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  ABSTRACT 

Organic–inorganic lead halide perovskite solar cells (PSCs) have emerged as a promising 

photovoltaic technology owing to their exceptional optoelectronic properties, including high 

absorption, long carrier diffusion lengths, and tunable bandgaps. Coupled with advances in 

composition engineering, additive incorporation, and interfacial modification, PSCs have 

achieved power conversion efficiencies (PCEs) exceeding 27%. Despite this rapid progress, 

most high-efficiency devices are fabricated under inert or tightly controlled environments, 

posing a significant challenge for scalable and cost-effective commercialization. The thesis 

addresses this gap by developing robust fabrication protocols aimed at scaling up PSCs under 

air-ambient conditions with controlled relative humidity (20–35%). Particular emphasis is 

placed on optimizing functional layers, including the electron transport layer (ETL) and the 

perovskite absorber, as well as their interfacial properties, which collectively govern device 

performance and operational stability. Compact TiO2 and SnO2 ETLs were systematically 

optimized and comprehensively characterized using various measurements, demonstrating that 

both materials can serve as effective ETLs for high-performance PSCs. Crystallization control 

of the perovskite layer was achieved through solvent and antisolvent engineering, enabling 

improved film morphology and reduced bulk defects. Further enhancement was realized 

through targeted interfacial engineering at the ETL/perovskite interface using the conjugated 

polyelectrolyte PFNBr, which promoted homogeneous grain growth, suppressed interfacial 

trap states, and facilitated more efficient electron extraction. As a result, optimized devices 

fabricated entirely in air exhibited PCEs exceeding 22% with high reproducibility (~90%). 

Complementary SCAPS-1D simulations were performed to elucidate the role of bilayer 

interfacial modification in defect passivation across a range of absorber properties, providing 

theoretical validation of the experimental observations. Additionally, functional layer 

optimization, combined with low-cost HTL-enabled devices, led to PCEs exceeding 23% and 

markedly improved operational stability. Finally, a scalable approach for large-area perovskite 

film fabrication (5 × 5 cm²) was established using a multichannel micropipette-assisted 

antisolvent dripping technique, yielding uniform, pinhole-free films over extended substrates, 

thereby advancing the prospects of PSCs toward FAB-scale. 

Keywords: Perovskite solar cells, Interface engineering, Air ambient fabrication, Solvent 
engineering, Antisolvent engineering, Efficiency, Crystallization modulation, Stability 
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साराांश (Abstract) 

कार्बनिक–अकार्बनिक सीसा हलैाइड पेरोव्स्काइट सौर सेल (PSCs) अपिी उत्कृष्ट प्रकाश-वैद्युनिक (optoelectronic) नवशेषिाओ,ं जैसे 

उच्च अवशोषण क्षमिा, लंर्ी वाहक प्रसार लंर्ाई (carrier diffusion length), िथा समायोज्य र्ैंडगैप के कारण एक अत्यंि आशाजिक 

फोटोवोल्टाइक िकिीक के रूप में उभरे हैं। संरचिा अनभयांनिकी, एनडनटव सनममलि िथा इटंरफेस संशोधि में प्रगनि के साथ, PSCs िे 27% 

से अनधक शनि रूपांिरण दक्षिा (PCE) प्राप्त कर ली ह।ै हालांनक, इस िीव्र प्रगनि के र्ावजूद, अनधकांश उच्च दक्षिा वाले उपकरण निनरिय 

(inert) या अत्यंि नियंनिि वािावरण में निनमबि नकए जािे हैं, जो उिके र्डे पैमािे पर एवं नकफायिी व्सयावसायीकरण के नलए एक महत्वपूणब 

चिुौिी प्र्िुि करिा ह।ै यह शोध प्रर्ंध इस अंिर को दरू करि ेहिे ुवायु पररवेश (air-ambient) में नियंनिि सापेक्ष आर्द्बिा (20–35%) के 

अंिगबि PSCs के ्केलेर्ल निमाबण के नलए मजर्ूि निमाबण प्रनियाओ ंका नवकास प्र्िुि करिा ह।ै इस अध्ययि में कायाबत्मक परिों के अिुकूलि 

पर नवशेष ध्याि नदया गया ह,ै नजसमें इलेक्ट्रॉि पररवहि परि (ETL) और पेरोव्स्काइट अवशोषक परि, िथा इिके इटंरफेस गुण शानमल हैं, जो 

सामनूहक रूप से उपकरण के प्रदशबि और संचालि न्थरिा को नियंनिि करिे हैं। कॉमपैक्ट्ट TiO2 िथा SnO2 ETLs का व्सयवन्थि अिुकूलि 

और नवनभन्ि परीक्षणों द्वारा व्सयापक नवशे्लषण नकया गया, नजससे यह प्रदनशबि हुआ नक दोिों सामग्री उच्च प्रदशबि वाले PSCs के नलए प्रभावी 

ETL के रूप में कायब कर सकिी हैं। पेरोव्स्काइट परि की नि्टलीकरण प्रनिया को सॉल्वेंट एवं एंटी-सॉल्वेंट अनभयांनिकी के माध्यम से नियंनिि 

नकया गया, नजससे नफल्म की आकृनि (morphology) में सुधार िथा थोक दोषों (bulk defects) में कमी प्राप्त हुई। इसके अनिररि, 

संयुनममि पॉलीइलेक्ट्रोलाइट PFNBr का उपयोग करिे हुए ETL/पेरोव्स्काइट इटंरफेस पर लनक्षि इटंरफेस अनभयांनिकी द्वारा और अनधक सुधार 

प्राप्त नकया गया, नजससे समाि दािे (grain) वनृि को र्ढावा नमला, इटंरफेस रैप अव्थाओ ंमें कमी आई, िथा अनधक प्रभावी इलेक्ट्रॉि 

निरकषबण संभव हुआ। पररणाम्वरूप, पूणबिः वायु पररवेश में निनमबि अिुकूनलि उपकरणों िे 22% से अनधक PCE िथा उच्च पुिरुत्पादकिा 

(~90%) प्रदनशबि की। इसके अनिररि, SCAPS-1D नसमलेुशि के माध्यम से नद्व-परि इटंरफेस संशोधि की भनूमका का नवशे्लषण नकया 

गया, नजसि े नवनभन्ि अवशोषक गुणों के संदभब में दोष निनरियकरण (defect passivation) को ्पष्ट करिे हुए प्रायोनगक पररणामों की 

सैिांनिक पुनष्ट की। साथ ही, कायाबत्मक परिों के अिुकूलि िथा कम लागि वाले HTL आधाररि उपकरणों के संयोजि से 23% से अनधक 

PCE िथा उल्लेखिीय रूप से र्ेहिर संचालि न्थरिा प्राप्त हुई। अंििः, मल्टीचैिल माइिोनपपेट-सहानयि एंटी-सॉल्वेंट निनपंग िकिीक का 

उपयोग करि ेहुए र्डे क्षेि (5 × 5 सेमी²) की पेरोव्स्काइट नफल्म निमाबण की एक ्केलेर्ल नवनध नवकनसि की गई, नजससे नव्िाररि सब्सरेट 

पर समाि एवं नपिहोल-रनहि नफल्म प्राप्त हुई, जो PSCs को FAB-्िरीय निमाबण की नदशा में अग्रसर करिी ह।ै 

क ां जी शब्द (Keywords): पेरोव्स्काइट सौर सेल, इटंरफेस अनभयांनिकी, वायु पररवेश निमाबण, सॉल्वेंट अनभयांनिकी, एंटी-सॉल्वेंट 

अनभयांनिकी, दक्षिा, नि्टलीकरण नियंिण, न्थरिा 

 

 



viii 
 

Table of Content 

 
 Declaration i 
 Certificate  ii 
 Acknowledgements iii 
 Abstract vi
 सारांश vii 
 List of figures xii
 List of tables xx
 List of symbols and abbreviations xxi 
   
   
Chapter 1 Introduction 1 
 1.1 Global Energy Scenario: Transition Towards Renewable 

Energy  2 
 1.2 India’s Energy Scenario: Growth and Shift Towards 

Renewable Energy 3 
 1.3 Introduction to Solar Cell Technologies and their 

Generations 5 
 1.4 Perovskite solar cells 7 
 1.5 Literature survey 10 
  1.5.1 Solvent and anti-solvent engineering in PSCs 10 
  1.5.2 Stabilization of the photoactive phase of 

formamidinium-based perovskites 15 
  1.5.3 Selection and development of ETL 18 
  1.5.4 Interfacial passivation strategies to modulate 

functional layers 22 
  1.5.5 Research gaps 28 
 1.6 Work objectives 29 
 1.7 Thesis organization 30 
Chapter 2 Experimental and characterization details 37 
 2.1 Introduction 38 
 2.2 Materials used 38 
 2.3 Solution preparation for the synthesis of various constituent 

layers 39 
  2.3.1 Tin Oxide (SnO2) Colloidal Solution 39 
  2.3.2 Titanium di-isopropoxide bis(acetylacetonate) (Ti-

ac-ac) Solution 39 
  2.3.3 Triple cation perovskite solution 39 
  2.3.4 FAxMA1-xPb(IxBr1-x)3 Perovskite Solution 40 
  2.3.5 Cesium Iodide Solution 40 
  2.3.6 Spiro-OMeTAD Solution and Dopant 40 
  2.3.7 TOP-HTM-α3 Solution and Dopant 40 
  2.3.8 PbI2 Solution 40 



ix
 

  2.3.9 MAI-MACl-FAI Solution 41 
  2.3.10 CBD solution for SnO2 compact layer formation 41 
 2.4 Facilities utilized for device processing 41 
  2.4.1 Ultrasonic cleaner 41 
  2.4.2 Weighing balance 41 
  2.4.3 UV-ozone cleaner 41 
  2.4.4 Hot-air oven 42 
  2.4.5 Muffle furnace 42 
  2.4.6 Spin coating unit 43 
  2.4.7 Multi panel hotplate cum stirrer 43 
  2.4.8 Dry cabinet 44 
  2.4.9 Thermal evaporation unit 44 
 2.5 Methodology for fabricating devices 45 
  2.5.1 Substrate cleaning 45 
  2.5.2 Electron transport layer deposition 45 
  2.5.3 Triple cation perovskite layer deposition 47 
  2.5.4 Mixed FA-MA cation-based perovskite layer 

deposition 47 
  2.5.5 FA-MA based mixed anion perovskite solar cell 47 
  2.5.6 Hole transport layer deposition 48 
  2.5.7 Metal (gold and silver) contacts deposition 48 
 2.6 Materials characterization techniques 49 
  2.6.1 Scanning Electron Microscope (SEM) 49 
  2.6.2 X-ray diffraction (XRD) 50 
  2.6.3 Atomic force microscope (AFM) 51 
  2.6.4 Ultraviolet-Visible (UV-vis) Spectroscopy 53 
  2.6.5 Photoluminescence (PL) and time resolved-PL 

(TRPL) Spectroscopy 54 
  2.6.6 Fourier-Transform Infrared (FTIR) Spectroscopy 56 
  2.6.7 Time-of-Flight Secondary Ion Mass Spectrometry 

(ToF-SIMS) 58 
  2.6.8 Incident Photon-to-Current Efficiency (IPCE) 59 
 2.7 Tools for analysis of devices 60 
  2.7.1 Solar simulator with source measure unit (SMU) 60 
  2.7.2 SCAPS-1D Tool 61 
Chapter 3 Solvent and Anti-solvent Engineering Pathway Utilizing NMP 

and nHA for Perovskite Solar Cells in Air Ambient Environment 64 
 3.1 Introduction 66 
 3.2 Solvent engineering using triple co-solvent strategy 67 
  3.2.1 Device fabrication 68 
  3.2.2 Characterization 68 
  3.2.3 Result and discussion 68 
   3.2.3.1 Impact of NMP on film morphology and 

perovskite ink coverage 68 
   3.2.3.2 Impact of NMP on crystallinity, phase 

purity, and binding energy 71 



x 
 

   3.2.3.3 Defect density and light absorption analysis 
of perovskite film 74 

   3.2.3.4 Device Structure and Photovoltaic 
Performance 78 

 3.3 Anti-solvent Engineering Pathway for Optimization of PSCs 82 
  3.3.1 Device fabrication 83 
  3.3.2 Characterization techniques 84 
  3.3.3 Results and discussion 84 
   3.3.3.1 Evolution of Phase Stabilization 85 
   3.3.3.2 Morphology and crystallinity improvement 88 
   3.3.3.3 Effect of n-HA modification on bonding 

and interaction within the perovskite film 91 
   3.3.3.4 Defects and recombination loss analysis 93 
   3.3.3.5 Effect on absorbance and charge dynamics 96 
   3.3.3.6 Device performance 98 
 3.4 Conclusions 102 
Chapter 4 Computational and Experimental Strategies to Passivate Various 

Defects Using Bi-layer Modification and PFNBr for Air-ambient 
Processed Perovskite Solar Cells 104 

 4.1 Introduction 106 
 4.2 Bi-layer interfacial modification in PSCs 107 
  4.2.1 Methodology and materials parameters 108 
   4.2.1.1 Device structure 108 
   4.2.1.2 Back-end governing equations of SCAPS-

1D 109 
   4.2.1.3 Simulation specifications 109 
  4.2.2 Result and discussion 111 
   4.2.2.1 Effect of bi-layers on device performance 111 
   4.2.2.2 Effect of light intensity variation on device 

performance 112 
   4.2.2.3 Effects of resistance variation on device 

performance 114 
   4.2.2.4 Effects of doping density variation on 

device performance 117 
   4.2.2.5 Effects of operating temperature on device 

performance  120 
 4.3 Crystallization Modulation and Interfacial Treatment using 

PFNBr 122 
  4.3.1 Device fabrication process and characterizations 123 
   4.3.1.1 Device fabrication process  123 
   4.3.1.2 Characterizations 123 
  4.3.2 Results and discussions 124 
   4.3.2.1 Evaluation of properties and morphology 

of ETL 124 
   4.3.2.2 Morphology, phase, absorption, and defect 

value analysis of FA-based perovskite 
devices 131 



xi 
 

   4.3.2.3 Interfacial charge extraction dynamics 138 
   4.3.2.4 Bonding and interaction in perovskite film 

after PFNBr modification 141 
   4.3.2.5 Investigation of device performance 144 
 4.4 Conclusion 152 
Chapter 5 Optimization of Functional Layers for Upscaling of PSCs and 

Their Performance Enhancement  154 
 5.1 Introduction 156 
  5.1.1 Optimization of SnO2 Electron Transport Layer via 

Chemical Bath Deposition 156 
  5.1.2 Cost-Effective Hole Transport Layer: 

Implementation of TOP-HTL 157 
  5.1.3 Interfacial Dipole Engineering and Defect 

Passivation using CHMAI 157 
  5.1.4 Scalable Large-Area Perovskite Film Formation 

using Multi-Channel Pipette 158 
  5.1.5 Air-Ambient Fabrication as a Step Toward 

Commercialization 158 
 5.2 Charge Transport Layer Optimization and Modulation of 

Interfacial Dipole 159 
  5.2.1 Experimental and Computational Section 160 
   5.2.1.1 Device Fabrication Process 160 
   5.2.1.2 Characterization Techniques 161 
   5.2.1.3 Computational Methodology 161 
  5.2.2 Results and Discussion 161 
   5.2.2.1 Optimization of the CBD process and 

CHMAI concentration  164 
   5.2.2.2 CHMAI-Induced Structural Modification 165 
   5.2.2.3 Morphology and film quality 168 
   5.2.2.4 Interfacial Dipole Formation, Energy-

Level Alignment, and Improvement in 
Charge Transport 171 

   5.2.2.5 Device Performance and Stability 183 
   5.2.2.6 Discussion on Mechanism of Performance 

and Stability Enhancement 188 
 5.3 Simple yet Effective Way for Optimization of Large Area 

Perovskite Film 193 
  5.3.1 Experimental Methods 194 
  5.3.2 Results and Discussion 195 
 5.4 Conclusions 202 
Chapter 6 Conclusions and Future Prospects 205 
 6.1 Conclusions 206 
 6.2 Future Prospects 210 
 Bibliography 212 
 Patents and publications 223 
 About the Author 229 

 



xii 
 

LIST OF FIGURES 

1.1 (a) Global Primary Energy Mix (2025). Data source: IEA World Energy 
Outlook 2025, (b) Global Renewable Energy Composition (2025). Data 
source: IRENA Renewable Capacity Statistics 2025. 2 

1.2 (a) India’s Installed Power Capacity by Source (2025). Data source: 

Ministry of Power, Government of India, (b) Renewable Energy Capacity 
Breakdown (2025). Data source: Central Electricity Authority (CEA), 
Government of India. 4 

1.3 Generational progression of solar cell technologies, annotated with certified 
laboratory efficiencies and range of absorber-layer thicknesses. 5 

1.4 (a) Structure of perovskite crystal, Device architecture of PSC (b) n-i-p 
(regular); (c) p-i-n (inverted), (d) Working principle of PSC with transport 
direction of charge carriers. 9 

1.5 (a) Schematic of the LaMer model illustrating the time-dependent evolution 
of solute concentration under steady solvent evaporation. (b) Variation of 
volumetric and interfacial energies showing the energy barrier associated 
with nucleus formation. (c) Comparison of the energetic barriers involved 
in homogeneous versus heterogeneous nucleation processes. (d) Molecular 
structures of commonly used solvents for perovskite precursor solutions, 
grouped by category as indicated by the matching background colors. (e) 
Dielectric constant, donor number (DN), boiling point, and viscosity values 
for a range of solvents used in perovskite processing. 13 

1.6 (a) Schematic comparison of the anti-solvent dripping method and 
conventional spin-coating for perovskite film formation. (b) SEM images 
showing the surface morphology of films prepared with chlorobenzene 
added at different delay times (2 s and 8 s) after the start of spin-coating. (c) 
Illustration of toluene dripping during spin-coating of the perovskite 
precursor, forming a stable intermediate adduct that readily converts into 
the perovskite phase upon annealing. 14 

1.7 (a) Comparison of spectral absorbance, (b) Strategy for change in energetics 
to stabilize photoactive phase, (c) Performance growth chart over the years 
for various perovskites, (d) Temperature-induced phase transition in FAPbI3 
crystal. 16 

1.8 Schematic for features, roll, and development of ETLs. 19 
1.9 (a) Energy band alignment of representative materials employed in PSCs, 

(b) Optical absorption characteristics of commonly used ETLs, (c) Optical 
transmission spectra of bare FTO and ETL coated FTO of identical 
thickness, (d) Comparative electron injection behavior in planar n–i–p PSCs 
incorporating SnO₂- and TiO₂-based ETLs, (e) Schematic illustration of the 
conduction band alignment among the perovskite absorber, TiO₂, and SnO₂ 

layers. 20 
1.10 (a) Schematic illustration of the perovskite crystallization process mediated 

by the combined use of the Lewis base BrPh-ThR in the perovskite 
precursor solution and the Lewis acid bis-PCBM introduced during the 24 



xiii 
 

antisolvent treatment. (b) Representative passivator featuring an integrated 
Lewis-base/protonated functional system. (c) Passivator containing a 
monofunctional Lewis-base system. 

1.11 (a) Cross-sectional Kelvin probe force microscopy (KPFM) mapping 
showing the charge density distribution across device cross sections 
incorporating OA-based passivators. (b) Schematic comparison of a poorly 
aligned two-dimensional perovskite structure featuring van der Waals gaps 
(top) and a well-ordered quantum-well architecture with vertically aligned 
organic–inorganic layers (bottom). 26 

2.1 (a) Ultrasonic cleaner from PCI Analytics, model – USB 6.5 L (b) Weighing 
balance supplied by Sartorius Limited (Model: BSA224S-CW) (c) UV-
ozone cleaner bought from Holmarc Opto-Mechatronics Ltd (d) Hot-air 
oven supplied by Hover Labs (Model No: HV-124) (e) Muffle furnace 
bought from Shivam Instruments (f)Apex Instruments spin coating device, 
model number EZspin-A1. 42 

2.2 (a) Multi-panel hotplates cum stirrer from Daihan Scientific model SMHS-
3 (b) High temperature hotplates cum stirrer from Borosil (c) Dry cabinet 
supplied from Stericox (d) Unit for thermal evaporation from Nano Science 
and Technology Ltd. 44 

2.3 Schematic for substrate cleaning protocols before device fabrication. 45 
2.4 Schematic representation of the PSC fabrication process. 49 
2.5 (a) Schematic for interaction of electron beam with material (b) 

Representation of working principle of an SEM. 49 
2.6 Schematic of X-ray diffraction process. 51 
2.7 Representation of the general working principle of AFM. 52 
2.8 Schematic representation of the working principle of UV-vis spectroscopy. 54 
2.9 Schematic of electronic transitions involved in the PL process illustrated 

using the Jablonski diagram and working of PL. 55 
2.10 The schematic for the illustration of working of FTIR spectroscopy. 57 
2.11 Schematic representation of the working principle of ToF-SIMS. 59 
2.12 Schematic of IPCE measurement system. 60 
2.13 Complete J-V measurement set-up, containing (a) Portable solar simulator 

from Peccell (PEC-L01), (b) Source measure unit from Ossila, (c) Sample 
holder. 61 

3.1 Schematics showing the factors influenced by absorber film quality and 
potential methods for improving it. 67 

3.2 SEM image and grain size distribution of the as-grown films of perovskite 
with distinct concentrations of NMP (a,b) N0 (c,d) N20 (e,f) N40 (g,h) N60. 69 

3.3 AFM images of the perovskite films grown on TiCl4 treated TiO2 compact 
layer (a) N0, (b) N20, (c) N40, and (d)N60; Contact angle measurement to 
see the spread of perovskite ink (e) made from triple co-solvent strategy (f) 
made from the conventional method. 70 

3.4 (a) XRD for the perovskite film fabricated with different NMP 
concentrations (b) FTIR spectra of perovskite film, XPS spectra for (c, d) 
Pb 4f and I 3d of the 3D perovskite film. 71 

3.5 (a) Steady state PL spectrum of perovskite film for various NMP 
concentrations (b) Dark J-V measurement showing VTFL kink point for 75 



xiv 
 

devices with architecture as shown in inset (c) VOC vs. light intensity curve 
for a pristine device (d) VOC vs. light intensity curve for N40 based device 
(e) JSC vs. light intensity curve for pristine device (f) JSC vs light intensity 
curve for N40 based device.  

3.6 Cross-sectional SEM image of perovskite film formed through different 
precursor solutions (a) N0, (b) N20, (c) N40, (d) N60; (e) Tauc and 
absorbance plot from UV–visible spectrophotometry. 78 

3.7 (a) J-V curve for best-performing pristine PSC of active area 0.09 cm2 (b) 
J-V curve for best-performing NMP modified solar cell of active area 0.09 
cm2; Performance parameters comparison with the help of box chart and 
distribution of (c) VOC, (d) FF, (e) JSC, (f) PCE. 79 

3.8 (a) Stability analysis of best performing devices (b) J-V curve for best-
performing NMP modified solar cell of active area 1 cm2 (c) J-V curve for 
best-performing pristine solar cell of active area 1 cm2 (d) J-V curve for 
single junction cell of 2 cm2 active area (e) Schematic representation of the 
device encapsulation (f) Stability analysis of best performing encapsulated 
solar cell of active area 1 cm2. 81 

3.9 (a) Device architecture (b) Schematic representation of process (c) Reverse 
scan JV curves for various antisolvent combinations (d) Concentration 
optimization of n-HA mixed in CB as antisolvent. 85 

3.10 (a) XRD of unannealed perovskite film (b) FTIR spectra of unannealed 
perovskite film (c) Top view SEM for control perovskite film (d) Top view 
SEM for modified perovskite film (e) Cross-sectional SEM for control 
device (f) Cross-sectional SEM for modified device.  88 

3.11 AFM of perovskite films (a) pristine (b) modified (c) Effect of modification 
on the distribution of shunt resistance (d) Comparison of XRD patterns for 
annealed modified and control perovskite films (e) Calculation of FWHM 
for (0 0 1) characteristic peak of target and control perovskite films.  91 

3.12 (a) Analysis of Pb4f peak from XPS of pristine and modified perovskite 
films (b) N1s peak of perovskite film from XPS elemental analysis (c) 
Investigation of the effect of nHA in perovskite film using FTIR; Dark JV 
analysis of (d) Electron-only device (e) Complete device. 92 

3.13 Variation of VOC with light intensity for (a) CB-based device (b) nHA + 
CB-based device (c) Effect of modification on the distribution of series 
resistance of devices (d)Tauc plot analysis of pristine and modified 
perovskite films (Inset: UV-Vis absorbance spectra of perovskite films) (e) 
SS-PL of control and modified perovskite films (f) TR-PL of control and 
modified perovskite films. 95 

3.14 Light intensity-dependent variation of short circuit current at log-log scale 
(a) with nHA (b) Without nHA; JV curves of best performing devices (c) 
with nHA (d) Without nHA; EQE and integrated JSC analysis for best 
performing devices (e) without nHA (f) With nHA; (g) Long-term device 
stability comparison for unencapsulated devices (h) Stability analysis of 
high humidity stored unencapsulated perovskite films (i) Stability analysis 
of perovskite devices at the elevated temperature value. 99 

3.15 Distribution of performance parameters for pristine and modified devices. 102 



xv 
 

4.1 Device architecture and energy band diagram (a) General device 
architecture (b) Device architecture with bi-layers (c) Energy band diagram 
for each layer. 109 

4.2 Comparison of J-V characteristics for with and without bi-layer case (a) For 
device with CsPbI3 as absorber (b) For device with FAPbI3 as absorber (c) 
For device with Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber 112 

4.3 JSC variation with light intensity represented on a logarithmic scale (a) For 
device with CsPbI3 as absorber (b) For device with FAPbI3 as absorber (c) 
For device with Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber; VOC 
variation with logarithmic scale light intensity (d) For device with CsPbI3 
as absorber (e) For device with FAPbI3 as absorber (f) For device with 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber 113 

4.4 Comparison of variation in solar cell performance parameters with RS for 
with and without bi-layer case (a) For device with CsPbI3 as absorber (b) 
For device with FAPbI3 as absorber (c) For device with 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber. 116 

4.5 Comparison of variation in solar cell performance parameters with RSh for 
with and without bi-layer case (a) For device with CsPbI3 as absorber (b) 
For device with FAPbI3 as absorber (c) For device with 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber. 117 

4.6 Comparison of variation in solar cell performance parameters with doping 
density of the absorber material for with and without bi-layer case (a) For 
device with CsPbI3 as absorber (b) For device with FAPbI3 as absorber (c) 
For device with Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber. 118 

4.7 Comparison of variation in solar cell VOC with doping density for bi-layer 
case (a) For device with CsPbI3 as absorber (b) For device with FAPbI3 as 
absorber (c) For device with Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as 
absorber; Comparison of variation in solar cell JSC with doping density for 
bi-layer case (d) For device with CsPbI3 as absorber (e) For device with 
FAPbI3 as absorber (f) For device with 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber. 119 

4.8 Comparison of variation in solar cell performance parameters with 
operating temperature for with and without bi-layer case (a) For device with 
CsPbI3 as absorber (b) For device with FAPbI3 as absorber (c) For device 
with Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 as absorber. 120 

4.9 (a) Schematic representation of passivation strategy using PFNBr, TOF-
SIMS depth profiling of device (b) With PFNBr (c) Without PFNBr, SEM 
images to analyze the surface morphology of SnO2 film (d) Pristine (e) 
PFNBr.  125 

4.10 AFM images to observe the effect of modification on SnO2 film roughness 
(f) Pristine (g) PFNBr, (h) Contact angle analysis to observe the wettability 
and change in surface energy after modification. 127 

4.11 (a) Analysis of change in conductivity of SnO2 film following the PFNBr 
modification by dark J-V measurement of 1 cm2 device, (b) FTIR analysis 
of pristine and modified SnO2 film to confirm the presence and interaction 
of PFNBr at the interface, (c-g) UPS data for pristine and modified samples, 129 



xvi 
 

(h) Energy band position of pristine and modified films with labeled CBM 
and VBM. 

4.12 Interaction and effect of PFNBr over SnO2 film as described using XPS 
spectra of (a) Sn3d5/2 and Sn3d3/2 (b) O1s peaks (c) Br3d peaks (d) N1s peaks 131 

4.13 Morphology of pristine and modified perovskite films:  Top-view SEM of 
(a) Pristine sample (Inset: AFM of the pristine sample) (b) PFNBr modified 
sample (Inset: AFM of PFNBr modified sample), Cross-sectional SEM of 
(c) Pristine sample (d) PFNBr modified sample, EDS analysis of (e) pristine 
perovskite film (f) modified perovskite film. 133 

4.14 (a) Comparison of XRD pattern following PFNBr modification, (b) UV-Vis 
absorption spectra of perovskite films, (c) UV-Vis tauc plots of perovskite 
films, (d) SS-PL (e) TR-PL spectra of perovskite film deposited over the 
glass and PFNBr coated glass, SCLC analysis of electron only devices for 
defect density calculation: (f) pristine device, (g) PFNBr modified device, 
PL mapping of perovskite films (h) Pristine (i) PFNBr modified. 136 

4.15 (a) SS-PL (b) TR-PL spectra of perovskite film deposited over SnO2 coated 
glass and SnO2/PFNBr coated glass (c) Comparison of Mott-Schottky plot 
form pristine and PFNBr modified devices (d) TPC curves for PSCs having 
SnO2 and SnO2/PFNBr ETLs (e) TPV curves for PSCs having SnO2 and 
SnO2/PFNBr ETLs (f) Comparison of light intensity dependency of VOC for 
pristine and PFNBr modified devices. 139 

4.16 (a) Nyquist plots for the PSCs utilizing SnO2 and PFNBr-modified SnO2; 
XPS analysis of pristine and modified perovskite films: (b) Analysis of Pb4f 
peak (c) Analysis of I3d peak (d) Analysis of N1s peak; (e) Complete FTIR 
spectra for pristine and modified perovskite films; (f) Analysis of Raman 
spectra for both the films. 143 

4.17 (a) J-V curve in forward and reverse scan for best performing pristine device 
(b) J-V curve in forward and reverse scan for best performing modified 
device (c) Distribution of shunt resistance for pristine and modified devices. 146 

4.18 The distribution of performance parameters for pristine and modified PSCs. 147 
4.19  (a) Comparison of IPCE and integrated JSC for modified and pristine best-

performing devices (b) Stability analysis of devices stored in dark and 
measured periodically (c) XRD analysis of perovskite films after 8 hrs 
continuous heating at 85 °C (d) Comparison of J-V curve for pristine and 
modified devices after heating at 65 °C for 24 hrs . 148 

5.1 CBD process, device architecture, and interfacial modification mechanism 
enabled by CHMAI. (a) Schematic representation of the CBD process. (b) 
Schematic illustration of the PSC device configuration with the structure 
Glass/FTO/CBD-SnO₂/perovskite/TOP α-3/Au. (c) Molecular structure of 
CHMAI used for interfacial treatment. (d) Molecular structure of TOP α-3. 
(e) Proposed interfacial configuration at the perovskite/HTL interface, 
illustrating the formation of a quasi-2D/3D heterostructure upon CHMAI 
incorporation on the perovskite surface. 163 

5.2 SEM of CBD-grown SnO2 film for different process conditions (a) CBD 
with initial pH 1 and reaction time 3 hr (b) CBD with initial pH 1.35 and 
reaction time 3 hr (c) CBD with initial pH 1.35 and reaction time 4 hr (d) 165 



xvii 
 

CBD with initial pH 1.35 and reaction time 2 hr (e) Distribution of 
performance parameters across various CHMAI concentrations. 

5.3 Structural and interfacial characterization of perovskite films. (a) XRD 
patterns of pristine and CHMAI-modified perovskite films, illustrating the 
effect of interlayer modification on crystallinity, phase purity, and 
perovskite dimensionality. (b) High-resolution Pb 4f XPS spectra of the 
corresponding films, highlighting changes in the Pb chemical environment 
induced by CHMAI treatment (c) I3d XPS spectra for pristine and CHMAI 
passivated perovskites. 167 

5.4 Surface and cross-sectional morphology of perovskite films. Top-view SEM 
images of (a) the pristine perovskite film and (b) the CHMAI-treated film. 
Corresponding cross-sectional SEM images of (c) the pristine device and 
(d) the CHMAI-modified device.  169 

5.5 Surface morphology and wettability of perovskite films. (a) AFM 
topography image of the pristine perovskite film and (b) AFM topography 
image of the CHMAI-modified film. (c) Water contact angle measurement 
of the pristine film and (d) water contact angle measurement of the CHMAI-
treated film, obtained by dispensing a 1 µL deionized water droplet.  170 

5.6 Energy level alignment and electronic structure characterization of pristine 
and CHMAI-modified devices. (a) Experimentally computed energy levels 
of FAPbI3, 3d/2d stack, and CHMA2PbI4 slabs, along with those of the TOP 
molecule, (b) UPS valence band spectra showing the VBM offset for 
pristine and CHMAI-treated perovskite films, (c) Corresponding secondary 
electron cutoff spectra used to determine the work function variation upon 
CHMAI modification.  172 

5.7 The DFT computed real-space electronic density isosurfaces of the (a, b) 
VBM and CBM of the FAPbI3 slab, (c, d) VBM and CBM of the 
(CHMA)2PbI4 slab. Isodensity value = 10−3𝑒/Å3. In both cases, states are 
delocalized over the inorganic Pb–I framework, with VBM centred on 
iodine atoms, while CBM on lead atoms, (e, f) VBM and CBM of the TOP 
molecule. Isodensity value = 10−3𝑒/Å3. Both states are delocalized over the 
molecule.  174 

5.8 (a) Nyquist plots obtained from EIS measurements under dark conditions 
with fitted circuit diagram, (b) Mott–Schottky analysis revealing an 
increased Vbi, (c) Tauc plot and absorption spectra of pristine and modified 
perovskite films, (d) SS-PL spectra of perovskite films deposited on glass 
substrates, comparing pristine and CHMAI-treated samples. 177 

5.9 (a) TR-PL decay profiles with fitted curves, indicating suppressed non-
radiative recombination and prolonged carrier lifetime upon CHMAI 
modification. (b) SCLC measurements of hole-only devices (inset: device 
architecture) used to estimate the VTFL, revealing reduced trap density for 
the CHMAI-modified film. (c) Dark JV characteristics of complete devices, 
demonstrating lower leakage current and suppressed charge recombination 
in the CHMAI-treated device. (d) Light-intensity-dependent VOC 
characteristics of pristine and CHMAI-modified devices, illustrating the 
impact of CHMAI interfacial modification on recombination behaviour. 180 



xviii 
 

5.10 Surface potential and PL mapping of perovskite films. (a, b) KPFM surface 
potential maps of the pristine and CHMAI-modified perovskite films, 
respectively, showing the variation in local surface potential upon interfacial 
modification. (c, d) Corresponding qualitative PL intensity maps of the 
pristine and CHMAI-treated films, illustrating enhanced emission intensity 
and improved spatial uniformity in the modified film. 182 

5.11 (a) J–V characteristics of the pristine device (0.0256 cm2) active area 
measured under forward and reverse scan directions, with the extracted 
photovoltaic parameters summarized in the inset table. (b) J–V curves of the 
CHMAI-modified device (0.0256 cm2 active area) showing reduced 
hysteresis and enhanced photovoltaic performance; the corresponding 
device parameters are listed in the inset. JV curve of devices with active area 
0.25 cm2 for (c) pristine, (d) CHMAI modified.  184 

5.12 Statistical photovoltaic performance comparison of pristine and CHMAI-
treated PSCs. (a) JSC, (b) VOC, (c) FF, and (d) PCE. Box plots represent the 
median (central line), interquartile range (box), and minimum–maximum 
values (whiskers), while overlaid scatter points illustrate device-to-device 
variation. 185 

5.13 (a) EQE spectra and corresponding integrated JSC values for pristine and 
CHMAI-treated devices, showing enhanced photoresponse and improved 
current generation after CHMAI modification. (b) Long-term storage 
stability of unencapsulated devices under dark storage in a dry cabinet, with 
periodic measurements. (c) XRD patterns of pristine and CHMAI-treated 
films after 3 months. (d) Operational stability under devices heated at 65 °C 
and measured periodically. 187 

5.14 (a) Planar-averaged electrostatic (Hartree) potential along the surface 
normal for FAPbI3 and (CHMA)2PbI4 slabs, (b) Energy-band alignment 
before and (c) after contact, showing Fermi-level equilibration and 
interfacial band bending. 190 

5.15 Schematic representation of interfacial chemical interactions and ion-
migration pathways in (a) a pristine 3D FAPbI3/HTL stack and (b) a 3D/2D 
FAPbI3/CHMA2PbI4/HTL heterostructure. 192 

5.16 (a) Schematic of large-area film and device formation, (b) Device 
architecture of PSC, and (c) Schematic of the working principle of PSC.  195 

5.17 SEM images of the perovskite films. (a) SC, at the center, (b) SC, at the 
corner (c) MC, at the center, (d) MC, at the corner, Optical image of the film 
(e) SC (f) MC 196 

5.18 XRD of perovskite films - (a) As-deposited at the corner (b) As-deposited 
at the center (c) After 8 hours of continuous heating at 85˚C, # - FTO peaks 197 

5.19 Steady-state PL spectra of perovskite film at the (a) center (b) corner; (c) 
Tauc and absorbance plot from UV–visible spectrophotometry.  198 

5.20 Distribution of solar cell parameters for MC and SC based device (a) RSH 

distribution, (b) VOC distribution, (c) FF distribution, (d) J-V characteristic 
curve of best performing devices for SC and MC based solar cells, (e) VOC 
vs. light intensity curve for a SC based device (f) VOC vs. light intensity 
curve for MC based device. 200 



xix 
 

5.21 (a) PCE distribution of devices at different positions after cutting of 5 x 5 
cm2 into four 2.5 x 2.5 cm2 substrates (b) Devices at different locations with 
numbering respective to figure (a).  202 

 



xx
 

LIST OF TABLES 

3.1 FWHM data for the perovskite film made from different perovskite ink. 72 
3.2 Effect of different solvent combinations on device performance. 82 
4.1 Description of each material layer's core parameters used in the present 

simulation. 110 
4.2 Suppressed defect densities from the experimentally reported data and for 

the current work. 110 
4.3 Comparison of findings of the current study with published literature. 121 
4.4 Energy band parameters measured from the UPS and UV-vis spectra of the 

pristine and modified samples. 130 
4.5 Fitting parameters for carrier lifetime calculation during TRPL 

measurement on perovskite over glass substrate.  135 
4.6 Estimation of variation in performance parameters with varying scan rates. 145 
4.7 Effect of heating on device performance (after heating at 65 °C for 24 hrs). 149 
4.8 Comparison of this work in various aspects with the published literature. 

(Here: W-AS: With anti-solvent, W/O-AS: With anti-solvent) 150 
5.1 Estimation of EIS fitting parameters. 176 
5.2 Circuit fitting parameters of TRPL for carrier life time calculation.  178 

 

 

 



xxi
 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

PSC : Perovskite solar cell 
ETL : Electron transport layer 
HTL : Hole transport layer 
TCO : Transparent conducting oxide 
FTO : Fluorine doped tin oxide  
ITO : Indium tin oxide 
PCE : Power conversion efficiency 
VOC : Open circuit voltage 
JSC : Short circuit current 
FF : Fill factor 
J-V : Current density - voltage 
eV : Electron volt 
CBM : Conduction band minimum 
VBM : Valence band maximum 
UV : Ultra violet 
SEM : Scanning electron microscopy 
AFM : Atomic force microscopy 
XRD : X-ray diffraction 
PL : Photoluminescence 
IPCE : Internal photon conversion efficiency 
MA : Methylammonium 
FA : Formamidinium 
DMF : N,N-dimethylformamide 
DMSO : Dimethyl sulfoxide 
ACN : Acetonitrile 
CB : Chlorobenzene 
t-BP : 4-tert-Butylpyridine 
RPM : Revolution per minute 
Tiacac : titanium diisopropoxide bis(acetylacetonate) 
CHMAI : Cyclohexylmethylammonium iodide 
Li[TFSI] : Lithium bis(trifluoromethanesulfonyl)imide 
NMP : N-Methyl-2-pyrrolidone 
PFNBr : Poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-

alt-2,7-(9,9-dioctylfluorene))dibromide 
TOP -3 : ((E,E,E,E)-1,2,4,5-Tetrakis[4-[bis(4-methoxyphenyl)amino]styryl]benzene) 

 




