbBrz QDs
embedded in porous F-TiO> template maintain its initial PL intensity up to several hours (>10 h)
under the UV laser exposure (18mW), while that of the bulk film decreases to <67 % of its initial
value. Thus, template grown hybrid perovskite QDs exhibiting high photostability and very high

PL QY are promising for the next generation optoelectronic applications.
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3.1. Introduction

Organic-inorganic halide perovskites have fostered unprecedented research interest due to their
rapidly achieved spectacular performance in the field of optoelectronic devices along with their
remarkable characteristics, such as low cost, long-range charge transport, tunable optical bandgap,
high absorption coefficient and photoluminescence quantum vyield (PL QY)[1-9]. Currently,
perovskite-based solar cells have achieved power conversion efficiency up to 22 % and LEDs have
achieved quantum efficiency as high as 10 %[10]. Additionally, other applications of perovskite,
such as sensors, amplified spontaneous emission and lasing, photodetectors, memory devices have
also been realized[11-14]. In the last chapter, we have discussed about the growth kinetics of
vacuum deposited 3D perovskite thin film whose emission intensity was not high enough to apply
it devices. Hence, to improve the optoelectronic properties and stability, we have tried to
synthesize perovskite nanocrystals (NCs).

In recent years, perovskite NCs have drawn great attention owing to their unique properties, such
as large exciton binding energy, narrow emission bandwidth, high PL QY, decent stability along
with the well-known properties of bulk perovskite[15-22]. Lead bromide based perovskite
quantum dots (QDs) in colloidal solution have approached ~100 % PL QY, synthesized by
colloidal method[23]. Schmidt and co-workers first demonstrated the synthesis of ~6 nm sized
organic-inorganic halide perovskite NCs through a simple method using ammonium bromide with
a medium-length alkyl chain[24]. Since then, perovskite NCs are being prepared by different
methods for a wide range of optoelectronic applications. In the case of NCs synthesized by the
colloidal method, the final product consists of NCs with some unwanted bulk structures. The as-
synthesized colloidal perovskite NCs are ionic and essentially hygroscopic in nature, which makes
them usually unstable in the ambient environment[25-28]. Perovskite solution may be incorporated
in various mesoporous templates, confining the growth of perovskite in the pores, which results in
the controlled growth of perovskite NCs guided by the mesoporous structure. Researchers have
devoted great efforts to synthesize different templates, since in-situ fabrication process of
perovskite NCs is preferable for device applications. Kojima et al. observed strong PL emission
from nanocrystalline lead bromide perovskite synthesized by rapid self-organization on a
mesoporous aluminum oxide film[29]. Di et al. demonstrated the formation of self-assembled

perovskite NCs embedded in a solid organic matrix[30]. Malgras et al. described a simple method
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to grow monodisperse 3.3 nm sized MAPbBI«Is.x NCs inside mesoporous silica templates by the
varying pore size of the templates[31]. Recently, Anaya et al. reported quantum confinement (QC)
induced tunable emission over a wide range of energy (~0.34 eV) by embedding the perovskite
NCs in thin metal oxide films[32]. Though the size-tunable perovskite nanoparticles (NPs) are
successfully achieved in earlier works, very few studies discussed on the improvement of
fluorescence intensity and their application in light-emitting devices. Demchyshyn et al. used
nanoporous anodic alumina (npAAQ) and nanoporus silicon (npSi) thin films for the growth of
perovskite nanocrystals with very high PL QY (up to 25 % for CHsNH3zPbls, 60 % for
CH3NH3sPbBr3, 90 % for CsPbBrs) and they also demonstrated blue emission from CsPbBr3 in
npSi and cyan EL in npAAO-based LEDs[33]. Recently, Ghosh et al. reported growth of MAPbI3
NPs on a mesoporous Si nanowire template and they achieved ~12 fold enhancement in PL
intensity with respect to bulk perovskite film and a PL QY of ~9 %[34]. The reported PL QY of
template grown perovskite NCs is typically quite low and needs further improvement for device

applications.

Herein, we demonstrate the growth of MAPbIz and MAPbBrz QDs inside a mesoporous Fluorine
doped TiO. (F-TiO2) template by a simple solution processed method. With the help of steady
state and low-temperature PL study the origin of high emission efficiency of the QDs is
investigated. This template grown perovskite QDs also exhibit much better photostability and air
stability compared to bulk films, which is very promising for their practical applications, including

the light emitting diodes.
3.2. Experimental Procedure

3.2.1. Materials

The starting materials for the present work are titanium (Ti) foil (99.7 %, Sigma Aldrich),
hydrofluoric acid (HF, 48 %, Merck), hydrochloric acid (HCI, 37%, Merck), methylamine solution
(CH3NHs3, 33 wt% in absolute ethanol, Sigma-Aldrich), lead(ll) iodide (Pblz, 99 %, Sigma-
Aldrich), lead(ll) bromide (PbBr2, 99.999 %, Sigma-Aldrich), hydroiodic acid (HI, 57 wt% in
water, Sigma-Aldrich), hydrobromic acid (HBr, 48 wt% in water, Sigma-Aldrich), N,N-
dimethylformamide (DMF, >99 %, Sigma-Aldrich), diethyl ether (>99 %, Merck) and Titania
paste (Sigma-Aldrich).
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3.2.2. Synthesis Procedures
3.2.2.1. Synthesis of Porous TiO2 Nanostructures

Mesoporous 3D F-TiO2 nanoflowers (NFs) with self-grown TiO2> NCs were prepared using the
procedure reported by Paul et al.[35]. In a typical synthesis, commercially available Ti foil was
first cleaned by 18 % aqueous HCI solution at 90 °C for 20 min to remove impurities and oxide
layers. Afterward, it was rinsed with deionized (DI) water vigorously and finally dried in the inert
gas atmosphere. Cleaned Ti foil was taken into a Teflon-lined autoclave (Berghof, BR-100) with
50 mL of agueous HF solution (20 mM-80 mM). The sealed autoclave was heated and maintained
at 150 °C for 8 hours. After the hydrothermal treatment, the autoclave was allowed to cool down
naturally and then the foil was gently washed with DI water and dried in an oven at 90 °C to get
the mesoporous F-TiO; templates. The mesoporous F-TiO, templates grown with 20 mM, 40 mM,

and 80 mM HF concentrations are named as F1, F2 and F3, respectively.
3.2.2.2. Synthesis of MAPbI3

MAPbI3s perovskite precursor solution was prepared using the well-established procedure[36]. To
prepare CH3NHzl powder, 24 mL of methylamine solution was diluted with 50 mL of absolute
ethanol and stirred for 15 min in 250 mL round-bottom flask. Then, 8 mL of HI was slowly added
to the above solution at 0 °C with vigorous stirring at 1000 rpm for 2 h. Afterward, the solution
was heated at 60 °C for 5 h with continuous stirring to evaporate the solvent. To remove impurities
from the obtained white CH3NHzl powder, the crystals were washed several times with anhydrous
diethyl ether and dried at 60 °C in a vacuum oven overnight. Then, CHsNHzl and Pbl, were
dissolved in DMF at 1:1 molar ratio to obtain the semi-transparent yellow CH3sNH3sPblz perovskite

solution with 30 wt%.
3.2.2.3. Synthesis of MAPbBr3

We followed a similar procedure to obtain the MAPbBTr3 perovskite precursor solution. CH3NH3Br
was first prepared by adding 8 mL methylamine and 2.83 mL HBr acid solution to 22 mL of
absolute ethanol. For the elimination of impurities and recrystallization of CHsNH3Br, the same

procedure has been followed, as discussed for the synthesis of CH3sNHzl powder. The as-prepared
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CHsNH3sBr powder was dissolved together with PbBr, at a 2:1 molar ratio in DMF, to get a

transparent colorless MAPbBr3 solution with a concentration of 30 wt%.
3.2.2.4. Growth of Perovskite QDs on F-TiO2

The syntheses of MAPDbIz and MAPbBrs QDs were carried out by spin coating the as-synthesized
perovskite solution on the F-TiO template at 2500 rpm for 30 sec, followed by annealing at 80 °C
for 20 min. The MAPDIs templates F1, F2, and F3 coated with MAPDbI3z are named as F1PI, F2PI
and F3PI, respectively, and those coated with MAPbBr3 are named as F1PB, F2PB and F3PB,
respectively. Fig. 3.1 illustrates the schematic of the template-assisted growth process of

perovskite QDs. To compare the performance of perovskite QDs grown on F-TiO2, commercially
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Fig. 3.1. Schematic of hydrothermally grown mesoporous F-TiO, template and growth of perovskite QDs on it by
spin coating followed by annealing.

available mesoporous TiO. paste (m-TiOz) was also used as a template to grow perovskite
film/NPs. For this, commercial m-TiO; paste was first diluted in ethanol and then spin coated on
ITO substrate and subsequently Pl and PB solutions were deposited on m-TiO> layer. Note that
the m-TiO2 contains pores of much larger size than that of the mesoporous F-TiO3, as discussed

later.
3.3. Characterization Techniques

The morphology of TiO> templates before and after the deposition of perovskite QDs has been
characterized using FESEM (Sigma, Zeiss). The high magnification surface morphologies of TiO>
and perovskite QDs for different samples have been studied using a TEM (JEOL-JEM 2010)
operated at 200 kV. High-angle annular dark field (HAADF) images were obtained using a
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scanning transmission electron microscope (STEM) in aberration-correction mode (JEM 2100F,
200 kV) for high-resolution imaging. The surface area of TiO2 nanoflower was determined using
the multipoint Brunauer—-Emmett—Teller (BET) method and the average pore size was determined
using the Barett—Joyner—Halenda (BJH) model. UV—Vis absorption spectra were derived from the
diffuse reflectance spectra (DRS) of the samples measured using a commercial spectrophotometer
equipped with an integrating sphere (PerkinElmer, Lamda 950). The room temperature steady-
state PL spectra of iodide and bromide-based perovskite NCs were recorded using 405 nm and 355
nm diode laser (CNI Laser) excitation, respectively with the help of a commercial fluorometer
(Fluoromax-4, Horiba Scientific). The PL QY of the samples was measured in the thin film mode
using an integrating sphere (FM-SPHERE, Horiba) attached with the fluorometer. Low
temperature (80-300 K) PL measurements were carried out using a liquid nitrogen cooled optical
cryostat (Optistat DNV, Oxford Instruments) attached to the above fluorometer. Time resolved PL
(TRPL) measurements were performed using 405 nm/ 375 nm pulsed laser excitation for iodide/
bromide-based perovskite QDs, with an instrument response time of <50 ps (LifeSpecll,

Edinburgh Instruments).
3.4. Results and Discussion

3.4.1. Morphology Studies

Surface morphology of as-synthesized F-TiO> template with arbitrary shaped TiO., NCs was
investigated by FESEM and the low magnification images are shown in Fig. 3.2(a-c). These
images clearly reveal the nanoflowers (NF) type morphology of the F-TiO2 nanostructures. Fig.
3.2(d-f) portray the enlarged view of pristine F-TiO2> NF templates. It is evident from Fig. 3.2(d)
that for sample F1 (grown with 20 mM HF), the self-grown TiO2> NCs are observed to be uniformly
decorated on the NF surface, due to the irregular surface etching by HF during the hydrothermal
treatment. When the HF concentration increases from 20 mM to 40 mM, surface etching is more
prominent and thus the size of the NCs is observed to be increased, as shown in Fig. 3.2(e). For
80 mM HF concentration, the inter-particle separation is further increased, as shown in Fig. 3.2(f).
Histogram showing the separation between two consecutive NCs in F1 is depicted in Fig. 3.2(g)
with an average separation of 3.2 nm. As a result of the intense surface etching, separation between
consecutive NCs increases in F2 and it is estimated to be 4.8 nm, as shown in Fig. 3.2(h). In F3,

the average inter-particle separation is 6.4 nm, as shown in Fig. 3.2(i). The inter-particle gap serves
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as pore-like structure and acts as the template for the growth of perovskite QDs. In the course of
spin coating of perovskite solution on the F-TiO. template, the Pl or PB QDs are formed in the

inter-particle gaps (voids/pores) of TiO2 NCs. Due to the formation of perovskite QDs, the inter-
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Fig. 3.2. FESEM images of mesoporous TiO, NFs grown at different HF concentrations: (a) 20 mM (F1), (b) 40 mM
(F2) and (c) 80 mM (F3). Enlarged view of mesoporous F-TiO; petals grown at different HF concentrations: (d) 20
mM (F1), (e) 40 mM (F2) and (f) 80 mM (F3). (g-i) Histograms of inter-particle separation in corresponding
mesoporous TiO, templates, respectively.

particle gap/voids in F-TiO2 templates are observed to be filled, as shown in Fig. 3.3(a-c), resulting
in the uniform decoration of perovskite QDs in the pores of F-TiO2 template. Due to the resolution
limit of FESEM imaging, perovskite QDs are not clearly discernable here. However, the size of
perovskite QDs increases from F1PI to F3PI, which is consistent with the pore size in the
mesoporous F-TiO> NF template. To compare the performance of perovskite QDs grown on F-
TiO2, commercially procured mesoporous TiO2 paste (m-TiO2) was also used as a template to

grow perovskite NPs. Fig. 3.4(a,b) shows the FESEM image of Pl and PB deposited on m-TiO-
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Fig. 3.3. FESEM images of Pl perovskite layer coated on various F-TiO, templates: (a) F1PI, (b) F2PI, (c) F3PI.

coated substrates revealing bulk nature of the perovskite, since the pore sizes in m-TiO; is very
large (>30 nm). EDX spectrum of the as-synthesized F-TiO, NF (F1) is shown in Fig. 3.4(c)
confirming the presence of Ti, O, and F in the NF. The concentration of F is observed to be =8 at%
with HF concentration 20 mM, which confirms the doping and surface adsorption of fluorine ion
on F-TiO2 NF surface[35]. In contrast, commercially procured m-TiO, paste does not have any
fluorine doping (see Fig. 3.4(d)) and hence intrinsic in nature and it behaves differently for the

light emission characteristic of the perovskite layer on it.
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Fig. 3.4. FESEM images of (a) Pl and (b) PB films deposited on mTiO, coated ITO substrates. EDX spectra and

elemental composition of (c) F1 and (d) mTiO; paste.
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With the help of Brunauer—Emmett—Teller (BET) process, we measured the surface area and pore
size of the as-grown F-TiO2 NF template and commercially available mesoporous m-TiO paste.
The N2 adsorption-desorption isotherms of F3 are shown in Fig. 3.5(a) and the isotherms of F-
TiO2 NF exhibit an abrupt increase in the high-pressure region (>0.7 P/Po value), which can be
related to the capillary condensation and multilayer adsorption of N in the voids between F-TiO>
NCs. The average pore size and corresponding size distribution was analyzed using Barrett-Joyner-
Halenda (BJH) analysis. The BJH pore size distribution profile for F3 is shown in the inset of Fig.
3.5(a). The mean surface area and average pore diameter of F3 are measured to be 13.836 m?/g
and 4.3 nm, respectively. Note that the pore diameter calculated from BET is less than the
estimated inter-particle separation between TiO2 NCs from FESEM image, which is primarily due
to the resolution limit of the FESEM. The N2 adsorption-desorption isotherms and the BJH pore
size distribution profiles for commercially available mesoporous m-TiO2 paste are shown in Fig.
3.5(b). The average pore diameter of m-TiOz is ~32.9 nm, which is too large to grow perovskite

QDs using it as a template.
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Fig. 3.5. (a) N, adsorption/desorption isotherms of F-TiO, NF template obtained from F3. The inset shows the
corresponding BJH pore size distribution. (b) N2 adsorption/desorption isotherms of commercial m-TiO; paste and
the inset shows corresponding BJH pore size distribution.

TEM images of the PI QDs grown on F-TiO templates were acquired to investigate the actual size
and morphology of individual QD. To prepare the TEM sample, F-TiO> layer with the PI QD was
scratched from the Ti foil (substrate) in the form of powder and then dispersed in toluene. Next,

the dispersion was drop casted on the TEM grid and heated at ~45 °C to evaporate the solvent.
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Fig. 3.6(a) shows the TEM image of the sample F1PI revealing the uniform decoration of P1 QDs
on the F-TiO. template. The corresponding size distribution of PI QDs with average size ~1.7 nm
is shown in the inset of Fig. 3.6(a). Fig. 3.6(b) shows the bright field high-resolution STEM image
of F1PI discerning the discrete distribution of Pl QDs on F-TiOz template. The uniform growth of
P1 QDs on the F-TiO, templates of F2 and F3 are shown in Fig. 3.6(c,d), and the corresponding

4 5 6
Quantum dot size (nm)

Fig. 3.6. (a) TEM image of PI QDs in F1PI and corresponding size distribution in the inset. (b) High resolution bright
field STEM image of F1Pl. TEM image of Pl QDs in: (c) F2PI and (d) F3PI and the corresponding size distributions
shown in the inset.

particle size distribution with an average diameter of ~3.3 nm and 5.1 nm are shown in the inset,
respectively. Since the size of the QDs grown on F1 is smaller than that of F2 and F3, it facilitates
stronger QC effect, which will be discussed later. It is evident from the TEM images that the size
of the as-grown Pl QDs on F-TiO. template becomes larger with the increase of the molar
concentration of HF. The estimated size of the PI QDs from the TEM images is consistent with
the average pore size or interparticle separation between F-TiO2 NCs in different samples. We find
that the average size of the QDs in F3PI is ~5.1 nm, which is marginally higher than the pore

diameter of F3 (~4.3 nm) calculated using BJH analysis. Hence, ultra-small pores in the F-TiO-
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Fig. 3.7. (a) HAADF STEM image of F1PI and (b-g) the corresponding elemental mapping of titanium, oxygen,
carbon, nitrogen, lead, iodine respectively, showing their spatial distribution.

template act as nucleation sites for the growth of perovskite QDs. Note that the perovskite QDs
are partially embedded in the pores of the F-TiO. template and partially outside the pores, which
is fully consistent with the TEM images. After spin coating and annealing of the perovskite
solution, PI QDs become crystallized and exhibit superior properties. HAADF image of the
elemental mapping for F1P1 is shown in Fig. 3.7(a). The elemental mapping clearly shows the
presence of C, N, Pb and I on F-TiO, template confirming the presence of Pl QDs on F-TiO>
template (see Fig. 3.7(b-g)). To compare the properties of QDs grown on F-TiO, template with
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Fig. 3.8. TEM images of (a) cPl1 QDs and (b) cPB QD prepared by colloidal method [37].

that grown by colloidal method, we prepared colloidal QDs following the method reported by

Huang et al.[37] and samples are termed as cPI and cPB corresponding to Pl and PB precursors,
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respectively. cPl and cPB QDs with average QD size ~2 nm were successfully synthesized, as
shown in Fig. 3.8(a,b), and utilized for the comparison of light emission properties along with

stability.
3.4.2. XRD Analysis

In order to confirm the crystal structure and phase of the bulk perovskite films and PI/PB QDs,
XRD pattern of each sample has been recorded and shown in Fig. 3.9(a). Each characteristic
diffraction peak of crystalline PI matches with the literature[38, 39]. No trace of the Pbl, peak
(26=12°) is observed, which confirms the complete transformation of precursor materials
(CHsNHzsl and Pbly) into PI. As evident from the XRD pattern, both the Pl QDs and the F-TiO>
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Fig. 3.9. (a) Comparison of the XRD pattern of F1PI, F2PI, F3PI and BulkPI. (b) Comparison of XRD pattern of
(110) diffraction peak of different PI QDs.

template are highly crystalline in nature and the F-TiO, template is observed to be mostly in
anatase phase (marked as “A” in the Fig.3.9(a)) with a small trace of brookite phase (marked as
“B”). Fig. 3.9(b) shows the XRD pattern corresponding to (110) plane of PI QDs grown within
the voids of F-TiO2 template along with the bulk PI film grown on the ITO substrate. The intensity
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of the characteristic (110) diffraction peak of PI QDs is much lower than the BulkPI film, which
is due to the lower thickness/volume of PI QDs. With decreasing size of Pl QDs, the line width of
the XRD peak is observed to be broadened systematically, as evident from Fig. 3.9(b). The (110)
peak position slightly shifts to lower angle as the size of the PI QDs decreases, which indicates the
presence of tensile strain in the QDs. The FWHM of (110) peak for the smallest Pl QDs (F1PI) is
estimated to be ~0.37°, which is ~1.5 times that of the BulkPl. Thus, the increase in FWHM is
consistent with the formation of ultra-small size QDs. Though the Scherrer formula can predict
the crystallite size of PI QDs grown on various F-TiO» templates, finer estimation of the QD size

is difficult due to the low intensity of the diffraction peak. In this case, Scherrer formula gives a

(a) a5} N —F1pe | (B (100) F1PB
30[ % TiO3 peak FWHM ~0.34 "%
F S * > @
' E—JW oc‘l
M ] " 1 N 1 1 [ M 1 " 1 M 1
45 i ——F2PB F2PB
sl FWHM =~ 0.23

)
t
Intensity

Intensity (a.u.)
g &

= . ——F3PB F3PB
[ E F ~ —_ FWHM ~ 0.21 3
0 < g ¢ 3
B 9 o
15}S <
L 00900
800 BulkPB BulkPB
i ) FWHM ~0.13
400 I&
0 [ A . A
20 30 40 50 60 70 145 150 155
26 (degree) 20 (degree)

Fig. 3.10. (a) Comparison of the XRD pattern of F1PB, F2PB, F3PB and BulkPB. (b) (100) diffraction peak for PB
QDs, grown on various F-TiO templates.

higher estimate of the size of the QDs as compared to that measured from TEM, primarily due to
their ultra-small sizes where the validity of the formula is questionable. Fig. 3.10(a) shows the
XRD patterns of BulkPB and PB QDs grown on F-TiO templates, suggesting a highly crystalline
cubic phase of PB crystals. Fig. 3.10(b) shows the XRD pattern corresponding to (100) plane of
PB NPs grown on various F-TiO templates along with the BulkPB film. Similar to the PI NPs,
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the (100) plane shifts to lower angle and the line width for F1PB increases systematically with
decreasing the NP size and the FWHM is estimated to be ~2.6 times that of the BulkPB case. The
possibility of ultra-thin capping layer of perovskite film on the F-TiO2 NF is unlikely, since the
XRD intensity is low and line width is relatively large for the QDs. To confirm the same, ultra-
thin (~4 nm) PB film was deposited on ITO substrate by vapor deposition method and it showed
~3 times stronger XRD peak intensity compared to that of the QD case (Fig. 3.11). In the presence
of any additional polycrystalline layer of perovskite film on the surface of the F-TiO, the intensity
of XRD pattern would be more intense, which is contrary to our observation. Hence, the presence

of any capping layer is ruled out in the present case.

—F3PB
——PB film (4 nm)

Intensity (a.u.)

14 15 16
20 (degree)

Fig. 3.11. Comparison of the XRD pattern of F3PB (QD size ~5 nm) and very thin PB film (4 nm) on ITO substrate.
The curves are vertically shifted for clarity of presentation.

3.4.3. Optical Analysis
3.4.3.1. UV-vis Absorption Studies

DRS of the as-grown samples are studied to understand the change in the band structure due to the
formation of perovskite NPs/QDs. From the DRS, Kubelka-Munk (K-M) function, F(R) is

calculated which is related to the absorption coefficient (a) given by,
F(R)=(1—-R)?/2R =a/S (3.1)

where, R is the diffuse reflectance, S is the scattering coefficient. Fig. 3.12(a) exhibits the plot of
the K-M function for PI QDs on various F-TiOz templates. A significant blue shift (up to 51 nm
for F1PI) in the absorption edge of the P1 QDs is observed with respect to that of the BulkPI film
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on ITO substrate, which is clearly noticeable from the magnified view of plot for F1PI and BulkPI
shown in the inset of Fig. 3.12(a). Among different Pl samples, the absorption edge of F1PI is
observed maximally blue shifted, which may be due to the strong QC effect in the PI1 QDs in F1Pl,
since it contains the smallest size QDs. As the size of the QDs decreases below the exciton Bohr
radius, there is a sharp transition in the absorption band due to excitonic transition, as observed in
Fig. 3.12(a)[40]. To compare the optical properties of PB NPs/QDs grown in a similar way, F(R)
for different samples was analyzed. Fig. 3.12(b) shows a comparison of F(R) of the sample F1PB,
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Fig. 3.12. (a) A plot of K-M function, F(R), for P1 QDs grown on the different mesoporous F-TiO, template and the
BulkPI film deposited on ITO substrate (BulkPI).The inset shows an enlarged view of absorption edge for F1PI and
BulkPI indicating the blue shift of the absorption edge in F1PI with respect to the BulkPI film. (b) A comparison of
the K-M functions for the samples F1PB, F2PB, F3PB and BulkPB film. The inset shows the blue shift of the
absorption edge in F1PB as compared to that of BulkPB.

F2PB, F3PB, and BulkPB film. Though, a similar blue shift is observed for PB QDs compared to
its bulk counterpart, PB QDs exhibit much lesser blue shift than Pl QDs. In both the cases, the
absorption spectra of perovskite QDs exhibit sharp band edge step indicating their direct bandgap
nature. The F(R) value of bulk films is observed to be higher than the perovskite QDs, may be
because of higher thickness of bulk perovskite film than the QDs. The contribution of F-TiO>
absorption is observed at ~350 nm with a sharp edge and at a higher wavelength (> 400 nm) it
possesses negligible absorbance[41, 42]. Thus, the measured absorbance of different samples
observed in the visible region has a negligible contribution from the F-TiO, template and the

observed features are characteristics of the PI/PB QDs.
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3.4.3.2. Steady State Photoluminescence Studies

Due to the ultra-small size of the QDs, QC effect is expected to be prominent in PL spectrum,
since quantization of energy levels and enlargement of the bandgap are the most prominent
consequences of the confinement of carriers in semiconductor QDs. PL spectra for the Pl QDs
were recorded using a 405 nm laser excitation in ambient condition. Fig. 3.13(a) shows a
comparison of PL spectra for pristine F1, BulkPI and F1PI. Note that pristine F1 does not show
any measurable PL intensity in the visible region for the 405 nm excitation, while the BulkPI film
possesses a relatively sharp PL peak centered at 762 nm, due to the direct band to band transition.
The P1 QDs grown on F1 template shows dramatically high PL intensity as compared to that of
the bare F1 and BulkPI. Fig. 3.13(b) exhibits comparative PL spectra of Pl QDs grown over the
various F-TiOz templates with different pore sizes under identical conditions of measurement. PL
intensity of Pl QDs is observed to remarkably increased when the size of the QDs decreased, as
depicted in the inset of Fig. 3.13(b). As compared to the BulkPI film, the PL intensities of F1PlI,
F2PI, and F3PI are observed to be enhanced by ~41, 22 and 19 times, respectively, due to the
reduced size of the QDs. The normalized PL spectra corresponding to Fig. 3.13(b) is displayed in
Fig. 3.13(c) showing a systematic blue shift in PL peak position from F3PI to F1PI with the
decrease in the size of the Pl QDs, which is fully consistent with the absorption spectra. This
strongly indicates the QC effect in the perovskite QDs confined in the pores of mesoporous F-TiO-
templates. PI QDs grown within the mesoporous F-TiO, template display sharp PL peaks at 716
nm (F1PI), 721 nm (F2PI1) and 737 nm (F3PI), which are observed to be blue-shifted from that of
BulkPI (764 nm). The PL spectrum for F1PI is maximally blue shifted (47 nm) with respect to the
BulkPI film.

This gradual shift of PL peak towards the higher energy is an indication of enlargement of the
optical bandgap due to the quantum size effect[31]. Each PL spectrum for Pl QDs possesses
relatively broader line width (FWHM ~86 nm) as compared to the BulkP1 film (~47 nm), which
may be associated with the size distribution of Pl QDs on the F-TiO, template. Additionally,
Forster resonance energy transfer process from smaller to the larger QDs is reported to be
prominent for the size distribution of QDs. Thus, the higher energy emission from smaller QDs
may contribute to the overall broadening of the PL emission[43]. In order to quantify the quantum

size effect of PB based perovskite QDs, comparative PL spectra were recorded for the PB QDs
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Fig. 3.13. (a) A comparison of PL spectra of pristine F1, BulkPI and F1PI, (b) comparison of PL spectra of F1PlI,
F2PI1, F3PI and BulkPI film and the inset shows a variation of PL intensity with Pl QD size, (c) the corresponding
normalized PL spectra showing the blue shift of the PL peak up to 47 nm. (d) Comparison of PL spectra of pristine
F1, BulkPB and F1PB, (e) comparison of PL spectra of various PB QDs with BulkPB, while inset shows the variation
of PL intensity with PB QD size and (f) the corresponding normalized PL spectra. To enable comparison of intensities,
some of the spectra are multiplied by the factors mentioned in respective image.

using a 355 nm laser excitation in ambient condition. Fig. 3.13(d) shows a comparison of PL
spectra for the pristine F1, BulkPB film and PB QDs grown on F1, which depicts dramatically
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enhanced PL intensity from F1PB compared to both the pristine F1 and BulkPB film. Fig. 3.13(e)
shows a comparison of PL spectra of PB QDs grown on different F-TiO, templates and BulkPB
film. As evident from the inset of Fig. 3.13(e), the PL emission from F1PB is exceptionally intense
and estimated to be ~124 fold higher than that of the BulkPB film. The corresponding normalized
PL spectra are shown in Fig. 3.13(f), which reveals a small blue shift (~10 nm) for the smallest
size PB QDs (F1PB) as compared to the BulkPB film. FWHM of PL spectra for F1PB, F2PB, and
F3PB are observed to be ~24 nm, 28 nm and 26 nm, respectively, while that for the BulkPB film
is estimated to be ~31 nm. Thus, the reduction in line width of PL spectra for the PB QDs indicates
their better color purity in emission, which is promising for the fabrication of efficient green LEDs.
Note that the F-TiO2 NFs template possesses very low oxygen vacancy defects and thus have very

minor absorption in the visible-NIR region.
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Fig. 3.14. (a) Comparison of PL spectra of cPl1 QDs and F1PI. (b) Comparison of PL spectra between cPB QDs and
F1PB.

Since the absorption intensity of the F-TiO, template in the visible-NIR region is extremely low,
the emission from the perovskite QDs is minimally affected by the reabsorption. Emission
properties of Pl and PB QDs grown on F-TiO2 templates are compared with perovskite QDs
synthesized using the top down method. PL emission of cPI QDs is found to be centered at ~ 721
nm (see Fig. 3.14(a)). PL intensity of F1PI is ~20 times higher than that of the cPl QD film, for
similar concentration. Fig. 3.14(b) shows the PL spectrum of cPB QDs with excitonic emission
centered at ~ 525 nm and FWHM ~31 nm. Though cPB QDs show slightly higher (~1.2 times) PL
intensity than the F1PB, the line width of PL spectrum is higher for cPB QDs than that of PB QDs
grown on F-TiO> template indicating high color purity of perovskite QDs grown in case of F1PB.
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Again, for comparison, PL spectra of Pl and PB film deposited on m-TiO, are compared with
BulkPl and BulkPB film (see Fig. 3.15). For both the cases, the PL emission is less for m-TiO>
template, which may be due to the well-known electron accepting nature of the m-TiO layer[44].
In the present case, F-TiO2 template is Fluorine doped (as confirmed from EDX) and Fluorine acts
as n-type donor in TiO2, which increases its electron concentration and reduces the probability of
electron transfer from perovskite layer causing high radiative recombination. Seo et al. reported
that Fluorine passivates the oxygen vacancy defects and acts as an extrinsic n-type donor for F-
TiO2 by increasing the concentration of free electrons in the conduction band of F-TiO2[45]. This

also leads to increase in surface electron concentration and enhanced catalytic activity by electron
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Fig. 3.15. (a) Comparison of PL spectra of PI NPs deposited on commercially available mesoporous TiO, and BulkPI
film. (b) Comparison of PL spectra between PB NPs deposited on mesoporous TiO2 and BulkPB film.

spill-over effect [46]. In our case, since the F-TiO. layer is electron rich, it minimizes the
possibility of electron injection from the perovskite QDs to the F-TiO> layer. Using XPS analysis,
it was reported that hydrothermally grown F-TiO2 NCs contain two major peaks related to physical
adsorption of F ions on the surface of the F-TiO- flowers and substitution of F atoms in the F-TiOx
lattice[35]. This leads to the electron rich F-TiO- layer in the present case and strongly enhanced

PL emission, compared to the commercial m-TiO> case.

A quantitative analysis of the blue shift with QD size and the origin of lower blue shift in PB QDs
than the P1 QDs are investigated using the well-known Brus equation[47]. In semiconductor QDs,

the enlargement of the optical bandgap is usually explained by quantum confinement effect using
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‘particle in a box” model. The effective bandgap (E”) of QDs due to QC effect was first calculated

by Brus considering the Coulomb contribution[47] and is given by:
E* = E; + h*/8ud?* — 1.786e? /4me e, d (3.2)

This relation was obtained by solving the Hamiltonian for the cluster’s lowest excited state
assuming the Hydrogen-like model to describe the interaction between electron and hole. Here, E*
is the energy of the lowest excited state of the exciton inside the QD, Egqis the energy of bandgap
of the bulk perovskite, h is the Planck’s constant, x is the reduced exciton mass, d is the radius of
the QD, e is the electronic charge, ¢ and &r are the dielectric constants of vacuum and perovskite,
respectively. The second term in equation (3.2) increases as d2, which corresponds to the first

energy level of a pseudoparticle of reduced mass u confined within a spherical well of radius d.

Table 3.1. Details of sizes and the PL characteristics of the CH3NHsPbls (PI) QDs.

Sample | QD size (nm) = Peak position Intensity enhancement | PL QY (%)

(nm) factor
F1PI 1.7 716 41 25
F2PI 3.3 721 22 13
F3PI 5.1 737 19 11
BulkPI -- 764 1 1

Table 3.2. Details of the PL characteristics of the CHsNH3PbBr3 (PB) QDs.

Sample Peak position Intensity enhancement PL QY (%)
(nm) factor
F1PB 526 124 57
F2PB 527 25 13
F3PB 528 18 11
BulkPB 536 1 5

The third term of the equation (3.2) represents the Coulomb attraction, which decreases as d* and
this term is very prominent for smaller size/large bandgap material[47]. The bulk bandgap of PB
is larger than that of P1 and dielectric constant of PB is reported to be smaller than Pl [48]. In the

present case, the Coulomb interaction term is more prominent for larger bandgap PB (BulkPB
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~2.37 ¢V) than lower bandgap PI (BulkPB =1.62 e¢V) due to Coulomb screening effect, resulting

in a smaller increase in the bandgap in PB film due to the confinement effect [49].

A summary of room temperature PL features with the size distribution of perovskite QDs is shown
in Table 3.1 and Table 3.2. Fig. 3.16(a) shows the variations of PL QY for the samples Pl QDs
and BulkPl, while Fig. 3.16(b) shows the comparison of PL QY for PB QDs along with BulkPB.
The PL QY of Pl and PB QDs grown on the F1 template are measured to be ~25% and 57%,
respectively, which are significantly high compared to the bulk film as well as the other reported
works in template-assisted growth of perovskite NPs[31, 32, 34]. High PL QY of perovskite QDs
indicates low non-radiative recombination of excitons in QDs. Note that higher QY reported for
the PB QDs is usually obtained with colloidal QDs solution, while the present results correspond
to QD film on F-TiO- substrate/template. Hence, the observed high PL QY is considered to be
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Fig. 3.16. A comparison of PL QY of various (a) Pl QDs and (b) PB QDs with their bulk counterparts. (c) The spectral
position of the PL peak maxima with respect to the particle size of Pl QDs grown on the different F-TiO, templates.
The points fitted to Brus equation is shown by a blue solid line.

significant for the development of QD thin film-based LEDs and display devices. The increase in
PL intensity and high PL QY in case of perovskite QDs may be due to the high exciton binding
energy which prevents the dissociation of excitons prior to radiative decay, increasing the emission
probability [50]. The excitons in bulk perovskite with binding energy 28-75 meV are reported to
be 3D Wannier type, which facilitates strong delocalization as it is close to the thermal energy at
room temperature (RT) (~26 meV), tending to dissociate into free carriers before recombining
radiatively, which results in low PL QY in bulk film[24, 36, 49, 51]. In contrast, the perovskite
QDs or NCs possess sufficiently high exciton binding energy (~100 meV), which prevents their
easy dissociation at RT, resulting in the enhanced PL emission. Additionally, efficient radiative
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recombination of photogenerated charge carriers and passivation of non-radiative recombination
may be one of the boosting factors for the high PL QY of perovskite QDs, which is further
confirmed from the TRPL analysis (discussed later). F1PI sample contains uniformly decorated
ultra-small size P1 QDs (~1.7 nm), facilitating the extraordinary enhancement in PL emission. It
is reported that the exciton Bohr radius (Rg) of MAPbI3is ~3 nm and thus to realize the strong QC,
the condition d/Re < 2 should be obeyed [32, 52-54]. In the present case, the size of the QDs for
all the samples satisfies the above condition to exhibit the strong confinement effect.

In order to analyze further the QC effect quantitatively, the dependence of the size of the PlI QDs
on their PL properties has been analyzed. Fig. 3.16(c) shows a plot of PL peak energy vs the size
of the corresponding Pl QDs estimated from the TEM analysis and the fitting with the Brus
equation (solid line). From the fitted parameters, exciton reduced mass () and dielectric constant
(&) were estimated as 0.19mg and 8.9, respectively, where mg is electron rest mass. Considering
these parameters, Bohr radius (Re) is calculated as ~2.5 nm using the relation: Rp =
(mye,/pn)(0.053)(nm). The estimated values of x, &, and Rg match fairly well with the reported
values for BulkPl at RT [32, 54] and it validates the use of Brus equation for strong confinement

effect observed here.
3.4.3.3. Low-Temperature Photoluminescence Studies

To investigate the effect of temperature on luminescence and excitonic properties of perovskite
QDs, temperature dependent PL spectra were acquired for F1PI and F1PB in the range of 80-300
K (see Fig. 3.17). Fig. 3.17(a) shows the temperature-dependent PL spectra of F1PI QDs. With
the lowering of temperature, the PL peak intensity increases monotonically and is the highest at
80 K. The inset of Fig. 3.17(a) shows the systematic decrease in PL intensity with increasing
temperature. When the temperature increases from 80 K to 300 K, we observed a systematic blue
shift in PL peak position (from 739 nm to 717 nm) and significant line width broadening for F1PI.
The broadening of the PL peak at higher temperature can be explained on the basis of the expansion
of the unit cell of perovskite crystal that increases the crystal strain, which in turn enhances the
exciton-phonon interaction resulting into peak broadening[55]. The broadening of the PL peak at
higher temperature was reported to be caused by the coupling of the excitons to acoustic phonons
and to longitudinal optical (LO) phonons in GaN[56]. It has been reported that under non-resonant
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Fig. 3.17. (a) Temperature dependent PL spectra of F1PI; the inset shows the change in PL intensity with temperature.
(b) Variation of FWHM of PL peak with temperature fitted with the Boson model. The symbols represent
experimental data, while the solid line corresponds to fitted data. (c) Variation of PL peak energy of F1PI with respect
to temperature. The symbols represent experimental data, while the solid line corresponds to fitted data. (d)
Temperature dependent PL spectra of F1PB; the inset shows the variation of PL intensity with temperature.

factors including size distribution of the QDs may be responsible for the broadening of PL peak.
The electron-phonon coupling of the QDs in F1PI is studied by plotting temperature-dependent
PL spectral width, as shown in Fig. 3.17(b). The experimental data of FWHM (7) are fitted using
the Boson model given by, I'(T) =1+ Io/(exp(hw,o/kgT) — 1), where, Io is the
inhomogeneous broadening contribution, 7o is the longitudinal exciton-optical phonon
contribution to the FWHM and /%o is the LO phonon energy. From the fitted data, the obtained
parameters are as follows: /o= 57.0 meV, I'i.o = 168.3 meV, ZwLo= 33.8 meV. Our result is fully
consistent with reported value of optical phonon energy (25-42 meV) derived from the Raman
scattering from MAPDI3[57]. Note that no additional PL peak is observed at low-temperature

regime, which discards the possibility of phase change in F1PI QDs at low temperature. Fig.
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3.17(c) illustrates the temperature dependence of PL peak energy of F1P1 QDs. F1PI QDs exhibit
a blue shift of ~57 meV in PL peak position as the temperature increases from 80 K to 300 K. The
experimental data of peak energy of F1PI in the temperature range 150-290 K is fitted with the
equation[58], E4(T) = Eo + ArgT + Agp(1 + 2/(exp(hw/kpT) — 1)), where, Eo is the bandgap
at T=0 K, Ate and Aep are the weight of the thermal expansion (TE) and electron-phonon (EP)
interaction terms. 4w is the optical phonon energy. From the fitted data, the derived parameters
are Eo=1.63 eV, Are= 0.33 meV/K, Aep= 4.96 meV and 7= 42.3 meV. These values match well
with the literature [58, 59]. Hence, the linear increase in PL peak energy with temperature may be
attributed to the dominating contribution of TE, while the contribution of EP is negligible in this

temperature range. Fig. 3.17(d) shows temperature-dependent PL spectra of F1PB QDs in the
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Fig. 3.18. PL spectra with Gaussian deconvolution for F1PB recorded at different temperatures: (a) 300 K, (b) 220 K
and (c) 80 K.

range 80-300 K. Similar to the F1PI case, the PL intensity is observed to be decreased with
increasing temperature due to thermal quenching along with a systematic blue shift. The phase
transition induced change in PL peak (i.e. reversal of PL shift) is not observed in case of F1PB

QDs[60], which discards the possibility of phase change in F1PB QDs. The room temperature (300
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K) PL spectrum for F1PB shows an asymmetry in lower energy region, indicating a trace of bound
excitonic emission. The deconvulated PL spectra of FIPB QDs at 300 K, 220 K, and 80 K are
shown in Fig. 3.18(a-c), respectively. At 300 K, the spectral weight of Peak 1 at ~525 nm arising
due to the free exciton recombination dominates over the bound exciton recombination (peak 2 at
~535 nm), as shown in Fig. 3.18(a). With the lowering of temperature, the bound excitonic
emission increases and at 80 K, it dominates over the free excitonic recombination, as shown in
Fig. 3.18(c). Fig. 3.19(a) shows the variation in PL peak energy of F1PB QDs with temperature.
On the other hand, F1IPB QDs show relatively small blue shift for both the peaks (~33 meV for
peak 1 and ~30 meV for peak 2) at a rate ~0.13 meV/K in the temperature range 80-300 K. This
blue shift may be attributed to the electron-phonon coupling[61]. Exciton binding energy (Ep) for
the various QDs is estimated from temperature-dependent PL spectra. The temperature
dependence of the integrated PL intensity of F1PB and F1PI QDs are shown in Fig. 3.19(b) and
the experimental data are fitted using the Arrhenius equation, given by, I(T) =
I,/(1 + Aexp(—E,/KgT)), where, I(T) and lo are the integrated PL intensities at temperatures T
and 0 K, respectively. A is a constant. In order to estimate the E, of partially embedded perovskite
QDs, the experimental data are fitted in the higher temperature region (250-300 K). From the
fitting of the Arrhenius equation above keeping the parameters free, the Ey is estimated to be
162.1+22.2 meV and 271.1+34.1 meV for F1PI and F1PB QDs, respectively. Thus, the exciton
binding energy of perovskite QDs is very high in the present case as compared to the reported
values for QDs as well as the bulk counterpart (~32 meV)[61]. Note that there are some
characteristic differences in PL evolution with temperature for F1PI and F1PB. For example, the
decrease in PL intensity with temperature is faster in F1PI as compared to F1PB due to lower
exciton binding energy value. The shift in PL peak position with increasing temperature is also
larger in F1PI in contrast to F1PB. Also, asymmetry is observed in F1PB at low temperature due
to the dominant contribution of bound excitons. Higher exciton binding energy of PB based QDs
compared to the Pl based QDs originates from lower dielectric constant, larger bandgap energy
and stable cubic crystal structure in F1PB.

Note that size dependent exciton binding energy has been reported for conventional semiconductor
QDs. Using electron-hole explicitly correlated Hartree-Fock (eh-XCHF) method, it is reported that
electron-hole recombination probability and exciton binding energy for CdSe QDs follows a

scaling relationship with QD size as ~d™. As the size of the particle increases by 16.1 times and
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the exciton binding energy and recombination probability decreases by a factor of 12.9 and
4.55%10°, respectively[62]. In our case, for the F1PI QDs, as the size decreased by ~19.4 times
(from ~33 nm in bulk to 1.7 nm in QDs), the exciton binding energy increases by a factor of ~5.1,
which is quite consistent with the above prediction, which had an error bar of 28 %. For F1PB

QDs, the factor comes out to be ~8.5 times. The large increase in exciton binding energy is
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Fig. 3.19. (a) Variation in PL peak energy of F1PB with temperature. In the case of F1PB, two peaks (peak 1, peak 2)
are fitted. (b) PL integrated intensity vs inverse of temperature for F1PI and F1PB. The experimental data are fitted
with the Arrhenius equation. The symbols represent experimental data, while the solid line corresponds to fitted data.

explained on the basis of strong confinement effect in the small QDs, where the binding energy
varies as d1[51]. Thus, due to the increase in the exciton binding energy, the perovskite QDs show
stronger QC effect than their bulk counterparts. Higher exciton binding energy for perovskite QDs
supports higher PL QY for QDs compared to bulk films, resulting in stable and outstandingly
enhanced PL emission at room temperature[61]. Higher exciton binding energy of PB based QDs
compared to the Pl based QDs originates from lower dielectric constant and larger bandgap energy
in F1PB[49]. Exciton binding is calculated theoretically from electron-hole interaction energy Ven
which is calculated from the electron-hole pair density using the expression[63], V,; =
[ dr,drypen (o, TH)Tort €~ (70, 72), Where pen is the electron-hole pair density function and ¢ is the
inverse dielectric function. Hence, higher dielectric function corresponds to lower exciton binding
energy. Exciton binding energy of perovskite QDs grown on F-TiO2 templates is quite high
compared to the other reported values for colloidal-based perovskite NP films, which makes it a
very good candidate for stable light emitting and other optoelectronic device applications at room

temperature[64].
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3.4.3.4. Time-Resolved Photoluminescence Studies

In order to investigate lifetime and recombination kinetics of carriers, TRPL measurement was
performed on P1 QDs on various F-TiO2 templates and BulkP1 film using a 405 nm laser excitation.
The TRPL decay transients fitted with bi-exponential decay function can be expressed as follows:

1(t) = Y2, Ajexp(—t/1;), where A is the amplitude of the TRPL decay curve corresponding to

(a) g (b) (C) = Expt. data
i 0.20 4 Fitted data
)
> =
= 0
1] b= -
c [} ‘0
2 £ £ 0.16+
: :
[ % g
2 @ & 0.12
N = (5]
3 z ;
g s 5
0.08 4
z < 2
E T — + T L) L) L) ) D'D4 L) 1 T L) T L)
10 20 30 40 4 8 12 16 20 0 b 10 15 20 25
Time (ns) Time (ns) Pl QD size (nm)

Fig. 3.20. (a) A comparison of TRPL spectra of BulkPI film, F1PI, F2PI and F3PI with 405 nm laser excitation and
monitored at their respective peak position. (b) PL decay of sample F1PI monitored at different emission wavelengths.
(c) PL decay rate as a function of PI QD size. Blue solid line shows the best fit curve following an inverse quadratic
dependence with QD size.

the lifetime 7i. The average lifetime (tavg) is calculated considering the following relation: 7,,, =
(A;72 + A,72) /(A T, + A,7,). Fig. 3.20(a) shows the TRPL decay profiles of BulkPI film and
various PIQDs monitoring the emission at their respective PL peak positions. The details of the
individual components of BulkPI film and Pl QDs are given in Table 3.3. The average life times
are estimated to be ~15.8 ns, 12.9 ns, 10.5 ns and 4.9 ns for BulkPI film, F3PI, F2PI, and F1PI,

respectively. Thus, the tavg reduces systematically with the reduction of QD size, consistent with

Table 3.3. The details of the TRPL decay time constants for the CHsNH3zPbls QDs.

Sample 11 (NS) A1 (%) 2(Ns) Az (%) Tavg (NS)

BulkPlI 1.34 12.92 16.02 87.08 15.84
F3PI 1.78 9.91 13.08 90.09 12.91
F2PI 2.00 27.68 11.13 73.32 10.47
F1PI 0.74 38.59 5.21 61.41 4.85
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the previous reports[18, 65]. The smallest size Pl QDs (F1PI) possesses ~3 fold faster
recombination or short average lifetime compared to the BulkPI film. Shorter lifetime of Pl QDs
implies faster recombination and thus higher PL QY, suggesting the PL decay of P1 QDs mainly
through the exciton recombination and suppression of non-radiative recombination. TRPL spectra
of F1PI monitored at different emission wavelengths (660-780 nm at 20 nm intervals) are obtained
under 405 nm laser excitation and the results are shown in Fig. 3.20(b). Each spectrum is fitted
with bi-exponential decay function and the fitted curve is shown by the solid line. At lower
emission wavelengths, the PL decay times are observed to be shortened systematically (from 6.75
ns at 780 nm to 1.60 ns at 669 nm) confirming the QC effect of PI QDs. Thus, the broad PL
spectrum for F1P1 is mainly due to the variation in the Pl QDs size and faster emission occurs at
higher energies[47]. Since the mean decay rate (1) is related to the PL QY by the equation:
PL QY =I,./T = I,/ (I + I,), where, I"is inversely proportional to z, I and I'nr are the radiative
and non-radiative decay rates, respectively. In our case, the PL QY of Pl QDs is very high, hence
the radiative recombination can be considered to be dominant over non-radiative recombination
even at room temperature. Thus, the PL QY corresponding to the PI QDs may proportionally vary

with I'y. The dependence of PL decay rate on the PI QDs size is plotted in Fig. 3.20(c).
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Fig. 3.21. (a) Comparison of the TRPL spectra of BulkPB film, F3PB, F2PB and F1PB with 375 nm excitation
monitored at their respective emission peak, (b) TRPL decay of F1PB monitored at different emission wavelengths.

The experimental data (/") can precisely be fitted with the relation, I’~1/42. This is fully consistent
with the expected behavior that the radiative decay rate is inversely proportional to the surface

area of the QDs and the number of radiative decay path increases as the QDs size decreases. For
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comparison, TRPL study was also performed on various PB QDs and BulkPB film with 375 nm
laser excitation, as shown in Fig. 3.21(a). Similar to the Pl QDs, zayg 0of F1PB, F2PB, F3PB, and
BulkPB are found to be ~3.3 ns, 7.2 ns, 9.9 ns and 20.2 ns, respectively, demonstrating faster decay
for PB QDs than the BulkPB film. PL emission corresponding to the QDs is reported to be confined
in the bimolecular regime where decay rate is mainly due to radiative recombination resulting in
the faster decay than the bulk film, which possesses longer decay time in the monomolecular
regime due to the influence of non-radiative trap filling[66]. As the size of QD enters in the
quantum regime, the confinement of electron and hole wave functions is observed to be enhanced
facilitating the greater radiative transition probability, which results in faster radiative decay[67].
TRPL spectra for F1PB recorded at different emission wavelengths (490-560 nm) at an interval of

10 nm with 375 nm laser excitation are shown in Fig. 3.21(b). PL decay time is observed to be
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Fig. 3.22. Comparison of TRPL decay profiles of cPl and cPB QDs.

systematically shortened with the lowering of the emission wavelength. At higher emission
wavelengths, the TRPL decay profiles are observed to be overlapped, confirming the narrow size
distribution of PB QDs (absence of large PB QDs), further verified by the sharp PL emission
(FWHM ~24 nm). TRPL decay profiles of cPl and cPB QDs on ITO substrates are shown in Fig.
3.22. The average lifetime of cPB and cPI QDs are ~3.8 ns and ~27.1 ns, respectively. Average
carrier lifetime for F1PB and cPB QDs are nearly equal, which is consistent with their emission
behavior. It reveals the fact that cPB QDs possess high radiative recombination similar to that of
F1PB QDs. In contrast, the average lifetime of carriers in cP1 QDs is larger than even the BulkPI

film, which reveals the presence of non-radiative decay paths in it.
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3.4.3.5. Photostability Studies

Despite the tremendous efforts to prepare the air and photo stabilized perovskites, it is still one of
the major challenges for the commercialization of perovskite QD based devices. In order to test
the photostability, each as-grown sample was exposed to continuous UV irradiation (360 nm laser,
18 mW at source) for several hours and PL emission was recorded as a function of time at a regular
interval. As shown in Fig. 3.23(a), the PL emission of BulkPI and BulkPB films are observed to
be drastically reduced to 25 % and 67 % after 10 h of UV irradiation, respectively. As compared
to the bulk counterpart, both the PI QDs and PB QDs show significantly improved photostability.
Even after 10h of UV irradiation, F1PB preserves ~99 % of its PL intensity, while F1PI shows ~86
%. The lower stability of F1PI is due to the fact that iodide-based NPs are known to be highly
vulnerable to moisture and UV light. Stability of F1PIl and F1PB QDs are compared with cPI and

—
-]
—

(

—
=}
1
(=n
<

d
oo
L "

e
»
1 A

—4— BulkPI

Normalized PL intensity
o
[-2]
1
Normalized PL intensity

1—a—BuKre
0.2- —&—F1PI
—3—F1PB
1 v L v 1 M 1 v L) N 1 T T T v T T T T T v T
0 2 4 6 8 10 0 2 4 6 8 10
UV irradiation time (hour) UV irradiation time (hour)

Fig. 3.23. (a) Optical stability test of perovskite QDs (Pl and PB) with 360 nm UV laser (power 18 mW at source)
exposure up to 10 h. (b) Optical stability test among perovskite QDs (Pl and PB) synthesized using top down method,
F1PI and F1PB with 360 nm UV laser (power 18 mW at source) exposure up to 10 h.

cPB QDs (see Fig. 3.23(b)). It’s evident that cPI QDs degrade very fast under UV irradiation and
PL emission reduces to ~36 % of initial value after 10 h of UV irradiation. cPB QDs show better
stability than the cPl QDs and it restores 90 % of its initial PL intensity after 10 h of UV light
exposure. Hence, perovskite QDs grown on F-TiO2 template show superior stability compared to
the QDs prepared using colloidal method. In the present case, the mesoporous sites of the F-TiO>
flower act as the nucleation sites for the growth of perovskite QDs and these QDs are surrounded
and partly covered by the F-TiO2 NCs, which restricts the perovskite QDs from the complete

exposure to moisture and UV irradiation, preventing its fast degradation. We have observed that
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the as-grown perovskite QDs are quite stable in the ambient atmosphere and maintains its initial
PL intensity for more than a month. For the fully embedded QDs, stability is expected to be much

better and would be suitable for the fabrication of stable devices.
3.5. Summary and Conclusions

In this chapter, we have reported a cost-effective and reproducible method to grow perovskite QDs
partially embedded inside the pores on F-TiO. template with high optical quality in ambient
condition. A comparative analysis of the structural and photo-physical properties of lodine and
Bromine based perovskite QDs is presented. Our study offers a novel template-assisted synthesis
route for perovskite QDs with very high photo and air stability, which is promising for various
optoelectronic applications including light emitting devices. The highlights of the chapter are

summarized below.

1. Mesoporous F-TiO> template assisted growth of stable hybrid perovskite QDs is
demonstrated here.

2. The smallest sized MAPbBr3 QDs exhibit sharp and dramatically enhanced (more than two
orders of magnitude) PL emission with extremely high PL QY of 57 %, while the iodide-
based perovskite shows ~25 % PL QY, which are the highest among the reported values
for the template assisted growth of perovskite QD films.

3. Quantitative analysis of the PL data reveals strong confinement effect validated by fitting
the experimental data with canonical expressions derived for the quantum regime.

4. A careful analysis of the low-temperature PL spectra reveals very high exciton binding
energy (162-272 meV) for the QDs as compared to the bulk film (32 meV) due to high
effective dielectric constant, and high electron-hole recombination probability in the QDs,
which supports extremely high PL QY and stable emission from the QDs.

5. The blue shift of the PL peak with increasing temperature is quantitatively explained on
the basis of thermal expansion effect.

6. The strongly enhanced PL of perovskite QDs is ascribed to enhanced radiative
recombination probability and QC effect, as revealed from the TRPL analysis.

7. The perovskite QDs embedded in porous TiO> template are photostable as it maintains its
initial PL intensity up to several hours (>10 h) under the UV laser exposure (18 mW), while
that of bulk film decreases to <67 %.
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Chapter 4

Precise Tuning of the Thickness and Optical Properties of Highly
Stable 2D Organometal Halide Perovskite Nanosheets Through
a Solvothermal Process and Its Applications as a White LED and
a Fast Photodetector

In this chapter, a novel, highly reproducible and facile solvothermal route is presented to
synthesize and tailor the thickness and optical bandgap of the organic-inorganic halide perovskite
nanosheets (NS). Our study reveals that self-assembly of randomly oriented perovskite nanorods
leads to the growth of multilayered perovskite NS at ~100 °C, while at higher temperature large
area few-layer to bilayer 2D NS (CH3NH3PbBr3) are obtained through lattice expansion and layer
separation depending precisely on the temperature. Interestingly, the thickness of the 2D NS shows
a linear dependence on the reaction temperature and thus enables precise tuning of the thickness
from 14 layers to 2 layers giving rise to a systematic increase in the bandgap and appearance of
excitonic absorption bands. Quantitative analysis of the change in the bandgap with thickness
revealed strong quantum confinement effect in the 2D layers. The perovskite 2D NS exhibits
tunable color and high photoluminescence (PL) quantum yields (QY) up to 84 %. Through a
careful analysis of the steady-state and time-resolved PL spectra, the origin of the lower PL QY in
thinner NS is traced to surface defects in the 2D layers, for the first time. A white light converter
was fabricated using the composition tuned 2D CH3sNH3zPbBrl2 NS on a blue LED chip. The 2D
perovskite photodetector exhibits a stable and very fast rise/fall time (24 ps/103 ps) along with
high responsivity and detectivity of ~1.93 A/W and 1.04x10'? Jones, respectively. Storage,
operational and temperature dependent stability studies reveal high stability of the 2D perovskite
NS under the ambient condition with high humidity. The reported method is highly promising for
the development of large-area stable 2D perovskite layers for various cutting-edge optoelectronic

applications.
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4.1. Introduction

Low dimensional organic-inorganic halide perovskites nanostructures have recently aroused a
great deal of interest due to their low cost, easy solution processing, good stability, and outstanding
optoelectronic properties[1-8]. Intensive research is being conducted especially on 2D nanoplatelet
or nanosheet (NS) in comparison to their bulk, 1D and 0D counterparts for its appealing features,
such as large lateral size, narrow band absorption and emission spectra, long diffusion length and
long carrier lifetime, excellent charge transport properties, which makes it a promising material
for the applications in photovoltaics and optoelectronics[9-18]. Interestingly, organic-inorganic
halide perovskite (MAPbBrs, MA= CH3NHz) nanocrystals (NCs) have gained much attention and
are widely used in various devices as compared to the inorganic CsPbBrsz or FAPbBrs (FA
= CH(NH>)2), since it can be synthesized at room temperature with low cost due to its low
formation energy[19-21].

In the literature, very few reports have addressed on the synthesis of colloidal 2D organic-inorganic
halide perovskite nanoplatelets due to lack of control in the growth of pure 2D NSs[10, 12, 15,
22]. Gonzalez-Carrero et al. prepared a blue luminescent 2D perovskite using C1gH4BrN as the
organic component[23]. Dou et al. used C4H1:NHBr and CH3NH3Br for the growth of single- and
few-unit-cell-thick single-crystalline 2D hybrid perovskite (C4sHsNH3s)2PbBrs[24]. Sichert et al.
tuned the thickness and photoluminescence properties of the perovskite by varying the ratio of
organic cations (CH3sNHsBr and Cs2HessBrN)[10]. Cho et al. modulated the layer thickness of the
perovskite nanoplatelet by changing the chain length and concentration of the added
alkylammonium cations[12]. Similarly, Yuan et al. used different organic ammonium bromide
salts to tune the color of highly luminescent quasi-2D layered structured perovskite
((CeHsCH2NH3)2PbBrs)[22]. Levchuk et al. realized the thickness-tunability of perovskite
nanoplatelet using the ligand-assisted re-precipitation method by varying the oleylamine and oleic
acid ligand ratio[15]. In these reports, different kinds of organic amine salts and different ratios of
capping ligands have been used to tune the thickness of the 2D perovskite. However, precise tuning
of the thickness of 2D layer through temperature control and the long-term stability of the 2D layer
are least addressed in the literature, and such a control is highly desirable for its exploitation in

various demanding applications.
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Interestingly, the solvothermal method is a very easy and facile route to tune the morphology of
NSs due to the high pressure/temperature inside the closed environment of the autoclave. Although
plenty of works have been done on tuning the morphology of the inorganic based perovskites
(CsPbBrs) using the solvothermal method, there is hardly any report on the effect of solvothermal
treatment on the morphology of the organic-inorganic halide perovskites[25-34]. Zhang et al.
demonstrated the preparation of mixed halide perovskite CHsNH3Pb(Bri—«xClx)3 single crystals by
the solvothermal growth of stoichiometric PbBr2 and [(1—Yy)CHsNHsBr+yCHsNHsCIl] DMF
precursor solutions[26]. Xia et a. developed a hydrothermal method using Pb(CH3C0OO)2.3H20,
HBr and CH3NH: alcohol solution to prepare CHsNH3sPbBrs cluster, which was used as active
material in lithium batteries[29]. Recently, Zhang et al. fabricated a hybrid material via the
encapsulation of perovskite MAPbBrs NCs in europium-based metal-organic frameworks, which
has been used in multistage anti-counterfeiting[25]. Note that all the reported solvothermal
methods required a long duration (12-48 hours) of synthesis, which is not time and cost-efficient.
In the literature, tuning of the thickness or optical properties of the nanoplatelet is achieved mostly
by varying the number of ligands or organic salts. However, a fast and cost effective synthesis of
2D perovskite with tunable thickness and optical properties is highly desirable and worth
interesting. Interestingly, we achieved layer controlled growth of 2D perovskite by a solvothermal

method of reaction simply by controlling the growth temperature.

Herein, we demonstrate a facile, fast, controlled solvothermal method to tailor the thickness of the
ultra-stable organic-inorganic halide perovskite (MAPbBr3) NS with excellent tunable light
absorption/ emission and photodetector performance. The growth mechanism of the NSs is
qualitatively discussed based on the classical theory of self-assembly and exfoliation. Through the
control of the thickness of the 2D NS, bandgap tuning is achieved from green luminescent
nanorods (NRs) to cyan luminescent quantum dots (QDs). The real-life application of the 2D NSs
was demonstrated by fabricating a white LED device by depositing the orange emitting
CH3NH3sPbBri1lo NS on a blue LED. Next, we fabricated a photodetector device using the 2D
perovskite NS that shows very high stability, fast response time and high responsivity. The efficacy
of the current solvothermal method for fast, convenient and controllable synthesis of the large area,

stable 2D perovskite layers and their uses in various optoelectronic devices are demonstrated here.

4.2. Experimental Details
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4.2.1. Materials

The starting materials for the present synthesis are methylamine solution (CH3NHs, 33 wt% in
absolute ethanol, Sigma-Aldrich), lead(ll) iodide (Pblz, 99 %, Sigma-Aldrich), lead(Il) bromide
(PbBr2, 99.999 %, Sigma-Aldrich), hydroiodic acid (HI, 57 wt% in water, Sigma-Aldrich),
hydrobromic acid (HBr, 48 wt% in water, Sigma-Aldrich), N,N-dimethylformamide (DMF, >99%,
Sigma-Aldrich), diethyl ether (>99 %, Merck), toluene (Merk), Oleic acid
(CH3(CH3)7CH=CH(CH2)7COOH, Merk) and Oleylamine (>98 % (primary amine), Sigma-
Aldrich).

4.2.2. Synthesis Procedures
4.2.2.1. Synthesis of CHsNH3Br

CH3sNH3sBr (MABTr) powder was prepared by diluting the 8 mL of CH3NH3 solution with 50 mL
of absolute ethanol while stirring the solution for 15 min in a round-bottom flask. Then, 2.83 mL
HBr was slowly added to the solution in an ice bath with vigorous stirring at 900 rpm for 2 h. The
solution was then heated at 70 °C for several hours with continuous stirring till the solvent
evaporates. To remove impurities from the MABr powder and as well as to recrystallize it, the
powder was washed several times with anhydrous diethyl ether and finally dried at 60 °C in a

vacuum oven overnight.
4.2.2.2. Synthesis of Ultrathin 2D Perovskite NS

To prepare the precursor solution, MABr and PbBr, were first mixed in DMF, and then Oleic acid
was added to the solution. Next, 60 pl OAm was added to the solution and then transferred into a
Teflon lined autoclave without any pretreatment and heated it at different temperatures (60-180
°C) for only 30 min. The synthesis procedure is schematically illustrated in Fig. 4.1. Note that
reported solvothermal methods usually adopted long-duration reactions (12-48 hrs), in contrast to
our fast reaction method. After the solvothermal process, the crude solution was cooled down
naturally, and 400 ul of the solution was added into 10 ml toluene. The as-prepared NSs were
separated from the solution by centrifugation for 15000 rpm for 15 min. The supernatant was
discarded, and the precipitate was redispersed in 5 ml toluene for further characterization. No
additional washing was adopted for purification. The samples are named as PB60, PB100, PB120,
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etc. according to the reaction temperatures as detailed in Table 4.1. To prepare the MAPDCI3,
MAPDI3, and mixed halide NSs, the same protocol was followed by replacing the PbBr; with
PbCl2, Pbl> or mixed halide precursors (i.e., PbClo/PbBr2 and Pbl/PbBr2), respectively. To
illustrate the robustness of the method and the stability of the 2D perovskites, all the experiments

were carried out in ambient air with relatively high humidity (~70 %) without the use of a glove

box.
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Fig. 4.1. Schematic illustration of the synthesis procedure of MAPbBTr3; nanostructures and its structural evolution with

solvothermal reaction temperature.

Table 4.1. Details of the NS samples with 2D layer thickness and their PL characteristics. For

all the cases, the OAm amount is 60 pl except for PB100/200 where it is 200 pl.

Sample Solvothermal Thickness of 2D PL peak PL QY (%)
code Temperature | Duration NS (nm) position (nm)
(°C) (min)

PB60 60 18.5 525 64
PB100 100 8.4 518 78
PB120 120 6.4 515 59
PB130 130 30 4.8 512 43
PB140 140 3.2 508 38
PB150 150 1.2 499 32
PB180 180 1.2 488 30

PB100/200 100 - 458 84
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4.2.2.3. Fabrication of Photodetector

First, Si/SiO2 (300 nm) substrates were cleaned by ultra-sonication using acetone, iso-propanol,
water sequentially each for 10 min, followed by drying/heating at 150 °C for 1 h on the hot plate.
The substrate was then treated by UV-Ozone for 20 min to remove any residue. To avoid the
degradation of the material while depositing the electrodes, the Al electrodes were first deposited
on the wafers using a shadow mask by a thermal evaporation method. Then the PB140 NS solution
was drop cast between the gap of two electrodes and dried at 60 °C. We use a planar geometry of

the device for simplicity of fabrication.
4.3. Characterization Techniques

The morphology of perovskite NSs has been characterized using FESEM (Sigma, Zeiss) imaging.
The high magnification surface morphologies for different samples have been studied usinga TEM
(JEOL-JEM 2010) operated at 200 kV. AFM (Cypher, Oxford Instruments) images were acquired
to determine the thickness of the perovskite NSs. UV-vis absorption spectra of the samples were
measured using a commercial spectrophotometer (PerkinElmer, Lamda 950). XRD pattern was
recorded with Rigaku RINT 2500 TTRAX-III using Cu Ko radiation with a scanning speed of
3°/min. The room temperature steady-state photoluminescence (PL) spectra were recorded using
a commercial fluorimeter using 400 nm excitation using a Xenon lamp (Fluoromax-4, Horiba
Scientific). PL quantum yield (QY) of the samples was measured in solution made using an
integrating sphere (FM-SPHERE, Horiba) attached with the fluorimeter. Low temperature (80—
300 K) PL measurements were carried out using a liquid nitrogen-cooled optical cryostat (Optistat
DNV, Oxford Instruments) attached to the above fluorimeter using 405 nm laser excitation. TRPL
measurements were performed using a 405 nm pulsed laser excitation for perovskite NSs, with an
instrument response time of <50 ps (LifeSpecll, Edinburgh Instruments). Photodetector
measurement was carried out using an assembled setup consisting of a microprobe station (Ecopia,
Korea), a 405 nm diode laser, a source meter (Keithley 2400, Germany), a pulse generator
(Agilent) and a digital storage oscilloscope (Agilent). The spectral response and external quantum
efficiency were measured using a 150 W Xe lamp (Newport, USA), a monochromator (Newport,
USA) and a power meter (Newport, USA).

4.4. Results and Discussions

TH-2453_156121029



105 | Precise Tuning of the Thickness and Optical Properties

4.4.1. Morphology and Microstructural Analyses

A schematic illustration of the synthesis procedure and the structural evolution of perovskite NSs
with the variation of the solvothermal temperature (Ts) was depicted in Fig. 4.1. Here, the
solvothermal synthesis process is conducted inside an autoclave, which is placed inside a preheated
oven and the reaction is initiated soon after the autoclave is placed inside the oven. Pressure in the
liquid inside the close chamber is moderate to high, which favors the crystal nucleation while the
surfactant is adsorbed onto the sidewalls of the autoclave, preventing the agglomeration of NS[35].
Fig. 4.2. represents the FESEM images of the perovskite NSs prepared at different Ts. Prior to the
solvothermal treatment, narrow and long NR with width ~210 nm and length ~8 um is observed

from the reaction at room temperature (RT), as shown in Fig. 4.2(a); the inset shows a magnified

/) 1um | \ \hit\ 3 1

Fig. 4.2. (a) FESEM images of MAPbBr3; sample for (a) PBO, (b) PB60, (c) PB100 and (d) PB150. () FESEM image
of PB60, and (f-i) the corresponding elemental mapping for Pb, Br, C and N, respectively, showing their spatial
distribution.

view of the NR. At Ts= 60 °C (PB60), the width of NR is dynamically increased from 210 nm to
~2 um due to the lateral self-assembly of thin NRs (Fig. 4.2(b)). Fig. 4.2(c) depicts the formation
of thick NS for PB100 (Ts= 100 °C) as a result of the lateral attachment of the NRs. Interestingly,
at Ts= 150 °C, the thinner NS is formed, as shown in Fig. 4.2(d) for PB150, due to hindrance in
the vertical growth of the sheet in the presence of surface ligands. Note that the ultrathin NSs for
PB150 cannot be fully discerned in the FESEM image due to its resolution limit. Fig. 4.2(e) shows
the FESEM image of PB60 on which the elemental mapping was performed. Fig. 4.2(f-i) depict
the corresponding elemental mapping of Pb, Br, N, and C, respectively, showing the spatial
distribution of each element in the NR. The images represent the uniform distribution of all the
elements of MAPbBr3 throughout the NRs and hence the formation of perovskite NS with a distinct

shape is confirmed.
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To understand the structural evolution of perovskite NS with the solvothermal treatment, TEM
images were recorded at different stages of solvothermal growth. For the sample PBO, synthesized
by simply mixing the precursors at RT without any special treatment, randomly oriented NRs are
observed. At Ts=60 °C (PB60), lateral self-assembly of NRs occurs in the presence of an optimum
concentration of capping ligand, as shown in Fig. 4.3(a). The corresponding HRTEM lattice fringe
pattern for PB60 with lattice spacing 0.32 nm is shown in Fig. 4.3(b) and the inset shows the
corresponding inverse fast Fourier transform (IFFT) image. Further increase in Ts to 100 °C results
into the compact attachment of the self-assembled NRs to form large-area 2D nanosheet (NS), as
revealed in Fig. 4.3(c). Fig. 4.3(d) depicts the HRTEM lattice fringe pattern of well crystalline
perovskite NS in PB100. The calculated lattice spacing of 0.26 nm and 0.31 nm corresponds to the

BR8I350
¥ NG Size(ni)

Fig. 4.3. (a,b) TEM image of self-assembled 2D perovskite NRs in PB60 and the corresponding HRTEM lattice image;
the inset in (b) shows the corresponding IFFT image with an interplanar spacing of 0.32 nm. (c,d) The TEM image of
2D perovskite NS in PB100 and the corresponding HRTEM image; the inset shows the corresponding IFFT image.
(e,f) TEM images of ultrathin 2D perovskite NS in PB150 and the corresponding HRTEM image; the inset shows the
corresponding IFFT image. (g,h) The TEM image of 2D perovskite QDs in PB180 and the HRTEM lattice image of
a 2D QD. The insets of (g,h) show the size distribution QDs in PB180 and IFFT image of the lattice fringe,
respectively.

(210) and (200) planes, respectively, of the MAPbBTr3 crystals (see the inset of Fig. 4.3(d)),
suggesting the cubic structure corresponding to the space group Pm3m (221). For PB150,
perovskite NS along with QDs is observed due to the higher temperature (Ts= 150 °C), as shown
in Fig. 4.3(e). Interestingly, the thickness of the NS is much reduced in PB150 as compared to that
of PB100, which is evident from the image contrast and it will be more evident from the AFM
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analysis discussed later. Fig. 4.3(f) demonstrates the HRTEM lattice fringe pattern of PB150, and
the calculated lattice spacing is 0.27 nm corresponding to (210) plane. Finally, for PB180, the 2D
NSs are disintegrated into 2D QDs, as shown in Fig. 4.3(g), revealing the uniform distribution of
QDs and the corresponding size distribution with an average size of 2.9 nm is shown in the inset.
Fig. 4.3(h) shows the HRTEM lattice fringe pattern of a 2D QD, implying its highly crystalline
nature with a lattice spacing of 0.21 nm, which corresponds to (220) plane of MAPbBr3. Since the
lateral size of the NSs is comparable/less than the exciton Bohr radius in bromide-based perovskite
(~ 4 nm), these are termed as 2D QDs.

The current solvothermal method enables us to successfully tailor the morphology/thickness of the
perovskite NSs from thick NRs to ultrathin 2D NS and finally to 2D QDs. The key factors in
controlling the morphology are the solvothermal temperature, duration, and surfactant
concentration. Inside the autoclave, the solvent cannot evaporate, and when the temperature and
pressure of the solvent are increased above a critical point, the solvent becomes a supercritical
fluid phase, which shows the characteristics of both the liquid and gas phases and this supercritical
fluid exhibits high viscosity and easily dissolve the chemical compounds that are insoluble under
ambient conditions[36]. To optimize the growth and tune the perovskite NSs, the concentration of
OAm and the time duration of solvothermal treatment were varied for PB100 sample (i.e., at Ts =

100 °C) keeping all other parameters unchanged (see Fig. 4.4). Randomly oriented NRs along with

@ 30 uLOAm (b) 200 (c) PB100 2h

Fig. 4.4. TEM image of solvothermally grown perovskite nanostructures synthesized with (a) 30 pl (b) 200 pl OAm
at 100 °C for 30 min. (c) TEM image of perovskite NCs for PB100, solvothermally treated for 2h duration.

small area thick NSs are observed at 30 ul OAm content as shown in Fig. 4.4(a). For 200 ul OAm
concentration, the NSs are fully disintegrated to QDs with very high blue emission under UV light,
as revealed from Fig. 4.4(b) and its inset. Thus, it can be concluded that the OAm concentration
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has a strong impact on controlling the morphology of the perovskite NS. Next, by keeping the
OAm concentration and Ts fixed at 60 pl and 100 °C, respectively, an extension of the
solvothermal treatment duration from 30 min to 2h results into the formation of 2D NS decorated
with QDs, as shown in Fig. 4.4(c). When the solution is solvothermally treated with a high
concentration of surface ligand, more nuclei are formed, and its growth is dynamically controlled
in all the directions, resulting in smaller nuclei[14]. Further, as the solvothermal reaction time is
increased, keeping the temperature constant, the ligands get more time to react with the precursor
nuclei and disintegrate the NSs resulting in the formation of QDs/NCs. Hence, OAm is key to
control the kinetics of crystallization and controls the thickness of the nanostructure, while OA
suppresses the NS aggregation and increases the colloidal stability[3]. Note that the synthesis
process with only 1-octadecene resulted into the formation of non-uniform nanostructures, and
tuning of the morphology and the optical band gap was not achievable with the variation of reaction
time and temperature. In contrast, the combination of OAm and OA allowed us to successfully
tune the thickness, morphology and the optical properties of the NS systematically. Thus, at an
optimum growth condition (60 pl OAm and 30 min solvothermal treatment), the self-assembly
process of NRs and nanoplatelet have been observed to take place due to the destabilization of the
surface ligands caused by the elevated autoclave pressure and temperature. Without any
pretreatment, the DMF solution slowly reacted with the capping ligands inside the autoclave and
arranged in a specific direction. It has been reported that high pressure inside the closed chamber
of the autoclave is a key factor in assembling the randomly oriented NRs in a specific direction[30].
At elevated pressure and temperature, controlled evaporation of the solvent in solvothermal
method increase the viscosity of the growth medium which facilitates the lateral oriented
attachment of the NRs and platelets to form NSs due to lack of free volume and spatial
constraints[37]. Interestingly, we observe a dramatic change in the structural parameter in the
perovskite crystal at Ts = 150 °C (discussed later). At this temperature, the as-grown NSs consist

of bilayer perovskite.

Note that pressure-induced phase transition and self-assembly of NR to from 2D NS have been
reported earlier for perovskite material[7, 18, 30, 37-39]. The self-assembly of NRs can also be
explained by considering the interaction energies between the NRs. According to the classical
theory of interaction between nanoparticles, two dominating forces responsible for the self-

assembly process of NSs are the van der Waals force, and electrostatic interaction. The repulsion
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forces arise from the net charges and the steric repulsion of organic ligands[21]. The electrostatic
repulsion force between two interacting MAPbBrs NRs and nanoplatelet dominates at large
separation, while the attractive van der Waals force dominates at a short distance, and for the self-
assembly of two NRs, they have to overcome an energy barrier of ~0.25ksT[21]. Hence, at room
temperature, it is very difficult for the NSs to be self-organized in a particular direction. In the
solvothermal method, high pressure and controlled temperature play crucial roles in supplying the
required energy to the NRs, and they attach laterally to each other to form large-area NSs. At
higher reaction temperature, due to the increased thermal energy liquid-phase exfoliation of layers
occurs giving rise to the thinning of the 2D layers down to 1.2 nm (bilayer perovskite) at 150 °C

(discussed below).

In order to estimate the thickness of the 2D perovskite NS precisely, AFM images were recorded
in the tapping mode. Fig. 4.5(a) shows the AFM image and the corresponding height profile of
PBO, revealing the thickness of the NR as ~67 nm. Fig. 4.5(b) exhibits the AFM image of PB60,

PB120

Fig. 4.5. AFM topography images of 2D NS in (a) PBO, (b) PB60, (c) PB100, (d) PB120, (e) PB130, (f) PB140, (g)
PB150, and (h) PB180. The corresponding height profiles of the 2D NS are shown in the respective images, which
essentially represent the thickness of the 2D layers in each case.

and the thickness of the NR is found to be ~18.5 nm. Fig. 4.5(c) demonstrates the formation of
thin NS in PB100 and the average thickness of the NS is found to be ~8.4 nm. The AFM images
of thin NSs in PB120 and PB130 are shown in Fig. 4.5(d,e) and the corresponding thicknesses are
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found to be ~6.3 nm and ~4.8 nm, respectively. Fig. 4.5(f,g) depict the AFM images of PB140 and
PB150 NS, respectively. Interestingly, the thicknesses of PB140 and PB150 NS are further reduced
to ~3.2 nm and ~1.2 nm, respectively, as depicted in their respective height profiles. For PB180, a
uniform distribution of QDs is observed as seen in the AFM image shown in Fig. 4.5(h) and the
corresponding thickness of the QDs is estimated to be ~1.2 nm. Considering the unit cell size of
MAPDBr3; as 5.93 A, the number of unit cell layers (n) was estimated from the thickness of the
NSs/QDs to be: n= 14, 10, 8, 5, 2 and 2 for the samples grown at 100, 120, 130, 140, 150 and 180
°C, respectively[15]. Thus, we have successfully tuned the thickness of the NS precisely from 14
layers (14L) to 2L by systematically increasing the solvothermal reaction temperature. The
thickness of the NS and QDs is comparable to or less than the 3D exciton Bohr radius of MAPbBr3
(~ 4.4 nm); hence a strong QC effect can be expected in the optical properties of the NSs. It is
reported that oleic acid is densely packed in an ordered layer on the NS surface, thus helps in
stabilizing the 2D NS growth[40]. Here, tuning the thickness of 2D NS is achieved by the increased
reactivity of OAm due to the high pressure and temperature inside the autoclave. At low
temperature where the interplanar spacing is less, the surface ligands can't enter between the layers
and exfoliation of layer can't occur. But, at high temperatures the interplanar spacing is enlarged
(discussed from XRD analysis), and the surface ligands can successfully exfoliate the NS layer
giving rise to thinner NS[41]. Hence, the surface ligands are attached to the surface of the NSs and
selectively exfoliate the layers of the NSs along the vertical direction, promoting thinner sheets at
higher temperature. Thus, the control of growth and morphology of colloidal NSs are achieved by
a kinetically controlled process, governed by the temperature-dependent dynamic surface—ligand

interaction.
4.4.2. Structural and Compositional Analyses

Results of XRD measurements presented in Fig. 4.6(a) exhibit that the initial cubic structure of
the perovskite solution is retained in the course of the self-assembly process in solvothermal
treatment. XRD patterns of MAPbBr3 NSs indicate a pure cubic phase, perfectly assigned to Pm-
3m space group (Fig. 4.6(a)). The XRD (130) peak is dominant in PB180 and diffraction peak
intensity of (110) plane is greater than (100) plane in PB180 indicating 2D QDs. The comparison
of interplanar spacing corresponding to (100) diffraction peak for different growth temperatures is

shown in Fig. 4.6(b). It is worth noting that there is a systematic increase in lattice spacing (d-
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Fig. 4.6. (a) A comparison of XRD patterns of perovskite NS prepared at different solvothermal temperatures. (b)
Change in (100) interplanar spacing and (100) peak intensity with solvothermal temperature. (c) Change in the
thickness of the 2D NS with solvothermal reaction temperature. (d) A schematic illustration of the growth mechanism
and shape evolution of the perovskite NSs during different stages of solvothermal reaction at different temperatures.

spacing) (from 5.82 A at RT to 5.89 A at 180 °C) with increasing temperature and reduction in
sheet thickness. Note that with the increase in Ts the morphology of the NS is changed from thick
NR to ultra-thin NS to ultrathin QDs and thus, the (100) diffraction peak position is observed to
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be shifted towards lower angle (~0.18° shift), indicating lattice expansion and marginal broadening
in full width at half maxima (FWHM) (0.079 to 0.108°). Since the NSs are highly anisotropic, the
Scherrer equation cannot be employed to determine the dimension from the observed FWHM.
Hence, the thickness of the NSs is measured directly from AFM height profile analysis. The right
Y-axis of Fig. 4.6(b) displays the comparison of (100) diffraction peak intensity with the increase
in Ts, reaction temperature. Characteristic XRD peak intensity (100) systematically decreases with
increasing Ts; especially at 150 °C the (100) peak intensity reduces largely indicating exfoliation
of the sheets perpendicular to (100) direction leading to bilayer perovskite (thickness, ~1.2 nm).
The (100) oriented 2D perovskite can be categorized as Ruddlesden-Popper phase[42]. Fig. 4.6(c)
shows the variation in NS thickness with Ts. This shows a linear decrease in thickness (d) with
increasing temperature (T) (as shown by the linear fit). The negative coefficient of the temperature
term indicates dissociation energy, which is obviously proportional to T. We believe that as the d-
spacing increases with increasing temperature, more of OAm enters in between the two layers of
perovskite NS and results into exfoliation/separation of layers to thinner layers down to 1.2 nm
thin 2D layer. A schematic of the possible growth mechanism and shape evolution from randomly
oriented NR to 2D QDs is presented in Fig. 4.6(d). It is interesting to note the systematic decrease
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Fig. 4.7. (a) A comparison of XRD pattern of pure and mixed halide perovskite NS in PB100, (b) enlarged view of
the XRD pattern of the marked region showing a systematic upshift in the peak position with compositional tuning.

in intensity of (100) peak in XRD pattern with increasing Ts due to the thinner layers cleaved from

the cleavage (100) plane. The XRD patterns of pure MAPbX3 (X= I, Br and CI) and mix halide
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perovskite NSs synthesized at 100 °C are shown in Fig. 4.7(a,b). When the halide composition is
changed from iodide to bromide and towards chloride, the characteristic XRD peaks systematically
shift towards higher diffraction angles (see Fig. 4.7(b)), which can be attributed to the decrease in
radii of halide ions from iodide to bromide and chloride[14].

The chemical valence state, composition, and surface properties of PB100 and PB150 NSs were
investigated using the XPS analysis. The XPS spectrum of Br 3d is presented in Fig. 4.8(a), which
is deconvulated with two peaks centered at 68.9 (3ds2) and 70.6 eV (3ds/2), corresponding to the
inner and surface Br ions, respectively. In Fig. 4.8(b), the XPS spectrum of Br 3d corresponding

to PB150 NS is presented with Gaussian deconvulated peaks centered at 68.6 and 70.0 eV. Hence,
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Fig. 4.8. Deconvolution of the XPS spectra corresponding to Br 3d in (a) PB100, (b) PB150. Deconvolution of the
XPS spectra corresponding to Pb 4f in (c) PB100, (d) PB150, considering a Shirley background.

there is a marginal shift (~0.3 eV and ~0.6 eV) in binding energy (BE) in thinner PB150 NS

corresponding to Br 3ds and Br 3ds/. respectively, revealing good surface properties even for
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higher reaction temperature. Note that the intensity ratio of Br 3ds/2 peak to 3ds,2 peak is marginally
higher for PB150 (~0.38) than that in PB100 (~0.21) suggesting a Br rich surface in case of thinner
NSs. This is consistent with the decrease in the thickness of the NS in PB150 as compared to
PB100. In Fig. 4.8(c,d), the XPS spectrum of Pb?* (Pb 4f) for PB100 and PB150 exhibit two
symmetric peaks, which are attributed to Pb 4f72 and Pb 4fs/; levels at BE of 138.7 eV and 143.6
eV, respectively. The spin-orbit split between the Pb 4f7, and Pb 4fs, levels for both the NSs was
found to be 4.9 eV, which matches well with the reported value (4.8 eV)[2]. In our system, the
contribution of metallic Pb at a lower binding energy (136.8 eV) is not observed, indicating no

partial reduction/oxidation of Pb.
4.4.3. Optical Analysis
4.4.3.1. UV-vis Absorption and Photoluminescence Studies

UV-vis absorption and PL emission spectra of various perovskite NSs are shown in Fig. 4.9(a)
and the inset shows the corresponding photographs of the MAPbBrz NS suspensions in toluene
excited by UV light. PL emission spectra were recorded with 400 nm excitation. The apparent
emission color of the solutions systematically changed from green (PBO0) via blue-green (PB150)
to cyan (PB180). Correspondingly, there is a systematic blue shift of the absorption edge and PL
peak (from 530.0 nm in PBO to 488.2 nm in PB180) in the respective spectrum with the increase
in reaction temperature. The systematic blue shift can be attributed to the systematic reduction in
the thickness of the NS down to 1.2 nm. PL spectrum for PB180 QDs possesses relatively broader
PL linewidth (41.6 nm) as compared to that of 2D NS in PB150 (22.8 nm), which may be
associated with the size distribution of the perovskite QDs. Note that PL peak energy is
successfully tuned by ~200 meV (~42 nm) by tailoring the thickness of the NSs. Tuning of PL
emission peak from green (530.0 nm) to cyan (488.2 nm) region may be caused by the strong QC
effect due to the reduced thickness of the 2D NS down to 2 layers and its final disintegration to
2D QDs. Note that PB150 and PB180 show excitonic features in the absorption spectra due to the
transition to higher excited states (see Fig. 4.9(b)). The excitonic peaks shift towards higher energy
region (~10 nm) for QDs in PB180 compared to NS in PB150 due to an increase in the bandgap
caused by the lateral confinement in QDs. Further tuning of the PL emission to the blue region is
achieved by changing the OAm concentration while keeping the reaction temperature fixed at 100

°C. As the OAm amount is increased from 60 pL to 200 pL, the PL peak position is tuned from
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518 nm to 458 nm, i.e., a large blue shift of 60 nm is observed (see Fig. 4.9(c)). Increase in the
OAm concentration results into the formation of 2D QDs (discussed earlier), which in turn results
into the shift in PL peak position to blue region due to strong confinement effect. Hence, using the
solvothermal method, we could successfully synthesize the bright blue-emitting perovskite QDs.
Similarly, by increasing the reaction duration to 2 hrs, the PL peak of PB100 NS is blue-shifted by
~28 nm (see Fig. 4.9(d)).

(a)

Normalized absorbance

Normalized PL infensity

Fig. 4.9. (a) UV-vis absorption (dashed lines) and PL spectra (solid lines) of various perovskite NSs; the inset in each
case shows the corresponding photograph of the sample under UV light irradiation. (b) Comparison of absorption
spectra for 2D perovskite NS in PB150 and PB180. Excitonic peaks are marked with vertical dashed lines. (c)
Normalized PL spectra of perovskite NS in PB100 prepared with 60 pl and 200 pl OAm. (d) Comparison of PL spectra
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Variation in PL intensity with excitation wavelength for NS in PB100 and PB140 is shown in Fig.
4.10(a) revealing maximum intensity of PL at 466 nm and 400 nm excitation wavelength for
PB100 and PB140, respectively. However, PL peak position does not change with excitation
wavelength. Excitation spectra of PB100 with emission at 518 nm and PB140 with emission at
508 nm are shown in Fig. 4.10(b,c) along with absorbance data at the right axis showing the

identical behavior of excitation spectra and absorption spectra.
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Fig. 4.10. (a) Variation in PL intensity with respect to excitation wavelength for PB100 and PB140. Comparison of
PL excitation spectra and absorbance for (b) PB100 (emission at 518 nm) and (c) PB140 (emission at 508 nm).

Interestingly, this simple solvothermal synthesis technique can be easily extended to fabricate
colloidal PB100 NSs through halide substitutions. A series of colloidal MAPbX3 NSs with tunable
compositions were fabricated by the solvothermal treatment at 100 °C using different combinations
of PbXz salts, as shown in Fig. 4.11(a), and the inset shows the evolution of emission color under
UV light excitation upon forming mixed-halide NSs (X = Br, Cl, and I). The absorption and PL
spectra are finely tuned over the full visible range (450 to 656 nm) by varying the composition of
cations. Band structure of halide perovskite is greatly influenced by the p-orbitals of lead and
halogen (X = ClI, Br or I) atoms. Thus, a change in the halide composition of the perovskite from
Cl to Brto I results into the change in the valence orbital of halide from 3p to 4p to 5p, respectively,
causing a systematic reduction in the bandgap[43]. This can be clearly observed from the change
in absorption edge from 443 nm for MAPDLCI3 to 514 nm for MAPbBrsto 643 nm for MAPDIs.
The systematic increase in optical bandgap from 1.8 eV to ~2.8 eV with halide exchange from I to
Cl is exhibited in Fig. 4.11(b). Hence, the band structure of halide perovskite is successfully tuned

by our solvothermal method using a different combination of halide salts.
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The tunable optical properties of the NS can be explained by considering the perovskite crystal
structure. The ultrathin NS is comprised of layers of corner-sharing PbBrs octahedra, with the
capping ligand around the NS, leading to the confinement of electrons giving rise to discrete energy
levels[10]. Exciton Bohr radius of bromide perovskite is reported to be ~4.4 nm, which is higher
than the thickness of NS in PB140 (5 layers). Hence, we consider the perovskite NS in PB140,

(a) 'meEbE.' - (b) — 2.81 MAPDLCI, o
3 Teell 3 MAPbEF.Cl, o
Se~a - a 2.6 .~
‘‘‘‘‘‘ & MAPbBI.Cl, *
________ g MAPbBr, .07,
MAPbBr,CLf\ ~ ~ < _ L = 24 3g--*" MAPBBI,CI,
T-a - Q /
. Tg 2.2 .-% MAPLBL|,
- ‘.: 01‘4
_______ o T MAPDEY,|
MAPbBr, ,Cl, H 0 204 - "
> & MAPbI,
=
8 d 2 Perovskite composition
= 7]
g 'E (C) © Exptdata
B — ; 2.504 ol 2L —— Theory (EMA)
|
()
2 o P 1, = 0.114m,
© ° s o 5L £ =9.8
o D245
] N 3 5
= e s
© E 2
c S  §240.
zZ =
2 3
= o
(d) —~ 90 n=m
3 8 2
LA i
> g g
'E 604, v v
@ T
@
K]
£
—1 304
o
T L L] ) 0 :
400 500 600 700 480 510 540

Wavelength (nm)

Wavelength (nm)

Fig. 4.11. (a) UV-Vis absorption and PL emission spectra of pure and mixed halide perovskite NSs for PB100 obtained
by anion exchange. (b) Variation of optical bandgap with halide exchange of multilayered perovskite NS. (¢) Variation
of the optical bandgap as a function of the thickness of 2D layers. The experimental data are fitted with the quantum
confinement model. The data points labeled with XL, where x represents the number of layers. (d) Deconvulated PL
spectra of PB100 NS and inset showing band diagram corresponding to each PL peak.

PB150, and PB180 to be in the strong confinement regime resulting in cyan emitting NS and QDs

under UV light. Note that the increase in the bandgap in perovskite has also been associated with
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the lattice contraction/distortion. However, we observed a systematic expansion of the lattice with
increasing reaction temperature i.e. with reduced thickness (see Fig. 4.11(c)). In general, lattice
expansion is expected to give rise to a red shift of the bandgap. However, a systematic blue shift
in the absorption edge and PL peak is observed in our case, which is contrary to the behavior
expected from lattice expansion. This confirms the fact that the systematic blue shift in the
absorption edge is not related to change in the lattice constant, but it is due to the ultra-small
thickness of the layers that gives rise to the QC effect. To assess the QC effect quantitatively, we
have plotted the optical bandgap vs NS thickness in Fig. 4.11(c). The optical band gap was
calculated from the absorption spectra of different samples. Interestingly, thickness dependence of
the optical bandgap data follows the Brus model of QC using the effective mass approximation
(EMA)[44]:

E; = Ey + h*/8u,pd* — 1.786€? /4meye,d (4.1)

Where Eo is the bulk bandgap, d is the 2D layer thickness, h is the Planck’s constant, s iS the
effective reduced mass of exciton, and & is the dielectric constant. From the fitting of Eg vs. d plot,
the extracted parameters are: pet = 0.114mo, &r = 9.8, which match well with earlier reports[45, 46].
Here mo is the free electron mass. Taking the above values, the Bohr radius (Rg) of MAPbBTr3 is

calculated using the relation,
Rp = mOSrRH/#ef (4.2)

Where, Ry is Bohr radius of a hydrogen atom (0.053 nm). Exciton Bohr radius of MAPbBTr3 is
found to be 4.6 nm, which closely matches with the reported values[46, 47]. Hence, the change in
the optical bandgap of the 2D perovskite layers with the 2D layer thickness clearly follows the QC
model and thus the 2D NS can act as ideal platform for exploiting quantum effects in perovskite

materials.

Importantly, the absolute PL QY's of the perovskite NSs are measured to be high and these are
tabulated in Table 4.1. The highest PL QY (78 %) was achieved for the NS grown at Ts = 100 °C.
However, a further increase in Ts leads to thinning of the layers, and it affects the non-radiative/
radiative transition channels of photons indirectly, which in turn results in the reduction of the PL
QYs of the NSs[48]. A closer look at the PL spectral features, including its asymmetry, reveals

that each peak contains three emission peaks. Deconvulated PL spectra of PB100 NS with three
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peaks is shown in Fig. 4.11(d). As the position of peak 1 closely matches with the QDs emission
peak (see Fig. 4.11(d)), the peak 1 is believed to originate from the 2D perovskite QDs that are
simultaneously present along with the 2D NSs. Peak 2, which is dominant and coincides with the
absorption edge peaks is originated from NS band to band transition or band-edge emission[49].
Peak 3 is believed to be defect-related emission, including surface defect which is more dominant
in thinner NS, such as PB150. The summary of the PL features is summarized with a band diagram
showing the respective transitions in the inset of Fig. 4.11(d). The deconvulated PL peaks of other

samples are shown in Fig. 4.12. The details of the fitting parameters of all samples are given in

(d) PB150

PL intensity

1 A 1

480 510 540
Wavelength (nm)

Fig. 4.12. Comparison of deconvulated PL spectra of various NS samples, such as (a) PB120, (b) PB130, (c) PB140,
(d) PB150. The symbols are experimental data and the lines are fitted peaks (Gaussian).

Table 4.2. 1t is clear that the contribution of additional two peaks (1, 3) is significant for thinner
NS such as PB150 as compared to that of PB100. It is quite expected, as with the decrease in the

thickness of the NS, the presence of surface related defects and presence of QDs are prominent.
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From XPS analysis, it is inferred that PB 150 NS has more surface Br than PB100, which results
into more surface defects in thinner NS. Note that PB100 shows much higher PL QY than that of
PB150. As the reaction temperature is increased, the contribution of band edge emission decreased
(see Table 4.2) and the contribution of defect-related emissions is increased, due to lower
thickness of NS. This in turn results in the overall decrease in PL QY in thinner NS. Post-growth
processing may be required to eliminate the influence of surface defects in the 2D NS for

improving the overall PL QY.

Table 4.2. Details of the PL peak parameters deconvulated with Gaussian peaks.

Sample Peak 1 (nm) (%) Peak 2 (nm) (%) Peak 3 (nm) (%)
PB100 494 (13) 518 (72) 537 (15)
PB120 503 (12) 515 (63) 527 (25)
PB130 486 (1) 511 (68) 521 (31)
PB140 495 (15) 508 (55) 519 (30)
PB150 486 (18) 499 (40) 504 (42)

4.4.3.2. Low-Temperature Photoluminescence Studies

The temperature-dependent PL spectra of PB100 NS were investigated in the range of 80-300 K
to study the origin of high PL QY and the excitonic properties. Fig. 4.13(a) shows the temperature-
dependent PL spectra of PB100 NS, revealing the systematic increase in PL intensity with
decreasing temperature. The inset of Fig. 4.13(a) shows the dependence of integrated PL intensity
on temperature. Fig. 4.13(b) shows the temperature-dependent integrated PL intensity, and the

experimental data are fitted using the Arrhenius equation, given by,
I(T) = 1,/(1 + Aexp(— Ez /ksT)) (4.3)

where, I(T) and lo are the integrated PL intensities at temperatures T and 0 K, respectively. A is a
constant, and Eg is the exciton binding energy. To estimate the exciton binding energy of NS, the
experimental data are fitted in the higher temperature region (160-300 K). From the fitting, Eg Is
found to be ~225+21 meV for PB100. Thus, the exciton binding energy in our 2D NS is ~4 times
higher than that of its 3D bulk counterpart (30-76 meV) and it is consistent with the result presented
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Fig. 4.13. (a) Temperature-dependent PL spectra of 2D NS in PB100 in the range 80 K- 300 K. The inset shows the
variation of PL intensity with measurement temperature (T). (b) Integrated PL intensity vs. inverse of temperature for
PB100. The experimental data are fitted with the Arrhenius equation. (c) Variation of PL peak energy and (d) FWHM
with measurement temperature for PB100.

in the previous chapter on perovskite QDs[50]. It also matches well with the theoretical limit[51]:
E2P = 4 x E3P.In 2D NS, due to its ultralow thickness, the Coulomb interaction between electron
and hole is less screened, which in turn increases the exciton binding energy[51]. Though the
exciton binding energy of bulk perovskite is large enough to show the excitonic effect at room
temperature, the recombination is mainly dominated by the recombination of free electrons and
holes, which may have resulted into the overestimation of exciton binding energy based on low-
temperature experiments[52]. Hence, the exciton binding energy extracted from the fitted data in

high-temperature regime may be taken as an actual one, which is ~7 fold higher than the bulk one.
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This confirms that the PL emission in NS is from the exciton recombination due to enhanced
exciton stability[52]. High exciton binding energy in PB100 NS supports the stable and high PL
QY. The variation in PL peak energy with temperature is shown in Fig. 4.13(c), revealing ~45.8
meV upshift in PL peak with the increase in temperature. In perovskite semiconductor, the increase
in bandgap with temperature is attributed to the electron-phonon coupling[53]. The exciton-
phonon coupling leads to the shrinkage in band gap, which induces the PL spectral red shift with
decreasing temperature. Hence, perovskite has a positive thermal expansion coefficient of the band
gap. In order to estimate the electron-phonon coupling, the experimental data of PL peak position

vs temperature is fitted with the equation[50],

Where Eo is the bandgap at 0 K, % is the phonon energy, Ate and Aep are the factors accounting
for thermal expansion and electron-phonon interaction, respectively. The parameters extracted
from the fitting are: Ate= 0.13 meV/K, Aep= 17 meV, hiw= 37 meV, which match well with the
literature[4]. Temperature-dependent linewidth (I"(T")) of PL spectra is displayed in Fig. 4.13(d).
A broadening in PL peak at higher temperature is observed, which may be caused by the coupling
of the excitons to acoustic phonons and to longitudinal optical (LO) phonons[54]. To quantify the
exciton-phonon interaction in the 2D NS, experimental data are fitted using Boson model given

by:
r(Tr)=1Iy+ Io/(exp(hwyo/KgT) — 1) (4.5)

where I is the inhomogeneous broadening contribution, 7o is the longitudinal exciton-optical
phonon contribution to the FWHM, and Zw.o is the LO phonon energy. The values of the fitted
parameters are: 7o = 33 meV, o = 240 meV, hwLo= 36 meV, which are consistent with the
unresolved vibration energy in the Raman spectrum[55]. Interestingly, the optical phonon energy
extracted from Boson fit matches very well with that obtained from the fitted data using equation
(4.5). High optical phonon energy indicates strong exciton-phonon interactions, which is expected

in a quantum confined system.

4.4.3.3. Time-Resolved Photoluminescence Studies
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TRPL measurement was performed on various perovskite NSs using a 405 nm pulsed laser
excitation. The PL decay curves shown in Fig. 4.14 are fitted with triexponential decay function
given by, I(t) = X7, Ajexp(—t/t;) where A; is the amplitude of the PL decay component
corresponding to the lifetime zi. The average lifetime (rav) is calculated using the relation: 7,,, =

3 LA T?/¥3 | AT, Based on the deconvolution of steady state PL spectrum with three peaks,

the PL decay is fitted with triexponential decay function. The corresponding fitting parameters

PL lifetime (ns)

Photon count

o PB180 oy
{9 PB140 00 00 200 WD 0BG
{9 PB100 ® o0 2P @O 0 @GN
41 9 PB60 @ B
100 200 300 400 500
Time (ns)

Fig. 4.14. A comparison of TRPL spectra of various 2D perovskite NS (PB60-PB180); the symbols corresponds to
experimental data and the solid lines correspond to the fitted data. The inset shows the variation of the PL lifetime
with 2D layer thickness.

(see Table 4.3) including the evolution of the amplitude of each peak with solvothermal
temperature is consistent with the steady state PL results. The contributions from three different
states of different origin essentially suggest different time constants of each component. Slow
component with high amplitude of the TRPL decay corresponds to the main PL contribution, i.e.,
band edge emission, while the faster lifetime component corresponds to the presence of QDs along
with NS and defect states. As shown in Table 4.3, the average lifetime changes from 601.3 ns in
PBO to 67.0 ns PB180. Hence, a 9-fold decrease in PL lifetime is observed for the QDs due to the
reduction in thickness/size. The variation in PL lifetime with the thickness of the 2D NS is

presented in the inset of Fig. 4.14, demonstrating a longer lifetime of carriers for the thicker NS
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grown at lower temperature suggesting a reduction in nonradiative recombination paths, which in

turn yields high PL QY, suitable for optoelectronic device applications[56].

Table 4.3. TRPL decay components fitted with tri-exponential function.

Sample 71 (ns) (A1 %) 72 (ns) (A2 %) 73 (ns) (Az %) Tavg (NS)
PB60 5.7(3) 696.7(85) 78.3(12) 601.3
PB100 5.4 (8) 382.2 (67) 54.4 (25) 271.3
PB120 5.2(9) 277.8 (64) 40.7 (27) 188.5
PB130 5.4 (11) 288.7 (59) 42.9 (30) 183.8
PB140 3.1(15) 258.9 (57) 32 (28) 156.2
PB150 4.5 (24) 225 (29) 34.2 (47) 82.5
PB180 6.4(20) 167.5(31) 28.8(49) 67.0

4.4.4. Stability of the 2D NS

Stability of 2D NS is studied under different conditions. In order to evaluate the stability of the NS
under prolonged laser irradiation, we have recorded the PL spectra of PB140 NS at room
temperature at a regular interval under continuous laser irradiation (405 nm, 15 mW at source).
The variation of PL emission intensity with time under continuous laser irradiation for 7 hours in
the ambient condition is shown in Fig. 4.15(a). We observe first a gradual increase in PL intensity
with laser exposure up to 2.5 hours of the laser irradiation of PB140 and then it marginally
decreased followed by constant intensity, which is higher than its initial intensity. It is likely that
due to local heating caused by the laser exposure, the structural and optical properties of the NS
are improved resulting in higher PL intensity after prolonged laser exposure. However, prolonged
exposure leads to more stable performance of the NS. Hence, the 2D NS exhibits excellent optical
stability under UV laser exposure for long duration. Effect of laser irradiation on the PL intensity
is better understood by deconvolution of PL spectra for PB140 NS sample with three Gaussian
peaks before and after laser irradiation for 3 hrs (see Fig. 4.15(b)). These three peaks are attributed
to the presence of QDs, NS band-edge emission and defect-related emissions, as discussed earlier.

Before laser irradiation, the contribution of defect emission is prominent. However, after laser
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Fig. 4.15. (a) Variation of PL intensity for PB140 as a function of laser (CW) irradiation time. (b) Comparison of PL
spectra of PB140 before and after laser irradiation for 3 hrs. The symbols represent the experimental data and the solid
lines represent the fitted peaks.

irradiation, the contribution of band edge emission peak is substantially increased as compared to
that of defect, which in turn results into the higher intensity of emission. Tiguntseva et al. reported
130 % improved PL emission in CH3NH3Pbls by laser post processing[57]. Gentle laser heating is
reported to reduce the defect concentration in the perovskite film[57]. Tian et al. reported thousand
fold enhancement in PL intensity and proposed that the trapping sites which are responsible for
non-radiative charge recombination can be de-activated in the course of light curing process[58].
Mosoconi et al. reported the increase in PL lifetime and total intensity which eventually stabilize,
due to reduction of an initial trap density of ~10'7 cm™ to a stabilized trap density of ~10
cm3[59].

Long-term storage stability of 2D NS in PB140 is also tested in the ambient environment. The
sample was stored in the ambient condition with high humidity without any protection. Fig. 4.16(a)
exhibits the PL spectra of PB140 taken for a freshly prepared sample and that of after 8 months of
storage. The PL intensity of PB140 is observed to be marginally reduced after 8 months of storage,
indicating its high stability. Thus, the NS retains its initial PL emission even after the storage for

several months in high humidity ambient, which is the most unique property of 2D Ruddelson
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proper perovskite compared to its 3D counter part due to high formation energy, hydrophobic
organic cations, strong Van-der Waals interaction between the capping organic molecules and the
[Pble] units.[60, 61] However, PL intensity of PB150 NS decreases by >90 % after storing it in
ambient condition for 8 months, as shown in Fig. 4.16(b). The NSs in PB150 is of bilayer
thickness, hence it may disintegrate into QDs in ambient condition, as QD peak is prominent in

the PL spectra after 8 months of storage. Further processing may be needed to increase the stability

of bilayer NS.
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Fig. 4.16. Comparison of PL spectra of (a) PB140 and (b) PB150 for freshly prepared sample and after storing it for
8 months in ambient condition. (c) Heating temperature dependent stability of PL emission in PB140. The inset shows
the comparison of XRD pattern of PB140 before and after heating at 80 °C for 2 h.

Temperature dependent stability of PB140 NS is investigated by heating the sample at different
temperatures and recording its PL spectra at each temperature. There is a systematic decrease in
PL intensity with increasing temperature of heating (see Fig. 4.16(c)), which is consistent with the
thermal quenching behaviour of PL. To assess its structural stability after heating, XRD pattern
was recorded before and after heating the sample at 80 °C for 2 hours. The XRD pattern intensity
is increased after heating, as shown in the inset of Fig. 4.16(c), and it implies the improved crystal
structure of the NS after heating. Hence, the synthesized NS shows excellent structural and optical
stability at higher temperature up to 80 °C.

4.45. Performance of 2D Perovskite NS as White LED

Practical application of the as-grown 2D NS is demonstrated by fabricating a white LED using a
blue LED chip and MAPDBTr1l; layer. Mixed halide perovskite solution having emission peak at

~600 nm is first mixed with polymer and then it was used as an orange emissive layer on top of
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blue LED to fabricate the white LED. The electroluminescence spectra of the optimized white
LED driven by bias voltage 2.35 V is shown in Fig. 4.17(a), with upper inset showing the digital
photograph of the device. The CIE coordinates of the device are found to be (0.33,0.30) with CCT

(a) CH,NH_PbBr, |, (b) | Biue LED peak CH,NH_PbBr |,
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Fig. 4.17. (a) EL spectra of white light-emitting NS device fabricated with blue LED chip and MAPbBrl, NSs. The
upper inset shows a digital photograph of the emitting device and the lower inset shown the CIE chromaticity
coordinates of the white LED device. (b) Operational stability of white light-emitting NS device.

5263 and CRI 55 (see lower inset of Fig. 4.17(a)). The CIE coordinates of the fabricated white
LED is closely matched with the pure white light (0.33, 0.33). The performance and color purity
of the orange luminescent perovskite coated white LED are comparable or better than other
reported orange luminescent phosphor coated white LEDs using carbon dots, silicon dots and other
2D materials[62-66]. Hence, mixed halide perovskite can be considered as a promising candidate
for the high color quality, low cost white light production and in the solid-state lighting field.
Operational stability of fabricated LED is measured after 7 h of continuous illumination. After 7
hours of continuous operation at 2.35 V, the blue LED peak remains constant, however MAPbBr1l,
peak is slightly (~1.2 times) decreased as shown in Fig. 4.17(b). Hence, white LED shows very

good stability without any protection and encapsulation of the device will increase the stability
further.

4.4.6. Performance of 2D Perovskite NS Based Photodetector

The 2D perovskite NSs with high lateral size (surface area) and long diffusion length are reported
to be promising for various photovoltaic and optoelectronic applications[7, 9, 67]. Accordingly, a

photodetector device was fabricated based on PB140 NSs in order to demonstrate its potential
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application. The schematic representation of the planar device structure and the energy band
diagram are portrayed in Fig. 4.18(a). Aluminum electrodes with an interdigital spacing of 100

um were first deposited on the Si/SiO2 substrate by thermal evaporation through a shadow mask.
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Fig. 4.18. (a) Schematic diagram of a photodetector device fabricated with PB140 NS and the energy band diagram
of the AI/MAPDBr3/Al structure before light illumination (no bias) and after light illumination (under bias). (b) 1-V
characteristics of the photodetector in the dark and under illumination with 405 nm laser for different light irradiation
intensities; the inset shows the magnified 1-V curve at lower bias voltages. (c) Logarithmic plot of the photocurrent
as a function of the light intensity at a bias voltage of 2 V and the data are fitted with a power law. (d) Time-dependent
photoresponse of PB140 NS under 405 nm light illumination (5.96 mW/cm?) recorded at different bias voltages. The
inset shows the photocurrent vs. bias voltage for a fixed intensity of illumination.

Subsequently, the NS solution was drop cast between the gap of two electrodes and dried at 60
°C. Inthe dark, very low current (dark current, lqark) flows between two electrodes under an applied
bias voltage. When the device was exposed to light (405 nm laser), it results in the generation of

electron-hole pairs with an energy higher than the bandgap of the perovskite NS. The electron and
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holes are then rapidly drifted in different directions under bias voltage and collected by the
electrodes leading to a dramatic increase in current (photocurrent, Ipn) between the metal
electrodes. Fig. 4.18(b) shows the |-V characteristics of the device obtained in the dark and under
different intensities of light illumination (405 nm). Under the dark condition, nearly linear current-
voltage (I1-V) behavior is observed. Under illumination, the current is abruptly increased, implying
good sensitivity of the device to light. The photocurrent is highly dependent on the light intensity,
and it is systematically increased with the increase in the light intensity because the number of
photogenerated carriers is proportional to the absorbed photon flux. The inset of Fig. 4.18(b)
shows the magnified view of I-V characteristic in the low bias region, indicating that the turn-on
voltage of the device is very low (~0.4 V). Fig. 4.18(c) demonstrates the dependence of the
photocurrent on light intensities under 2 V bias. This dependence can be understood better by
fitting the data of photocurrent vs intensity by the well-known power law: Ipn o P?, where Iph is the
photocurrent, P is the light intensity and & is an empirical value reflecting the recombination of
photocarriers, as shown in Fig. 4.18(c)[68]. In the low-intensity range, exponent §=0.97 was
obtained, which is close to 1.0, suggesting a low recombination loss. In contrast, in the high-
intensity range, non-unity 6=0.12 was observed, implying a strong recombination loss due to the
presence of high carrier density and some trap states in the bandgap region[69]. Typical temporal
photoresponse of the device under pulsed laser illumination at different bias voltages is shown in
Fig. 4.18(d). The photoresponse of the device is observed to be highly stable and reproducible
over the long operational duration as well as ambient storage. The rise and fall edges of the
photoresponse curve are very steep, indicating the very fast response of the device.[®® The
photocurrent increases linearly with increasing the bias voltage due to the efficient transport of
photocarriers and the suppression of the recombination loss at higher bias voltage. In the low bias
region (0 to 1.5 V), the photocurrent increases very rapidly following a nonlinear behavior, as
shown in the inset of Fig. 4.18(d).

To calculate the fast response speed of the device, temporal response curve was recorded in a
digital storage oscilloscope at a bias voltage of 5 V using the 405 nm pulsed laser driven by a TTL
pulse, as shown in Fig. 4.19(a). Since the direct measurement of the photocurrent is inherently
slow in an ammeter, a 100 kQ load resistance is added in series to the circuit, and the voltage

across the load is measured in the oscilloscope. The rise/fall time of the device is found to be very
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Table 4.4: Comparison of the performance and stability of the perovskite NS-based photodetectors
reported in the literature with the present work.

Active Measurement Rise time/ Fall | R (A/W) | Stability (days of | Ref
material condition (voltage, time (ms) storage)
wavelength)
MAPDBT3 2V, 405 nm 320, 280 0.223 20 (30 % decrease = [49]
QDs in lpn)
MAPbDBT3 2V,532 nm 407, 895 0.525 225* [5]
milliwire
CsPbBrs3 1.5V, 442 nm 0.6, 0.9 34 47 (34 % decrease | [70]
nanoplatelet in R)
CsPbClz NS 8V, 405 nm 70, 45 - 2 [27]
CsPbBrs3 5V, 405 nm 20.9, 24.6 1.33 210 (10 % [71]
microplatelet decrease in Ipn)
MAPbBr3 5V, 405 nm 0.024, 0.103 1.93 180 (15 % This
NS decrease” in PL) | work

lon=photocurrent, R=responsivity, * ~30 % decrease in PL intensity after 140 min in 75%
humidity, *under 70% humidity

fast 24 ps/103 ps. Note that the photocurrent response of our photoconductor is much faster than
those reported earlier on perovskite NS (see Table 4.4). This may be due to high crystalline quality
and high mobility of the carriers in the as-grown 2D NS. Fig. 4.19(b) presents the long-term
stability of the photodetector device. The temporal photoresponse curve of the freshly fabricated
sample is presented in the first five cycles in Fig. 4.19(b). The second and third five cycles in Fig.
4.19(b) correspond to the temporal photoresponse curve recorded after 15 days and one month of
storage, respectively, without any encapsulation. It is clear that a very marginal decay in
photocurrent (~10.7 %) is observed after one month of storage, implying that the device retains its
photodetection capability even under the ambient condition with high humidity. Thus, it can be
concluded that the as-synthesized perovskite NSs have high ambient stability even under high
humidity. Note that most of the reported perovskite photodetectors exhibit poor stability[72, 73].
Fig. 4.19(c) summarizes the evolution of the photocurrent under the continuous illumination of
405 nm laser light in ambient condition (relative humidity: 60—70 %, temperature ~23 °C) without
any encapsulation/protection for 7 h operation under bias voltage of 5 V. The photocurrent remains

almost constant throughout the measurement period, indicating its outstanding repeatability and
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long term operational stability. To characterize the performance of the as-fabricated photodetector,

responsivity, external quantum efficiency (EQE) and detectivity (D) were calculated in the spectral
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Fig. 4.19. (a) Temporal response of the photocurrent for PB140 NS photodetector measured at a bias of 5 V along
with the exponential fits. (b) Photoresponse curve of PB140 NS photodetector device after long-term storage in humid
ambient. (c) Normalized photocurrent of PB140 NS photodetector (without encapsulation) as a function of operation
time at a bias voltage of 5 V. (d) Spectral responsivity of the NS photodetector recorded at 5 V bias.

range 310—800 nm. The efficiency of a photodetector is expressed in terms of spectral responsivity
since it is directly proportional to the internal gain. Responsivity (R) of a photodetector can be
defined as the photocurrent generated in the photodetector per unit power of the light incident on

its effective area and can be expressed as,

R = Iph_ldark

- (4.6)
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Here, A is the effective illuminated area (0.02 cm?). As shown in Fig. 4.19(d), the NS detector
displays a good spectral selectivity with a reasonably flat response in the range 310-560 nm
consistent with its absorption behavior. Interestingly, the present device shows high responsivity
in the UV region and can be exploited as a UV photodetector. The detectivity and EQE are also

calculated using the following equations to express the figure of merits of the photodetector device,

A )1/2

2qlgark

D=Rx( (4.7)
hc
EQE = R%: (4.8)

Where A is the effective area of the photodetector, g is the electronic charge, h is the Planck’s

constant, c is the light velocity in vacuum and 4 is the wavelength of the incident light.
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Fig. 4.20. (a) External quantum efficiency, and (b) detectivity of the 2D perovskite photodetector (with PB140) over
a broad spectral range under a bias voltage of 5 V.

Hence, to achieve high detectivity of the device, high responsivity and low dark current are
necessary. Fig. 4.20(a) shows the EQE of the device under 5 V bias. Fig. 4.20(b) depicts the
detectivity in the spectral range of 310-800 nm under 5 V bias. Both the parameters demonstrate
spectral trend similar to the responsivity data since they are proportional to responsivity. The peak
detectivity and EQE of PB140 NS are observed to be 1.04x10'? Jones and 658 %, respectively.
Note that the EQE of the device is very high (>100 %), which may be partly due to the tunneling
of the carriers in the ultra-thin 2D NS. Perovskite photodetector reported to produce very EQE

(>10° %) which is defined as photoconductive gain[74]. In general, trap states are beneficial to
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achieve high gain. In the trap states, minority charge carriers are captured by traps, thus allowing
the majority carriers to flow through the external circuit. The thinner nanosheet has more
defect/trap states which may help in trapping minority charge carriers. High electron mobility of
layered perovskite allows easy transport of electrons to the contacts. The 2D material-based UV-
visible photodetector is applicable in numerous fields, such as imaging sensing, optical

communication, optical storage, electric arc detection in factories, etc.
4.5. Summary and Conclusions

In this chapter, a simple, reproducible and novel solvothermal synthesis route is presented to
successfully grow large-area 2D perovskite nanosheets with precisely tunable thickness and high
optical quality and colloidal stability. In contrast to the methods reported mostly for inorganic
perovskites, which are time consuming and tedious, we have demonstrated a precise control of the
thickness of 2D hybrid organic perovskite layer from 14 layers to 2 layers simply by the control
of temperature of the solvothermal process and our method is very facile and versatile. The
resulting properties of the 2D NS are highly tunable and these are further successfully applied for
the fabrication of a fast photodetector and a white LED. The present method is very promising for
the development of large-area stable 2D perovskite layers for various cutting edge optoelectronic
and imaging applications. The novelties of the work presented in the chapter are summarized

below.

1. A fast solvothermal synthesis of 2D perovskite with precise control of thickness only by
temperature control and an empirical relation showing linear relationship between growth
temperature and the thickness of the 2D NS is established.

2. Without any pretreatment of the precursors, simple solvothermal treatment at various
temperatures (100-150 °C) allowed us to tailor the thickness of the large-area (several
micrometers) 2D NSs from 14 layers down to a bilayer thickness (1.2 nm), as revealed by
systematic TEM and AFM analyses.

3. The temperature-dependent thickness evolution is quantitatively analyzed based on the
supplied thermal energy, leading to the enlarged interlayer spacing and accelerated crystal
growth along the lateral direction.

4. The band gap of the NS is effectively tuned from 2.34 to 2.54 eV owing to the strong QC
effect in the 2D NSs.
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5. We have also demonstrated bright blue-emitting QDs by increasing the OAm concentration
with a very high PL QY of 84 % and a large spectral blue shift of ~60 nm.

6. Through a careful analysis of the steady-state and time-resolved PL spectra, the origin of
the lower PL QY in thinner NS is traced to nonradiative recombination centers in the 2D
layers.

7. The NS exhibits excellent optical and long-term stability including high temperature (up
to 80 °C) stability, retaining its initial PL intensity for more than 8 months.

8. Awhite LED is fabricated with the orange luminescent 2D CH3NH3PbBrl> NS, with a CIE
coordinate of (0.33, 0.30).

9. The 2D perovskite photodetector exhibits a very fast rise/fall time (24 us/103 us) along
with high responsivity of ~1.93 A/W.
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Chapter 5

Stable Deep Blue Emission with Unity Quantum Yield in
Organic-Inorganic Halide Perovskite 2D Nanosheets Doped
with Cerium and Terbium at High Concentrations

In this chapter, we have developed a novel strategy to achieve stable and deep blue emission with
absolute unity photoluminescence (PL) quantum yield (QY) through Ce3* and Th®*" doping at high
concentration in 2D CH3NH3sPbBrs nanosheet (NS) using a solvothermal method. Our studies
reveal that with Ce/Tb doping, the thickness of the NS systematically goes down from 10 layers
to bilayer (1.4 nm) perovskite at high doping level and the bandgap of the 2D perovskite layer
increases from 2.394 eV to 2.981 eV. The measured bandgap widening with doping is analyzed
and explained on the basis of quantum confinement effect and lattice contraction. Interestingly, by
incorporating 70 mol% CeBrs in the perovskite crystal, we achieved a deep blue emitting
nanoplatelet with 100 % QY, narrow linewidth (~24 nm), and a color coordinate of (0.145, 0.054)
closely matching with the standard color Rec. 2020 (0.131, 0.046) specification, making it one of
the most efficient perovskite blue light emitters reported to date. We also demonstrate much
improved storage stability of the Ce and Th doped NS, fully consistent with the density functional
theory (DFT) calculations. Low temperature PL study reveals the coexistence of ordered and
disordered orthorhombic phases. We investigated the role of dopants in the achieving the high QY
and deep blue emission in 2D perovskite using DFT based calculation of its electronic structure.
From DFT calculation, we show that the dopants stabilize the structure with lower formation
energy and it enrich the conduction band edge states without introducing deep trap states, which
is responsible for the high PL QY. The calculation also reveals that Th doping leads to substantial
increase in bandgap, which is fully consistent with our experimental results. Finally, Ce** doped
CH3NH3sPbBrs blue-emitting nanoplatelet is used as a white light LED with CIE coordinates
(0.334, 0.326). This work demonstrates a versatile approach to develop rare-earth doped deep blue-
emitting 2D perovskites with exceptionally high PL QY and provides new insights into the
structural stability and electronic structure of rare-earth doped 2D perovskites.
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5.1. Introduction

Over the past decade, lead halide-based perovskites having the general formula APbX3 (where A=
CHsNHs, Cs, etc.; X= Br, Cl, and 1) have emerged as an outstanding class of material for the
fundamental scientific and technological application-based research[1-5]. Despite having several
advantages, such as tunable bandgap, superior optoelectronic properties, excellent photovoltaic
efficiency, the commercialization of lead halide perovskites is still facing hindrance due to its
toxicity and poor stability in ambient environment[1, 6-9]. Hence, there is an intense search for
developing Pb free perovskite with improved optoelectronic performance due to the toxicity of Pb.
Tremendous efforts have been devoted to incorporate transition metals (Mn?*, Cu?*, Fe?*, Zn?"),
metalloids (Sn?*, Bi®*) and lanthanide materials (Ce3*, Eu®*, Yb®, etc.), etc. in the perovskite
crystal[9-17]. However, doping-related studies are still far from satisfactory, since the substitution
of Pb?* often deteriorates the remarkable optoelectronic performance of lead halide
perovskites[18]. Sn was the first metal to be considered as a replacement of Pb[12, 13]. However,
Sn doped perovskite crystal is found to be very unstable in nature, since Sn?* quickly oxidizes to
Sn** upon exposure to atmosphere[9, 19]. Bi** doping in CHsNH3sPbBrs (MAPbBrs, MA=
CHsNHz3) or CsPbBrs crystal significantly quenches the photoluminescence quantum yield (PL
QY), since it includes non-radiative recombination centers in the crystal, though it improves the
stability[11, 20, 21]. Mn-doped CsPbCls nanocrystal (NC) is one of the most intensively studied
system, as it introduces a new electronic energy level resulting in low energy electronic transition
due to strong exchange interaction between d electron of Mn?* and perovskite[22, 23]. However,
the PL QY and doping efficiency was much lower than the anticipated value in the most synthesis
procedure, since the perovskite crystal structure was affected by the high doping concentration[10,
18, 24-26].

Interestingly, rare-earth dopants in perovskites are considered very promising due to its remarkable
optical properties[27]. Octahedral site (PbBrg) in perovskite crystals perfectly matches the doping
criteria of lanthanide materials, as it prefers a higher coordination number (> 6). The energy levels
of rare-earth elements are not very sensitive to the lattice environment, as its partially filled 4f shell
(4f"1) is shielded from external by 5s2 and 6p® electrons, which makes it comparatively more stable
in ambient condition[28]. Song and coworkers first reported the rare-earth codoped (Ce** and Yb3*;
Yb** and Er®*) CsPbhClisBris NCs and explored it as a downconverter of commercial silicon solar
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cell resulting into an improvement of the power conversion efficiency from 18.1 to 21.5 %[14].
The same group presented doping of various other lanthanide materials (Ln** = Ce3*, Sm®*, Eu®*,
Th%, Dy*, Er**, and Yb®") into the CsPbCls crystal lattice following a modified hot injection
method, which exhibits a blue shift in the absorption spectra in the doped NC with the increase in
the atomic number of dopant lanthanide ions[29]. However, PL QY decreases substantially in the
blue region. Though Ce®*" doped CsPbCls yeilds blue emission at 430 nm, the QY decreases to
24.3 %[29]. Even with Tb®* doping, Song et al. achieved PL emission at 550 nm with PL QY 31.2
%][29]. Zhang et al. reported enhancement of total (excitonic + dopant) PL QY from 5to 127.8 %
with Yb*" and Yb**/Er®* doped CsPbCls NC[30]. Gamelin et al. reported an exceedingly high PL
QY of 190 %, even in bulk like thin films of Yb3* doped CsPbCls[31]. High PL QY in Yb** doped
CsPbClz is due to an efficient quantum-cutting phenomenon, where the high absorption coefficient
of CsPhCls allows it to transfer the excitonic energy to Yb** ions upon photoexcitation.

However, the incorporation of rare-earth ions using direct synthesis process is quite challenging
in the narrow bandgap variants of perovskite i.e., CsPbBrs and CsPbls[32]. Few groups have
reported the doping of rare-earth ions following modified synthesis techniques or post-synthesis
strategies. Yao et al. reported enhancement of the photo/electroluminescence efficiency of
CsPbBrs NCs through doping of heterovalent Ce®* ions via a facile hot-injection method[33].
However, they achieved green emission with Ce3* doping at 515 nm, and the bandgap couldn’t be
tuned much with doping concentration. Duan et al. incorporated RE®** (RE = La, Ce, Nd, Sm, Eu,
Gd, Th, Ho, Er, Yb, and Lu) into CsPbBrs films via a multistep solution-processed technique for
solar cell application[34]. Mir et al. followed a post-synthesis doping procedure to dope Mn and
Yb in CsPbXz (X= CI, Br, and I) NC with bandgaps covering the entire visible region[35].
However, the relative intensity of dopant emission is sharply quenched in CsPbBrz and CsPbls
NCs as compared to CsPbCls NC. Wang et al. introduced Eu®* in the CsPbls crystal by reversible
redox cycle, where Ph° is oxidized by Eu®* ions and 1° is reduced by Eu®* ions[16]. Though several
reports discussed doping-induced blue emission from CsPbCls nanocrystal, very few studies
discussed about the bandgap tuning of Br based perovskite towards the blue region with high
emission efficiency. Recently, blue emission was achieved with doping of metal ions (Sb** and
Nd3*) in CsPbBrs with 73.8 % and 90 % PL QY[36, 37]. Deep blue emission from bromide-based
perovskite has been reported without doping by changing the synthesis condition, but the PL QY

was found to be pretty low compared to green luminescent perovskite. All-bromide-based cesium

TH-2453_156121029



CHAPTER 5 | 142

lead perovskite nanocrystals with deep blue emission at 405 (1) nm was synthesized by Shi et al.,
however PL QY could be achieved up to 22 (£3)%[38]. Gao and co-workers reported deep blue
emission (435 nm) from CsPbBrs nanoribbons of two-unit-cell thickness with PL QY up to 10
%][39]. Hence, the reported PL QY are still quite low as compared to unity QY of perovskite
nanomaterials in the green region. With growing uses of blue LED in the modern technology, there
is an emergent need for achieving stable blue emission. Though rare-earth doping in all-inorganic
halide perovskite (CsPbXs) shows excellent optoelectronic and photovoltaic performance,
incorporation of rare-earth dopants in organic-inorganic hybrid perovskite (MAPbXz3) is quite
challenging due to its volatile nature in an exposed environment. To our knowledge, to date only
one report demonstrated rare-earth doping in organic-inorganic halide perovskite for solar cell
application. Wu et al. incorporated anhydrous Eulz as a dopant into the MAPbIs thin film to
increase the grain size and they achieved improved stability of the solar cell, though the device
efficiency was not improved significantly[40]. However, higher grain size usually results in lower
PL QY. To the best of our knowledge, there is no report on the doping of rare-earth ions on
MAPDBTrs nanostructure, particularly by the solvothermal method to incorporate the dopants in
ultrathin two-dimensional (2D) lead halide perovskites. Due to the versatility of the solvothermal
method, it is imperative to explore this method for doping of rate-earth atoms in the ultrathin
perovskite layers. In the previous chapter, we have demonstrated the efficacy of the solvothermal
process to precisely tune the thickness and optical properties of highly stable 2D organometal
halide perovskite nanosheets and their applications in white LED and fast photodetector[41].

Here, we develop a facile and fast solvothermal synthesis process for doping of Ce and Tb ions
into MAPbBrs 2D nanosheet (NS). This method allows us to tune the optical properties of the host
MAPbBrz NS by changing the doping concentrations of Ce and Th. TEM imaging was utilized to
study the systematic change in NS dimension with increasing doping concentrations. AFM images
were recorded to estimate the thickness of the perovskite NSs and NPLs. XRD analysis is utilized
to characterize the 2D diffraction peaks in Ce and Th doped 2D perovskite layers. Optical
absorption studies enable us to monitor the systematic change in the bandgap with doping
concentrations. Room temperature and low-temperature PL analyses were carried out to study the
effect of doping concentrations on the light emission characteristics of the doped 2D NS. TRPL
study is carried out to understand the contribution of non-radiative recombination and defects on
doped MAPDBr3 NS. The origin of high PL quantum yield and large blue shift of the PL peaks is
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studied thoroughly using various experimental tools and our conclusions are fully supported by
the density functional theory (DFT) calculation of its electronic structure and formation energy of
the dopants. Finally, we fabricate a downconverter white light-emitting diode (LED) by depositing
2D MAPD1.xCexBrz nanoplatelet (NPL) on Rhodamine B coated commercially available UV LED.

5.2. Experimental Procedure

5.2.1. Materials

Methylamine solution (CH3NHs, 33 wt% in absolute ethanol, Sigma-Aldrich), lead(ll) bromide
(PbBr2, 99.999 %, Sigma-Aldrich), hydrobromic acid (HBr, 48 wt % in water, Sigma-Aldrich), N,
N-dimethylformamide (DMF, >99 %, Sigma-Aldrich), diethyl ether (>99 %, Merck), toluene
(Merk), oleic acid (CH3(CH2)7CH=CH(CH2)7COOH, Merk), oleylamine (OAm) (>98 % (primary
amine), Sigma-Aldrich), cerium(lll) bromide (CeBrs, 99.9 %, Sigma-Aldrich), terbium(ll)
chloride hexahydrate (ThClz.6H20, 99.9 %, Sigma-Aldrich), and poly(methyl methacrylate)
(PMMA) powder (Sigma Aldrich) were used to synthesis the doped and undoped perovskite NSs.
All the materials were used as received without any further purification.

5.2.2. Synthesis Procedures
5.2.2.1. Synthesis of CHsNHsBr

The organic part of the hybrid perovskite is synthesized by diluting the 8.2 mL of CH3NH3 solution
with 30 mL of absolute ethanol and stirred the solution in a round-bottom flask. Afterward, 3 mL
HBr was slowly added to the previous solution in an ice bath with vigorous stirring at 1000 rpm
for 3 h. To evaporate the solvents, the solution was heated at 70 °C for several hours with
continuous stirring. Once the solvents completely evaporate, the remaining MABT salt was washed
several times with ethanol to remove impurities. Then, the powder was washed with anhydrous

diethyl ether to recrystallize. The powder was dried at 70 °C in a vacuum oven.
5.2.2.2. Synthesis of Undoped and Ce, Tb Doped 2D Perovskite NS

2D perovskite NS was synthesized by a solvothermal method following the procedure described
in Chapter 4 with minor modifications[41]. The precursor solution was prepared by mixing equal
moles of MABr and PbBr, in DMF, and then oleic acid and 60 pl OAm were added, and the
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solution was then transferred into a Teflon lined autoclave without any pretreatment and
solvothermal treatment at 120 °C for 30 min. After the solvothermal process, the crude solution
was allowed to cool down naturally for 30 min in the ambient environment. The autoclave was
then opened and 180 pl of the product solution was added into 10 ml toluene while stirring. To
wash the as-prepared NS and separate it from the crude solution, it is centrifuged two times at
10000 rpm for 10 min. The supernatant was discarded each time, and the precipitate was re-
dispersed in 10 ml toluene for further characterization. Note that all the syntheses procedures were

carried out in ambient environment without the use of a glove box.

To synthesize the Ce and Tb doped 2D perovskite NS, different amounts of PbBr, was replaced
by CeBrs; and TbhCls according to the desired doping concentrations. Typically, for 20 mol%
doping concentration of CeBrs3, 0.1 mM MABT, 0.02 mM CeBrs, and (0.1-0.02) = 0.08 mM PbBr;
were first mixed and afterward same solvothermal procedure was followed, as discussed earlier.
We varied the concentrations of CeBrs and ThCls from 0 to a maximum of 70 mol%. The 0, 20,
50 and 70 mol% CeBra/ThCls doped samples are named as Ce0/Tb0, Ce20/Tb20, Ce50/Th50,
Ce70/Th70, respectively.

5.3. Characterization Techniques

The high magnification surface morphology of the undoped and doped perovskite NSs have been
characterized using a field-effect TEM (JEOL-JEM 2010) operated at 200 kV. AFM (Cypher,
Oxford Instruments) images were taken to calculate the thicknesses. XRD (Rigaku RINT 2500
TRAX-III, Cu-Ka radiation) patterns were recorded to determine the crystal structure of different
samples. X-ray photoelectron spectroscopy (XPS) measurement was carried out using a PHI X-
tool automated photoelectron spectrometer (ULVAC-PHI, Japan) with an Al Ko X-ray beam
(1486.6 eV) at a beam current of 20 mA for the analysis of the chemical compositions and chemical
environment. UV—Vis absorption spectra of the 2D NSs were measured using a commercial
spectrophotometer (PerkinElmer, Lamda 950). The room temperature steady-state PL spectra were
recorded using 350 nm lamp excitation using a commercial fluorimeter (Fluoromax-4, Horiba
Scientific). PL QY of the samples was measured in solution mode using an integrating sphere
(FM-SPHERE, Horiba) attached to the fluorimeter. Low temperature (80-300 K) PL
measurements were carried out using a liquid nitrogen-cooled optical cryostat (Optistat DNV,

Oxford Instruments) attached to the above fluorimeter under 405 nm laser excitation in thin-film
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mode. TRPL measurements were performed using a 375 nm pulsed laser excitation for perovskite

NSs, with an instrument response time of <50 ps (LifeSpecll, Edinburgh Instruments).
5.4. Computational Methodology

To envisage the electronic and optical properties of pristine, Ce and Th-doped 2x2x2 super-cell of
CH3NH3PbBr3, we have performed first-principles electronic structure calculations within the
framework of DFT[42]. Throughout the work, we have used Vienna Ab-initio Simulation Package
(VASP) code[43], where projector augmented wave (PAW)[44] formalism has been implemented.
We have used Perdew-Burke-Ernzerhof (PBE)[45] form of Generalized gradient approximation
(GGA) as the exchange-correlation functional, whereas the converged energy cut off has been
chosen to be 500eV. The Brillouin zone has been sampled using 3x3x3 Monkhorst-pack
scheme[46] for the ionic relaxation of the systems. After finding the minimum energy
configuration of the pristine system, the pristine system has been doped with Cerium (Ce) and
Terbium (Tb) with a concentration of 12.5 % for an individual doped system, while minimum
energy configuration is achieved through the full ionic relaxations of the atoms. Further, we have
determined the projected density of states (PDOS) to analyze the elemental orbital contribution of
the constituent atoms in the valence band and conduction band regime. The self-consistency has
been achieved with 10 eV energy convergence and 1x1072 eV/A force convergence criteria in all
the geometry optimization calculations. In order to compliment the experimental outcome of
stability enhancement in the doped system as compared to the pristine CH3NHsPbBrs, we have

estimated the formation energy of the individual systems from the total energy calculations.
5.5. Results and Discussions

5.5.1. Morphology Studies
5.5.1.1. FETEM Analysis

The effect of Ce/Tb doping on the morphology of as-synthesized 2D MAPbBrz NS was
characterized using TEM analysis. The doping concentration in 2D perovskite NS is varied by
replacing PbBr2 with CeBrs/TbCls during the solvothermal synthesis. It is observed that doping of
Ce* and Tb® has quite a significant effect on the morphology of the 2D perovskite NSs, as shown

in Fig. 5.1. Fig. 5.1(a) represents the image of an undoped perovskite NS revealing typically
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rectangular shaped large area NS of width ~346 nm and length ~890 nm. Interestingly, after doping
of 20 mol% CeBrs, the dimension of the NS decreases and shape of the NS is observed to be
changed from rectangular to square shape with a lateral dimension of ~546 nm x 507 nm (see Fig.
5.1(b)). As the doping concentration further increased to 50 mol%, a uniform distribution of NSs

of perfectly square shape is observed with a lateral size ~ 240 nm in Ce50 (see Fig. 5.1(c)). With

Fig. 5.1. TEM images of (a) undoped 2D perovskite, and Ce®* doped perovskite NSs with CeBrs; concentrations: (b)
20 mol%, (c) 50 mol% and (d) 70 mol%. The inset in (d) shows the vertically aligned 2D NSs. TEM images of Th3*
doped NSs at ThCls concentrations: (e) 20 mol%, (f) 50 mol% and (g) 70 mol%. (h) HRTEM lattice images of the
Th70 NS; the inset shows the corresponding IFFT image.

70 mol% CeBr3 doping, the NS dimension is further decreased, which is termed as nanoplatelet
(NPL). The NPLs are observed to be uniformly grown and vertical stacking of NPLs can be seen
in some regions, as marked with a yellow square in Fig. 5.1(d). Inset of Fig. 5.1(d) shows the
high-resolution TEM image of self-assembled vertically stacked NPLs in Ce70, revealing the
thickness of ~1.6 nm for each layer, which corresponds to ~2 monolayers of cubic perovskite
phase, since the unit cell size of MAPbBr3 perovskite is 5.93 A. Interestingly, both the lateral size
and thickness are successfully tuned with Ce** doping at different concentrations, which induces
an extraordinary improvement in the optical properties of the host lattice (discussed later). Fig.
5.1(e) represents the TEM image of 2D perovskite NS doped in MAPbogTbo2Br2.4Clos showing
square-shaped NS of width ~ 378 nm. Interestingly, the TEM image of Tb20 reveals the presence
of nanoparticles (NPs) attached at the edges of NS (see Fig. 5.1(e)). As the TbhCls doping
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concentration increases to 50 mol%, the lateral size of the NSs decreases and it is uniformly
decorated with tiny NPs appearing like dots at the edges, as shown in Fig. 5.1(f). In Tb70, the
lateral size of NSs is further decreased, which is considered as NPL of average lateral size ~ 36
nm with uniformly decorated 2D NCs over it (see Fig. 5.1(g)). Hence, the incorporation of rare-

earth dopants in the MAPDBr3 crystal inhibits the lateral as well as vertical growth of NSs and it
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Fig. 5.2. (a) TEM image of Ce doped perovskite nanoplatelets in Ce20; the inset shows the corresponding EDX
spectrum. (b-e) Corresponding elemental mapping images of C, Pb, Ce and Br in Ce20.

results in the decrease in thickness and lateral size of the NSs and eventually, the NSs break into
large number of uniformly distributed NPLs under the solvothermal condition. Fig. 5.1(h) shows
the high-resolution TEM (HRTEM) lattice fringe pattern of perovskite NPL and the inset shows
the corresponding inverse fast Fourier transform (IFFT) image, in Th70, revealing lattice spacing
of 0.35 nm related to the (002) plane of the perovskite phase[47]. To verify the incorporation of
dopant ion Ce®" inside the MAPbBr3 crystal, energy dispersive X-ray spectroscopy (EDX) was
performed on the 2D doped NS. Fig. 5.2(a) shows the STEM image of NS in Ce20. The inset of
Fig. 5.2(a) shows the quantification of the EDX spectrum revealing a Ce/Pb atomic ratio of 0.03
for Ce20. This indicates a low doping concentration (~ 3.3 %) of Ce®*" inside MAPDbBr3 crystal
consistent with the previous report on the doping of Ce3* inside CsPbBrs host[33]. Thus, the actual
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concentration of doped atoms is about six times lower than the reactant amount. On this basis,
Ce70 is expected to contain ~11.6 % Ce®" inside MAPDbBr3 crystal. Considering this, we have
taken 12.5 % as the dopant concentration for the theoretical DFT calculation to understand the
stability and electronic structure of the doped system (discussed later). Uniform distribution of
different elements in MAPbBrs perovskite structure and as well as the dopant Ce on NS is shown
in elemental mapping images, shown in Fig. 5.2. EDX analysis on Th20 revealed the inclusion of
guest Tb** ion in the MAPDBTr3 crystal, as shown in the inset of Fig. 5.3(a). Fig. 5.3 depicts the
elemental mapping of 2D NS in Th20, showing the uniform spatial distribution of each component
in MAPD1.xTbxClsxBra(1-x).

Fannam 1 1

300nm

()

300nm

300nm 300nm

300nm

Fig. 5.3. (a) TEM image of Tb doped perovskite nanoplatelets in Th20; the inset shows the corresponding EDX
spectrum. (b-f) Corresponding elemental mapping images of C, Pb, Tb, Br and Cl in Tb20.

5.5.1.2. AFM Analysis

To provide a more direct evidence of the evolution of the thickness the 2D MAPbBr3 NS with the
inclusion of Ce3* ion, AFM topography images were acquired in the tapping mode, as shown in
Fig. 2. To record the AFM images, the NS solution were first diluted and drop casted on a SiO>

substrate. The solution was then allowed to dry at room temperature to avoid any agglomeration.
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Fig. 5.4(a) represents the AFM topography image of the undoped MAPDbBr3 NS. The thickness of
the NS is found to be ~ 5.6 nm calculated from the AFM height profile, as shown in Fig. 5.4(b).
Fig. 5.4(c,d) exhibit the AFM image and the corresponding height profile of the marked region of
Ce20 indicating thickness of the NS to be ~ 4 nm. With further increase in doping concentration,
i.e., in Ce50, the thickness and width of the NS are further decreased to ~1.8 nm and ~133 nm,
respectively, as depicted from the AFM image and the corresponding height profile in Fig. 5.4(e,f).
Interestingly, for Ce70, uniform distribution of NPLs is observed, as shown in the AFM image in

: =
== 200 nm

—_
o
-
o
1

=

o

2
5

H
1

Height (nm)
Height (nm)
N
Height (nm)

N
1

51.8nm

o
1
o
1

g 0 i 0 100 200 300 0 50 100 15 200 0 100 200

. 300 400
Distance (nm) Distance (nm) Distance (nm)

Distance (nm)

Fig. 5.4. AFM topography images of undoped and Ce doped MAPbBr3; NS in (a) Ce0, (c) Ce20, (e) Ce50 and (g)
Ce70 and the corresponding height profiles are shown in (b), (d), (f) and (h), respectively.

Fig. 5.4(g). Fig. 5.4(h) shows the corresponding height profile indicating the average thickness of
the NPLs to be ~ 1.4 nm, which closely matches with the thickness estimated from the TEM
imaging. In case of 2D NS/NPL, single layer (1L) MAPbBr3 sheet consists of 2D arrangement of
corner-sharing (PbBre)* octahedra with a thickness of 0.593 nm[48]. Therefore, the measured
thicknesses in Ce0, Ce20, Ce50, and Ce70 correspond to 10L, 7L, 3L, and 2L, respectively. Hence,
the Ce3* doping by solvothermal method enables us to tune the thickness of the 2D perovskite NS
from ten layers (10L) to bilayer (2L), which may trigger strong quantum confinement effect in the
NPL. A similar change in thickness is expected with Tb®" doping in MAPbBr3. The mechanism
behind the change in thickness of NS with doping may be the replacement of Pb?* ions with smaller
size Ce®*" ions. In addition, the dopant atoms (CeBrs/ThCls) may act as an inorganic ligand or an

intercalating agent, which stimulates the exfoliation of the 2D NS. Presence of large number of
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inorganic ligands helps in exfoliation of inorganic sheet layer promoting thinner NS. Here, large
dopant concentration may also increase the reactivity of OAm because of the high pressure and
high temperature inside the autoclave[41]. Elevated pressure and temperature inside the autoclave
increase the reactivity of any material, which may be insoluble at room temperature[41].
Therefore, solvothermal process results in a stronger effect of doping on the dimensions of the
perovskite nanosheets as compared to other methods. This resulted into the systematic decrease in
thickness and lateral dimension of the 2D NSs at higher doping concentration. Note that the
measured doping concentration in Ce20 and Tbh20 is much less than the desired one, which
supports the assertion that a small fraction of the dopants occupy the substitutional sites in
perovskite and rest of the dopants help in the exfoliation of the NS by a kind of intercalation

process similar to the commonly used layered 2D materials.
5.5.2. Structural Analysis

To acquire more insights into the structural quality of doped perovskite NS, the crystal structure
of various doped and undoped samples were characterized using the XRD technique. Fig. 5.5(a,b)
show the comparison of XRD patterns of Ce and Tb doped samples i.e., MAPb:.xCexBrix and
MAPb1xThxClxBrix. Fig. 5.5(a) reveals the characteristic (001) diffraction plane of a cubic
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Fig. 5.5. A comparison of XRD patterns of perovskite NS before and after the doping with (a) Ce®" and (b) Th®" at
different molar concentrations.

structure at ~14.81° in undoped 2D NS, confirming the formation of pure perovskite phase without
any impurity. Interestingly, with the substitution of Pb?* by Ce**, diffraction peaks (0021) (I=1-6)

at low angles (20<14.81°) are observed, which is a signature of the layered structure, as shown in
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Fig. 5.5(a). It is reported that there is an increase in d-spacing in 2D perovskite phase due to the
insertion of inorganic octahedral sheet (PbBrs) and, as a result several low diffraction angle peaks
are emerged[49]. XRD pattern of Ce20 exhibits the diffraction peaks at 11.50° and 12.53°
corresponding to disparate layered structure with inorganic sheets combined with corner-sharing
octahedral containing Pb and Ce ion, respectively[50]. The (001) diffraction peak shifts
monotonically towards higher angle in Ce20 and Ce50 as compared to the undoped sample due to
the decrease in layer distance between the inorganic sheets as Pb ions (ionic radius 119 pm) are
partially substituted by smaller size Ce ions (ionic radius 115 pm). In addition, the splitting of two
peaks at 14.87° in Ce20 indicates phase transition from higher symmetry cubic phase to lower
symmetry tetragonal phase[51]. Interestingly, the (001) diffraction peak is completely disappeared
in Ce70 confirming fully transformed pure 2D perovskite phase. Similarly, XRD patterns of Th
doped samples represent the evolution of diffraction peaks at low angles (26<14.81°), which are
the characteristic features of 2D perovskite structure, suggesting the formation of an extremely
thin MAPb1.xTbxClaxBrau-x) layer (see Fig. 5.5(b))[52]. The (001) diffraction peak systematically
shifts towards higher angle with the increase in Tb doping concentration, which gives direct
evidence of the inclusion of smaller radius Tb ion (ionic radius 106.2 pm) in place of Pb ion (ionic
radius 119 pm). Besides the effect of Tb ions, halide mixing of CI (ionic radius 167 pm) and Br
ion (ionic radius 182 pm) in the 2D perovskite phase results into the shrinkage of the size of unit
cell. Similar to Ce doped case, Th doped samples exhibits diffraction peaks at ~ 11.24° and ~
13.07°, which further confirms its 2D layered structure[50]. This indicates an in-plane orientation
of BXg (B= Pb/Th, X= Br/Cl) sheets. With the increase in Ce** and Tb*" doping concentrations,
the (100) diffraction peak shifts towards higher angle from 14.81° to 14.93° and 15.32°,
respectively, indicating the lattice contraction. Interplanar spacing (doo1) decreases with increasing
doping concentration from 5.97 A to 5.93 A and 5.84 A for Ce and Tb doped NS, respectively
revealing lattice contraction, as shown in Fig. 5.5(c). In addition, significant broadening in the
diffraction peaks of doped samples implies a reduction in the NS thickness upon inclusion of doped
ions. Hence, with the incorporation of Ce/Tb ion in the 2D perovskite crystal, the subsequent
change in the lattice spacing and structural phase transition from cubic to lower symmetry
tetragonal phase are observed due to rotation and distortion of inorganic octahedral. Note that the

lattice distortion is expected at high doping concentration, which is consistent with our experiment.
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XPS analysis was conducted to further confirm the successful incorporation of Th ion in MAPbBr3
host as shown in Fig. 5.6(a-d). Fig. 5.6(a-d) exhibited XPS peaks of Br 3d, Pb 4f, Cl 3p, Br 3p
and Tb 3d. The broad Br 3d XPS spectrum of Tb20 is deconvulated with two peaks centered at
68.9 (3ds12) and 70.0 eV (3dss2), corresponding to the inner and surface Br ions, respectively (see
Fig. 5.6(a)). The doublet peaks of Pb 4f are observed at 143.6 (4fs2) and 138.8 eV (4f72) with spin
orbit split of 4.8 eV (see Fig. 5.6(b)). The presence of metallic Pb contribution is not seen at lower
energy confirming no reduction of Pb. Cl 2p peak is fitted with two peaks at 198.4 and 200 eV
corresponding to 2ps2 and 2p12 as shown in Fig. 5.6(c). The doublet peaks shown in Fig. 5.6(c) at
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Fig. 5.6. (a-d) Deconvulated XPS spectra of Br 3d, Pb 4f, Cl 3p, Br 3p and Tb 3d in Th20.

182.2 and 188.8 eV corresponds to Br 3psz and Br 3py2. The peaks at 1243.1 and 1278.1 eV
correspond to Th 3ds/2 and 3dap, as shown in Fig. 5.6(d).The presence of Cl 3p and Tb 3d peaks
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confirms the successful incorporation of TbCls in MAPbBrs NS. Tb/Pb ratio is found to be 0.014

in Th20, which indicates a doping concentration of ~1.4 %.
5.5.3. Optical Analysis
5.5.3.1. UV-vis Absorption and Photoluminescence Studies

The effect of lanthanide doping on the absorption and emission spectra of the 2D perovskite was
studied using synthetic spectroscopic tools. Fig. 5.7(a,b) shows the absorption and PL spectra of
Ce*" and Th** doped samples demonstrating a systematic blue shift in the absorption edges with
the increase in doping concentration. With respect to the undoped sample, we observe blue shifts
up to of 42 nm and 86 nm in the excitonic absorption peak in 70 mol% Ce and Tb doped samples,
respectively (see Fig. 5.7(a,b)). Therefore, a significant enlargement in bandgap (~0.25 eV and
~0.54 eV in Ce and Th, respectively) is observed with doping of rare-earth ions in 2D MAPbBr3
NS indicating successful incorporation of dopant ions in the crystal lattice[20]. Furthermore, a
sharper excitonic peak is observed in the doped NS, which may be attributed to enhanced dielectric
confinement effect in thinner 2D layered NS/NPLs. Urbach tail is weakened with the introduction
of rare-earth ions suggesting an increase in the exciton binding energy to the extent that thermal
energy at room temperature is insufficient to dissociate the excitons. Weaker Urbach tail in doped
NS compared to the undoped one also implies less disorder in the doped NS[53]. Distinct and
narrow excitonic emission peak implies efficient excitonic recombination responsible for efficient
light emission. Note that Tb doping induces larger enlargement in bandgap compared to Ce doping
case due to the incorporation of both metal and halide ions in the host lattice, i.e., with TbCls
doping, both Pb and Br are partially replaced by Th and Cl, respectively. In contrast, for Ce doping,
only Pb?* is replaced by Ce®". Valence state of halide ions changes from 4p to 3p when Br is
replaced by CI resulting into an increase in the bandgap. Insets of Fig. 5.7(a,b) show the digital
photographs of all the solutions under UV excitation depicting tuning of the color from green to
deep blue after Ce and Tb doping. To quantify the tuning in emission color in Ce®* and Tb** doped
MAPDBrs NS, steady-state PL spectra are plotted in Fig. 5.7(a,b). PL measurements of all the
samples were performed under 350 nm lamp excitation. A strong green emission peak located at
518 nm is observed in undoped MAPbBr3 NS. With the increase in CeBrz concentration, the PL
peak is gradually blue shifted and emission intensity systematically increased by 6 times with

respect to the undoped NS. When x reaches to 0.7 in MAPb1.xCexBr3, the strong blue fluorescence
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peak centered at 454 nm with narrow FWHM (full width at half maxima) of ~24 nm is observed
at room temperature, which is much narrower than that of the conventional blue QDs[54]. This is
significant and it indicates an effective modulation in the electronic structure of the 2D NS at high
doping concentration[33]. The PL peak of Ce70 coincides with the excitonic absorption peak
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Fig. 5.7. Optical absorption (dashed line) and PL (solid line) spectra of undoped 2D perovskite NS and (a) Ce®* and
(b) Tb® doped 2D perovskite NS at different molar concentrations. The inset in each case shows the digital
photographs of the corresponding perovskite NSs under UV illumination. (c) Optical bandgap energy as a function of
thickness (d) of the Ce doped 2D perovskite NSs. (d) Comparison of PL QY of as-synthesized 2D perovskite NS with
Ce®** and Tb** doping.
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without any stokes shift, indicating absence of any disorder or defects. The pure blue emission
peaked at 454 nm from Ce70 has a color coordinate of (0.145, 0.054) very close to the Rec. 2020
(0.131, 0.046) specifications[54]. In case of Tb doping, the PL peak blue shifts from 518nm to 414
nm (deep blue), indicating a larger change in bandgap (~0.587 eV) with Tb doping than the Ce
doping case (~0.337 eV). The PL intensity in the Tb doped NS increased by 3.5 time as compared
to the undoped NS. The deep blue emission in Tb50 provides a color coordinate of (0.160, 0.0441),
approaching the standard color Rec. 2020 (0.131, 0.046) specification[54]. In addition, the
emission peak in Thb50 has a FWHM of 18 nm at room temperature, which is much smaller than

the other conventional deep blue-emitting quantum dots, indicating its high color purity[54].

We find that doping concentration higher than 70 mol% leads to the quenching of the PL emission
in the NS, which implies that 70 mol% of CeBrs is the highest limit and optimum for Ce doping
in 2D MAPDBr3 NS, and this appears to be the highest doping concentration of rare-earth ions
reported till date. Note that the dopant concentration is proportional to the amount of CeBrs
precursor added during synthesis, since the optical properties are systematically improved with
doping in our samples, which rules out the presence of any impurity or self-crystalized phases
unlike earlier reports[33]. Various factors may be responsible for the large PL spectral shift and
enlargement of the bandgap. One of the factors accountable for the shift is the quantum
confinement effect since lateral and vertical dimensions of the NS are systematically decreased
with increase in doping concentration, as observed from TEM and AFM images. With doping, the
thickness of the NS decreases from 10 layers to 2 layer (1.4 nm) NPL, which may impose the
quantum confinement effect on the carriers and it may be responsible for the significant
enlargement of the bandgap. However, thickness vs bandgap plot does not obey the well-known
Brus equation[55] for various reasons, as shown from the fitting in Fig. 5.7(c). Simple effective
mass approximation of infinite quantum well strongly overestimates the bandgap with respect to
the experimental values, as reported earlier[3, 56-58]. Note that in our case the change in the
bandgap is slower than that predicted by the Brus fit, as shown in Fig. 5.7(c), since other factors
have competing effect on the bandgap variation. Interestingly, in the present case, the doping
causes lattice contraction, and it results in the reduction of the bandgap in perovskite. However, in
our system we observed an overall increase in the bandgap with doping, indicating dominating
effect of quantum confinement[5, 59]. It may be noted that in case of 2D perovskite NS, additional

factors need to be taken into account to accurately predict the bandgap variation with thickness.
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Exciton binding energy is an important factor in 2D perovskite, since with decreasing thickness
dielectric screening becomes minimal, as large number of electric field lines between the charge
carriers are outside the perovskite layer[3]. This enhances the exciton binding energy of the NS,
which in turns decreases the blue-shift in the bandgap[3]. Also, electron and hole effective mass
is considered to be constant in effective mass approximation method; however, in 2D materials
this strongly depends on the width of the well and correction factor needs to be added considering
second order perturbation theory[58, 60]. In our case, there is a competing effect of strong increase
of bandgap due to the reduction in the thickness, while a decrease in bandgap due to the lattice
contraction and considering the other factors, it finally results in a slower increase in bandgap than
that expected from the QC effect alone (see Fig. 5.7(c)).

The change in the PL QY with doping concentration is shown in Fig. 5.7(d). PL QY is observed
to be increased dramatically from 58 % to 100 % with Ce** doping, and in case of Th doped NPLs
it is enhanced to 70 % (see Table 5.1). Hence, we have remarkably achieved absolute unity

quantum yield in deep blue-emitting perovskite NPLs with Ce** doping by a novel solvothermal

Table 5.1. Details of the PL characteristics of the undoped and rare-earth doped MAPDbBr3

nanosheets.
Rare-earth dopants Sample code | PL peak wavelength (nm) PL QY (%)

Undoped Ce0, ThO 518 58
20 mol% CeBr3 Ce20 504 63
50 mol% CeBr3 Ce50 465 90
70 mol% CeBrs Ce70 454 100
20 mol% TbCls Th20 500 60
50 mol% ThCls Th50 432 66
70 mol% ThCls Th70 416 70

process, rendering them as a highly efficient source of blue light. It has been predicted from
theoretical calculation that Ce®* has very small formation energy in perovskite (less than 2 eV at
Pb site for any growth condition), which makes it easy for the incorporation of the Ce®** dopants

in the MAPDBI; lattice[20]. Interestingly, the Ce®* dopant does not create any deep trap states, but
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it enhances the lattice order when it is introduced in the MAPbBr3 host lattice. The dominant
dopant (Ce®") is reported to have a transition level ~0.2 eV bellow the conduction band, thus it
introduces shallow transition features, which enhances the emission properties[20]. Additional
transition states are created near the conduction band edge due to hybridization between Ce-d and
Br-p states, which enrich the conduction band states causing the PL enhancement[20, 61].
Considering theoretical calculations and experimental results reported till date, the primary reasons
for improved PL QY in doped (Ce®*, Mg?*, Cd?*, Nd?*) perovskite nanomaterials are considered
to be the introduction of shallow energy levels and reduction in the structural disorder with

doping[20, 37, 61, 62]. Also, radiative recombination rate increases significantly with doping due
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Fig. 5.8. Normalized PL excitation spectra of (a) Ce®* and (b) Th®* doped NSs at different doping concentrations.

to the flattening of the conduction and valence band and lattice contraction upon doping due to
overlap between the wave function of electron and hole states form the exciton[37]. Upon light
excitation, an electron can transfer along the Pb-Br bond towards the Pb ion, while holes remain
delocalized and hence electron-hole wave function overlap increases as the Pb-Br bond length
decreases[37, 62]. Therefore, lattice contraction is another important factor for the enhancement
in PL QY in the doped NSs. In addition, if there are any surface Ce atoms, which were unsuccessful
in being incorporated into the bulk lattice, they provide additional electronic states near the
conduction band rather than non-radiative trapping center[20]. In our system, the thickness of the
NPLs in Ce70 is ~1.4 nm (bilayer). Hence, in case of high doping concentrations, most of the
dopants are on the surface or very close to the surface, which contribute to create emissive channels

near the conduction band. This is fully supported by our DFT calculation (discussed later). Strong
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quantum confinement effect in the 2D NS is also an important factor for the PL enhancement in
our system. The achievement of unity quantum yield in solvothermally grown Ce doped perovskite

is very significant for their large-scale production and application in deep blue emitters.

PL excitation (PLE) spectra of Ce®*" doped MAPbBrs NS monitored at their respective emission
peaks are shown in Fig. 5.8(a), demonstrating a blue-shift in the PLE peak with increasing doping

concentration, consistent the absorption spectra, which is a reflection of bandgap widening due to
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Fig. 5.9. Deconvulated PL spectra of Ce0, Ce70 and Th70.

the successful incorporation of the Ce®* ion in the host crystal. The PL excitation spectra of Tb
doped 2D NS monitored at their respective emission peak is shown in Fig. 5.8(b), demonstrating
again a gradual blue shift with increasing doping concentration consistent with the emission

spectrum. Intense excitonic absorption peak, negligible stokes shift, narrow and single PL emission
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peak indicate negligible inhomogeneity and nearly monodisperse thickness of the NS/NPL. To
ascertain the influence of band tail states in high doping concentration case, the PL spectra of Ce0,
Ce70 and Th70 are deconvulated with three Gaussian peaks, as shown in Fig. 5.9. It is clear that
the excitonic peak (peak 1) has the highest contribution in all the three cases. However, the
contribution of higher wavelength peaks (peak 2 and 3) is higher in Ce70 and Th70 as compared
to the undoped system. The higher wavelength peaks originates from the shallow states present
just below the conduction band (~0.1 eV) in the doped system[20]. This could arise from the
surface states as well the bulk states of the doped atoms?. Previously, these kind of tail states were
observed in the blue emissive perovskite QDs due to carrier transition between low and high lying
tail states[63].

5.5.3.2. Low-Temperature Photoluminescence Studies

The temperature-dependent PL spectra were studied to understand the excitonic trap and photonic
properties of the doped and undoped NS. Fig. 5.10(a) shows the temperature-dependent PL spectra
of undoped NS in the temperature range 80-300 K demonstrating multiple peaks at lower
temperatures along with its excitonic peak. It can be noted that 2D perovskite shows strikingly
different behavior in the low-temperature region depending on the number of layers, which is of
great interest for the fundamental research and their optoelectronic application and this aspect
remains largely unexplored. The evolution of PL spectra of Ce0 with lowering of temperatures
suggests that it has multiple recombination channels, which get activated in the low temperature
region (<260 K) (See Fig. 5.10(a)). Temperature-dependent PL spectra of Ce20 shows three
shoulder peaks in the lower wavelength region (493, 483 and 468 nm) along with its excitonic
peak below 110 K. The peaks at 483 and 468 nm in Ce20 disappear at 160 and 260 K, respectively,
without showing any spectral shift when the temperature is increased from 80 K to 300 K (Fig.
5.10(b)). Similarly, Th doped MAPDbBr3 2D NS reveals three prominent shoulder peaks along with
excitonic PL peak at low temperatures (see Fig. 5.10(c)). In case of Tb20, three shoulder peaks
emerge at ~ 474 nm, ~457 nm and ~442 nm below 160 K, 220 K and 260 K, respectively, as shown
in Fig. 5.10(c). The positions of the peaks do not vary significantly with temperature, though their
intensity gradually decreases with increasing temperature. No new PL peak appears in the lower
energy region, which rules out the possibility of any impurity or defect states in the samples[64,

65]. The higher energy peaks in doped and undoped 2D NS at the low-temperature region may be
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Fig. 5.10. Temperature-dependent PL spectra of 2D NS of (a) Ce0, (b) Ce20 and (c) Tb20 in the range 80 K - 300 K.
(d) Integrated PL intensity vs. inverse of temperature for Ce0, Ce20 and Th20. The experimental data in the range 220
- 300 K are fitted with the Arrhenius equation for each case shown in the expanded view in the inset. Temperature
dependence of (e) FWHM and (f) PL peak energy for the excitonic peak in Ce0, Ce20 and Th20.

originated due to phase transition or the coexistence of different phases of perovskite. MAPbBr3
is reported to have orthorhombic (<145 K) and tetragonal phase (145-237 K) in the low-
temperature region, and with increasing temperature it stabilizes to more symmetric cubic phase
(>237 K) resulting into PL peaks at different positions[64, 66].
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Dar et al. assigned the origin of additional PL peaks in MA-based perovskites at high energy region
to the presence of molecularly disordered orthorhombic domains using density functional
theory[67]. With decreasing temperature, the MA cations are kinetically trapped in a disordered
domain along with ordered orthorhombic phase[67]. The disordered MA cation produces a strong
local electric field resulting into an increase in bandgap of the ordered orthorhombic phase due to
Stark-like effect which eventually splits the PL peaks[67]. The thickness of the NS is atomically
thin in our system (<10 layers) and due to ultrathin 2D structure the crystal lattice is very
vulnerable to the change in environmental temperature. The PbBre octahedra are arranged on the
surface with MA cation between them making it very feasible to orient in different directions
resulting into a change in overall perovskite structure with environmental change. The shoulder
peaks may also originate from bound exciton or multiple exciton-effects[41, 68, 69]. Broad PL
peak due to intrinsic electronic transitions (5d — 4f) of Ce" ions is reported to occur at ~450
nm([70]. Though at room temperature, the intrinsic transition features do not appear in PL spectra,
it may get activated at low temperature resulting into high energy PL peaks. To distinguish the
possible origin of the shoulder peaks, a detailed analysis of the evolution of the PL intensity,
FWHM and PL peak energy of the samples with temperature was carried out. Fig. 5.10(d) shows
the temperature-dependent integrated PL intensity of Ce0, Ce20 and Tb20 in the temperature range
80-300 K. It can be seen that the variation in the integrated intensity of PL with temperature has
different slopes in different regions of temperature. As shown in Fig. 5.10(d), the integrated PL
intensities do not change significantly in the temperature range 150-180 K, 120-190 K and 140-
190 K for Ce0, Ce20 and Th20, respectively, which may be due to the phase transition. Note that
the decrease in integrated PL intensity with increasing temperature is less prominent in Ce20 and
Tbh20 as compared to the undoped 2D NS (Ce0). As the temperature is increased from 80K to
300K, the integrated PL intensities decrease by 98 %, 78 % and 90 % for Ce0, Ce20 and Th20,
respectively, indicating enhanced excitonic recombination with the incorporation of Ce® in
MAPDBrs NS. Comparatively less quenching of the PL intensity in the doped NS implies the
presence of fewer non-radiative recombination centers, which are activated at lower temperatures.
Note that, the excitonic PL intensity of undoped MAPbBrs NS decreases by a factor of ~54 with
increase in temperature from 80 K to 300 K. In contrast, for the Ce and Tb doped NS, it decreases
only by ~4.6 and ~9.6 times, respectively. This proves that carrier trapping and non-radiative

channels are very few in the doped NS. Inset of Fig. 5.10(d) shows the temperature-dependent

TH-2453_156121029



CHAPTER 5 | 162

integrated PL intensity in the range 220-300 K and the experimental data are fitted using the

Arrhenius equation, given by,

I(T) = 1,/(1 + Aexp(— Eg/kgT)) (5.1)

where, I(T) and lo are the integrated PL intensities at temperatures T and 0 K, respectively[41]. A
is a constant and Eg is the exciton binding energy. Exciton binding energy is calculated in the high-
temperature region since MAPbBr3 has a stable cubic phase at room temperature. From the fitting
parameters, exciton binding energy is estimated to be 136 meV, 173 meV and 149 meV in Ce0,
Ce20 and Th20 NS, respectively. Thus, the Eg is the highest for the 20 % Ce doped NS. To the
best of our knowledge exciton binding energy of Ce and Th doped 2D MAPbBr3 NS is not reported
yet and these values are consistent with the other reported 2D perovskite structures[68]. Higher
binding energy of excitons in doped NS implies better excitonic stability and high recombination
rate consistent with its ultrahigh PL QY, highlighting the strong potential of such materials in
exciton-related optoelectronic devices[65]. Therefore, at room temperature non-radiative decay
processes and the dissociation of excitons is less probable in the Ce doped NS resulting into 100
% absolute PL QY. The spectral line width or FWHM of the excitonic PL peak is plotted as a
function of temperature for Ce0, Ce20 and Tb20 in Fig. 5.10(e). The linewidth gradually increases
with increasing temperature due to strong exciton phonon coupling, which resulted into the overlap
of close energy bands. The spectral line width of the PL peak in Ce20 varies at a slower rate
compared to the undoped and Tb doped NS. Above 160 K, the line width of the excitonic PL peak
broadens with increasing temperature at a faster rate implying wider thermal distribution of carriers
in the discrete energy levels and intense exciton phonon interaction. A comparison of the
temperature evolution of bandgap of the undoped and doped NS is shown in Fig. 5.10(f). Below
160 K, the PL peak energies of the samples do not vary much with the temperature and above 160
K the peak energy increased with increasing temperature, which is contrary to the behavior of the
conventional semiconductors. The sudden change/discontinuity in the peak energy with
temperature mostly arise from the structural phase transition of the perovskite phase, as reported
earlier[71]. At the transition point (160 K), the lattice phase in the NS transforms from
orthorhombic to tetragonal to final cubic phase resulting into sudden shifts in the emission energy.
The reason behind the unusual blue shift in the PL peak energy with increasing temperature is still

not well understood. However, it is reported that the pseudocubic lattice constant of the perovskite
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crystal increases with temperature[72]. The valence band maximum (VBM) of MAPDbBrs is
primarily constituted by antibonding hybrid states of the Br(p) and Pb(s) orbitals, while the
conduction band minimum (CBM) is determined by a hybrid of Pb(p) and Br(p) orbitals and
bonding between Pb(s) and Pb(d) states[59, 73]. CBM is much less affected by any external factors
like structural distortion, however VBM is highly vulnerable to the lattice distortion[59]. Any
change in the lattice constant destabilizes the VBM by increasing the Pb-Br overlap, which in turn
results into the shift of the VBM to the higher energy levels[59]. This effect contributes to the
enlargement of the bandgap in perovskites resulting into the blue shift of the PL peak energy with

the rise in temperature contrary to the conventional semiconductor.
5.5.3.3. Time-Resolved Photoluminescence Studies

TRPL measurement was performed on undoped and doped perovskite NSs using a 405 nm pulsed
laser excitation to study the decay kinetics. Fig. 5.11(a) shows the PL decay behavior of MAPb;-
«CexBrs NS, fitted with triexponential decay function given by, I(t) = Y:7_, A;exp(—t/1;), where

Table 5.2. Details of time resolved PL decay components of various samples fitted with a tri-
exponential decay function.

Sample 71 (NS) A1 % 72 (NS) A% 73 (NS) As % Tavg (NS)

Ce0/ThO 7.68 14.76 34.30 38.48 166.20 46.76 92.01
Ce20 3.70 19.77 14.77 43.28 76.09 36.95 35.25
Ce50 0.29 42.29 9.88 26.08 32.80 31.63 13.07
Ce70 - - 6.28 100 - - 6.28
Th20 3.13 16.70 22.47 41.79 118.59 41.51 59.14
Th50 0.57 30.79 7.28 11.45 57.98 57.76 34.44
Th70 0.58 54.97 8.48 45.03 - - 4.14

Ai is the amplitude of the PL decay component corresponding to the lifetime zi. The average

lifetime (rag) of the samples is calculated using the following relation: 74,, =

3 ATE/Y3 AT, The faster component of the decay function corresponds to the non-radiative

recombination of charge carriers, while the slower components are associated with radiative
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recombination of free charge carriers[29]. Details of the decay components of the samples are

tabulated in Table 5.2. It is observed that the carrier lifetime decreases from 92.01 to 6.28 ns with
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Fig. 5.11. A comparison of TRPL spectra of undoped 2D perovskite NS and (a) Ce** and (b) Th®* doped 2D perovskite
NS at different doping concentrations. The insets in the corresponding figures show the variation in lifetime with the
doping concentrations. Comparison of relative PL intensity of the (c) Ce®* and (d) Th® doped 2D perovskite NS taken
at different time intervals after storing the samples in ambient conditions with relatively high humidity. The inset of
(c) shows the change in PL intensity with storage time for the undoped perovskite sample.

increase in Ce®*" doping concentration, as shown in the inset of Fig. 5.11(a). The decrease in
lifetime is accompanied by the enhancement in the PL QY suggesting the partial elimination of
non-radiative decay paths due to the incorporation of Ce®* ions in perovskite lattice. 2D NPLs in
Ce70 is better fitted with a single exponential function suggesting a very homogeneous electronic
transition environment for the Ce®* ions promoting 100 % PL QY[24, 29]. Fig. 5.11(b) shows the
PL decay curves of MAPb1xThxCIxBri.x 2D NS demonstrating a downward shift in decay time

constant with increasing doping concentrations. The corresponding lifetimes are calculated to be
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92.01, 59.14, 34.44, and 4.14 ns for Th0, Th20, Th50, and Tb70, respectively. Hence, a 22-fold
decrease in lifetime is observed after Tb®" doping, as shown in the inset of Fig. 5.11(b).
Interestingly, the Th70 data one fitted well with a bi-exponential decay function, while that of ThO,
Tbh20 and Tbh50 are fitted with tri-exponential decay functions indicating absence of the non-
radiative decay channel with the incorporation of Th3* lanthanide ions. Decrease in carrier life
time corresponds to increase in the recombination rate due to increasing carrier density, consistent
with the quantum confinement effect and lattice contraction discussed earlier[37, 74]. Therefore,
doping of Ce3* and Tb** lanthanide ions introduce new emissive channels near the conduction
band rather than non-radiative trapping channels promoting significant improvement of the PL
emission characteristics of the host MAPbBTr3 crystal[75]. These conclusions are further supported

by electronic structure calculations, discussed later.
5.5.4. Stability of the 2D NS

The stability of the doped 2D NS is studied to understand its efficacy in different environments.
Evolution of PL emission spectra of Ce and Th doped MAPbBr3 NS under 370 nm excitation is
monitored during long-term storage in ambient condition without any encapsulation. We found
that PL spectra of Ce20 were nearly unchanged for at least one month, as shown in Fig. 5.11(c).
PL peak intensity in Ce20 decreases by ~ 12 % after 2 months of storage (see Fig. 5.11(c)). Inset
of Fig. 5.11(c) shows the decrease in PL intensity of undoped NS by ~27 % after 2 months. In
contrast, Th doped NS shows only ~ 3 % quenching in PL intensity after 2 months of storage, as
shown in Fig. 5.11(d). These observations indicate that the trivalent rare-earth ions (Ce** and Th*")
provides good support to the 2D MAPDbBrz NS framework with excellent storage stability under
ambient condition, which makes them suitable for the use in various applications as
environmentally friendly Pb-free halide perovskite. Note that Ce and Th doped 2D NS prepared
by our method show superior stability as compared to other metal-doped samples[25, 76]. Yao et
al. reported 40 % decrease in PL QY after 30 days of storage in Ce doped CsPbCls NCs[33]. In
our case, the Tbh doped 2D MAPbBr3 NS shows better optical and storage stability compared to
the Ce doped sample, which may be due to stronger bonding of the Th®" ion with the host lattice.
Also, ionic radius of Tb (106 pm) is lower than Ce (115 pm) resulting into more lattice contraction

induced by Th®* doping giving rise to better stability.

5.5.5. Electronic Structure Calculation
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In order to comprehend the effect of Ce and Th doping in the bandgap and electron density of
pristine MAPbBr3 system, we have performed first-principles electronic structure calculations
within the framework of DFT in collaboration with 11T Indore[42]. To investigate the structural
changes and corresponding stability in the pristine system under the influence of Ce and Tb doping,
we have also determined the formation energy of the individual systems. The crystal structures of
doped and undoped system are shown in Fig. 5.12. We have analysed the projected density of

states (PDOS) of all three systems, as depicted in Fig. 5.13. This analysis provides a clear picture

Tb** doped CH,NH_PbBr, Ce** doped

Fig. 5.12. Crystal structure of undoped and doped (12.5 %) CH3sNHsPbBr; perovskites taken for DFT calculations.

of the electronic structure while describing the elemental orbital contribution of the constituting
elements and their corresponding hybridization. The PDOS of the pristine MAPbBr3 system shows
the semiconducting nature with a bandgap of 1.76 eV (see Fig. 5.13(a)). A strong hybridization
between Pb-6p and Br-4p is observed near the Fermi level of the valence band as well as in the
higher energy range in the conduction band regime. The contribution of the organic cation, which
consists of carbon (C), hydrogen (H) and nitrogen (N) is negligible near the Fermi level. In the
case of Ce-doped MAPDBT3, though the pretty negligible contribution near the fermi level of the
valance band has been observed corresponding to Ce-4f, however, it contributes substantially in
the conduction band regime along with Pb-6p and Br-4p (see Fig. 5.13(b)). Hence, Ce-4f is
hybridized with Pb-6p and Br-4p in the conduction band and contributes to the enhancement of
total DOS in the conduction band regime around 2 eV. Since we do not observe the presence of
Ce-5d in the valance band, the well-known 5d-4f rare-earth transition is not expected from Ce3* in
MAPbBr3 host, which is consistent with the absence of Ce®" emission peak in the PL spectra. Deep

trap states corresponding to dopant defects are not observed in case of Ce doped MAPbBYr3, which
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Fig. 5.13. Projected density of states (DOS) of (a) pristine, (b) Ce, (c) Th doped MAPbBFr3. (d) Comparative analysis
of total DOS in the conduction band regime for pristine and doped systems. The small circle depicts shift of the
conduction band edge, which is much larger in Tb doped case than the Ce doped system.

may lead to non-radiative recombination, as seen in earlier reported Bi** doped CsPbBrs
system[20]. Instead, it can be seen from Fig. 5.13(b) that in Ce doped system shallow transition
levels are introduced approximately ~0.1 eV below the conduction band that act as new emissive
channels, as discussed earlier. We can also infer from the PDOS of Ce doped MAPbBr3 system
that the total electron density in the conduction band regime substantially increases after Ce doping
than the pristine one, which would lead to the possible modulation of the exciton relaxation and
recombination. This supports the large enhancement in PL emission intensity post Ce3* doping.
Interestingly, the electronic structure analysis provides ~0.1 eV enlargement in the bandgap post
Ce doping, whereas experimentally, the value is ~0.25 eV since quantum confinement effect and
lattice contraction together contribute to the overall change in the bandgap.

Similar to Ce doped system, Tb does not play a major role in the valance band regime, as shown

in Fig. 5.13(c). The contribution in the conduction band regime is mainly due to the synergistic

TH-2453_156121029



CHAPTER 5 | 168

hybridization of Tb-4f, Pb-6p and Br-4p orbitals. Therefore, in the Tb doping case also, the
intrinsic transition due to Tb is not possible. Th is contributing to the overall rearrangement of
band positions. The density of state calculation shows an increment of bandgap of ~0.3 eV due to
Tb doping in MAPDBr3, which is larger than the Ce doped case. This is fully consistent with our
experimental observation, which shows a total AEg ~ 0.54 eV in Tb70 as compared to AEq ~ 0.25
eV in Ce70. From the total PDOS of Tb doped MAPDBY3, it can be seen that the inclusion of Tb
decreased the electron density. However, the enhancement in PL QY may be due to quantum
confinement effect and lattice contraction in Th doped NS. We have also compared the total DOS
in the conduction band regime of the pristine and doped cases, as reflected in Fig. 5.13(d) in a
magnified scale. We can observe the small circle depicting the conduction band edge that has been
shifted differently in case of Ce and Tb doped systems, where the shift is not very substantial in
Ce doped MAPbBT3, whereas Th doping shifted the conduction band edge far from the Fermi level.
Thus, there is a substantial increase in the bandgap in Tb doped case, which is fully consistent with
the experimental results. Thus, the DFT calculation correctly predicts that Ce doping leads to major
improvement in the PL emission yield, while the Tb doping causes a substantial increase in the

bandgap along with increase in PL emission yield.

Further, from our calculation of the formation energy to theoretically predict the relative stability
of the undoped and rare-earth doped system, we have found the pristine system is having a value
of -6.85 eV, which is comparable to the earlier reported value[77]. This formation energy becomes
lower with Ce and Tb doping, where it attains the value -7.06 eV and -7.25 eV, respectively. As
more negative value of formation energy asserts the stability enhancement of a system, we can
infer that the decrease in formation energy by ~0.21 eV and ~0.4 eV in case of Ce and Th doped
systems, respectively, signifies higher stability in the doped systems. This is fully consistent with
our experimental data on improved stability of doped systems. Hence, the following major aspects
can be inferred from our theoretical calculations: (a) the stability enhancement under the influence
of Ce and Tb doping in MAPDbBr3, (b) bandgap increment after doping of Ce and Th in MAPbBIr3,
and (c) substantial enhancement of the electron density in the conduction band in Ce doped system
giving rise to high emission yield. These results are fully consistent with our experimental

observation and it complements our understanding of the electronic structure of the doped system.

5.5.6. Application of Ce Doped NSs for White LED
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We have shown that MAPDbo3Ceo7Brs3 possesses excellent light emission properties and to
demonstrate its practical application, we have fabricated a down-converting white light-emitting
diode with Ce doped MAPDBr3, as shown in Fig. 5.14(a). To fabricate the white LED, Ce70 and
Rhodamine B were mixed with PMMA solution separately and sequentially deposited on a low
cost commercial UV emitting chip (400 nm). The layers were kept to dry in ambient condition

without any heating. The electroluminescence spectrum of the as-prepared white LED represents
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Fig. 5.14. (a) EL spectra of white light-emitting Ce doped 2D perovskite NS device fabricated with UV LED chip,
Ce70, and Rhodamine B. The inset shows white light emission from colloidal solution under UV excitation and digital
photograph of the white light converter. (b) CIE chromaticity coordinates of the Ce doped 2D perovskite white light
converter.

a blue emission peak centered at 462 nm corresponding to Ce70 and a broad orange emission peak
at 578 nm corresponding to Rhodamine B under the excitation of UV LED operating at 2.45 V
(Fig. 5.14(a)). At an optimized ratio of the solutions, bright, warm, pure white emission is
achieved, which can be seen from the photograph of a working white LED shown in the inset of
Fig. 5.14(a). White light emission from the colloidal solution of the mixture can be seen under the
UV excitation as shown in the inset of Fig. 5.14(a). CIE coordinates of (0.334, 0.326) for the white
light converter is remarkably close to the standard white light (0.33,0.33) (see Fig. 5.14(b)). The
white light converter demonstrates CCT of 5437 K, CRI of 73 and luminescence efficiency of 79.6
Im/W at 2.74 V. A mixture of sky-blue MAPDb(BrosClo.4)z and orange-red Rhodamine 6G was
previously used as the emissive layer for the fabrication of perovskite white LEDs[78]. It was
reported that the chance for electron—hole recombination increases due to decrease in

crystallite/grain size in the Rhodamine B and perovskite mixture[78]. With the application of bias,
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electron can be injected from perovskite layer into the conduction band of Rhodamine 6B, leading
to a higher electroluminescence intensity[78]. The CIE coordinates of the white LED are very
close to Planckian locus, as shown in Fig. 5.14(b) indicating that the color temperature is very
pleasant and soothing to human eyes[17]. The quality of white light is determined by how well the
CIE coordinates align with the black body radiation curve and accordingly it can be chosen as
next-generation white LEDs[15]. CRI of a light source apparently indicates the ability of the light
source to reveal the actual color of the object. Hence, high CRI is expected to recognize the natural
color of any object under the light source. High luminescence efficiency of the fabricated white
light converter using Ce doped MAPDBr3 is very promising as highly energy-efficient LEDs and
it can broaden the range of their potential applications in cutting-edge optoelectronic and imaging

devices.
5.6. Summary and Conclusions

In conclusion, we have demonstrated a facile, reproducible solvothermal method to synthesize Ce
and Th doped MAPbBr3 2D perovskite nanosheets possessing deep blue emission with 100 % PL
QY. Our analysis expanded the family of perovskite nanomaterials with MAPb:.xCexBrs; and
MAPb1.xThyxClaxBra-x adding to the list having extremely high PL QY blue emission. The layered
structure of 2D perovskite NS allows easy substitution of Pb?* with Ce**/Th®" enabling the doping
concentration up to 70 mol% CeBrs/ThClz, which is believed to be the highest among the rare-
earth dopants reported till date. Hence, successful doping of Ce and Tb ions in 2D MAPbBr3 NS
by the versatile solvothermal method may bestow the other perovskite system with highly efficient,
narrow, stable blue emission, which illustrates its great potential in the fabrication of blue laser,
LEDs, display, photodetectors, and medical devices. The key findings of the chapter are

summarized below.

1. The introduction of rare-earth dopants significantly tuned the lateral size and thickness of
the 2D NS to uniformly distributed ultrathin (bilayer) 2D NPLs.

2. Characteristic 2D diffraction peaks are observed at low diffraction angles in doped NS and
NPLs signifying the formation of pure 2D perovskite phase.

3. The PL peak energy could be successfully tuned by ~0.337 eV and 0.587 eV to deep blue
region in Ce and Th doped MAPDbBr3 NS, respectively. From the qualitative and theoretical
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analyses, it was revealed that the bandgap widening mainly results from the quantum
confinement effect.

4. Post doping, the PL QY of the Ce and Th doped NS significantly improved. Strong deep
blue emission with 100 % PL QY is achieved with 70 mol% CeBrs concentration by our
solvothermal method, which is very significant.

5. Our experimental results are fully supported by the electronic structure calculations using
DFT method. Our calculation results reveal that Th doping allows enlargement of bandgap
by larger amount than the Ce doping, while the PL QY is highest for the Ce doped case.

6. Multiple PL peaks emerge at low temperatures due to the coexistence of different lattice
phases as atomically thin NS structure allows easy orientation of perovskite structure.

7. The highly luminescent NPLs are further demonstrated as a down converter white LED
with CIE coordinates (0.334, 0.326), closely matching with the pure white light and thus

indicating their promising application in solid-state lightning field.
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Chapter 6

Europium Doped Organo-Metal Halide 2D Perovskite
Nanosheet Based UV Photodetector with Improved
Responsivity and Fast Response

In this chapter, we have investigated the role of Eu®* doping on the 2D CH3NH3PbBrs nanosheet
(NS) based photodetector. Introduction of EuCls in the CH3sNH3PbBr3 crystal structure enabled the
tuning of lateral and vertical dimensions of the NS from large area NS to monolayer quantum dots
by a solvothermal method. Characteristic 2D diffraction peaks arise in the low diffraction angle in
the Eu doped NS, indicating a pure 2D structure. The bandgap of the Eu doped mixed halide
perovskite systematically enlarges by ~0.599 eV with increasing doping concentration. The
introduction of a small amount (10 mol%) of Eu ion in the pure CH3NH3PbBrs crystal enhances
the absorbance resulting into high performance photodetection. Under the 405 nm laser
illumination, CH3NH3Pbo 9sEu0.1Br2.7Clo.3 photodetector exhibits self-biased behavior with On/off
up to ~10° times, which is significant. The device achieves responsivity as high as 5.29 A/W and
detectivity of 1.06x10'? Jones under 405 nm laser illumination of power density of 0.14 mW/cm?
at 5 V. Very fast response time is observed in the device with rise/fall time of 17.5/38.5 ps, which
is ~4 times faster than the pristine CHsNHsPbBrz counterpart. A linear relationship of photocurrent
with light intensity in the CHsNH3Pbo9EU01Br27Clos photodetector signifies low recombination
or charge trapping loss, and most of the photogenerated carriers are utilized for the photodetection
performance without any loss due to charge trapping. High photodetection performance in the Eu
doped device ascribed to the suppression of trap states and fast charge transfer process. This work
paves the way for future outdoor and indoor photodetection applications using the new family of

europium doped mixed halide perovskite materials.
6.1. Introduction

Recently, the metal halide perovskite nanomaterials have sprung to the forefront of optoelectronic
and photovoltaic devices due to their extraordinary characteristics that permit them to use in
diverse applications[1-14]. Typically, the characteristics such as large absorption coefficient, long

diffusion length, high carrier mobility, etc. make them a perfect candidate for photovoltaic
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application, whereas properties like high exciton binding energy, high photoluminescence (PL)
quantum yield (QY), narrow full width at half maxima (FWHM), wide color gamut are very
appealing for light-emitting diodes and laser applications[15-24]. Thus, based on the application,
the properties of the perovskite materials can be tuned.

Despite having many appealing features, the commercialization of perovskite-based device is
facing many roadblocks such as toxicity, low ambient stability, photo, and temperature
stability[25]. This triggered the research for finding a suitable replacement of lead (Pb), keeping
all the interesting features of pure perovskite crystal. Doping is one of the effective methods to
introduce impurity in the pure perovskite crystal to tune and enhance its features. Though primarily
early research mostly focused on replacing Pb with the neighboring elements in the periodic table
such as Bi, Sn, Sb, etc., however, these dopant elements destabilize the perovskite structures and
reduce the stability and performance compared to pure perovskite crystal[26-30]. In contrast,
doping of lanthanide elements as the Pb substitution in the perovskite crystal is comparatively less
explored and only in recent times, it is attracting a great deal of attention. Lanthanide materials are
reported to fine-tune the electronic, optical and chemical properties of the pristine perovskite and
4f electrons of lanthanides enrich the band-edge states, which are the primary sources for the
enhancement of luminescence properties of the host crystal[31, 32]. Although the emission
property of lanthanide doped perovskite crystal is studied, but the effect of lanthanide ion on the
photovoltaic and photodetection properties of the perovskite crystal is less explored. A few groups
have reported about the impact of lanthanide elements on the photovoltaic performance of the
perovskite. Lanthanide materials are reported to increases the grain size of perovskite film, thereby
increasing the carrier lifetime and efficiency of solar cells[33]. In addition, the stability of the solar
cell was significantly improved with the introduction of lanthanide materials[33]. Wang et al.
prepared Nd** doped CH3sNHsPblz (MAPbls, MA=CHsNHs) planar heterojunction solar cell,
which improved charge carrier mobility, reduced trap states, and prolonged carrier lifetime[34].
Eu®"'2* jons also were reported to eliminate Pb® and 1° defects in CsPbls perovskite devices, which
in turn increased the solar cell efficiency[35]. Zhou et al. improved the power conversion
efficiency of Si solar cell from 18.1 % to 21.5 % by coating the device with Yb®* and Ce®** codoped
CsPbClysBrys nanocrystal (NC) layer using quantum cutting technique[36]. Wu et al. achieved a
power conversion efficiency of 16.7 % by inserting a low doping ratio of 0.04 % Eul> as the dopant

in MAPDI3[37]. The power conversion efficiency of CsPbBr3 solar cell was enhanced from 5.66
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% to 7.28 % by optimizing the doping concentration of Eu ions[38]. Eu(Ac)s doped CsPbl.Br
perovskite is reported to give a high-quality inorganic perovskite film with a low defect density,
long carrier lifetime and high efficiency of 15.25 %[39]. Xiang and coworkers demonstrated a
maximum power-conversion efficiency of 13.71 % for an inorganic perovskite solar cell with the
CsPho.osEuo.0512Br perovskite and a stable power output of 13.34 %[40]. Hence, europium appears
to be an efficient sensitizer of photoluminescence since it decreases the non-radiative
recombination, which in turn increases the open-circuit voltage. Engineering of excitonic
luminescence was achieved for Eu**-doped CsPbClsxBrx NCs for the first time by Dai et al.[41].
Eu?* recently served as a suitable replacement of Pb?* in all-inorganic perovskite, and CSEuBrs
NCs were synthesized using a hot-injection method exhibiting a narrow PL peak at 413 nm with a
PLQY of 39 %[42]. Single-crystalline CsEuCls nanocrystals with a uniform size distribution
centered around 15 nm were also synthesized, but the PL QY at room temperature was very low
(~2 %)[43]. Rare-earth cation (Tb®", Eu**)-doped CsPbBrs quantum dots (QDs) glass with tunable
luminescence had been synthesized by conventional melt-quenching methods for the fabrication
of white LED[44]. Eu®*-doped lead-free CssBi2Bro perovskite QDs were employed as a highly
sensitive fluorescent probe for Cu?" ion detection in water[45]. Hence, europium doping in
perovskite crystal not only tunes its optical properties but also improves the photovoltaic
performance. To the best of our knowledge, impact of lanthanide material on the photodetection
performance of MAPDbBrz-based devices are not studied yet, and most of the Eu doping study was

done on all-inorganic perovskite.

Here, we have studied the effect of Eu®* ion on the structural and optical properties of
solvothermally synthesized 2D MAPbBrs; nanosheet (NS) and further fabricate Eu doped 2D
mixed halide perovskite photodetector. Variation in thickness and size of the 2D perovskite NS
with increasing Eu doping concentration is studied using TEM and AFM images. The bandgap is
also tuned by varying the Eu concentration, which is analyzed using absorbance and PL analyses.
Finally, we have performed a comparative study of the EuClz doped MAPbBr3 and pristine
MAPDBTr3 photodetectors and show that Eu doping enables high performance photodetection in

the hybrid 2D perovskites.
6.2. Experimental Procedure

6.2.1. Materials
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The materials, which were used to synthesize the undoped and doped samples are methylamine
solution (CH3NHs, 33 wt% in absolute ethanol, Sigma-Aldrich), lead(Il) bromide (PbBr2, 99.999
%, Sigma-Aldrich), hydrobromic acid (HBr, 48 wt% in water, Sigma-Aldrich), N, N-
dimethylformamide (DMF, >99 %, Sigma-Aldrich), diethyl ether (>99 %, Merck), toluene (Merk),
oleic acid (CH3(CH2)7CH=CH(CH2)7COOH, Merk), oleylamine (OAm) (>98 % (primary amine),
Sigma-Aldrich), europium(I1l) chloride (EuCls, 99.9 %, Sigma-Aldrich). All the materials were

used as received without any further purification.
6.2.2. Synthesis Procedures
6.2.2.1. Synthesis of CHsNH3sBr

First, the organic part of the hybrid perovskite was synthesized by diluting the 8 mL of CH3sNH3
solution with 20 mL of absolute ethanol with stirring in a round-bottom flask. Then, 3 mL HBr
was slowly added to the previous solution in an ice bath with vigorous stirring at 1400 rpm for two
h. The solution was then heated at 70 °C for several hours to evaporate the solvents. The remaining
CHsNH3sBr (MABT) salt was washed several times with ethanol to remove the impurities from the
dry salt. Then, the powder was washed with anhydrous diethyl ether to recrystallize and finally,
the powder was dried at 70 °C in a vacuum oven for 24 hours.

6.2.2.2. Synthesis of Undoped and Eu Doped 2D Perovskite NS

The undoped and doped 2D MAPbBrs NS was synthesized by solvothermal method[46]. First,
equal mole of MABr and PbBr2 were dry mixed, and then to make the solution, 1 ml DMF, oleic
acid, and 60 pl OAm were added. Afterward the solution was transferred into a Teflon-lined
autoclave without any pretreatment and solvothermally treated it at 120 °C for 30 min. Post the
solvothermal process, the autoclave was allowed to cool down naturally for 30 min. Then 80 pl of
the product solution was added into 10 ml toluene during vigorous stirring. To wash the as-
prepared NS and separate it from the crude solution, the solution was centrifuged two times at
10000 rpm for 10 min. The supernatant was discarded each time, and the precipitate was
redispersed in 6 ml toluene for further characterization. Please note that all the synthesis

procedures were carried out in an ambient environment without the use of a glove box.
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To synthesize the Eu doped 2D mixed halide perovskite NS, different amounts of PbBr. was
replaced by EuCls according to the desired doping concentrations. Typically, for 10 mol% doping
concentration of EuCls, 0.1 mM MABT, 0.01 mM EuClz, and (0.1-0.01) = 0.09 mM PbBr, were
first mixed and afterward same solvothermal procedure was followed, as discussed earlier. We
varied the concentrations of EuCls from 0 to a maximum of 60 mol%. The 0, 10, 20, 30, 40, 50
and 60 mol% EuCls doped samples are named as Eu0, EulO, Eu20, Eu30, Eu40, Eu60,

respectively.
6.2.2.3. Fabrication of Photodetector

To fabricate the photodetector, first the Si/SiO> substrate was cleaned by ultra-sonication using
water, acetone and 2-propanol sequentially for 15 min each. It was cleaned with water again,
followed by heating at 180 °C to remove the impurities. Further, to ensure complete removal of
residue, the substrate was UV-ozone treated for 20 min. We have first deposited the gold (Au)
contacts on the substrate and then the perovskite solution to avoid the sample degradation while
depositing the contacts. The Au contacts/electrodes were deposited on the wafers using the shadow
masks using the vacuum thermal evaporation method. Then, the undoped and doped 2D NS were

drop cast between the electrodes and annealed at 60 °C.
6.3. Characterization Techniques

The surface morphology of the MAPDBTr3 thin film was characterized using FESEM (Sigma,
Zeiss). The high magnification surface morphology and thickness of the undoped and Eu doped
perovskite NSs have been characterized using a field-emission TEM (JEOL-JEM 2010) operated
at 200 kV and AFM (Cypher, Oxford Instruments). XRD (Rigaku RINT 2500 TRAX-III, Cu-Ka
radiation) patterns were recorded to determine the crystal structure of different samples. UV—Vis
absorption spectra of the MAPbBrs NSs were measured using a commercial spectrophotometer
(PerkinElmer, Lamda 950). The room temperature steady-state PL spectra were recorded using
350 nm lamp excitation in a commercial fluorimeter (Fluoromax-4, Horiba Scientific). Time-
resolved PL (TRPL) measurements were performed using a 375 nm pulsed laser excitation for
perovskite NSs, with an instrument response time of <50 ps (LifeSpecll, Edinburgh Instruments).
Photodetector measurement was taken using an in-house built set up consisting of a microprobe

station (Ecopia, Korea), a 405 nm diode laser, a source meter (Keithley 2400, Germany), a pulse
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generator (Agilent), and a digital oscilloscope (Agilent). The spectral response was measured using
a 150 W Xe lamp (Newport, USA), a monochromator (Newport, USA), and a power meter
(Newport, USA).

6.4. Results and Discussions

6.4.1. Morphology and Structural Analyses
6.4.1.1. FETEM Analysis

To understand the effect of Eu doping on the morphology of mixed halide perovskite, TEM images
were recorded (see Fig. 6.1). Large area NS of dimension ~361 x 334 nm is observed in the
undoped pristine MAPbBr3 perovskite (Eu0), as shown in Fig. 6.1(a). The high-resolution TEM
(HRTEM) lattice fringe pattern for EuO is shown in Fig. 6.1(b) and the corresponding inverse fast
Fourier transform (IFFT) image is presented in the inset. The measured interplanar spacing for

Fig. 6.1. TEM images of (a) undoped 2D perovskite, and Eu®* doped perovskite NSs with various EuCls
concentrations: (c) 10 mol%, (e) 30 mol%, (g) 40 mol% and (i) 50 mol%. HRTEM images of (a, c, e, g, i) are shown
in Fig. (b, d, f, h, j) and the inset of each figure shows the corresponding IFFT images.

Eu0 is found to be ~0.51 nm corresponding to (001) plane (see Fig. 6.1(b)). For 10 mol% Eu
doping in MAPbBI3 perovskite (Eul0), the lateral size of the NS decreases to ~207 nm x 218 nm,
as shown in Fig. 6.1(c). The interplanar spacing of Eul0 as seen in the HRTEM image is found to
be ~0.31 nm and the corresponding IFFT image is shown in the inset of Fig. 6.1(d). From the light
contrast of the TEM image of Eul0, it can be understood that the thickness of the NS is decreased
in Eu10 compared to the undoped one. The TEM image of Eu30 is shown in Fig. 6.1(e), revealing
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the QD decorated NS of lateral size ~189 nm x 188 nm. The HRTEM image of Eu30 with lattice
spacing ~0.31 nm is shown in Fig. 6.1(f) and the corresponding IFFT image is shown in the inset.
Further increase in Eu concentration to 40 mol% results in the complete transformation of the NS
to QDs, as shown in Fig. 6.1(g). Fig. 6.1(h) and inset of Fig. 6.1(h) demonstrate the HRTEM and
corresponding IFFT image of Eu40, showing the lattice spacing of ~0.31 nm. The TEM image of
Eu50 reveals the uniform distribution of QDs of average size ~3.1 nm over large area (see Fig.
6.1(i)). The inset of Fig. 6.1(i) shows the AFM image of QDs in Eu50, revealing the thickness of
the QDs as ~0.65 nm corresponding to the monolayer thickness since the unit cell size of the
MAPDBr3; is ~5.93 A. The HRTEM image of QDs in Eu50 is shown in Fig. 6.1(j), and the
corresponding IFFT image is shown in the inset, revealing lattice spacing of ~0.31 nm. The
decrease in lattice spacing with Eu®* doping in host MAPbBr3 lattice is attributed to lattice
contraction due to the partial replacement of Pb?* (1.33 A) and Br by smaller size Eu®* (0.947 A)
and Cl ions. High doping concentration of EuCls during the solvothermal synthesis procedure may
also act as solvent and increase the reactivity of the ligands promoting the exfoliation of NS layer
along the vertical direction[46]. This gives rise to thinner NS with increasing doping concentration
and finally the disintegration of NS to QDs. Fig. 6.2(a) shows the FESEM image of Eul0 and the
area on which the elemental mapping was taken is marked with square box. Fig. 6.2(b) shows the

energy dispersive X-ray spectra (EDS) of Eul0, revealing the atomic ratio of Eu/Pb to be 0.196,

Weight% Atomic% ( )
(a) Cc 70.97 95.86 c
K 279 1.28

6.45 1.31
0.27 0.03

Map Data 1 19.51 1.583
D =

Fig. 6.2. (a) FESEM image of Eu10 and the marked square show the region on which the mapping is done. (b) Energy
dispersive x-ray spectrum of Eu®* doped NS with 10 mol% EuCl; concentrations. (c-h) Corresponding elemental
mapping images of C, N, Pb, Eu, Br and CI.
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which confirms successful substitution of Pb?* by Eu* to form mixed halide Eu doped 2D QDs.
The elemental mapping of Eul0 is shown in Fig. 6.2(c-h), revealing uniform distribution of all the

elements including the Eu in the sample.
6.4.1.2. Structural Analysis

XRD patterns for MAPbBrs NS doped with different concentrations of EuCls were studied to
understand the doping effect in the perovskite crystal structure, as shown in Fig. 6.3(a). XRD
patterns of undoped NS reveals the cubic structure of the perovskite with diffraction peaks at
14.78° assigned to (001). After the incorporation of Eu®* ion in MAPbBrs, the characteristic
diffraction peaks corresponding to 2D layered structure was observed below 14.78°. The peak at
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Fig. 6.3. (a) A comparison of XRD patterns of perovskite NS before and after the doping with Eu®* at different molar
concentrations. (b) Comparison of absorption spectra of 2D NS with increasing Eu doping concentrations. (c)
Comparison of the Tauc Plots of Eu0, Eu10 and Eu40.

6.77° corresponding to (002) plane becomes prominent in Eu doped mixed halide 2D NS[47]. The
peaks at 11.3° and 12.03° correspond to PbBr, and it appears due to layered structure since thin NS
comprises layers of corner-sharing PbBre octahedral. The intensity of (100) diffraction peak

gradually decreases as the Eu doping concentration increases and finally disappears in Eu40,
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indicating exfoliation of the sheets from the cleavage (100) plane to form the 2D structure. The
diffraction peaks systematically shift towards higher angle with increasing Eu®* concentration
indicating a decrease in interplanar spacing due to the replacement of Pb?* by smaller size Eu®*
and decrease in radii of halide ions from Br to CI in doped mixed halide NS. The absence of (001)

peak at higher doping concentration is ascribed to the formation of pure 2D structure.
6.4.2. Optical Analysis

To understand the effect of doping concentrations on the optical properties of the 2D perovskite
NS, first the UV-vis spectroscopy was performed and the result is shown in Fig. 6.3(b). With
increasing EuCls concentration, the first excitonic absorption peak is blue-shifted by 102 nm due
to the thinning of the NS that causes quantum confinement effect (see Fig. 6.3(b)). Absorption
intensity is slightly increased for 10 mol% doping concentration indicating better light-harvesting
capability of doped NS, and further increment in doping concentration results in decrease in
absorbance may be due to reduction in effective thickness of the NS. Enhancement in absorbance
for Eul0 is ascribed to increased crystallinity and decrease in defect density. Considering this, 10
mol% doping concentration of EuClz was selected to fabricate and study photodetection properties
with respect to undoped MAPbBrs NS (discussed later). Fig. 6.3(c) shows the comparison of Tauc
plot of Eu0, Eu10 and Eu40 revealing the respective bandgaps as 2.39 eV, 2.42 eV and 2.89 eV,
respectively. Similarly, bandgap is calculated for all the samples and bandgap is found to be tuned
from 2.39 eV to 2.94 eV with Eu®*" doping in 2D perovskite NS.

Comparison of PL spectra of various doping concentrations is shown Fig. 6.4(a), revealing a
systematic blue shift in excitonic PL peak from 515 nm to 412 nm with increasing EuCls doping
concentration. A large blue shift for 40 mol% EuCls concentration is attributed to the strong
quantum confinement effect due to the transformation of 2D NS to monolayer QDs. Replacement
of Pb and Br by Eu and ClI, respectively, may also result in the lattice distortion, which gives rise
to bandgap enlargement. Halide substitution of Br by ClI results into change in valence state from
4p to 3p giving rise to increase in bandgap. The absence of characteristic Eu®* (d-f) transition peaks
in this system is attributed to the fact that Eu-5d does not contribute to the valance band of
MAPDBTr3 perovskite as it was observed in Eu doped all-inorganic perovskite[41]. Hence, the well-
known 5d-4f rare-earth transition is not expected from Eu®* in MAPbBrs host. The intensity of

excitonic PL emission first increases with increasing Eu®* doping concentration then it approaches
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an optimum value for Eu30 and finally decreases with increase in Eu** doping concentrations in

Eu40, Eu50 and Eu60. An increase in PL intensity with increasing Eu®* doping concentration is

ascribed to improved crystallinity, suppression in defect states and non-radiative recombination.

Further increase in EuCls concentration leads to the substitution of the larger atomic radius Br by

a smaller atomic radius Cl and Eu ions may trapped into the mixed halide perovskite lattice,
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Fig. 6.4. (a) Comparison of PL spectra of various Eu doped MAPbBr; NS. (b) Comparison of TRPL spectra of
undoped and Eu doped mixed halide perovskite NS. Change in PL spectra of (c) EuO and (d) Eul0 after storing it for

one month.

inducing the decrease in Eu concentration in NCs[41]. In addition, structural distortion due to

higher doping concentration may also affect the emission properties due to the formation of

structural defect states. Higher doping concentration may introduce deep impurity levels which

may increase the non-radiative recombination resulting into the decrease in emission intensity.

This kind of behavior was reported earlier observed in Eu®* doping in CsPbBrs crystal[32].
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TRPL spectra were examined to study the charge recombination and extraction behavior of
undoped and EuCls doped 2D MAPbBr3 NS, as shown in Fig. 6.4(b). The TRPL decay profiles of
the samples were recorded by monitoring them at their respective PL peak positions. The TRPL
spectra were fitted with the tri-exponential decay function given by, I(t) = 7., A; exp(—t/1}),
where A; is the amplitude of the PL decay component corresponding to the lifetime z;. The spectra
were fitted with tri-exponential decay function since the PL spectra have contributions from three
different states such as the QDs present along with NS, band to band transition and defect states.
The average lifetimes (zag) Of the NSs are calculated using the following relation: 7,,, =

2 A;T?/Y3_, A;ti. The details of the decay components are presented in Table 6.1. The average

carrier lifetime is observed to be decreased from ~124.03 ns to ~9.77 ns with increasing Eu®*

Table 6.1. Details of TRPL decay components of the samples fitted with tri-exponential function.

Sample 71 (NS) A1 % 72 (NS) A> % 73 (NS) As % Tavg (NS)
Eu0 1 1.84 11.15 9.74 139.04 = 88.42 124.03
Eul0 1.01 2.52 14.440 15.04 111.44 | 82.445 | 94.08
Eu20 1.09 3.88 11.81 14.83 110.24 = 81.29 914
Eu30 1.09 4.55 11.53 17.23 105.26 78.21 84.39
Eu40 1.33 8.19 49.26 35.60 26.19 38.21 21.44
Eu50 0.78 5.65 38.43 62.24 2.38 16.43 9.61
Eu60 0.956 4.92 26.17 38.56 0.36 31.47 9.77

doping concentration primarily due to the quantum confinement effect. The contribution of faster
components substantially increases with increasing doping concentration, which is attributed to
increase in non-radiative recombination and defect states. Though PL emission intensity decreases
in EuCls doping concentration higher than 30 mol%, but lifetime still gets faster owing to the
substitution of Br ion by Cl ion[41]. Lifetime becomes faster with increase in bandgap, which is
consistent with the literature[48]. The decay time of several 94.08 ns is generally observed in
MAPDI3 which is considered as a good candidate for photovoltaic applications. Hence large
lifetimes in Eu0 and Eul0 NS are attributed to long diffusion length[46, 48]. A slightly shorter
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carrier lifetime in Eul0 compared that of the undoped MAPbBrz NS is attributed to the faster

charge transfer mechanism due to the increase in carrier mobility[49, 50].

The storage stability of undoped and Eu doped NS is studied by storing the samples in ambient
conditions (~65 % humidity). The PL spectra of the undoped MAPbBr3 NS shows ~25 % decay
in the PL intensity in one month, as shown in Fig. 6.4(c). In contrast, the PL peak intensity of Eu10
is almost unchanged after storage of one month (see Fig. 6.4(d)). However, higher doping
concentration decreases the stability of the 2D NS due to structural distortion. Therefore, the
introduction of a small amount of EuCls (10 mol%) improves the stability of 2D NS making it
suitable for practical application. Higher stability in Eul0 is ascribed to an increase in tolerance

factor and passivation of halide vacancy states.
6.4.3. Performance of Eu Doped Perovskite NS Based Photodetector

In order to characterize the effect of europium doping on the photophysical properties of
perovskite, we have fabricated doped MAPbooEU01Clo3Br2z and undoped perovskite based
photodetectors. Fig. 6.5(a) illustrates the schematic diagram of perovskite photodetector where
perovskite solution was deposited on top patterned Au contact with inter electrode spacing of 70
pm, to avoid any degradation of perovskite during contact deposition and performance of the
device was studied under 405 nm laser irradiation. The inset of Fig. 6.5(a) shows the optical
microscope image of Au patterned device. Fig. 6.5(b) shows the current-voltage (I-V)
characteristics of pristine MAPbBrs NS photodetector under dark and 405 nm excitation with
power density 4.94 mW/cm?. Undoped MAPbBr; photodetector does not show any measurable
photocurrent under zero bias condition, even at high power density. The turn-on voltage of the
undoped device is found to be —0.4 V. The I-V characteristics of Eu0 photodetector exhibits nearly
symmetric behavior indicating the formation of Schottky diode contact. Fig. 6.5(c) shows the
comparison of I-V characteristics of Eu0, Eul0 and Eu40 photodetectors revealing enhanced
photocurrent in Eu doped cases. Interestingly, the EulO photodetector shows much higher
photocurrent than Eu40 due to better charge transfer/separation and fewer defects. Note that higher
doping concentration results in the formation of monolayer QDs that gives rise to leakage in
current due to the formation of deep trap states and structural defect-related states. It was reported
that low doping concentration improves the perovskite crystal tolerance factor and reduces the

electron trap density, which is consistent with our results[37, 39]. Fig. 6.5(d) displays the I-V
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characteristics of Eul0 under dark and light conditions showing dramatic increases in
photocurrent, especially under reverse bias voltage due to superior charge separation and

exceptional light-matter interaction in the crystal[51]. I-V curve of Eul0 exhibits asymmetric
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Fig. 6.5. (a) Schematic illustration of Eu doped 2D perovskite NS photodetector and inset shows optical image of Au
patterned doped perovskite device. (b) Comparison of I-V characteristics curves of undoped MAPbBr3; NS under dark
and 405 nm laser irradiation. (c) Comparison of I-V characterization of Eu0, Eul0 and Eu40. (d) Comparison of I-V
characteristics of Eu doped mixed halide NS photodetector under dark and light illumination of different intensities.

diode like rectifying behavior under illumination. Interestingly, high photocurrent at self-biased
condition (zero bias) reveals self-powered characteristics of Eul0 confirming stronger intrinsic
charge separation in Eu®* doped mixed halide perovskite photodetector. Self-biased and
asymmetric -V behaviors, even under very low intensity are responsible for the enhanced
photodetection performance in the doped photodetector device. Fig. 6.6(a) shows temporal

photoresponse of Eu0 and EulO under the bias voltage of =5 V and 405 nm laser excitation
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exhibiting dramatic enhancement (~7 times) in photocurrent in Eu doped device compared to that
of the undoped one. The presence of small lead halide peak (~12°) in the layered
MAPDo.9EuU0.1Clo.3Br2.7 structure is believed to be beneficial to passivate the defects and reduce the
electron-hole recombination resulting into high photocurrent[52]. Eu doped mixed halide
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Fig. 6.6. (a) Comparison of time dependent photoresponse of undoped and doped mixed halide perovskite
photodetector under 405 nm laser irradiation recorded at —5 V bias voltage. (b) Self biased temporal response of
MAPbosEUo.1Br27Clo 3 photodetector under 405 nm laser irradiation of various intensities. The logarithmic plot of the
photocurrent vs light intensities for (c) Eul0 and (d) EuO under bias voltage of 0 V and 2 V, respectively.

photodetector (Eul0) was illuminated with varying intensity of light at a fixed wavelength (405
nm) to understand the photosensitivity of the device at zero bias with the light on and off. The
planar device without any heterojunction clearly shows intensity-dependent photocurrent even in

self-biased condition, as shown in Fig. 6.6(b), which is significant. Increased photocurrent with
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increasing light intensity is produced by the amplified number of photogenerated carriers through
the absorption of light. Even at a very low intensity, the Eu doped device shows excellent
sensitivity to the incident light and it swiftly changes from high to low resistance condition without
much delay demonstrating good photoconductive response. The photogenerated electron-hole
pairs get sufficient energy under illumination to drift to the opposite contacts leading to an increase
in photocurrent. The self-biased behavior of the photodetector can be extremely beneficial to use
in energy-efficient signal receiving devices since it can operate without any extra power
supply[53]. The dependence of photocurrent of Eul0 with the intensity of the illuminated light is
plotted in a logarithmic curve as shown in Fig. 6.6(c) and the data are fitted with the power law[46]:
loh= AP?, where Iyn and P are the photocurrent and incident light power density. While A is the
constant and € determines the response of the photocurrent to light intensity. The fitting of the
photocurrent vs intensity graph of doped MAPbo gEuo.1Clo3Br2.7 photodetector in the low power
density region (0.11-0.24 mW/cm?) fits with exponent, # = 1.4 indicating a highly linear
relationship of photogenerated carriers and incident flux. Hence, in the low power density regions,
most of the generated carriers are separated without any recombination loss[46]. The linear fitting
of the logarithmic plot of photocurrent of undoped MAPbBr3 photodetector vs intensity gives the
exponent value of 0.67 (<1), implying that majority of the photogenerated charge carriers are lost
due to trapping and recombination (see Fig. 6.6(d)). Linear dynamic range (LDR) is calculated to
quantitatively understand the sensitivity of the device with increasing intensity using the
relation[53]: LDR = 20log (Iph/ldark). As the light intensity increases from 0 to 20.04 m\W/cm?,
the current in the MAPbogEUo.1Clo.3Br2.7 device increases from 1.12x1071% A to 2.83x107" A at self-
biased condition resulting into a LDR of 68.05.

Fig. 6.7(a) shows the typical temporal response of MAPbgoEUo1Br27Clos photodetector under
light illumination (4.94 mW/cm?) and low bias voltages (0.1 to—1 V). Note that the device exhibits
excellent detectivity of light even at low bias voltage due to suppression of trap states and efficient
charge extraction. If a large number of trap states exist, the photogenerated electrons may get
trapped in the defect states before it could reach to the Au electrodes. When the defects are filled
with doped ions, the electrons in the conduction band easily move towards electrodes resulting
into the enhancement of the photocurrent[51]. Inset of Fig. 6.7(a) shows the variation in
photocurrent with bias voltage, indicating nearly exponential increase in photocurrent. The
variation in the ratio of photo to dark current as a function of bias voltage is shown in Fig. 6.7(b),
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demonstrating a maximum value of ~1.2x102 at the self-biased condition, which is comparable to
other transport layer free devices[54, 55]. With increasing bias voltage, initially the
photocurrent/dark current ratio decreases due to an increase in dark current, however, at higher
bias voltage, it again increases since the device gets sufficient energy to extract the photogenerated

charge carriers giving rise to very high photocurrent (see Fig. 6.7(b)).
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Fig. 6.7. (a) Temporal response of MAPbgoEuo1Br27Clos photodetector under 405 nm laser irradiation at various
intensities. The inset shows a plot of the photocurrent vs voltage for Eul0 under illumination. (b) Variation of
photo/dark current with bias voltage of Eu10. Temporal photoresponses of (c) undoped MAPbBr; and (d) EuCl; doped
MAPDBTr3; photodetectors under -5 V bias voltage with exponential fits.

Note that the temporal response of MAPbo9EU0.1Br27Clo.s photodetector demonstrates a very fast
sweep under dark to a light condition indicating rapid rise and fall time. Hence, to measure the

ultrafast photoresponse of the device, a digital storage oscilloscope was used and the laser source
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was modulated up to 20 KHz using a function generator. High-resolution photoresponse curves of
pristine MAPbBrz and MAPbogEuo0.1ClosBr27 photodetectors are shown in Fig. 6.7(c,d),
respectively. To estimate the rise and fall times of the devices, the photoresponse curves are fitted
with a single exponential function, given by: IL,,(t) = I, + Aexp(—t/t), where Ipn is the
photocurrent, lo and A are the constants and z is the time constant. From the fitted data, the rise and
fall times of undoped MAPDbBr3 device are found to be 52.1 us and 170.1 ps, respectively, as
shown in Fig. 6.7(c). In contrast the rise and fall times of doped MAPbgoEU01Clo3Br27
photodetector are 17.5 ps and 38.5 s, respectively, indicating good sensitivity of the device to
detect high-frequency light signals (see Fig. 6.7(d)). Therefore, both the Eu doped and undoped
devices exhibit a sharp rise in photocurrent when light is switched on due to quick generation of
light-induced carriers followed by the slow decay of photocurrent. However, photocurrent decay
is much faster in the doped device. The rise and fall times are observed to be ~3 times and ~4.4
times faster in the doped device than the undoped one due to efficient charge separation and
passivation of trap states with the incorporation of lanthanide ion in the perovskite crystal.

It is well-known that the inclusion of moderate dopant concentration in semiconductor increases
the mobility of the carriers, space charge and electric field in the Schottky junction allowing
efficient transfer of the charge carriers to the opposite electrodes[37]. Here, the inclusion of 10
mol% of EuCls in the MAPDBTr3 crystal increases the charge density and mobility of the carriers
along with the reduction in the probability of trapping and de-trapping of photocarriers during their
transfer, which is believed to be contributing to the fast photoresponse of the device. However, at
high Eu®* doping concentration, the structural defect-related trap states contribute to the loss of the
charge carriers. Also, at higher Eu®* concentration, QDs thickness was too thin to absorb sufficient
photons to generate electron-hole pairs without any transport layers and most of the carriers are
lost before they could reach the anodes. It is noteworthy that the present MAPbooEUo.1Br2.7Clos
photodetector exhibits superior device performance without any charge-transporting layers

compared to other p-i-n type perovskite devices reported earlier[56].

The performance of the as-fabricated photodetector is analyzed by calculating the figures of merit
of the device, such as responsivity and detectivity in the spectral range 300-800 nm under =5 V
bias. The responsivity (R) of a device can be expressed by the following equation: R =

(Ip,1 — Idark)/PA, Ioh and lgark are photocurrent and dark current. P and A are incident power
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density and the effective area of the device. Eu** doped mixed halide perovskite shows remarkable
photosensitization in the wavelength range of UV to the visible region and shows relatively lower
responsivity in the higher wavelength range similar to its absorption behavior, as shown in Fig.
6.8(a). Although responsivity decreases in the high wavelength region, it still shows a good
sensitivity in this region. Hence, our doped device shows a typical flat response in the range of
300—540 nm. The MAPbogEUo.1Br27Clos photodetector shows maximum responsivity of 5.02
A/W at 480 nm, whereas the responsivity of undoped MAPDbBr3 photodetector is found to be 1.13
A/W at 480 nm. Hence, the responsivity of the device is found to be increased by ~4.4 times with
the introduction of Eu®* in the mixed halide perovskite lattice. The observed high responsivity in

the UV-vis region of the Eu doped device is associated with strong absorption by the sample. The
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Fig. 6.8. (a) Variation in responsivity with light wavelengths of Eu0 and Eu10 photodetectors under -5 V bias voltage.
(b) Variation of spectral responsivity and detectivity with light intensities of MAPbg 9EU0.1Br2.7Clos photodetector.

variation of responsivity and detectivity of Eul0 with the intensity of 405 nm laser light is shown
in Fig. 6.8(b). Interestingly, the extremely high responsivity of 5.29 A/W and detectivity of
1.06x10% Jones are observed in Eul0 under 405 nm laser irradiation, at a low power density of
0.14 mW/cm? and a bias voltage of -5 V. Next, the detectivity (D) of the device is calculated using
the following relation: D = R(A/2ql4,1)Y?, where q is the electronic charge. The responsivity
and detectivity of the device are almost constant over the intensity range of 0.14-0.29 mW/cm?. A
slight decrease in responsivity with increasing power density of occurs due to a higher probability
of scattering and recombination of photo-excited charge carriers under the influence of strong

illumination[52]. Based on the literature reports it is found that the present Eu doped mixed
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Table 6.2. Summary of the photodetction performance of some reported perovskite devices and
the present work.

Device structure Bias hight/ldark | Rise time/Fall | Responsivity | Ref
voltage time (A/W)
(V)
MAPDLBr3 nanowire/Au 1 ~62 0.12/0.086 s - [8]
Si02/CsPbClsz NS/Au 8 ~10° 70/45 ms - [54]
SiO2/MAPDbI3«Brx 10 ~200 <20/20 pus 0.055 [57]
film/Au
SiO2/CH3NH3Pbls«Clx- 1 ~8 121/107 s 0.39 [58]
CsPbBrs/Au
Glass/TiO2/MAPDIBr 5 ~1600 0.66/0.58 s 0.70 [59]
film/Al
FTO/CH3NH3Pbls/TiO2 3 ~70 0.02/0.02 s 0.49%x10°° [60]
SiOy/ 0 ~1200 17.5/38.5 ps 5.02 This
MAPDbooEUo.1Br2.7Clo.s/Au work

halide perovskite photodetector exhibits comparable or even superior performance in comparison
to other perovskite based devices of similar structure, as summarized in Table 6.2.

The operational stability and sustainability of the Eu doped mixed halide perovskite photodetector

are also studied to assess its efficacy in practical application. The photocurrent of the device is
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Fig. 6.9. Comparison of temporal response of Eu doped mixed halide perovskite photodetector before and after
continuous operation of 8 h.
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observed to be constant at zero bias condition even after continuous operation for 8h, as shown in
Fig. 6.9, demonstrating excellent photostability and long-term operational stability with good
repeatability. Further, the storage stability of the device is also studied since ambient stability is a
major issue for perovskite-based devices. |-V characteristic curve of the Eu doped device was
almost unchanged after storing it for one month in a desiccator without any encapsulation, which

may be due to passivation of Br vacancy by Cl and improved structural stability (See Fig. 6.10(a)).
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Fig. 6.10. (a) Comparison of I-V characteristics of freshly prepared EuO photodetector and after storing it for 7 days.
(b) Comparison of I-V characteristics of freshly prepared Eul0 photodetector and after storing it for one month.

In contrast, a substantial decrease in photocurrent is observed in the 1-V characteristic of the
undoped MAPbBTr3 photodetector after 7 days (see Fig. 6.10(b)). In general, interface degradation
occurs fast in device structure and intrinsic degradation of the active material affects the device
slowly[3, 52]. Here, the enhanced structural stability by the inclusion of a small amount of Eu®* in
the 2D perovskite increases the overall structural stability of the doped device, which prevents the
moisture ingress into the lattice. Thus, enhanced photo, operational and storage stability of the Eu
doped mixed halide perovskite photodetector signify its suitability for outdoor applications such

as on windows, clothes and human skin[61].
6.5. Summary and Conclusions

In this chapter, we have successfully developed Eu doped mixed halide 2D perovskite NS using a
solvothermal route and expanded the family of doped perovskite for high-quality photodetection

application. Further, we have fabricated a self-biased photodetector using MAPbg sEU0.1Br27Clos

TH-2453_156121029



197 | Europium Doped Organo-Metal Halide 2D Perovskite

by taking advantage of high absorbance and improved charge separation in 10 mol% Eu doped 2D
NS. Our findings stimulate further investigation and application of Eu®* doped 2D perovskite NS
in the field of optoelectronics and photovoltaics devices. The key findings of the chapter are

summarized below.

1. Inclusion of Eu®* ion in the MAPbBr3 perovskite crystal allowed tuning of the lateral size
and thickness of the NS and at 60 mol% EuClsz concentration, monolayer mixed halide
perovskite QDs are obtained.

2. Characteristic 2D diffraction peaks at low angles are observed due to the formation of a
uniform 2D layered structure. Lattice contraction with increasing doping concentration
indicates partial substitution of Pb and Br ions by Eu and Cl ions, respectively.

3. The PL peak and excitonic absorption peak are systematically blue-shifted with increasing
Eu doping concentration due to the quantum confinement effect.

4. Interestingly, Eu doped mixed halide perovskite photodetector exhibits self-biased
behavior with photocurrent to dark current ratio of ~10%, while the turn-on voltage of
undoped device is—0.4 V.

5. Photo responsivity of the MAPbo.9EUo.1Br2.7Clo.3 photodetector is found to be 5.02 A/W at
480 nm light illumination, which is ~4.4 times higher than the undoped counterpart.

6. From the temporal photoresponse, the rise and fall times of the Eu doped device are
calculated to be 17.5 and 38.5 ps, respectively, which puts the device among the fastest
mixed halide perovskite photodetectors reported till date.

7. Enhanced performance of the Eu doped perovskite photodetector is due to the decrease in
trap density and efficient transfer of photogenerated carriers.

8. The doped device shows excellent photo, operational and storage stability by keeping its
photodetection ability unaltered for one month due to increased intrinsic stability with the

introduction of a small amount of Eu®* ion in the perovskite crystal.
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Chapter 7

Summary and Outlook

In this chapter, an overview of the contributions of the present thesis and highlights of the
important findings are presented. At the end, outlooks and future scopes are discussed.

7.1. Summary and Highlights of the Thesis Contribution

In this dissertation, at first the growth kinetics and scaling behavior of vacuum deposited
CH3NH3PbBrs (MAPDBTr3) thin film on ITO coated glass and SiO- substrates are presented, and
the scaling exponents are correlated with its microstructural and optical properties (Chapter 2).
Next, we have demonstrated a novel synthetic route for the template-assisted growth of size
tunable perovskite quantum dots (QDs) exhibiting large exciton binding energy, high
photoluminescence (PL) quantum yield (QY) and improved photostability (Chapter 3). Next, a
novel, highly reproducible and facile solvothermal route is implemented to synthesize and tailor
the thickness and optical band gap of MAPDbBrs: perovskite nanosheets (NSs) and these are
explored for the application as white light converter and high-speed photodetector (Chapter 4).
Next, the solvothermally synthesized 2D MAPDbBrz NSs were doped at high concentration with
Ce®*" and Th® to achieve stable and deep blue emission with absolute unity PL QY and density
functional theory (DFT) based calculations was used to disclose the origin of large blue shift and
high PL QY in the doped NSs (Chapter 5). Finally, the 2D MAPbBr; NSs are doped with
europium chloride to fabricate a high performance self-biased, stable mixed halide perovskite NS
photodetector (Chapter 6).

The major contributions of the present thesis are summarized below.

A. Growth Kinetics of vacuum deposited MAPDbBTr3 thin film

First, we have studied the controlled growth of vacuum deposited 3D MAPbBTr3 thin film and its
structural evolution on SiO2 and ITO substrates at various substrate temperatures (25-100 °C) and
various thicknesses (4-120 nm). The growth kinetics of perovskite thin film is evaluated with the
help of scaling parameters using atomic force microscopy (AFM), height-height correlation

function (HHCF), X-ray diffraction, UV-vis absorption and photoluminescence analyses. The
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perovskite films exhibit an anomalous scaling behavior for film thickness (d) less than 40 nm, and
a stable growth for, d>40 nm. Interestingly, the growth exponent (B) is distinctly different, ~0.22
and ~0.90, for the films on ITO and SiO. substrates, respectively. For the first time, we have
investigated the substrate temperature dependent growth front scaling parameters for perovskite
thin film in the temperature range 50-100 °C and activation energies are calculated to be 0.10 eV
and 0.15 eV for the film on ITO and SiO substrates, respectively, which implies an easier diffusion
of molecules and smooth film in case of ITO substrate. The film on SiO2 substrate deviates from
the conventional scaling law and that on ITO substrate reveals higher crystallinity and high PL
intensity. At lower thicknesses, we observe a thickness dependent blue shift in the absorption and
emission edge, due to the lattice expansion. The low-temperature PL analysis shows high exciton
binding energy supporting a strong PL. Interestingly, the vacuum deposited films exhibit high
stability under prolonged laser irradiation. These findings provide new insights on the growth
kinetics and optimum conditions for the vacuum deposition of hybrid perovskite thin films of
ultralow thickness. This work has been published in “Applied Surface Science 530 (2020)
147224,

B. Mesoporous TiO2 Template Assisted Growth of MAPbX3 QDs Exhibiting High PL QY
and Improved Photostability

We have developed a novel synthetic route for the template assisted growth of size tunable
perovskite (MAPbBr3 and MAPDIs) QDs. Fluorine doped mesoporous TiO> template acts as a
template and the nucleation site for the growth of perovskite QDs. The pore size in TiO, template
is tuned by varying the hydrofluoric acid molar concentration during its solvothermal growth and
size of the perovskite QDs embedded in TiO> pores is tuned in the range of 1.7-5.1 nm. MAPbDI3
QD with average size ~1.7 nm exhibits ~47 nm blue shift in the PL spectra, ~43 fold enhancement
in PL intensity and ~25 % PL QY. On the other hand, MAPbBrz QD of similar size exhibits
dramatically enhanced (~124 times) PL emission with narrow band and PL QY of ~57 %. The
optical tunability of the QDs is quantitatively discussed with the help of Brus equation, confirming
strong confinement effect. Interestingly, the embedded QDs exhibit very high exciton binding
energy (162-272 meV) as compared to that of the bulk film (32 meV) due to high effective
dielectric constant, and high electron-hole recombination probability in the QDs. The perovskite

QDs embedded in porous TiO, template show very high photostability up to several hours (>10 h)
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under the UV laser exposure (18 mW), while that of bulk film decreases by >33 %. High
photostability of perovskite QDs inferred to the partial coverage of the QDs by TiO. nanocrystals,
which restrict complete exposure to external environment. This work has been published in “J.
Colloids & Inter. Sci. 539, 619 (2019) .

C. Solvothermal Synthesis of Shape Tailored 2D MAPDbBr3 Nanostructures for White LED
and Photodetector Applications

We have developed a novel, highly reproducible and facile solvothermal route to tailor the
morphology, thickness and optical bandgap of 2D perovskite nanosheets. In contrast to the time
consuming and tedious methods reported mostly for inorganic perovskites, we have demonstrated
a precise control of the thickness of 2D MAPDbBTr3 perovskite layer from 14 to 2 layers simply by
tuning the reaction temperature of the solvothermal process. The growth mechanism of the NS is
qualitatively discussed based on the classical theory of nucleation growth. The bandgap of the
perovskite NS was tuned over ~200 meV from green luminescent nanorods to cyan luminescent
2D QDs owing to strong quantum confinement effect. The 2D perovskite NS and QDs exhibit high
PL QYs of 77.6 % and 84.5 %, respectively. A white light converter is demonstrated by using
orange luminescent MAPbBTr1l> nanostructure on a blue LED chip. Also, The 2D perovskite
photodetector was fabricated exhibiting fast rise/fall time (24 ps/103 ps) along with high
responsivity and detectivity of ~ 1.93 A/W and 1.04x10'? Jones, respectively. This method is very
versatile and appealing for controlled synthesis of the large area, stable perovskite 2D layers for
cutting edge optoelectronic and imaging applications. This work has been published in “ACS Appl.
Mater. Interfaces, 12, 5, 6283-6297 (2020) .

D. Rare-Earth lon Doped 2D MAPDbBr3 Perovskite Nanosheet as Bright, High Color Purity
Deep Blue Emitter with Unity Quantum Yield

We have achieved rare-earth doped 2D perovskite NS through our newly developed solvothermal
route to tune its optoelectronic properties. Two-dimensional layered structure of the MAPbBr3 NS
allows easy, effortless substitution of the rare-earth dopant ions, Ce®* and Th*'. The thickness of
the NS is tuned from 8.4 nm to 1.6 nm by increasing doping concentration from 0 to 70 mol%,
respectively. Interestingly, pure layered structure is observed with doping as confirmed by the

presence of characteristic X-ray diffraction peaks at low angles (20<14.81°). The excitonic
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absorption peak of the 2D NS is tuned by 42 nm and 86 nm to the deep blue region with Ce®** and
Th®" doping, respectively. With Ce doping at high concentration, we achieved a deep blue emitting
NSs with 100 % QY, narrow linewidth (~24 nm), and a color coordinate of (0.145, 0.054) closely
matching with the standard color Rec. 2020 (0.131, 0.046) specification, making it one of the most
efficient perovskite blue light emitters reported to date. Interestingly, multiple PL peaks appear at
low temperature due to the coexistence of ordered and disordered orthorhombic phases, as layered
structure allows easy orientation under environmental change. High PL QY and large blue shift
with Ce and Tb doping in 2D perovskite was explained using DFT based calculation of its
electronic structure. Finally, the Ce** doped MAPbBr; blue-emitting NSs were utilized to
demonstrate an efficient white light LED with CIE coordinates (0.334, 0.326) for their practical
application in solid-state lightning. This work has been published in “J. Mater. Chem. C, 2021,9,
2437-2454",

E. Fabrication of Self-biased, Highly Sensitive and Fast Europium Doped MAPbLBr3
Photodetector

Next, we have demonstrated high performance europium chloride (EuCls) doped 2D MAPDBr3
perovskite NS photodetectors. The morphology of 2D MAPbBr3 perovskite is tuned from 10 layer
NS to monolayer QDs with increasing Eu®* doping concentration as confirmed using TEM and
AFM analyses. Characteristic 2D diffraction peaks is observed in the low diffraction angle
(20<14°) in the doped sample indicating the formation of pure 2D structure. Bandgap of the Eu
doped mixed halide perovskite NS is tuned by 0.595 eV due to strong quantum confinement effect
and replacement of Br by CI. Finally, we have fabricated europium doped perovskite photodetector
and the device performance is compared with the undoped MAPbBrs photodetector. The
MAPbo.oEuU0.1Clo.3Br2.7 photodetector shows a higher photodetection performance compared to the
pristine MAPbBr3 counterpart. MAPbo 9Euo.1Clo.3Br2.7 photodetector exhibits self-biased behavior
with high switching ratio of ~10%, whereas turn on voltage of pristine MAPbBr3 photodetector is
~-0.4 V. The response rise and fall times of MAPDbosEU0.1Clo3Br2.7 photodetector are reduced to
175 ps and 38.5 ps, respectively, from 52.1 ps and 170.1 ps of the pristine MAPDbBrs3
photodetector due to efficient charge separation and passivation of trap states with the introduction
of Eu ion in the perovskite crystal. Eu doped mixed halide perovskite photodetector shows high

responsivity (5.29 A/W) under 405 nm laser irradiation. Therefore, employing rare-earth ions in
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the perovskite crystal structure may pave the way for a promising route for future novel high-

performance optoelectronic devices.
7.2. Scope of Future Work

In this present thesis, we have demonstrated the growth study of perovskite thin film and
nanostructures for its application in LEDs and photodetectors. Our study was focused on lowering
the dimension and rare-earth doping to improve the photophysical properties of MAPbBr3
perovskite structure. There is vast scope to extend the present work for the broad range of

applications as outlined below.

1. Study the doping effect of different lanthanide materials (Er, Yb, Sr etc.) on 2D MAPbBr3
NS, since there are very few reports on the doping effect on organic-inorganic halide
perovskites.

2. Fabricate 2D perovskite based photodetector with other conventional 2D material (MoSy,
MoSez, WSz, WSez, h-BN, Bi2O2Se, MXenes, etc.) heterostructure.

3. The lead free double perovskite synthesis and study the doping mechanism to reduce the
lead toxicity for the fabrication of optoelectronic devices.

4. Improve the stability of blue luminescent perovskite nanomaterials with encapsulation and
functionalization with stable materials.

5. Finally, fabricate high quality, stable perovskite based optoelectronic devices for the

commercialization.
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