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Abstract

Continued growth of the global population has driven electricity usage to
unprecedented heights, placing pressure on conventional energy sources and accelerating the
transition to renewable technologies. Among these, solar energy is especially attractive due
to advances in materials science and scalable photovoltaic fabrication.

Although silicon-based photovoltaic cells dominate the market, their high-
temperature and energy-intensive manufacturing underscores the demand for alternative
technologies. Consequently, solution-processable perovskite solar cells (PSCs) have
emerged as promising candidates, characterized by low-temperature fabrication, rapid power
conversion efficiency (PCE) gains reaching 27% in just 17 years, and tunable bandgaps
suitable for single-junction and tandem devices. However, persistent stability issues hinder
the broader application of PSCs.

Central to this investigation is the electron transport layer (ETL)/perovskite interface,
as it significantly impacts charge transport, recombination dynamics, and device stability.
Accordingly, two distinct interfacial engineering techniques were investigated for different
PSC architectures: hybrid organic-inorganic and all-inorganic perovskite-based solar cells.

The first approach focused on nanostructured ETLs, offering a large surface area,
tunable geometric characteristics, and enhanced charge transport pathways for effective
interfacial engineering. Considering that the solvothermal growth of SnO; nanorod arrays is
highly sensitive to the synthesis conditions, every critical parameter was systematically
optimized to establish a reliable and reproducible fabrication protocol. Several parameters
are involved: reactor pressure, substrate orientation, solvent ratio, seed-layer configuration,
acetic acid concentration, and growth duration. The findings emphasize the importance of
precisely controlling growth parameters for effective interfacial engineering and provide a
practical framework for future customization of specific nanorod shapes by adjusting the

identified synthesis parameters.



In the second approach, an ultrathin MgO interlayer was incorporated between the
ETL and the CsPbl:Br. The influence of the MgO interlayer was evaluated through a
comprehensive set of investigations, revealing that MgO-incorporated PSCs significantly
improved the photovoltaic performance and stability. Following 7 weeks of storage, the
MgO-incorporated devices maintained 70% of their initial PCE, whereas the unmodified
counterparts dropped to 55%. The devices were further tested for their resilience against
proton irradiation to assess their performance in harsh environments. The MgO-optimized
devices exhibited high durability and demonstrated a slight improvement in photovoltaic
parameters. In contrast, the unmodified devices showed a significant reduction, retaining
only 47% of their initial performance after 11 weeks.

This thesis underscores the critical role of interfacial engineering in PSCs,
demonstrating how innovative strategies enable the development of stable and efficient

perovskite solar technologies.

Vi



Acknowledgments

This work owes its foundation to Professor Charles Surya, whose visionary leadership
launched the perovskite photovoltaics research at Nazarbayev University. My genuine
appreciation goes to my lead supervisor, Professor Annie Ng, whose constant support and
expert guidance motivated me to continue my research after my Master’s completion. Her
insights, comprehensive approach to designing experiments, and dedication to excellence in
every aspect have given me a deep understanding of the research process. Moreover,
Professor Annie Ng spearheaded the acquisition and commissioning of state-of-the-art solar
device fabrication equipment, establishing the optimal research infrastructure for our studies.
Additionally, I sincerely thank my internal supervisor, Professor Mannix Balanay, for
teaching me the basics of chemical experimentation, which established the foundation for all
future investigations.

I'am also grateful to my external supervisor, Professor Shifeng Wang, for his valuable
guidance, support, and helpful discussions throughout this work. I sincerely thank the
Examiners, Professor Alexander Tikhonov and Professor Sergey Makarov, for their careful
evaluation of my work and for their insightful comments, which significantly improved this
thesis.

I sincerely appreciate Professor Tri Pham and his students, Dr. Amanzhol
Turlybekuly, Ms. Meruyert Tilegen and Mr. Timur Elebessov for their invaluable assistance
in conducting KPFM measurements and for crucial help in designing our custom 3D-printed
sample holder. I also extend my gratitude to Professor Marat Kaikanov for facilitating proton
irradiation tests on my devices, a contribution that significantly strengthened this research.

I extend my heartfelt thanks to the Core Facility team. I sincerely thank to Dr. Aidos
Baumuratov and Dr. Alexandr Arbuz. I am particularly grateful to Ms. Laura Khamkhash
and Ms. Rakhima Shamenova. Through their patient guidance and dedicated mentorship, I

gained the confidence and skill to independently operate the AFM and SEM instruments. I

Vil



am grateful to Ms. Nurgul Daniyeva and Mr. Alisher Rapikov; they have always been ready
to help and eager to share their expertise with the equipment. I also acknowledge Mr. Arman
Tuigynbek for his expert management of the XPS measurements and for providing
comprehensive instruction on its fundamentals.

I extend my sincere gratitude to the School of Engineering and Digital Sciences
faculty for their support and for delivering the core courses that underpinned my doctoral
studies. I am particularly thankful to Professor Luis R. Rojas-Solorzano, Professor Mehdi
Bagheri, and Professor Daniele Tosi for their steadfast administrative assistance throughout
my PhD journey.

I have been fortunate to work alongside colleagues who became dear friends
throughout my time in the laboratory. I especially thank my dream team, Dr. Gulzhan
Zhumadil and Ms. Gaukhar Nigmetova, for their unwavering support, collaborative work on
numerous experiments, and joint celebration of each success. I would like to express my
appreciation to Dr. Damir Aidarkhanov, Dr. Yerassyl Yerlanuly, Mr. Alibek Kakim, and Mr.
Almaz Beisenbayev for their timely support and help. I am also thankful to Dr. Hryhorii
Parkhomenko for performing the current-voltage measurements on my electron-only devices
and for his valuable guidance with other instruments.

I am deeply thankful to my family for their consistent belief in me. I extend my
sincere gratitude to my parents and parents-in-law, whose relentless support and shared
enthusiasm for science have motivated me, to my brother, whose deep passion for
engineering ignited my interest in renewable energy, to my sister-in-law and niece, whose
generous encouragement has helped me overcome every obstacle. Finally, I am especially
grateful to my husband, whose steadfast support, heartfelt care, and constant encouragement

made this PhD journey significantly easier—I am forever thankful to have him by my side.

viii



Contents

ABSTRACT ... ettt e e e e e e e e e e e e e s nsaaassaeees A%
ACKNOWLEDGMENTS ...t VII
CONTENT S e e e e e e e e e e e s e ebrarraeeeeaaaeaeeens IX
LIST OF TABLES . ... XII
LIST OF FIGURES ...ttt XIII
LIST OF ABBREVIATIONS ..ottt XVIII
LIST OF SYMBOLS ...t XXII
LIST OF PUBLICATIONS ......oottiiiiieeee ettt XXIII
CHAPTER 1: INTRODUCTION ..ottt eee e e e e 1
I[.1  ReNewWable ENEIY .......cccoiiiiiiiiiiiieiiee ettt ettt e 1
1.2 Problem Statement ...........ccooieieiiiiiriinieieeteseee ettt 2
1.3 Research QUESTIONS .......eeeeuiieeiieeeiie ettt e ette e et e e et eebaeeeaveeeeabeeesaseeenareeens 4
1.4 ThesSiS OULINE ....ooueeiiiiiiiiieciereee ettt st et ae st 4
CHAPTER 2: LITERATURE REVIEW. ... 6
2.1 Development of Solar ENEIZY .......c.cooiiiiiiiiiiiieieeiiee et 6
2.2 Fundamentals 0f PSCS ....c..coiiiiiiiiiieieicieeeeeee e 7

2.2.1. Perovskite Structure and COmMPOSILION ........cecvieriieriieriieeieeriie e eiee et eeee e 7

2.2.2 Working PrinCiple ......ccuoeiuiiiiiiiieiii ettt ettt s 9
2.3 Historical Background ............cccoocuiiiiiiiiiiiieniieieee ettt 11
2.4 Current Limitations N PSCS ......occviiiiiiiiiiiieeiieeee ettt st 19

24,1 TOXICIEY cuvteuteeiieeeieeteeeie et et e et e stteebeestteesbe e steenbeenseeenseenseessseensaesnsaeseessseenseennseenns 20

2.4.2 SCALADIIILY ..eeeuiieiiieiiecie et et enee et 21

2.4.3 Factors Affecting the Long-Term Stability of PSCs .......cccoooiiiiiiiiiiniiiiieie 23
2.5 Strategies for Enhancing the Stability of PSCS.......cocooviiiiiiiiiiiee 24

2.5.1 Compositional ENGINEETING .........cccueiiuiiriieiieiieeieeriieeieeiee et eve et eae e eiee e 24

2.5.2 Interfacial ENGINEEIING ......cccuvieiuiiriiiiieiieeiieiie ettt et e 25

2.5.3 Encapsulation TeChNIQUES ........c.ceoiiiiiiiiiiieiieiie ettt 28



CHAPTER 3: METHODOLOGY AND CHARACTERIZATION

TECHNIQUES ... e e e e e e e e e e e e e eas 31
BT IMIALETIALS ..ottt sttt et 31
3.2 DeVICe FaDIICAION .....eeeuiieiiieiieiie ettt ettt ettt s e et e et e eaeessseeseeenseenne 31
3.2.1 Cleaning ProC@AUIE .......ccueeiiiiiieeiieie ettt ettt ettt sae b e seae e eeae e 32
3.2.2 HTL DEPOSIEION ...ccuuiieiiieiieeiieiieeieeeiie et esite et eeteeteeseaeeaeessbeensaessaeenseessseenseesnseenns 32
3.2.3 Au Contact EVAPOTation .........ccueeiiieriieiieniie ettt see e sae e eeae e 32
3.3 Material Deposition EQUIPMENt .........cccoeeiiiiiiiiiiieiecieeiie et 33
3.4 General Characterization TEChNIQUES .........cccueeiuieriiiiiieiieeiieee e 35
3.4.1 Morphological and Topographical Characterization.............ccceeeerveerieenveenieennnenne. 35
3.4.2 Optical CharacteriZation ..........c.ueecueerieeriienieeiieeeeeieeseeeieeseeeseeseaeeseessneeseeenseenne 40
3.4.3 Material charaCteriZation ............cccvierieeiiienieeiieeie ettt s 43
3.4.4 Surface Chemical and Electronic Characterization .............cccceevvverieenieenieenieennneene. 45
3.4.5 Device Performance Characterization ............c.ceccueeviierieeniienieeniienie e sie e 46
3.4.6 Stability TeSTINE....cc.eeeiiieieiieiieiie ettt ettt ettt e et e st e et esaaeebeeseseenseesaee e 50
3.4.7 Proton Iradiation..........cooiieiiiiiieeiieie ettt 51
3.5 Technique Development for Cross-sectional AFM Imaging ............ccoecvevieeveeninennnnnne. 53
3.5.1 Sample Preparation............cecuieiieeiienie ettt e 53
3.5.2 Development of a Sample Holder for Cross-sectional AFM Measurements........... 55
3.5.3 AFM Cross-sectional IMages ..........ccceevuiiriieiiieiiieiieeie et 56
3.5.4 Holder Development for Flexible Substrates ...........ccoceevieniieniienieeieeieeieeee, 58
3.5.5 SUIMIMATY ..coiuitieiiiieeeiie ettt ettt ettt e e e st e et eeeebeeenbteesabaeesabeeesabeesnnseesnnne 59

CHAPTER 4: SOLVOTHERMALLY SYNTHESIZED TIN OXIDE
NANOSTRUCTURES FOR INTERFACIAL OPTIMIZATION OF HYBRID

PO S et ———————. 61
.1 TNETOAUCTION .eeeeeeeeeieeeeeeeeeeeeee ettt et e e e e eee e e e e e ee e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 61
4.2 DEVICE FADTICATION .eeevviiiieieieiieieeeeeeeeeeeeeeeeeee ettt ee et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 65
4.2.1 Synthesis 0f the SNO2 NAS .....cociiriiiiiieee e 65
4.2.2 Optimization of the SnO; NA Growth by Varying the Synthesis Parameters ........ 65
4.2.3 Perovskite Layer DEePOSIION ........cc.eceuieriieiiieniieeiieriie ettt 68
4.3 Morphological Study of the SnO2 Nanostructure ............ccecvevvierienieenienieeeeeie e 69
4.3.1 EETEC OF PIESSUTIE .ooiiiieiieiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et e e e eeeeeeees 69
4.3.2 Effect of SUDSLrate OTIENTAtION ....ceeevveeeeeieeeeeeeeeeeeeeeeeeeeeeee et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 72
4.3.3 Effect of DI Water-to-ethanol RatiO..........coeevviiiieeeeiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeens 74
4.3.4 Effect of Different Seed Layers.........ccceevieiierieeiiieiieeieeie e 78
4.3.5 Effect 0f Glacial ACEIC ACIA ..cooevveieeeeeieieeeieieeeeeeeeeeeeeeeeeeee et eeeeeees 80
4.3.6 EfTect Of GrOWEH TIIMIE .cooiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeee e e eeees 82
4.4 Structural and Photovoltaic CharaCteriZation............eeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 84
4.5 SUITIMATY ..uvtieeiiiieeiieeeiteeeite et ee et ee ettt e sttt e st eesabeeesabeeesbeeensbeeesseesnsaeesnbeeesaseeennseesnseas 86

CHAPTER 5: ENGINEERING A MAGNESIUM OXIDE INTERLAYER TO
ENHANCE THE STABILITY OF ALL-INORGANIC PSCS.......ccccecen.e. 88



S INTOAUCTION oo, 88

5.2 DeVICE FaDIICAION .....eeeuiieiiieiieiie ettt ettt ettt e et e et e ebeesnseeseeeneeenne 93
5.2.1 ETL DEPOSITION ...eouviieiiieiieeiieiieeteesiieeteesiteeteesieeeteesseeenseesssesnseesssesnseessseenseessseenns 93
5.2.2 MO Interlayer RECIPE ......eevieriieeiieiieeieeeiie ettt 93
5.2.3 CsPbI:Br Perovskite Deposition...........ccueevuiieeiierieeiiienieeiieeie et 94
5.2.4 EOD Fabrication MethodolOgY .........c.cccieriiiiieniieiieeieeiieeee et 94

5.3 ReSUILS & DISCUSSIONS .....eeiiieiiieiieeiieiie et erite et e eite ettt e et e et e ssbeeteesabeesseessseeseesnseenne 94
5.3.1 ETL INVEStIZALION ...eecuiieiiieiiieiieciieeiie ettt ettt e et e s e et eesaaeebeessaeenseeenseenne 94
5.3.2 ETL/Perovskite Characterization ..............cceecueeruieriieeniienieeiiesieesieesieeveesneeeeens 100
5.3.3 Device Performance and Stability Measurements............cccccceeeeveerieerieenieesneennnens 106

5.4 SUIMNIMATY ...tiieiiieeeite ettt et e et e et e ettt e sabbeesabteesabeeesabeeesabeeesaseesnabeesnseeennne 119

CHAPTER 6. CONCLUSION ....cooiiiiiiieeeeee e 121

0.1 CONCIUSION.....ceiiiiiiieeiiieiie ettt ettt ettt ettt et e st e et e essteenbeeesbeenseessaeenseesnseenseannnas 121

0.2 FULUIE WOTK ..ottt ettt et et e e e seeeaaeenseennnes 122

REFERENCE LIST ...ttt e e e e e e e e 124

X1



List of Tables

Table 2.1 Characteristics of perovskite material. Adapted from Ref ** with permission (Order

Na: 60308T0T755046).......ccuiiiiiiiiiiieieete ettt 11

Table 4.1 Summary of the nanostructure lengths and bundle diameters obtained under
different pressures. Adapted from Ref2? under CC BY 4.0 .....ooveveveeiiieiereiiieeeeeeen 71
Table 4.2 Summary of the nanostructure lengths and bundle diameters obtained under
different substrate orientations. Adapted from Ref.2* under CC BY 4.0 ......cccoovvvevvrnnee. 73
Table 4.3 Summary of the nanostructure lengths and bundle diameters obtained under
different DI water-to-ethanol ratios. Adapted from Ref?* under CC BY 4.0.........co.o........ 78
Table 4.4 Summary of the nanostructure lengths and bundle diameters obtained using
different seed layers. Adapted from Ref2® under CC BY 4.0......ccoveivveiereiiriiereeceen 80
Table 4.5 Summary of the nanostructure lengths and bundle diameters obtained using
different acetic acid concentrations. Adapted from Ref?*” under CC BY 4.0...................... 82
Table 4.6 Summary of the nanostructure lengths and bundle diameters obtained using

different growth durations. Adapted from Ref?” under CC BY 4.0 .....c.ccovivvvvvererreinnen. 84

Table 5.1 Summary of the PV parameters for fresh, 7-week aged, and PI-tested PSCs.
Reproduced from Ref?>2 under CC BY 4.0 ....c.oviviiiieieieiceeceeeeeeeeeeeeeeee e, 109

Table 5.2 Stability Performance Comparison of CsPbloBr-based PSCs.......c.cccccevveneennens 118

Xii



List of Figures

Figure 2.1 Evolution of the best research-based cell efficiencies across PV technologies.?
The chart was last updated on April 21, 2025.......oooiiiiieiiiiieee e 7
Figure 2.2 Illustrations of the a) 3D cubic perovskite material, b) 2D projection, and ¢) unit
cell structure; reprinted from Ref.?? with permission (Order Ne: 6030460337609) .............. 9
Figure 2.3 a) Basic PSC structure. b) PSC working principle; reproduced from Ref.?” under
Creative Commons CC BY 4.0 ....c..ooiiiiiiiiiiieeeeee ettt 11
Figure 2.4 Evolution of perovskite-based solar cells. The earliest PSCs were adapted from a)
DSSC technology. b) Mesoscopic heterojunction in which the perovskite absorber is
infiltrated into a mp-TiO> scaffold and capped with a solid-state HTL. ¢) n-i-p PHJ thin-film
architecture. d) p-i-n PHJ thin-film architecture ...........cccoeoerieniriiniiniieceeee 14
Figure 2.5 Evolution of perovskite-based solar cells. a) Nanostructured TiO> ETL. b)
perovskite/silicon tandem solar cell. ¢) BHJ architecture. d) single-junction MAPbBr; and
MAPDI; planar solar cell. ) GHJ architecture..........cccovveviriiniiienienicieiecceeee 18

Figure 2.6 The main solution-based deposition techniques used for preparing perovskite

absorber layers. Reproduced from Ref.” under CC BY 4.0....c.ccooveviviiiicieeececeeee 23
Figure 3.1 Magnetron Sputtering inStrument..........cc.eeverueerieriereenienieneeee st eee e 34
Figure 3.2 Thermal @Vaporator.........cceecuiiieriiiiiniiieeiesieee ettt 34
Figure 3.3 Q150T Plus SPULtET COALET ...c.vviiuiieiieeiiieiieeie ettt ettt ettt et seteeeee e s 36
Figure 3.4 a) SEM Crossbeam 540, b) illustration of the SEM working principle.............. 37

Figure 3.5 a) Schematic of the AFM operating mechanism; reproduced from Ref.!'* under
CC BY 4.0. b) Common AFM modes; reproduced from Ref.!'* under CC BY 4.0. ¢)
SmartSPM-1000. d) JPK Nanowizard 4XP AFM.......c.cccccoeviiiiiiiiinieeiieeieeeeee e 40
Figure 3.6 UV/VIS/NIR spectrophotometer. b) Schematic illustration of the optical beam
pathway; adapted from Ref!?! with permission (Order Ne: 6032661500192)...................... 42

Figure 3.7 a) Confocal laser scanning microscope. b) Illustration of the working principle;

Xiil



reproduced from Ref.'22 under CC BY 4.0 ....c.oviviioieiiieeeeeeeeeeeeeeeeeeeeee e, 43
Figure 3.8 a) XRD system. b) Illustration of the XRD operation; adapted from Ref!'?’ with
permission (Order No: 6034850191379) ...ooouiiiiiieiieie ettt 44
Figure 3.9 a) XPS system. b) Illustration of the photoemission process in XPS; adapted from
Ref. B UNAEr CC BY 4.0 ..uuiiiiiieieeceieeteeteee ettt 46
Figure 3.10 a) Oriel Sol3A solar simulator. b) Schematic of the working principle ........... 48
Figure 3.11 The characteristic J-¥ curve of a solar cell; reproduced from Ref.!** under CC
BY 4.0 ettt ettt sttt nae et 49
Figure 3.12 a) EQE instrument. b) Illustration of the experimental setup used for EQE
measurements; reprinted from Ref with permission (Order Ne: 6036691359493) .............. 50
Figure 3.13 Keysight B15S00A semiconductor device analyzer...........ccocevveveenienienennene 51
Figure 3.14 a) [-NURA accelerator, b) illustration of the primary subsystems and operating
principle, where PS; and PS; are the DC power feeds for HV and HV3; reproduced from
Ref.13? under CC BY 4.0. ¢) Representative oscillograms showing the pulsed accelerating
voltage and 10n beam Current denSItY........cccueeruieriieiieniiieiieeie ettt st e e e 52

Figure 3.15 Comparison of precut and post-cut strategies used for liquid nitrogen-induced

TACTUTIIIZ ..ttt ettt et b ettt e s bt et et e sbeenbe e 55
Figure 3.16 Comparison of the manual precut and post-cut methods............ccccecerienennene. 55
Figure 3.17 Adapted cross-section sample holder for the AFM instrument........................ 56

Figure 3.18 Cross-sectional AFM height and phase images of two PSC architectures:
FTO/hybrid perovskite and FTO/ZnO ink/CsPbLBr/Spiro-OMeTAD ........cccceevvevveniennnene 58
Figure 3.19 a) 3D-printed holder design, b) holder platform, and c) holder with a sample,

used for cross-sectional cC-AFM analysis ........cccueeciieriiiiiienieeiiecie et 59

Figure 4.1 Teflon-lined autoclaves of 100, 50, and 25 mL capacity employed for
SOIVOthermal SYNENESIS ......cccuiiiiiieiieiie ettt 66
Figure 4.2 SEM top-view and cross-sectional images of SnO> nanostructures grown in

autoclaves of varying volumes: (a,d) 25 mL, (b,e) 50 mL, and (c,f) 100 mL; reproduced from
Xiv



Ref2% Under CC BY 4.0 ...ttt 70
Figure 4.3 SEM top-view and cross-sectional images of SnO; nanostructures grown at
identical pressure by adjusting the precursor solution volume to the same filling ratio in three
autoclave reactors with different sizes: (a,d) 25 mL; (b,e) 50 mL; and (c,f) 100 mL;
reproduced from Ref?? under CC BY 4.0......c.ooviviioieeiieeeeeeeeeeeeeeeeeeee e, 72
Figure 4.4 SEM top-view and cross-sectional images of SnO> samples grown under the same
solvothermal conditions but with substrates oriented at (a,d) 45°, (b,e) 90°, and (c,f) 0°;
reproduced from Ref?? under CC BY 4.0......c.ooviviioieeieeeeeeeeeeeeeeeeeeee e 73
Figure 4.5 AFM images of SnO> nanostructures grown under solvothermal conditions with
substrates inclined at (a,d) 45°, (b,e) 90°, and (c,f) 0°; reproduced from Ref?*” under CC BY
B0 ettt h e bt h e a e n e et et et bt bt bt st e n e et et et e beebeeneeneenean 74
Figure 4.6 Top-view and cross-sectional SEM images of the SnO, NA morphology obtained
by varying the DI water-to-ethanol ratio: (a,b) 1:9, (c,d) 3:7, (e,f) 1:1, (g,h) 7:3, and (i,j) 9:1;
reproduced from Ref?? under CC BY 4.0......cooviviiiieeiieeeeeeeeeeeeeeeeeee e, 77
Figure 4.7 Top-view and cross-sectional SEM images of SnO> nanostructures grown on
different seed layers: (a,b) magnetron-sputtered SnO thin film, (c,d) spin-coated SnO>
nanoparticle layer, and (e,f) sol-gel-deposited SnO2 QD film; reproduced from Ref?*° under
COBY 4.0 ettt ettt b e bt bttt e s ettt et bt ne st ene 80
Figure 4.8 Top-view and cross-sectional SEM images of SnO2 nanostructures synthesized
using different acetic acid contents: (a,b) 6 mL, (c,d) 6.5 mL, and (e,f) 9.75 mL; reproduced
from Ref?? under CC BY 4.0 ..c.oovoviuiiiiieieteeceee ettt 81
Figure 4.9 Top-view and cross-sectional SEM images of SnO> nanostructures synthesized
using different growth durations: (a,b) 6 h, (c,d) 12 h, (e,f) 24 h, and (g,h) 12 + 12 h (two-
step approach); reproduced from Ref?*? under CC BY 4.0 ...c.ovvveveviiirieicreiieeeeeees 84
Figure 4.10 a) XRD patterns of the magnetron-sputtered compact ETL and SnO:
nanostructure and the b) J-V characteristics of devices prepared with and without oxygen

plasma-treated ETLs; reproduced from Ref?* under CC BY 4.0 ...cocvovvvivereiiiiiereieenene, 85

XV



Figure 4.11 The fully assembled device with the nanostructured ETL ...........cccccoieenenn. 85

Figure 5.1 Top-view and cross-sectional SEM images of a) ZnO and b) ZnO/MgO; EDS
spectra of ¢) ZnO and d) ZnO/MgO. Adapted from Ref2>? under CC BY 4.0..................... 95
Figure 5.2 AFM height-mode surface-roughness maps for (a) ZnO and (b) ZnO/MgO ETLs,
with RMS roughness statistics displayed in the inset. KPFM surface-potential images with
3D topography insets for ¢) ZnO and d) ZnO/MgO ETLs. Adapted from Ref?*? under CC
BY 4.0 ettt et ettt h e nae e 96
Figure 5.3 Box plots of the statistical distributions for the a) surface potential, b) peak-to-
valley Vcpp, ¢) RMS Vepp, and d) WF. Adapted from Ref?>? under CC BY 4.0................ 97
Figure 5.4 a) XRD patterns of the ZnO and ZnO/MgO thin films on FTO glass substrates;
UV-Vis b) transmittance and c) absorbance spectra; high-resolution XPS spectra comparing
Zn0O and ZnO/MgO samples: (d) Mg 1s, (e) Zn 2pi and 2p3s, (f,g) O 1s orbitals; UPS-
derived BE profiles showing the h) secondary Ecutoff and 1) valence band region for ZnO
versus ZnO/MgO. Adapted from Ref?>2 under CC BY 4.0......ccoovivviviieiiicieieeeeeeeeeee, 99
Figure 5.5 Schematic energy band diagram. Adapted from Ref?? under CC BY 4.0....... 100
Figure 5.6 Top-view and cross-sectional SEM images with accompanying particle-size
distribution histograms for (a, b) ZnO/CsPbl;Br and (c, d) ZnO/MgO/CsPbl,Br samples;
AFM height-mode and corresponding 3D images for (e) ZnO/CsPblBr and (f)
ZnO/MgO/CsPbl,Br samples, highlighting the surface-topography changes upon MgO
incorporation. Reproduced from Ref?>? under CC BY 4.0 ...cocveviiieveieeiiieieieeeeeeeieiens 102
Figure 5.7 a) XRD spectra of ETL/perovskite samples; photographs of devices aging for 72
h in b) a glovebox and c¢) ambient air (30% RH); top-view SEM images before and after PI
for the (d,e) control and (h,i) optimized samples; confocal photoluminescence maps before
and after PI for the (f,g) control and (j,k) optimized samples. Reproduced from Ref?>? under
COBY 4.0 ettt ettt et et h ettt sat bbbt et et saeeae 105
Figure 5.8 a) SCLC characteristics for EODs, showing trap-state density and electron

mobility extraction, b) J-V curves of champion PSCs with and without MgO layers, ¢) J-V
Xvi



hysteresis comparison of the control and optimized devices. Adapted from Ref?*? under CC
BY 4.0 ettt 108
Figure 5.9 The fully assembled a) control and b) optimized devices ...........ccecueveeruennnenne. 108
Figure 5.10 a) Box plots of the PV parameters for control and optimized devices, b) EQE

spectra with the corresponding integrated Ji. values. Adapted from Ref?*? under CC BY 4.0

Figure 5.11 a) The /-t and J-V characteristics of the control and MgO-incorporated non-
encapsulated devices were measured under ambient air conditions (=30% RH). The I-t
measurements were conducted at the maximum power point voltage determined from the
corresponding J-V curves, shelf-lifetime plots of devices b) without PI, and c) after PI test.
Adapted from Ref?*2 under CC BY 4.0......cocioiiiiiiiiieeieeeeeeeeeeeeeeeeeee e 112
Figure 5.12 SRIM-simulated depth profiles of protons and carbon ions in the PSC structure
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CHAPTER 1: INTRODUCTION

1.1 Renewable Energy

World energy consumption continues to steadily rise alongside the growing global
population. Although the adverse effects of relying on non-renewable energy sources,
including air pollution, climate change, resource depletion, and habitat destruction, are
becoming increasingly severe, renewable energy sources, such as solar, geothermal, wind,
and biomass, offer a sustainable alternative to fossil fuels. The International Energy
Agency’s Renewables 2024 — Global Overview! forecasts a ~60% rise in the consumption
of renewable energy across the sectors of electricity, heating, and transportation over the
next 6 years. This growth increases the proportion of renewables, which are expected to
contribute to approximately 20% of the final energy consumption, with solar and wind being
the primary drivers compared with 13% of the final energy consumption in 2023. Kazakhstan
is also demonstrating progress in moving toward cleaner energy sources, reporting? that the
country has 146 active renewable energy facilities with a total installed capacity of 2.9
gigawatts (GW) as of March 2024, including various wind, solar, hydroelectric, and biogas
power plants.

Solar energy stands out among various renewable sources because of its availability
and simple solid-state conversion into electricity. The Sun emits a massive amount of energy
approximately 3.86 x 10?® W * of which about 1.75 x 10'7 W3 is intercepted by the Earth.
The rest of the incoming solar energy is dispersed, reflected, or absorbed by clouds and the
atmosphere, without reaching the Earth’s surface. In one and a half days, the Earth’s surface
receives 1.7x10%22 J* of solar energy, which is equivalent to the energy produced by burning
three trillion barrels of oil. This highlights the enormous potential of solar energy, which far
exceeds the limited reserves of fossil fuels. Moreover, owing to notable advancements in
photovoltaic (PV) technology, solar energy tends to be the cheapest energy source.’

As of now, silicon (Si) solar cells maintain their dominance in the commercial PV
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market, given their mature manufacturing processes, decreased production costs of Si-
based solar cells resulting from the expanding market, and durability. Despite their
advantages, the indirect band gap of 1.1 eV® in Si-based solar cells limits efficiency,
preventing them from fully realizing their theoretical maximum, as described by the
Shockley—Queisser limit. Specifically, a power conversion efficiency (PCE) of 33.16% is
expected if the solar cell material has a bandgap between 0.93 and 1.61 eV range, achieving
the maximum efficiency at 1.34 eV.” Nevertheless, PV technology is continuously
improving, and new innovative materials for solar cells are being developed to surpass the
PCE limits of Si-based solar cells and adapt to more diverse applications. In recent years,
interest in perovskite solar cells (PSCs) has intensified owing ever-improving PCE, simple
manufacturing, and economic efficiency. Since their debut in 2009, PSCs have developed
rapidly, achieving energy conversion efficiencies comparable to conventional Si - solar
cells while promising much lower manufacturing costs. In April 2025, 26.95%® PCE was
reached through the collaborative efforts of Soochow University in China and the
University of New South Wales in Australia.

PSCs’ lightweight and flexible characteristics enable their use in various
applications beyond traditional rooftop installations. Their versatility enables seamless
integration into architectural elements (e.g., facades and windows), which is often referred
to as building-integrated PVs, as well as portable electronics and electric vehicles. These
attributes position PSCs as significant contributors to the advancement of renewable energy
technologies, particularly in areas where conventional Si-based PV's encounter limitations.
Although PSCs offer numerous advantages, they are vulnerable to environmental factors
such as humidity, heat, and UV radiation, which severely limits their lifetime and

reliability, inhibiting their widespread commercialization.

1.2 Problem Statement
PSCs represent a promising PV technology with high PCE, cost-effective fabrication, and
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tunable optoelectronic properties. However, their widespread adoption remains limited by
their stability issues, as perovskite material degrades under environmental conditions such
as moisture, heat, and UV exposure. Given the urgent global demand for reliable, low-cost,
and sustainable energy solutions, addressing the instability of PSCs is a critical step toward
their commercial viability and large-scale implementation. To address this, various
engineering techniques have been investigated. Among these approaches, interface
engineering has emerged as one of the most effective strategy because the interfaces strongly
influence charge carrier dynamics, energy level alignment, and defect formation, ultimately
improving charge transport, reducing recombination losses, and enhancing the device’s
overall stability. Optimizing these interfacial properties is essential for achieving high PCE
and ensuring long-term operational stability and reproducibility.

A critical component of PSCs is the electron transport layer (ETL), which facilitates
efficient electron extraction, minimizes charge recombination and influences interfacial
energy alignment. The overall effectiveness of the ETL depends not only on its intrinsic
properties, but also on its interfacial compatibility with the perovskite absorber. Choosing
an appropriate ETL is essential, because it directly affects perovskite film formation, energy
level matching, and charge transfer dynamics. An incompatible ETL can lead to poor film
coverage, increased trap-state density, and accelerated device degradation. While many
metal oxide ETLs offer desirable characteristics, such as high electron mobility and optical
transparency, their interfaces with perovskite layers often require further optimization to
suppress non-radiative recombination losses and ensure long-term operational stability.
Hence, understanding and engineering the interaction between the ETL and the perovskite
is fundamental to developing high-performance and durable PSCs.

Throughout this work, I undertook extensive experimental efforts to explore how
different ETL materials and structures interact with hybrid and all-inorganic perovskites.
Special emphasis was placed on developing and integrating 1D nanostructured ETLs, such

as vertically aligned nanorods. Another architectural approach involved the investigation of



an ultrathin interfacial layer between the ETL and absorber layer.

This research involved device fabrication, detailed material characterization, and

performance analysis. The findings from this study provide insight into the optimization of

ETL/perovskite interface, contributing to the advancement and commercialization of high-

efficiency and stable PSCs.

1.3 Research Questions
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Why is achieving a high-quality interface between the charge transport layer (CTL) and
perovskite absorber critical for the performance and stability of PSCs?

How can optimizing the interface between the CTL and perovskite layer improve charge
carrier dynamics and operational stability?

How can interfacial engineering strategies be used to enhance the long-term operational
stability of PSCs?

What strategies can be employed to control the growth and morphology of
nanostructured ETLs for PSC applications?

What is the effect of engineering different ETL-based heterojunction architectures on
the interfacial charge transport and recombination processes in PSCs?

What is the influence of incorporating ultrathin interfacial layers between the ETL and
perovskite absorber on interfacial energy alignment, film formation, and device
performance?

How do PSCs with engineered interfaces perform under different environmental

conditions?

1.4 Thesis Outline

The organization of the thesis is as follows:

R/
A X4

Chapter 1 introduces renewable energy technologies, outlines the problem statement

behind this research, and presents the overall objectives of the study.
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Chapter 2 reviews the evolution of solar cell technologies, discusses the background of
perovskite materials, and outlines the historical development of PSCs. It also highlights
key challenges and summarizes recent strategies aimed at improving stability and
efficiency.

Chapter 3 explain the experimental methodology of sample preparation, device
fabrication procedures, and characterization techniques employed throughout the study.
Furthermore, the results of advanced cross-sectional characterization are shown.
Chapter 4 presents a morphological study of ETL nanostructure for hybrid organic-
inorganic PSCs.

Chapter 5 investigates the effects of modified ETL by incorporation of thin interfacial
layer on the PV performance and stability of cesium-based PSCs.

Chapter 6 summarizes the key findings of the research, draws conclusions, and outlines

recommendations for future work.



CHAPTER 2: LITERATURE REVIEW

2.1 Development of Solar Energy

To date, PV technology has progressed through three generations, with first-generation solar
cells currently dominating the market (Figure 2.1). These cells are primarily composed of
mono and polycrystalline cells manufactured from silicon wafers. Their widespread adoption
is attributed to their high efficiency (15%—25%), stability, and long operational lifetime
exceeding 20 years.’ Despite significant advantages, first-generation PV cells face notable
disadvantages, which are mainly attributed to Si wafer production and processing.
Furthermore, conventional solar cells exhibit thermal sensitivity!? leading to efficiency
losses at elevated temperatures, thus impacting overall performance, particularly in high-
temperature operating environments

In pursuit of more cost-efficient solutions, the second generation of cells emerged,
focusing on thin-film technology comprising microcrystalline and amorphous Si, cadmium
telluride, and other materials. The fabrication of thin-film devices is based on the deposition
of PV materials onto rigid and flexible substrates composed of glass, plastic, polymer, or
metal.!! These cells are significantly thinner (1 pm) than first-generation solar cells (350
um).” Moreover, although this generation of cells achieved a lower PCE (10%-15%),
innovative low-temperature manufacturing techniques were developed and applied, which
reduced material waste and costs, and made solar technology more accessible. One of the
primary limitations of second-generation solar cells is light-induced degradation!? in
amorphous Si, which negatively impacts long-term stability and efficiency.

The leading edge of PV cells research is currently in its third generation,
encompassing a wide range of new materials and technologies, such as organic PV, dye-
sensitized solar cells (DSSCs), multi-junction cells, quantum dot (QD) solar cells, etc.” This
generation of cells is designed to achieve even lower manufacturing costs without
compromising the PCE. These new cells also aim to overcome the Shockley—Queisser limit

in single-bandgap cell configurations, with some experimental multi-junction setups



reporting up to 40%.!% Notably, third-generation technologies exhibit the fastest efficiency
improvement rate compared with their predecessors. However, a major challenge remains in
ensuring long-term stability, considering that many third-generation solar cells are
susceptible to degradation under regular environmental conditions. Thus, improving stability
and efficiency is the focus of ongoing research on these solar cells. One type of promising
solar cell that belongs to this generation is the PSC.
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2.2 Fundamentals of PSCs

2.2.1. Perovskite Structure and Composition
The term "perovskite" refers to a class of materials with ABX3 crystal structure (Figure 2.2),
exhibiting a unique three-dimensional crystal structure. This structure contains three main

components:



% A-site Cations: This large cation can be an organic molecule, such as
methylammonium (CH3NH3") and formamidinium (HC(NHz),"), or an inorganic ion
like cesium (Cs*), rubidium (Rb*), and potassium (K*).!*!> The A-site cations reside
in the cuboctahedral cavities of the corner-sharing BXs octahedral framework, where
they ensure charge neutrality and structural stability of the lattice.!*!° Based on the
number of A-site cations present in the crystal structure, perovskites can be classified
as single, double, triple, or quadruple A-cation perovskites.!*

% B-site Cations: The B cation is smaller than the A cation and is commonly a divalent
metal ion, most often lead (Pb**) or tin (Sn?").!* The choice of this metal impacts the
electronic band structure and charge transport properties of the material, which are
critical factors in determining the efficiency.?

% X-site Anions: The X-site anion consists of a halide ion such as iodide (I"), bromide
(Br), or chloride (CI").!"* These halide ions substantially affect the optical and
electronic properties of perovskite materials by altering the bandgap,?! which
significantly influences light absorption and overall efficiency in PV applications.
The ideal perovskite structure is cubic, where B-site cations exhibit sixfold

coordination, being surrounded by an octahedral arrangement of X-site anions.?

Meanwhile, the A-site cations are positioned in 12-fold cuboctahedral coordination.

Figure 2.2a illustrates the three-dimensional arrangement of the ABX3 lattice,

highlighting the spatial relationship among the A, B, and X ions and the overall symmetry

of the structure. Figure 2.2b shows a planar slice of the crystal, making it easier to
visualize the atomic arrangement and connectivity within a single layer of the perovskite
lattice. Finally, Figure 2.2¢ focuses on the unit cell, the smallest repeating unit of the
perovskite lattice, clearly showing the positions of the A, B, and X ions and their

coordination environments.



Figure 2.2 Illustrations of the a) 3D cubic perovskite material, b) 2D projection, and c)
unit cell structure; reprinted from Ref.?? with permission (Order Ne: 6030460337609)

Owing to their high structural tolerance, PSCs have easily tunable band gaps.?* This
characteristic reduces the need for strict lattice matching between subcells in solar cell
configurations, allowing greater flexibility in material selection. Perovskite structural

stability is frequently analyzed using the Goldschmidt tolerance factor, expressed as:?*

_ rat+TrB
\/Z(T‘A+Tx)

(2.1)
where 74, 3, and ryare ionic radiuses of the A cation, B cation and X anion, respectively. A
tolerance factor of 0.81 < ¢ < 12 ensures the formation of a three-dimensional metal halide
perovskite structure, preventing structural distortions or transitions into non-perovskite
phases. A tolerance factor exceeding 124 usually signifies an oversized A-site cation, which
generally prevents perovskite formation. Conversely, if 7 drops below 0.8, the A-site cation
may be undersized, often causing the structure to deviate into alternative non-perovskite

phases. Meanwhile, the tolerance factor of 124 represents an ideal perovskite structure, where

the ionic radii of the A-site, B-site, and X-site ions are perfectly matched.

2.2.2 Working Principle

A typical PSC consists of several layers that work together to generate electricity. The
structure includes five main components (Figure 2.3a):

% Transparent Conductive Oxides (TCO): Transparent electrodes efficiently collect

charge carriers while also functgioning as anti-reflective coatings to enhance light



absorption.”> Two common types of TCOs are indium tin oxide (ITO), consisting of
indium oxide (In2O3) doped with tin oxide (SnO>), and fluorine-doped tin oxide (FTO).
is widely adopted owing to high transmittance, high electrical conductivity, minimal
light absorption, and durability.” FTO exhibits low resistivity and offers greater
chemical, thermal, and mechanical stability compared to the ITO while also more cost-
effective in deposition.?®

% ETL: This layer collects photogenerated electrons from the absorber layer and transfers
them to the cathode. The choice of ETL material impacts the interfacial properties
between the electrode and the perovskite layer, influencing charge extraction and the
device’s overall performance.

% Perovskite Layer: This layer contains the main light-absorbing component. The strong
absorption capability of the perovskite across a broad range of wavelengths enables the
generation of high-density charge carriers.

% Hole Transport Layer (HTL): This layer facilitates the extraction of photogenerated
holes from the absorber and efficiently transports them to the anode. HTL material
choice greatly influences the interfacial properties, charge extraction, and overall solar
cell performance.

% Metal Electrode: This electrode serves as the back contact and is typically composed of
gold (Au), silver (Ag), copper (Cu), or aluminum (Al). Among these metals, Au is the
most commonly used because of its high work function (WF), high conductivity, and
chemical stability, although its high-cost limits scalability. Ag and Cu are considered
more cost-effective alternatives, but they pose challenges related to diffusion and
performance degradation in PSCs. Al is sometimes employed in inverted PSC
architectures.

The working principle of PSC is based on the PV effect, involving light absorption,
charge generation, charge separation, and charge collection, as illustrated in Figure 2.3b.

When sunlight strikes the absorber, photons with energy above the material bandgap are
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absorbed, exciting electrons from the valence band to the conduction band and creating
electron-hole pairs.?’” The absorbed photons generate free electrons and holes in the
perovskite layer, and these charge carriers can move independently owing to the material’s
unique electronic structure. The built-in electric field within the solar cell separates the
photogenerated electrons and holes preferentially, with electrons moving toward the ETL
and holes moving toward the HTL. Thus, electrons are collected at the cathode, while the
holes are gathered at the anode.?’” The flow of these charge carriers through an external circuit

produces an electric current.

Charge Transport Layer

Perovskite

Charge Transport Layer
Transparent Conductive Oxide

Figure 2.3 a) Basic PSC structure. b) PSC working principle; reproduced from Ref.?” under
Creative Commons CC BY 4.0

2.3 Historical Background

The original perovskite mineral, with the chemical formula CaTiOs, was first discovered in
1839 in mineral-rich deposits located in the Ural Mountains.?® The material was named in
honor of the mineralogist and statesman Lev A. Perovski.?’ Perovskite crystals exhibit a
hardness of 5.5 to 6 on the Mohs scale, making them moderately hard,?® and the density is
between 4000 and 4300 kg/m?, which contributes to their robust structural properties.?® The

other material characteristics are outlined in Table 2.1.

Table 2.1 Characteristics of perovskite material. Adapted from Ref 3° with permission
(Order Ne: 6030870755046)
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Bandgap 1.5-2.5eV

Absorption coefficient 10° cm™!

Exciton binding energy <10 meV

Crystallization energy barrier 56.6-97.3 kJ mol !

PL quantum efficiency 70%

Charge carrier lifetime >300 ns

Relative permittivity 3

Carrier mobility 800 cm? /V's

Carrier diffusion length >1 um

Trap-state density 10'%cm? (single crystals)
10'-10"7 cm? (polycrystalline)

In 1998, Mitzi et al?®' investigated the optoelectronic characteristics of hybrid
perovskites, and found pronounced excitonic properties, suggesting the material’s potential
for use in light-emitting diodes, transistors, and PV devices. The evolution of the PSC
architecture began in 2009 with the pioneering work of Kojima et al.*? on synthetic organic-
inorganic hybrid perovskite nanocrystals. This discovery represented a significant milestone
in PV technology because these nanocrystals exhibited potential as alternative light absorbers
and sensitizers. The liquid electrolyte DSSCs (Figure 2.4a) inspired the earliest PSC designs,
demonstrating  proof-of-concept  performance with  CH3;NH3Pbls/MAPbI;  and
CH3NH3PbBrs/MAPbBr3 structures achieving PCEs of 3.8% and 3.1%, respectively.®?
However, these DSSCs suffered from significant stability issues, primarily attributed to the
perovskite dissolution in the highly corrosive iodide-based electrolyte, severely restricting
the device’s stability and shelf-life to just a few minutes. These limitations highlighted the
need for a solid-state HTL, leading to the development of mesoscopic architectures with
solid-state charge transport materials (CTMs). In 2012, Kim ef al.** reached a PCE of 9.7%
and extended the shelf-lifetime to over 500 h under ambient conditions, using 2,2',7,7'-
tetrakis[ V,N-di(4-methoxyphenyl)amino]-9,9 - spirobifluorene (Spiro-OMeTAD)* as the
HTL (Figure 2.4b). Moreover, there was a notable enhancement in the short-circuit current
density (Js) and open-circuit voltage (V,.), further reinforcing the transition to fully solid-

state device architectures. At the same time, Li ef al.’® introduced a new architecture by
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replacing n-type TiO> with a mesoporous (mp) insulating Al2O3 layer. Notably, MAPbI:-
xClx deposited on mp-Al,O3 scaffold outperformed those fabricated on TiO,, achieving
10.9% and 7.6% efficiency, respectively. Considering the lack of an electron extraction layer,
this configuration was designated as a meso-superstructured solar cell.

As research in the PV area progressed, various architectural modifications of PSCs
were investigated and improved. Following the recognition of surface trap states in mp-TiO-
as a significant factor limiting performance, in 2013, Ball ef al®’ introduced a planar
heterojunction (PHJ) thin-film architecture incorporating a perovskite layer. This design,
commonly employed in PV technologies such, as organic PVs (OPVs), gallium arsenide
(GaAs), copper indium gallium selenide (CIGSe), and copper zinc tin selenide (CZTSe),
replaced mp-TiO2 with a compact n-type TiO; layer. A thin p-type Spiro-OMeTAD layer
also encapsulated the intrinsic perovskite layer, serving as a hole transport material (HTM)
(Figure 2.4c). The transition to a planar n-i-p architecture allowed for the fabrication of PSCs
at significantly lower processing temperatures, from 500 to 150 °C. Consequently, this
advancement in fabrication led to reduced manufacturing costs and enabled the possibility
of high-throughput printed electronics on flexible substrates. Moreover, the PHJ achieved a
high internal quantum efficiency (IQE), demonstrating that perovskite thin films can function
as intrinsic layers with long carrier lifetimes and extended diffusion lengths for both electrons
and holes.

In parallel, in 2013, Jeng ef al.’® identified the electron transport ability of [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) by fabricating a CH3;NH3Pbls/fullerene
absorber layer - based PHJ structure. By inverting the p- and n-type CTLs and effectively

reversing the carrier flow, the device achieved a PCE of 3.9% (Figure 2.4d).
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Figure 2.4 Evolution of perovskite-based solar cells. The earliest PSCs were adapted from a)
DSSC technology. b) Mesoscopic heterojunction in which the perovskite absorber is infiltrated
into a mp-TiO; scaffold and capped with a solid-state HTL. c) n-i-p PHJ thin-film architecture.

d) p-i-n PHJ thin-film architecture

At the same time, Burschka et al.’° discovered that solution-processable organic-
inorganic hybrid perovskites, such as CH;NH3;PbX; (X = Cl, Br, I), exhibited useful light-
harvesting properties in mesoscopic solar devices. Initially, absorber films were deposited
using a single-step fabrication technique. However, this method led to morphological
inconsistencies due to uncontrolled deposition, thereby limiting the device’s performance
and reproducibility. The two-step method was conducted by introducing Pbl, into an mp-
TiO; film and then transforming it into perovskite by exposing it to a CH3NHzsI solution.
This innovative fabrication technique enabled better control over the perovskite formation,
providing a uniform morphology and superior device reproducibility. Thus, PCE of 15 %
was observed for the champion device, employing the sequential deposition technique in

solid-state PSCs.
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In 2014, Im et al.*® employed a two-step solution process to fabricate MAPbI3-PSCs.
They achieved 17% PCE for the champion device by adjusting the size of the perovskite
cuboids to optimize the light-collection and charge transfer efficiency. Their findings
revealed that cuboid size was influenced by the concentration of the methylammonium
iodide (MAI) solution and the exposure time of Pbl> to MAI before spin-coating. One of the
earliest demonstrations of nanostructured ETLs in PSCs was presented by Dong et al.,*! who
adapted DSSC technology, namely growing vertically aligned ZnO nanowire arrays** on a
seed layer and applied it to PSCs. However, the developed architecture suffered significant
recombination losses at the ZnO/CH3NH;3PbI; interface, highlighting the need to modify the
structure. Thus, ZnO was doped with Al, demonstrating increased electron density and faster
electron mobility. As a result, the optimized nanostructured architecture (Figure 2.5a)
resulted in an average PCE of 10.07 %, compared with 8.5 % for the control devices. Later,
Loper et al.* introduced the first perovskite/silicon tandem solar cell (Figure 2.5b). A four-
terminal architecture, consisting of a CH3NH3Pbl; top cell and crystalline silicon (c-Si)
bottom cell was employed to leverage their complementary bandgaps for enhanced light
harvesting. The tandem cell achieved a combined efficiency of 13.4% under simulated
sunlight, with 6.2% from the perovskite cell and 7.2% from the c-Si cell.

In 2015, Wang et al. * introduced the first bulk heterojunction (BHJ) hybrid PSCs
to address the imbalance in charge carrier diffusion lengths in planar devices (Figure 2.5c).
By blending perovskite materials with fullerene derivatives, the BHJ structure enlarged the
interfacial area, improving charge carrier extraction and reducing recombination losses. This
approach achieved a record fill factor (FF) of 86.7% while also demonstrating a 22%
improvement in PCE compared with the planar architecture. Meanwhile, the work on
mesoporous architectures continued; Giordano et al.* enhanced the electronic properties of
the mp-TiO> layer by introducing lithium (L1i), resulting in a high efficiency of 19.3%. The
optimized structure exhibited enhanced electronic properties and faster electron transfer,

attributed to reduced electron traps. This modification significantly minimized the hysteresis
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loss, reaching a value of less than 0.3%. At the same time, Yang ef al.*® replaced the MAPbI;
absorber layer with FAPbIz, discovering that substituting methylammonium (MA) with
formamidinium (FA) led to an enhanced PCE of 20.1%. Although these architectures
demonstrated high performance, exceeding 20% PCE, the reliance of PSCs on daylight
operation highlighted the necessity for alternative energy storage solutions, including solar
fuel production, which demands substantial potential energy. Heo and Im*’” developed hybrid
tandem PSCs using a lamination fabrication technique, integrating single-junction MAPbBr3
and MAPbDI3 planar solar cells (Figure 2.5d). When light illuminates the device, weakly
bound electron-hole pairs or free charge carriers are generated in both the MAPbBr3; and
MAPDI; absorber layers. In the MAPbBr3 front cell, electrons move to the blocking (bl-TiO»)
electron conductor, while holes are transported to the poly-3-hexylthiophene or poly- (triaryl
amine) (PTAA) HTL. Similarly, in the MAPDI; back cell, electrons are transferred to the
PCBM electron conductor, and holes move to the PEDOT:PSS hole conductor. The PTAA-
based tandem configuration exhibited a V. of 2.25 V, a Jic of 8.3 mA cm™2, an FF of 56%,
and a PCE of 10.4%. The following year, Li et al.*® developed PSCs based on the
FAo31MAo.15Pbl> 51Bro 45 absorber layer using the vacuum flash-assisted solution fabrication
technique. During that period, when the record efficiency of similarly sized PSCs was 15.6%,
Li et al.*® reported a remarkable efficiency of 20.5% (certified PCE of 19.6%) for devices
with an aperture area larger than 1 cm?. Simultaneously, Bi et al.** developed a new method
to fabricate perovskite films. During the perovskite spin-coating deposition, poly (methyl
methacrylate) was introduced in chlorobenzene (CB)/toluene solution, acting as a structural
support, which facilitated the nucleation of tiny perovskite crystals and directed their
subsequent growth, leading to a more uniform and high-quality film formation. Utilizing this
approach, a certified 21.02% PCE was achieved. In 2017, Yang et al.>® studied the impact of
defect states on the performance of PSCs with FA-based multiple cations and mixed halide
anions. They introduced additional iodide ions during perovskite layer formation, which

lowered the number of deep-level defects through an intramolecular exchange process. This
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defect-engineering approach resulted in PCEs of 22.1% in small-scale PSCs and 19.7% in 1
cm? devices. Rajagopal et al.>! introduced a novel approach to defect passivation in PSCs by
implementing a graded heterojunction (GHJ) structure (Figure 2.5¢), which they compared
with PHJ and BHJ PSCs to evaluate their performance. The incorporation of fluoroalkyl-
substituted fullerene in the CH3NH3PbosSnosl; perovskite layer effectively reduced trap
states and improved charge carrier recombination resistance. As a result, the GHJ PSCs
achieved an average PCE of 15.18% with a V,. of 0.87 V. The devices with PHJ architecture
exhibited 11.02% PCE and 0.68 V of V,.. While the BHJ structured devices demonstrated
the lowest efficiency, with a PCE of 7.37% and a V,. of 0.57 V. These results underscore
the superiority of the GHJ architecture, highlighting its potential for enhanced charge
extraction and improved PV performance. In 2018, Yang et al.>? fabricated planar PSCs
with an ETL comprising ethylene diamine tetraacetic acid complexed SnO;. The better Fermi
level alignment with perovskite and threefold higher electron mobility than SnO; led to a
record PCE of 21.60% (certified 21.52%) with negligible hysteresis for planar PSCs, and
18.28% PCE for flexible devices. Meanwhile, the PCE of single-junction PSCs further
increased to 23.7%,%} attaining a high ¥, closer to the bandgap by tailoring a high-quality

perovskite layer that minimized recombination losses.
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In 2019, Jiang et al.>* demonstrated the effectiveness of phenethylammonium iodide

post-treatment in FA1.xMAxPbls-based PSCs, resulting in higher-efficiency planar PSCs with

a certified PCE of 23.32% and a V,.of 1.18 V. A record efficiency of 25.2%? for single-

junction PSCs was achieved in 2019 through a collaboration between the Korea Research

Institute of Chemical Technology and the Massachusetts Institute of Technology. In 2020,

Jeong et al.>® presented an anion engineering strategy, incorporating the pseudo-halide anion
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formate (HCOQO") to suppress anion-vacancy defects at grain boundaries and film surfaces,
enhancing perovskite crystallinity. The demonstrated fabricated devices with a PCE of

25.6% and long-term operational stability exceeding 450 h. In 2021, Feng et al.>®

reported
an advanced vacuum deposition technique designed for large-area device fabrication,
successfully depositing perovskite films on 400 cm? glass and 300 ¢cm? flexible substrates.
Considering the temperature sensitivity of PSCs, the authors incorporated a low-temperature
annealing process at 60°C, resulting in a PCE of 21.32%, the highest reported result for
vacuum-deposited PSCs. A research team at Ulsan National Institute of Science and
Technology achieved a record PCE of 25.8%8 with a V,. of 1.1797 V, a J of 25.77 mA
cm 2, and an FF of 84.9% in 2022, marking a significant advancement in high-performance
perovskite PVs. In 2023, Japan Electrical Safety and Environment Technology Laboratories
certified a 26.0%® efficiency for a small 0.07 cm? PSCs fabricated by the Institute of
Semiconductors, Chinese Academy of Sciences. Later, Xu et al. from the University of
Science and Technology of China achieved a certified 26.1%8® PCE for inverted PSCs and
subsequently enhanced the record to 26.7%® PCE in 2024. The rapid efficiency
improvements in PSC technology over the past 12 years highlight its disruptive potential in
the PV field. The latest world-certified record of 26.95%3 from the collaboration between
Soochow University and the University of New South Wales brings PSCs within 0.35% of
Si solar cells. With low-cost fabrication, lightweight and flexible design, and advantageous

low-light performance, PSCs present a highly promising complement for scalable and

diverse solar energy applications.

2.4 Current Limitations in PSCs

PSCs have significantly progressed in a short period. However, some critical issues must be
solved before they can be widely implemented. Key concerns include poor long-term
stability, interfacial and perovskite layer defects, difficulties in scaling up to large-area

fabrication, and the toxicity of certain constituent materials.
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2.4.1 Toxicity

Lead (Pb) played a significant role in advancing PSC technology. While it has been a
cornerstone in the rapid rise of PCE over the years, the toxicity of Pb-based materials remains
a challenge and poses serious environmental and public health concerns. There are many
ways Pb compounds can enter the human body: through ingestion, respiratory tract, and skin
contact. Pb primarily targets the central nervous system; owing to its ionic affinity, Pb*" can
mimic calcium ions (Ca®") and cross the blood-brain barrier.’” After accumulating in neural
tissue, Pb can cause oxidative stress and genetic damage. In addition to its neurotoxicity, Pb
is gradually deposited in the skeletal system as lead phosphate, where it can persist for
decades with a biological half-life of 20-30 years. Long-term exposure to Pb, even at low
concentrations of 5ug dL!, has been linked to cognitive impairment, motor skill
deficiencies, and behavioral issues such as anxiety, depression, and aggression.>’=%
Additionally, evaluating the Pb density in PSCs is important for understanding the possible
effects on the environment. The thickness of the perovskite layer in the PHJ device is around
500 nm. Thus, the estimated lead content for MAPbI3, FAPbIz, and CsPblz devices is
approximately 0.066, 0.067, and 0.077 mg/cm?, respectively.!> Nonetheless, commercial Si
solar cells contain 0.61 mg/cm?"> of lead material in the solder, exhibiting a substantially
higher Pb content than PSCs. In addition, to address toxicity in solar cells, the Pb-free
alternatives have been investigated by incorporating substitute cations such as germanium,>
tin,®® and bismuth.°!

Solvent engineering is also commonly employed to optimize the formation of
uniform perovskite films with enlarged grain sizes. However, typical solvents, such as N, N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and v-butyrolactone pose
significant risks to human health and the environment.®>%* The combination of DMSO and
DMF solvents is generally used in the perovskite precursor solution, where DMF offers high

solubility for lead iodide (Pbl2), and DMSO functions as a coordinating ligand, forming
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stable complexes with Pb?" ions owing to its strong coordination ability.®> Among the
solvents commonly used in the fabrication of PSCs, DMF is the most hazardous, because it
can be readily absorbed through the skin or inhaled, posing serious health risks. Continued
exposure to DMF can lead to liver toxicity, dermatological irritation, and neurological
symptoms such as migraine attacks, distress, and nausea.’*® The implementation of
environmentally friendly solvents is necessary to reduce the toxicity during the fabrication
process, contributing to safer working conditions. Xie ef al.%® replaced DMF with green
solvent y-valerolactone in the preparation of quasi-two-dimensional Dion—Jacobson (quasi-
2D DJ) PSCs. Remarkably, despite replacing the primary solvent with a green alternative,

the fabricated devices demonstrated a record 17.99% PCE for quasi-2D DJ PSCs.

2.4.2 Scalability
Fabricating high-efficiency PSCs requires accurate control of the morphology and crystal
structure of the absorber layer. Lab-scale devices with small active areas have achieved PCEs
exceeding 25% in controlled environments, but scaling up to large-area modules frequently
results in significant performance losses. The current manufacturing technologies, such as
spin-coating, are effective for small-scale PSCs; however, their low reproducibility and
incompatibility with industrial roll-to-roll processes make them unsuitable for mass
production.®” Thus, successful device scaling and commercialization necessitate further
advancements, to ensure consistent film coverage over large areas, material compatibility
with various substrate types, and reproducibility. This has prompted research into scalable
techniques such as slot-die coating,%® vapor deposition,*® and hybrid solvothermal methods
that produce uniform single-crystalline titanium dioxide layers. Figure 2.6 demonstrates
solution-based fabrication techniques:
a) Spin-coating’® is the most prevalent method for depositing high-quality, uniform thin
films in research and small-scale manufacturing. In this process, a small volume of

precursor solution is dropped at the center of a substrate, which is then rotated at a specific
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speed. Centrifugal forces drive the liquid outward, producing a smooth and self-leveling
film. The film thickness is defined by the spinning rate and solution viscosity.

b) Doctor blade coating’® represents a highly efficient deposition method suitable for large-
area and flexible substrates, and is compatible with high-throughput, continuous
manufacturing. First, the precursor solution is distributed on the substrate. Then, the blade
coater moves across the surface and spreads the solution to create a wet film, the thickness
of which depends on the gap between substrate and blade, the deposition speed, and the
coating material characteristics.”!

¢) Screen printing’? offers a cost-effective, rapid, and adaptable method for depositing films
onto nearly any surface. The method employs a mesh screen resembling a stencil into
which the desired pattern is inscribed. A precursor solution is poured to the top of the
mesh, and a rubber blade, known as a squeegee, is swept across the screen multiple times,
forcing the material through the mesh apertures onto the substrate. This technique is
primarily used in the deposition of Ag electrodes in c-Si solar cells, where its precision
and throughput enable robust contact definition over large areas.””> Additionally, mp-TiO;
has been screen-printed to obtain a uniform film in DSSCs."?

d) Slot-die coating”® is a continuous deposition method suitable for large areas and roll-to-
roll manufacturing. In this method, a controlled flow of precursor solution is injected
through a narrow slit onto a moving substrate, creating a uniform wet film whose
thickness can be adjusted by varying the flow rate, substrate speed and slit configuration.
The slot-die coating method is efficient, offering maximal material utilization and
minimal solution waste compared with spin-coating and screen printing deposition
techniques.”

e) Inkjet printing is a digitally controlled deposition technique that creates high-resolution
patterns up to 1200 dpi.”* The print head produces tiny droplets of precursor solution and
deposits them onto the substrate. This printing method can be classified into three

categories: continuous inkjet, drop-on-demand (DOD), and field- or flow-induced tip
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streaming techniques.” DOD is suitable for the fabrication of solar cells. The working
principle” includes the formation of each droplet by mechanical compression of the ink
through the piezoelectric nozzle or by transiently heating the ink, after which it is
electrically charged and directed toward the surface via an applied field. Compared with
other deposition techniques, inkjet printing has emerged as a leading solution-processing
method for scalable PSC fabrication, mainly owing to its versatility with diverse
substrates and solvent chemistries.”® Additional advantages include high production
speed, affordability, and material efficiency.”’

f) Spray coating enables uniform, large-area deposition of functional thin films on various
substrates. A precursor solution is deposited onto a substrate by atomizing it into droplets
with an inert carrier gas.”® The techniques can be categorized based on the atomization
method, including thermal spray, plasma jet, flame spray, and arc discharge spray.’® The
resulting wet-film thickness depends on the spray speed, nozzle opening (or piezoelectric

head area), ink consistency, and solvent volatility.

@_l_§\m

b) Doctor blading c) screen printing

a) Spm coating ' O ‘

d) Slot-die coating e) inkjet printing

f) Spray coating

Figure 2.6 The main solution-based deposition techniques used for preparing perovskite
absorber layers. Reproduced from Ref.”” under CC BY 4.0

2.4.3 Factors Affecting the Long-Term Stability of PSCs
The degradation of device performance can be attributed to intrinsic and extrinsic fragility.
Intrinsic factors®® include the chemical and structural vulnerabilities of the perovskite

material. Ion migration, thermal decomposition, and phase transitions, especially under
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prolonged exposure to high temperature, light, and electric fields, negatively affect the
operational stability and PSC performance. For instance, MAPbIl; decomposes under heat
stress into its primary components: Pbl, and MAIL3! In CH3;NH3Pbls-based PSCs,
decomposition occurs at temperatures between 100 and 140 °C, which further intensifies
with increasing temperature.®? The sensitivity of organic-inorganic perovskites to
illumination leads to significant photodegradation. In MAPbI; illumination with white light
initiates a series of chemical reactions, some irreversible, that promote the release of volatile
byproducts, including CHsl, NH3, and Pbly, as well as reversible reactions producing MA*,
Pbl,, and HI.®? In contrast, mixed halide perovskites undergo halide segregation, resulting in
the formation of iodine-rich and bromine-rich domains.?* Although this segregation may be
reversible in a controlled environment, it disturbs the crystal lattice, facilitates ion migration,
and reduces charge carrier transport efficiency, ultimately compromising the performance
and stability of the device.

Extrinsic factors®® encompass environmental stressors (e.g., moisture, oxygen, and
UV light) and device-level imperfections such as interfacial defects and the properties of
CTLs. Poor-quality interfaces can introduce energy mismatches and trap states®, whereas
hygroscopic or UV-sensitive CTLs (e.g., Spiro-OMeTAD and TiO;) may act as pathways
for moisture ingress or ion diffusion. These extrinsic vulnerabilities accelerate degradation

mechanisms, further reducing device stability and performance.

2.5 Strategies for Enhancing the Stability of PSCs

Given the wide range of intrinsic and extrinsic factors that reduce the stability of PSCs,
significant research efforts have been devoted to developing effective mitigation strategies,

including compositional engineering, interfacial engineering, and encapsulation techniques.

2.5.1 Compositional Engineering

One key approach is compositional engineering, which focuses on modifying the intrinsic
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characteristics of the perovskite material by selecting and substituting A-, B-, or X-site
ions.3* The A-site cation in halide perovskites is critical in determining the stability of PSCs
and optoelectronic performance. For instance, MA*-based perovskites offer strong
optoelectronic properties but are limited by thermal instability. To address this, the
substitution of MA* with FA* improves thermal stability and narrows the bandgap. However,
this improvement is constrained by the weak structural stability of the black a-phase, which
can spontaneously transform into the non-photoactive yellow d-phase at room temperature
which is accelerated by exposure to ambient humidity.®® The incorporation of small ions
(e.g., Cs*, MA, and Br) contributes to the stabilization of a-phase FAPblz and improves
thermal and moisture resistance.®%” However, such mixed perovskites are susceptible to
phase segregation, negatively affecting durability. B-site cations often comprise Pb and Sn
components. Pb-based PSCs have high PCEs but raise significant environmental and toxicity
concerns. Sn-based perovskites represent an environmentally friendly Pb-free alternative,
but their susceptibility to oxidation limits their practical applications.®* Compositional
modification of the X-site anions influences the band gap and phase stability.*} For instance,
partial or full substitution of iodide with bromide or chlorine results in a wider band gap,
which is advantageous for use in tandem solar cells.®* Overall, compositional engineering
often involves significant trade-offs, where each modification may enhance specific

properties while simultaneously revealing new weaknesses in the material.

2.5.2 Interfacial Engineering

CTLs and interfaces play pivotal roles in determining the performance of solar cells because
they directly impact both efficiency and overall device functionality. When the perovskite
layer absorbs photons, it generates electron-hole pairs. The interface between the absorber
layer and CTL facilitates efficient exciton separation, enabling effective charge extraction
and transport within the device. For this reason, interfaces are carefully engineered to

suppress charge carrier recombination, enabling electrons and holes to efficiently reach the
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ETL and HTL. In addition, careful selection of CTMs is important for enhancing the quality
of heterojunction contacts. Interface engineering provides four primary benefits to PSCs.
@ Defect Passivation
First, interfacial engineering effectively passivates defects at the interfaces between the
CTLs and the perovskite absorber. Usually acting as trap states, these interfacial defects
include under-coordinated metal sites and oxygen or halide vacancies.®® Such trap states
promote trap-assisted recombination, significantly reducing the efficiency and stability of
PSCs. Therefore, interfacial engineering mitigates these recombination pathways by
reducing the number and impact of these defects. The thermal and operational stability of
devices is also greatly improved by adding passivation layers, which operate as protective
barriers and successfully shelter perovskite materials from environmental factors like
moisture, oxygen, and UV radiation. Moreover, defect passivation is a promising strategy
for effectively enhancing the V,. and Ji. parameters. In 2023, Sun ez al.® studied the effect
of choline chloride (CHCI) passivation on Pb*" ion defects at the buried interface of the
absorber layer. The CHCl-modified device achieved a Vo of 1.121 V, Jic 0f 24.18 mA cm,
FF of 81.53%, and PCE of 22.10%. In comparison, the reference device exhibited lower
performance, with a V,. 0of 1.088 V, J,.0f23.51 mA cm2, FF of 78.35%, and PCE 0f 20.04%.
Self-assembled monolayers (SAMs) serve as effective passivation layers, enhancing
device stability and performance. SAMs are organic molecules that spontaneously organize
into ordered, uniform monolayers on substrate surfaces.”® This self-assembly provides a
controllable interface between the perovskite absorber and adjacent functional layers,
enabling optimized interfacial properties and reduced interfacial defects. Dai et al.!
incorporated an iodine-terminated SAM at the interface between the absorber layer and ETL.
This treatment resulted in a 50% increase in interfacial adhesion toughness, significantly
improving the mechanical reliability of the device. Moreover, the treatment increased the
PCE from 20.2% to 21.4% by efficiently reducing hysteresis. SAMs are also widely used for

tandem PSCs. Al-Ashouri et al®? introduced SAMs in monolithic CIGSe/perovskite
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architecture, reaching 23.26% PCE. This approach demonstrated a cost-effective strategy for
fabricating all-thin-film tandem solar cells.

(II)  Energy Level Alignment

Second, interface optimization is key in aligning the energy levels at the CTL/absorber layer
interface to enable efficient charge extraction and transfer. When the interfacial energy
barrier exceeds 0.1 eV, it hinders carrier extraction.”® Furthermore, the barrier can lead to
charge accumulation at the interface, thereby increasing recombination losses. Proper
interface modification ensures favorable band alignment, thereby facilitating smooth charge
transport across the CTL/perovskite junction and improving overall device performance. For

1.7* applied interfacial engineering to improve the band alignment of the

example, Lee et a
ETL/perovskite layer interface. The authors deposited dual-coated SnO> on the mixed halide
perovskite, decreasing the band gap from 4.38 eV (single-coated SnO;) to 4.03 eV.
Furthermore, the device with dual-coated ETL demonstrated an increased PCE from 18.07%
to 19.23%.

Ionic liquids (ILs) are characterized by high optical transparency and excellent
electron mobility. Yang et al.®> incorporated an IL on the ETL surface through spin-coating,
adjusting the WF of TiO> from 4.26 to 4.01 eV. Meanwhile, Xiao et al”® introduced
hydrophobic metal-organic frameworks (MOFs) as interfacial layers between the absorber
and HTL layers. Rich in carboxylic groups, the tailored MOFs effectively passivated
interfacial defects, suppressed non-radiative recombination, and improved energy level
alignment for efficient carrier transport. As a result, CsSFAMA-based PSCs (1.63 eV) reached
a PCE of 23.06%, whereas FA-based PSCs (1.55 eV) achieved 24.81% with an outstanding
FF of 84.3% and minimal voltage loss (0.386 V).

(IIT) Enhanced Quality of Perovskite Film
Third, interfacial engineering improves the morphological quality of the perovskite film.

Introducing a buffer layer enhances the surface wettability of the CTM, resulting in more

uniform, dense perovskite films with fewer defects.”®> Wang ef al.’” incorporated a sodium
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dodecyl benzene sulfonate (SDBS) film between the absorber and NiOx HTL, confirming a
positive impact on the surface wettability. Additionally, they demonstrated the formation of
uniform, fully covered perovskite films with enhanced crystallinity and enlarged grain sizes.
SDBS-passivated devices reached a champion PCE 0f 20.15% and Vo of 1.124 V. In another
paper, Han et al.’® passivated a ZnO ETL using SAMs and effectively regulated the
wettability of the perovskite precursor solution on the ETL, leading to improved crystallinity
of the perovskite film. The reference sample demonstrated a 135 nm average perovskite grain
size. In contrast, the SAM-passivated sample demonstrated a significantly larger particle size

of approximately 180 nm.

2.5.3 Encapsulation Techniques

Encapsulation is used to protect PSCs from environmental degradation caused by humidity,

oxygen, and light exposure. The following approaches are the most commonly employed for

encapsulating PSCs:

() Thin-film Encapsulation®

This approach involves depositing ultra-thin protective layers directly onto the PSC
surface to form an effective barrier against environmental deterioration. Standard deposition
methods are outlined here.

% Atomic Layer Deposition (ALD): Highly dense and pinhole-free encapsulation layers can
be fabricated by accurately regulating the film thickness and homogeneity.” Al,Os is the
most commonly used encapsulation material.”®-!%

% Chemical Vapor Deposition: Conformal coatings can be deposited on complex and
irregular surfaces, presenting a promising approach for encapsulating flexible PSCs.
Silicon nitride (Si3N4) and silicon dioxide (Si0) are widely applied.

% Solution-processed Thin Films: Solution processing offers a cost-effective encapsulation
approach, where barrier layers are deposited from solution-based precursors using spin-

coating or printing methods.!°!
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(I1) Edge Encapsulation3+!0

Although thin-film encapsulation effectively protects the top surface of PSCs, the device

edges often remain exposed to environmental contaminants. For this reason, edge-sealing

techniques have been developed to prevent moisture and oxygen ingress from the sides,
which can significantly compromise device stability.

% UV-curable Epoxies:3*'** These materials are applied along the edges of the device and
cured under UV light to form a robust and moisture-resistant seal.

% Glass Frit Sealing:3*'%* The device edges are coated by a glass frit paste, which is then
melted through thermal processing to form a hermetic seal. Although this encapsulation
method provides an effective barrier, high processing temperatures make it less suitable
for flexible substrates.

% Laser Sealing:®* Localized laser energy is used to melt and bond sealing materials at the
device edges with high precision. This method enables fine control over sealing
dimensions and is suitable for both rigid and flexible substrates, making it a versatile
choice for modern PSC designs.

(IIT) Other Encapsulation Strategies

% Monolithic Encapsulation:®* Fabrication complexity is reduced by integrating the
encapsulating layer into the device architecture during the fabrication process. Thus, the
encapsulation does not involve additional steps.

% Thin Glass Encapsulation:**''°>'92 Thin glass sheets are used to create a barrier against
environmental stresses. Glass is considered an efficient and industrially attractive
encapsulation material because it is easy to clean. However, the device edges may remain
partially vulnerable because imperfect sealing can allow moisture ingress.!%

* Barrier Films and Desiccants:** Incorporating both barrier films and desiccants into the
encapsulation package provides an effective strategy to protect PSCs from moisture.
Barrier films prevent external moisture from entering the device, while the desiccants

absorb any remaining humidity that may still penetrate, offering an added layer of
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protection.

¢ Grain Encapsulation:'°" Polystyrene-co-polyacrylonitrile is employed as an effective
polymer-based encapsulation material to coat perovskite grain boundaries. Encapsulated
MAPDI; devices demonstrated high stability and maintained 95% of their initial efficiency

after 24 h of aging at 100°C.!%
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CHAPTER 3: METHODOLOGY AND CHARACTERIZATION
TECHNIQUES

3.1 Materials

FTO-coated glass substrates (2 % 2 cm) were supplied by OPV Tech, China.
Methylammonium chloride (MACI, > 99%) was purchased from Merck, Germany. Zinc
oxide ink solution (ZnO ink, 2.8%) was purchased from Infinity PV, Denmark. Acetone (>
99.5%, ACS grade), PCBM, and Spiro-OMeTAD (> 99.5%) were supplied by Lumtec,
Taiwan. Glacial acetic acid was supplied from Fisher Scientific, USA. Special Cleaning
Concentrate Hellmanex™ III, tin (IV) chloride pentahydrate (SnCls-5H>0, 98%), sodium
bromide (NaBr), 2-methoxyethanol (CH3OCH,CH,OH, 99.3%), magnesium acetate
tetrahydrate ((CH3COO):Mg - 4H>0, 99%), ethanolamine (ETA, 99%), tin (II) chloride
dehydrate (SnCl>-2H>0, > 99.995%), cesium iodide (Csl, 99.9%), lead (II) iodide (Pbly,
99.999%), lead (II) bromide (PbBr2, 99.999%), potassium iodide (KI), 4-tert butylpyridine
(TBP, 98%), bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, 99.95%), CB (99.8%,
anhydrous), isopropanol (IPA, 99.5%, anhydrous), DMSO (99.9%), and DMF (99.8%), were
purchased from Sigma Aldrich, USA. Formamidinium iodide (FAI), methylammonium
bromide (MABr) were purchased from Greatcell Solar Materials, Australia. Silver
conductive paint was supplied by Electrolube, UK. SnO> colloidal dispersion (15 wt% in

H-0) was purchased from Alfa Aesar, UK.

3.2 Device Fabrication

The device fabrication procedures are highly tailored to each experiment. Differences in
material choice, layer structure, and device architecture require specific processing
conditions, including deposition, thermal treatment, and interface engineering variations.
Given that this thesis focuses on the interface between the ETL and the perovskite layer, the
HTL deposition procedure was kept consistent across all experiments. The cleaning process

was also standardized to ensure a reproducible and contaminant-free initial surface. The
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detailed experimental protocols for the PSC structures investigated in this work are presented

in Chapters 4 and 5.

3.2.1 Cleaning Procedure

The substrate cleaning procedure is the first step in device fabrication. FTO-coated glass
substrates were gently wiped with a disposable wiper soaked in IPA, followed by drying
under a nitrogen stream. Subsequently, the substrates were immersed in a detergent solution
consisting of 2 vol% Hellmanex III diluted in deionized (DI) water and sonicated in an
ultrasonic bath for 15 min. Following this, the substrates were periodically immersed in fresh
DI water baths, followed by sequential ultrasonic cleaning in acetone and then in IPA
solution, each for 15 min. This acetone/IPA cycle was repeated once more time to ensure the
complete removal of organic and particulate contaminants. The cleaned substrates were dried
with nitrogen and sent to the UV-ozone cleaning system for 30 min to remove residual

surface impurities and enhance wettability.

3.2.2 HTL Deposition

The preparation of the HTL precursor solution involved two main steps. First, 80 mg of
Spiro-OMeTAD was dissolved in 1 mL of CB and stirred for 10 min. Subsequently, 29 pL.
of TBP and 18 pL of Li-TFSI were added to the solution, followed by an additional 10 min
of mixing. The HTL was deposited on a perovskite film by spin-coating at 3000 rpm for 30

S.

3.2.3 Au Contact Evaporation

Gold electrodes were deposited using a Kurt J. Lesker thermal-evaporation system with a
base pressure of 1x1077 Torr. Substrates were mounted on a rotating stage and masked to
define active areas of 0.06 cm?. Deposition continued until a nominal thickness of 70 nm was

reached.
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3.3 Material Deposition Equipment

During sputter deposition atoms or molecules are ejected from a solid target and
subsequently transported through a low-pressure gas and condensed onto a substrate.
Sputtering was performed using a Kurt J. Lesker magnetron sputterer, Germany (Figure 3.1).
The operating principle involves applying a high voltage across two disks: a negatively
biased target (cathode) and a substrate (anode), separated by a few centimeters.'’ An inert
gas is introduced at pressures ranging from 1 to 100 mTorr between the electrodes!'%.
Electrons liberated from the target surface initiate a cascade ionization in the gas, creating a
dense plasma of electrons and positive ions. The plasma remains electrically neutral and
conducts electricity well, resulting in a minimal voltage drop across it. The voltage drop
occurs across the narrow “dark space” areas between the plasma and each electrode.!% The
negatively charged target draws positive ions from the plasma boundary, causing them to
collide with the target with enough energy to dislodge neutral atoms or molecules through
energy transfer. As atoms are ejected from the target toward the substrate, they collide with
many gas atoms or molecules that redirect them and result in a loss of energy.! By
calibrating the distance between the target and substrate, the atoms arrive at the substrate
surface from randomized angles, leading to a consistent film thickness over a nonplanar
surface.!%

In this work, an SnO; thin film was sputtered using a 99.99 % pure SnO> ceramic
target. The deposition procedure was conducted in a pure argon atmosphere at a working

pressure of 5 x 107 Torr, reaching uniform film thicknesses of approximately 10 nm.
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Figure 3.1 Magnetron sputtering instrument

Thermal evaporation is an established and cost-effective technique for applying high-
quality thin films in a vacuum environment. Common materials like aluminum, nickel, tin,
iron, silver, gold, and platinum are often evaporated using this method.!?” In this work, gold
contacts were deposited using a Kurt J. Lesker thermal evaporator, Germany (Figure 3.2).

Evaporation begins when the source material atoms or molecules acquire sufficient
kinetic energy to break their intermolecular bonds and enter the vapor phase. Elevating the
material temperature raises its vapor pressure, which increases the evaporation rate. The
chamber is evacuated to high vacuum (approximately 10 Torr) using a turbomolecular
pump supported by an oil-sealed roughing pump.!®® Sample loading and unloading are
performed manually, while material deposition can be conducted in either automatic or

manual mode.

Figure 3.2 Thermal evaporator
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3.4 General Characterization Techniques

Characterization methods for PSCs are categorized based on the properties they are designed
to evaluate. Employing a combination of various techniques provides a comprehensive
understanding of how material properties and interface quality influence the efficiency and

stability of PSCs.

3.4.1 Morphological and Topographical Characterization

Prior to morphological analysis, sputter coating of the samples is required to improve surface
conductivity and prevent charging during imaging. The Q150T Plus sputter coater (Figure
3.3) is optimized for use with a turbomolecular pump and achieves a low vacuum level down
to 5 x 10° mbar. This high-vacuum environment enables the uniform deposition of
oxidizable metals with small grain sizes, which is ideal for high-resolution imaging.

The working process!'?’

of the sputter coater starts by leaking argon into the chamber.
When a high voltage is applied between the target (cathode) and the chamber walls (anode),
the argon gas is ionized, generating a plasma composed of positively charged argon ions
(Ar*) and electrons. Ar* ions are accelerated toward the magnetron head with the target
material. After striking the target, Ar" ions transfer energy and physically dislodge atoms
from the target surface, which is referred to as the sputtering process. The ejected target
atoms travel through the vacuum and deposit as a thin, conductive coating onto the surface
of the sample.

In this work, ETL-coated and perovskite-coated substrates were coated with 4 nm of

gold. The sputter coater equipment is supplied by Quorum, UK.
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Figure 3.3 Q150T Plus sputter coater

Scanning electron microscopy (SEM) provides high-resolution images of sample
surfaces, including top-view and cross-sectional images. A Zeiss SEM Crossbeam 540
instrument (Figure 3.4a) was used for evaluating morphology, uniformity, and crystallite
size. The equipment was purchased from Zeiss, Germany.

SEM relies on a series of precisely coordinated components !!?

as illustrated in Figure
3.4b. A thermionic emission gun generates electrons by heating the tungsten filament. When
the thermal energy overcomes the WF of the source material, electrons are released and
accelerated down the column. The electron column operates under a high vacuum to avoid
interacting with air molecules, preventing electron source contamination and enabling
precise electron manipulation. The positively charged anode generates an electric field that
draws in and speeds up the released electrons. The SEM instrument focuses the beam using
multiple electromagnetic lenses.

% Condenser Lens: This lens narrows the electron beam and controls its current and
diameter, effectively determining how small the beam spot is when it hits the sample.

% Objective Lens: This lens focuses the electron beam onto the sample surface with high
precision. It also helps determine the depth of field and working distance. The tighter the
focus, the sharper the image.

Before reaching the sample surface, the beam travels through scan coils in a raster

pattern and moves across the entire sample area, creating a whole image. Finally, when the

focused electron beam hits the surface of a sample, it interacts with the sample atoms,
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penetrating only a few nanometers. As a result, different signals are released:

% Secondary Electrons: Low-energy electrons (less than 50 eV) are ejected from the top
surface of the material. Because they originate very close to the surface, they provide
high-resolution information about the surface topography.

% Backscattered Electrons: Higher-energy electrons give information about the
composition, where heavier elements appear brighter on the image

% Characteristic X-rays: These signals are used in techniques like energy-dispersive
spectroscopy (EDS) integrated within the SEM system to assess material purity,
determine the sample elemental composition, and detect the presence of contaminants.

a) b)
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Figure 3.4 a) SEM Crossbeam 540, b) illustration of the SEM working principle

Scanning probe microscopy!!! (SPM) is employed for various types of high-
resolution surface analyses. The SmartSPM-1000 instrument and integrated software support
standard techniques, such as atomic force microscopy (AFM), and an extensive suite of
advanced modes. The instrument was purchased from Advanced Integrated Scanning Tools
for Nano-Technology, USA.

111

The equipment includes two main components:''" a base and a measuring head. The

base consists of a scanner, sample holder, tip-to-sample approach mechanism, and a sample
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positioning stage. Figure 3.5a illustrates the working principle. The measuring head

comprises a cantilever probe holder, a laser for beam deflection detection, and a photodiode

to

capture the reflected laser signal. It operates by bringing a sharp probe tip close to the

sample surface and measuring interactions between the tip and surface to extract structural,

electrical, and mechanical information. The vertical and lateral movement of the AFM tip

during surface scanning is detected using a laser beam reflected from the cantilever.'!? This

reflected beam is directed onto a position-sensitive photodetector, which precisely monitors

the tip deflection in both axes.

R/
A X4

There are three main modes of AFM: contact, non-contact, and tapping (Figure 3.5b).
Contact Mode:'? The probe tip remains in continuous contact with the sample surface
during the scanning process. When the scanner moves the tip across the sample surface,
changes in height result in the cantilever deflecting due to contact forces. Feedback adjusts
the vertical position of the tip to maintain constant deflection. This movement is recorded
to create a topographic image of the surface. Contact mode is ideal for hard materials but
can damage soft or delicate samples.

Non-contact Mode:'? A stiff cantilever is vibrated close to its resonant frequency from
100 to 400 kHz, with oscillation amplitudes ranging from several tens to hundreds of
angstroms.!'* Thus, the tip remains a short distance above the sample surface and does
not physically touch it. Instead, it detects the attractive van der Waals forces. The surface
topography is mapped by tracking variations in the cantilever resonance frequency or
vibration amplitude. This mode is especially useful for imaging materials that are soft,
delicate, or loosely bound because it lowers the chance of surface damage by minimizing
tip-sample interaction.

Tapping Mode:'"? The cantilever vibrates at or near its resonant frequency, making brief
contact of the tip with the surface of the sample. When the tip gently taps against the
surface, fluctuations in oscillation amplitude are observed in relation to the changes in

surface topography. This mode reduces the harmful lateral forces present in contact mode
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while providing enhanced sensitivity compared with non-contact mode, making it suitable
for irregular or fragile samples.

In this work, AFM tapping mode was used to measure ETL- and perovskite-coated

substrates, with a scan area of 5 um x 5 pm. Figure 3.5¢ shows the AFM instrument

employed in the measurements.

Surface potential measurements were performed using The NanoWizard® 4 XP
AFM equipment, integrating high-speed scanning capabilities (up to 150 lines/s) with atomic
resolution and an extensive scanning range of 100 pm, all within a single versatile system.
Kelvin probe force microscopy (KPFM) measures the local surface potential by detecting
electrostatic forces between a conductive AFM tip and the sample. The probe tip oscillates
above the surface, similar to the AFM tapping mode. The operating principle of KPFM
exploits Fermi-level equilibration: when tip and sample with different WFs make electrical
contact, electrons flow until their Fermi energies align, establishing the contact potential
difference (CPD) that KPFM measures.'!> An alternating current (AC) voltage is introduced
between the tip and sample, generating an oscillating electrostatic force proportional to the
CPD. A direct current (DC) bias is continuously adjusted through a feedback loop to cancel

out the electrostatic oscillation and make the applied DC bias equal to the CPD:!!*

VCPD — ¢sample_¢tip (31)

e

where @ympie and ¢y, are the WFs of the sample and the tip with the elemental charge e. The
KPFM measurements were performed using a scan area of 3 um x 3 um. Bruker Corporation,

Germany, supplied the JPK Nanowizard 4XP AFM equipment (Figure 3.5d).
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Figure 3.5 a) Schematic of the AFM operating mechanism; reproduced from Ref.!!? under
CC BY 4.0. b) Common AFM modes; reproduced from Ref.!'* under CC BY 4.0. ¢)
SmartSPM-1000. d) JPK Nanowizard 4XP AFM

3.4.2 Optical Characterization

The PerkinElmer LAMBDA 1050+ spectrophotometer!'® (Figure 3.6a) is a high-
performance analytical instrument designed for precise optical characterization across
various sample types. This equipment measures the intensity, transmittance, absorbance, and
reflectance of a sample based on the wavelength of the incident light. For this work,
transmittance and absorbance were measured. The fraction of light that passes through a
sample is defined as transmission 7'!” and can be defined as the ratio of the transmitted

intensity to the incident intensity:!!”
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%T =L x 100% (3.2)
0

where /7 indicates the transmitted intensity, and Iy is the incident intensity.
Absorbance is a scaled transmission ratio that quantifies how much light a sample

absorbs:!!7

A = —log,, (%) (3.3)

If all the light is completely transmitted, /7= Iy, then 4 = 0 indicates no absorption.
Thus, if I7< Iy, A > 0, where higher values of 4 correspond to greater absorption.

The measurement principle of a spectrophotometer is based on a continuous
comparison of the intensities of two light beams, one of which is a reference while the other
passes through the sample. The relation of these intensities results in the transmission %T as
a function of wavelength, from which the absorbance can be derived, as described above.

The instrument can perform spectral measurements from 175 to 3300 nm.!!® Figure
3.6b illustrates of the optical pathway. To produce the light of these wavelengths, two lamps
are used: a deuterium lamp (D) that emits light from 185 to 400 nm, covering the UV range,
and a tungsten lamp (W) for the visible light (VIS) and near-infrared (NIR) region of the
spectrum.'!” The light source selector allows switching between these lamps in the range
from 300 to 350 nm.!!® The incoming light goes through a pair of monochromators and a slit
assembly. The monochromators with holographic gratings filter the small-bandwidth light,
and the programmatically adjustable slit assembly allows a resolution of at least 0.05 nm in
the UV/VIS region and 0.20 nm in the NIR region of the spectrum.!!® The higher resolution
in the UV/VIS region is possible owing to the four times higher number of lines per
millimeter in the gratings of the UV/VIS monochromators.

Then, the light beam is masked by the common beam mask (CBM) to a spot size
from 0 to 10.9 mm and depolarized through the common beam depolarizer (CBD).!?° Next,
the chopper, a rotating disk with a mirror and a window, separates the light beam into the
reference and sample beams.!?° Finally, the two beams go through the spectrophotometer

sample compartment, where polarizing/depolarizing crystals are controlled by a drive
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assembly just in front of the sample. The detector compartment is the final receiving part of
the device, where different detectors can be installed.

This work used a Photo Multiplier Tube detector for the spectral range from 300 to
850 nm. Perkin Elmer, USA, supplied the spectrophotometer.
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Figure 3.6 UV/VIS/NIR spectrophotometer. b) Schematic illustration of the optical beam
pathway; adapted from Ref!?! with permission (Order Ne: 6032661500192)

The fluorescence images were obtained using a ZEISS LSM 780 confocal laser
scanning microscope (Figure 3.7a) to enable spectrally selective fluorescence analysis.

122 of confocal microscopy. A semiconductor laser

Figure 3.7b shows the working principle
generates the excitation light, which is first collimated by a lens and then directed by a
dichroic mirror into a 2D galvanometer scanner for raster scanning.!>? A pair of relay lenses
expands the beam to maximize the numerical aperture of the objective before focusing it onto
the sample, which is placed on a motorized XYZ stage. The emitted fluorescence travels
back along the same optical path; it passes through the objective again, transmitting through
the dichroic mirror, focused by a converging lens. A fast-switching filter wheel, fitted with
an 840 nm band-pass filter for NIR-I or a 900 nm long-pass filter for NIR-II, selects the
appropriate spectral band, while a 100 um confocal pinhole eliminates out-of-focus light.!??
Finally, the filtered fluorescence is transmitted through an optical fiber to the detector. The

collected pixel data is compiled to create an image depicting an optical section of the sample,
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delivering high contrast and fine spatial resolution across all three axes (X, Y, and Z).!%* The
advantage of this equipment is its ability to generate a 3D image by collecting multiple
images from the measured sample. The equipment was purchased from Zeiss, Germany. The
experiments were performed using excitation at 405 nm from a diode laser (30 mW) and at
633 nm from a He—Ne laser (5 mW). Fluorescence signals were collected in two detection
channels with spectral windows of 410-550 nm (Channel 1) and 644—759 nm (Channel 2),

respectively, using photomultiplier tube detectors.
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Figure 3.7 a) Confocal laser scanning microscope. b) Illustration of the working principle;
reproduced from Ref.!?? under CC BY 4.0

3.4.3 Material characterization

X-ray diffraction (XRD) peaks were acquired using a Rigaku SmartLab® XRD
system (Figure 3.8a). XRD is a non-destructive characterization method widely used for
quantitatively analyzing crystalline phases in various materials: powders, solid crystals, and
liquids. Figure 3.8b illustrates the working principle of the equipment.

The XRD instrument includes three main components: an X-ray tube, a sample
holder, and an X-ray detector.!?* X-rays are generated in a cathode ray tube with a 9 kW
rotating anode, typically using a Cu target. The resulting CuKa radiation (wavelength of

1.5418 A) is then filtered using monochromators to produce the monochromatic X-rays
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required for diffraction, minimizing fluorescence, and improving signal quality.!?* Next, X-
ray beams strike the sample inside the sample holder and scatter off the atoms in the sample’s
crystalline structure. This produces diffracted ray intensities recorded by the detector that
rotates around the sample and scans a 20 range, producing a diffractogram with diffraction
peaks at specific angles (20). The occurrence of these diffraction peaks can be explained by
Bragg’s Law:!®
nA = 2dsinf 3.4)

where n represents an integer, A denotes the characteristic wavelength of the X-rays striking
the crystalline sample, d indicates the distance between atomic planes, and 0 is the angle
between the incoming X-ray beam and the crystal atomic planes.!'?’

Upon satisfying Bragg’s equation, the X-rays reflected by the atoms situated in the
plane of a structured material are in phase, producing a diffraction beam at the angle 0.'%* A
collection of diffracted intensities is generated along with the angles at which they are
detected. The obtained X-ray peaks are considered a chemical fingerprint, enabling chemical
identification through comparison with standard reference patterns available in the

International Centre for Diffraction Data!2®

powder diffraction files.

In this work, ETL- and perovskite-coated substrates were measured in the 20 ranges
of 25° to 70° and 10° to 70°, respectively. The XRD system was purchased from Rigaku
Holdings Corporation, Japan.
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Figure 3.8 a) XRD system. b) Illustration of the XRD operation; adapted from Ref'?” with
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permission (Order Ne: 6034850191379)

3.4.4 Surface Chemical and Electronic Characterization

X-ray photoelectron spectroscopy (XPS) (Figure 3.9a) is a surface-sensitive analytical
technique for investigating a material’s chemical composition and electronic structure. XPS
spectra are acquired by irradiating a solid surface with a focused beam of X-rays and
detecting the kinetic energy of electrons emitted from the top 1-10 nm of the material.

The work principle of XPS is based on the photoelectric effect that occurs after
exposing a sample to a beam of soft X-rays.!?® The X-rays of known energy penetrate the
sample surface and excite core-level electrons in the surface atoms, and the electrons are
ejected if the photon energy exceeds the electron binding energy (BE) (Figure 3.9b).!2° The
emitted photoelectrons are collected and directed into an electron energy analyzer, which
precisely measures their kinetic energy. The corresponding BE of each electron is then
determined using the photoelectric equation:'?’

BE = Photon Energy (known) — Kinetic Energy (measured) (3.5)

The analyzer counts the number of photoelectrons as a function of their BE,
producing a spectrum, where peaks appear from atoms emitting electrons of a particular

characteristic energy.!?

The intensities of these peaks can be used to identify and quantify
all elements (except hydrogen) near the surface of the sample.!?® Additionally, because the
BE also characterizes the chemical environment of the parent atom, XPS enables
quantification of the chemical composition.

As photoelectrons escape from the solid sample, they may undergo inelastic
scattering events that reduce their characteristic kinetic energy. This limits the effective
sampling depth of XPS to approximately 10 nm, making it a surface-sensitive technique.!?®
Despite this shallow probing depth, XPS remains highly effective, given that the most
chemically relevant interactions, such as oxidation, adsorption, and surface modification,

typically occur within the top few nanometers of a material surface. The XPS equipment was

purchased from Thermo Fisher Scientific, USA.
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UV photoelectron spectroscopy (UPS) operates based on XPS principles. The main
difference is that UPS uses ionizing radiation with energies in the range of tens of eV to
induce the photoelectric effect, whereas XPS uses higher-energy photons, exceeding 1
keV.130 In research laboratories, a helium discharge lamp usually generates UV photons at
energies of 21.2 eV (He 1) and 40.8 eV (He II)."*° In our experiments, a He I lamp was used.
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Figure 3.9 a) XPS system. b) Illustration of the photoemission process in XPS; adapted
from Ref.!3! under CC BY 4.0

3.4.5 Device Performance Characterization

An Oriel Sol3A solar simulator (Figure 3.10a) was used to measure the device performance
of PSCs under air mass (AM) 1.5G standard illumination conditions. The solar simulator was
supplied by Newport Corporation, USA.

Figure 3.10b demonstrates the working principle of the instrument. The xenon arc
lamp mounted within an ellipsoidal reflector is designed to capture and redirect most of the
lamp output into a tightly focused beam.!3? After reflecting from a mirror, the beam passes
through an optical integrator. This monolithic integrator, which is precisely aligned with the
lamp optics, ensures that beam homogenization keeps spatial non-uniformities below 2%'32,
meeting the standards for PV testing. Further along, the beam passes through an AM spectral-
correction filter, adjusting the simulator spectrum to achieve a conformity of 0.7%—1.25%

with the target standard. Newport Corporation supplies a variety of filters to support various

testing conditions.!3? Then, the mirror redirects the optical path to the collimating lens, which
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converts the homogenized light into an aligned (collimated) beam, with all the rays oriented
parallel to each other.

The AM quantifies the optical path length that sunlight passes through Earth’s
atmosphere, adjusted to the length at the zenith. The AM is described by the following
equation:!3?

1 (3.6)
cosf

AM =

where 0 indicates the solar elevation angle above the horizon.

As the angle of the Sun changes, the thickness of the atmosphere effectively varies,
which impacts the spectral distribution of the incoming radiation.

Different spectral filters are employed to simulate solar irradiation under distinct
atmospheric conditions:

% AMO!'33 represents the solar spectrum from extraterrestrial sources, effectively the Sun’s
black-body radiation at 5800 K, captured above Earth’s atmosphere. This “zero-
atmosphere” spectrum serves as the benchmark for PV systems located in space, like those
that power satellites.

% AM1!33 describes the sea-level solar spectrum when the Sun is at its zenith.

% AM1.513% corresponds to a solar zenith angle of 48.2°, indicating that sunlight travels
through 1.5 times the thickness of the atmosphere. In this scenario, the standard
illuminance reaches 109,870 lux, resulting in an integrated irradiance of approximately
1000 W m2. AM 1.5G is the most commonly used testing spectrum for terrestrial PV,
offering a realistic average for mid-latitude areas.

a) b)
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Figure 3.10 a) Oriel Sol3A solar simulator. b) Schematic of the working principle

The four primary metrics that characterize the device’s PV performance are Vi, Js, FF,
and PCE. These parameters are experimentally determined using the Oriel Sol3A solar
simulator. Js refers to the maximum current per unit area generated by the cell when the
external circuit is shorted!** and depends on various factors such as the optical absorption
efficiency of the active layer, its thickness, and the mobility of generated charge carriers.!>
Voe indicates the maximum voltage produced by the device when no current flows. FF is a
metric used to assess the “squareness” of a PV cell J-V curve (Figure 3.11), reflecting the
device performance in real operating conditions'*>. A higher FF reflects greater device's
efficiency. It is affected by factors such as series and shunt resistances, the built-in electric

field, and the charge recombination dynamics.!*> The FF!3%137 is defined by the following

equation:
FF = Prax (3.7)
]SC X I/OC
Pmax = ]mpp X Vmpp (38)

where P indicates the maximum output power, whereas Jupp and Viyp are the maximum
power point of the current and voltage.!’

PCE is the primary metric used to evaluate the effectiveness of PSCs. It represents
the maximum proportion of incident solar energy that can be converted into usable electrical

power:!37
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:]mpp X Vmpp _ ]sc X Voc X FF (39)
7 P, P,

where Pj, is the power of the incident light.!3

J (mA cm?)

Maximum
power point

Figure 3.11 The characteristic J-¥ curve of a solar cell; reproduced from Ref.!** under CC
BY 4.0

The external quantum efficiency (EQE) spectra were obtained using an Oriel IQE-
200'3% instrument (Figure 3.12a). The system operates by illuminating the device with
monochromatic light and measuring the resulting photocurrent (Figure 3.12b). Typically, a
xenon gas discharge lamp is employed as the light source, which provides a wide spectrum
encompassing all the wavelengths essential for solar cell testing.!*” Simultaneously, the light
intensity at each wavelength is monitored using a calibrated reference photodetector. Lock-
in amplifiers are leveraged to improve the signal-to-noise ratio.

The EQE is calculated as the ratio of collected electrons to incident photons at a
specific wavelength:!37

L (o) (3.10)
eq)ph (AO)

EQE() =
where A, is the wavelength, 7, indicates the photocurrent, e denotes the elementary charge,
and @, represents the photon flux incident on the device.!*’

EQE measurements provide wavelength-dependent insight into the device’s light

absorption and charge extraction efficiency. The devices were measured in the wavelength

range of 300—800 nm. The equipment was purchased from Newport Corporation, USA.
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Figure 3.12 a) EQE instrument. b) [llustration of the experimental setup used for EQE
measurements; reprinted from Ref with permission (Order Ne: 6036691359493)

3.4.6 Stability Testing

The operational stability of the PSCs was evaluated by monitoring the evolution of the
photocurrent density under continuous illumination. Electrical measurements were
performed using a Keysight BIS00A semiconductor device analyzer (Figure 3.13), which
enables high-precision characterization of semiconductor devices, including current—voltage
(I=V), capacitance—voltage (C—V), and other measurements.

Prior to the stability test, a standard current density—voltage (J—F) scan was
conducted to determine the voltage at the maximum power point. The device was
subsequently biased at the maximum power point voltage, and the photocurrent density was
continuously recorded for 10,000 s with a sampling interval of 2000 s under simulated AM
1.5G illumination. The stabilized power output was calculated by multiplying the steady-
state current density by the applied bias voltage, thereby confirming the reliability of the

photovoltaic performance.
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Figure 3.13 Keysight B1500A semiconductor device analyzer

3.4.7 Proton Irradiation
Proton irradiation (PI) tests were conducted using an i-NURA (Nazarbayev University’s
Research Accelerator) high-voltage (HV1) pulsed generator-based ion accelerator (Figure
3.14a). Figure 3.14b illustrates the accelerator’s operating principle. Upon activation of
switch Si, the energy that has accumulated in the capacitive storage C; is delivered to the
Blumlein (Vmax: 180-200 kV) via a step-up Tr; pulse transformer. The high voltage initiates
a self-triggered breakdown of the nitrogen-filled spark gap (SG), discharging the Blumlein.
Under the applied high-voltage pulse, energy propagates along the transmission lines (TL)
and through the induction voltage adder (IVA) before reaching the B-applied ion diode. Once
the pulse impinges on the Cu anode coated with a polymer dielectric material, a surface
flashover discharge is initiated. This voltage pulse then extracts ions from the resulting
plasma, accelerating them across the anode-cathode gap of the magnetically insulated ion
diode. The instrument operates in single-pulse mode, with a 2 min interval between
successive shots. During the experiment, the vacuum chamber is maintained at a working
pressure of 0.8 kPa.

The HV generator activates a pulsed current through the diode magnetic field coils.
By energizing these coils, HV> establishes an external magnetic field that inhibits electron
flow, which is spontaneously emitted from the cathode across the anode-cathode gap.

During experiments, the ion beam pulse duration was approximately 150 ns (total
temporal width), with a full width at half maximum of ~95 ns, as determined from the Figure

3.14c¢. The resulting pulsed ion beam was produced with a peak current density of about 4 A
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cm? (Figure 3.14¢). Beam fluence was determined by integrating the current density,
yielding 2 x 10'2 ¢cm™. The ion beam was primarily composed of protons. All devices were
irradiated inside the accelerator vacuum chamber, maintained at ~5 x 10~ Torr, and each
sample was exposed to a single ion-beam pulse. Prior to PI, the beam was triggered by firing
>10 pulses into a collimated Faraday cup with a magnetic cut-off to remove residual gas
species adsorbed on the anode surface and to ensure stable, reproducible proton beam

generation.

B-applied
ion diode Anode

~, Cathode

woaq uoj

Sl J_ H-I_ Triggering System with _r _J_ 52 HV2

adjustable delay

Accelerating voltage, U (kV)
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Figure 3.14 a) I-NURA accelerator, b) illustration of the primary subsystems and operating
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principle, where PS; and PS; are the DC power feeds for HV1 and HV>; reproduced from
Ref.13? under CC BY 4.0. ¢) Representative oscillograms showing the pulsed accelerating
voltage and ion beam current density

3.5 Technique Development for Cross-sectional AFM Imaging

Characterization techniques play a vital role in the comprehensive analysis of material
characteristics, interface integrity, and general device performance. By independently
evaluating every layer and combination of layers (i.e., ETL films, perovskite absorbers,
CTL/perovskite interfaces, electron-only devices (EOD), and complete devices), the
fabrication parameters are systematically defined and optimized to guarantee the
repeatability of the results. Among all techniques, I became particularly interested in the
AFM tool and dedicated time to independently learning its operation and capabilities. I
explored the application of cross-sectional imaging, which is not commonly used because of
the technical challenges associated with sample preparation and measurements. Achieving
high-resolution AFM cross-sectional images requires careful sample handling to prevent
damage to the delicate and sensitive perovskite thin films. Moreover, precise control over
the AFM tip and sample surface interaction along the exposed edge is important to avoid tip

and sample rapprochement and prevent breakage of the expensive AFM tip.

3.5.1 Sample Preparation
To obtain reliable AFM cross-sectional images, it is essential to physically split the sample
into two parts to expose the vertical cross-section of the device. Meticulous attention must
be paid to both sample cleanliness and surface quality. The glass substrate must be
thoroughly cleaned to prevent any residual contaminants from obscuring the structure of the
sample. Surface smoothness is equally critical, given the nanometer-scale proximity between
the tip and the sample.

Different methodologies were applied to cut the sample using liquid nitrogen and

systematically categorized based on the timing and nature of the cuts. Initially, the samples
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were grouped into three main categories based on whether cutting was performed before or

after device fabrication.

R/
A X4

X/
°e

X/
°e

X/
°e

X/
°e

Uncut: The samples were immersed in liquid nitrogen without any precutting. This
method was intended to observe the natural fracture behavior under thermal stress.
Precut: Samples were scored using a glass cutter before the cleaning procedure. Multiple
variations of this method were tested, including vertical and horizontal cuts, to evaluate
whether introducing stress points can guide the fracture more predictably. These cuts were
performed before perovskite deposition to avoid damaging the active layers after
fabrication.
Post-cut: Cutting was performed after the deposition of the perovskite absorber layer,
carefully avoiding the top surface, to evaluate whether post-deposition scoring leads to
cleaner breaks or less disruption in the vertical layer arrangement.

In addition, different cutting geometries were investigated.
Full cuts were made through the backside of the substrate, avoiding the front surface to
minimize structural damage to the active layers.
Partial cuts were made at the top and bottom edges only, leaving the central portion
untouched, with the hypothesis that upon immersion in liquid nitrogen, the thermal shock
would propagate fractures preferentially along the pre-scored lines, thus achieving a clean
break through the active area.

Figure 3.15 presents images of samples subjected to liquid nitrogen-assisted cracking

under two distinct conditions: precut and post-cut. In the precut series, the uncut sample

remained unchanged after immersion in liquid nitrogen; therefore, it was not included in the

post-cut experiments. The resulting fractures lacked directional control and produced

unpredictable crack paths, regardless of whether the samples were partially cut before

immersion. For this reason, these methods were unsuitable for creating well-defined cross-

sectional samples, as evidenced by the fracture patterns observed in the SEM images.
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Figure 3.15 Comparison of precut and post-cut strategies used for liquid nitrogen-induced
fracturing

Then, a manual cleaving technique was applied. Creating a smooth vertical surface
suitable for AFM remained challenging, considering that even minor defects or sharp edges
may interfere with tip movement and potentially damage the probe. However, introducing
partial cuts after perovskite deposition provided the most representative cross-section images
with a distinguishable perovskite layer (Figure 3.16). Therefore, this method was used to

prepare all samples for subsequent characterization techniques.

Figure 3.16 Comparison of the manual precut and post-cut methods

3.5.2 Development of a Sample Holder for Cross-sectional AFM Measurements

Owing to the lack of cross-section sample holders in the AFM system, a suitable adaptation
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had to be developed to enable proper sample mounting and measurement. The AFM tip is
notably sensitive, and even minor surface vibrations or instabilities can negatively affect
measurement accuracy. Consequently, a robust and stable holder is essential to hold the
sample securely in place during scanning. To enable cross-sectional AFM imaging, an
existing holder, originally designed for SEM measurements, was repurposed. This holder
was initially equipped with a rear screw mechanism used to fix it onto the SEM stage. In
order to adapt it for the AFM system, the screw was carefully removed, allowing the holder
to fit into the AFM sample stage without obstruction. Figure 3.17 illustrates the obtained
holder. This adjustment made it possible to use the same sample mounting approach for
cross-sectional AFM imaging, despite the system not being equipped with a dedicated cross-
section sample holder. This practical solution allowed for stable sample positioning and the

successful acquisition of cross-sectional AFM images.

Figure 3.17 Adapted cross-section sample holder for the AFM instrument

3.5.3 AFM Cross-sectional Images

Two representative device architectures, namely FTO/hybrid perovskite and FTO/ZnO
ink/CsPblbBr/Spiro-OMeTAD, were measured to investigate their cross-sectional
morphology. Height and phase modes were employed to assess the topography and material
contrast within the multilayer structures. Figure 3.18 shows the results.

In the FTO/hybrid perovskite sample, the AFM height image shows a relatively
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compact and uniform perovskite layer on top of the FTO substrate. Furthermore, the cross-
sectional AFM image for the FTO/ZnO ink/CsPbl>2Br/Spiro-OMeTAD device shows distinct
and well-defined layers. The ZnO interlayer is a compact region between the FTO and
CsPbLBr layers. The top Spiro-OMeTAD layer appears smoother and more uniform.

It is important to note that AFM phase contrast does not directly reflect an intrinsic
property of a bulk material, but instead arises from the local interaction between the AFM
tip and the exposed surface.!*®!#! This interaction is influenced by interfacial structure,
surface roughness, adhesion, and viscoelastic energy dissipation.!#!"1% Consequently, phase
imaging is effective for distinguishing between different local regions of a material,
evaluating coating uniformity, and identifying structural defects such as cracks or
degradation features.!#?

In the FTO/hybrid perovskite structure, the exposed FTO region is relatively uniform
and mechanically homogeneous, resulting in a consistent phase response. In contrast, in the
FTO/ZnO/CsPbl2Br/Spiro-OMeTAD device, multiple layers are located on the FTO and
exhibit increased mechanical heterogeneity at the fracture plane. Such interfacial complexity
alters local tip—sample interactions and energy dissipation during AFM, resulting in a
different phase response compared to the FTO/ hybrid-perovskite sample.

In addition, the FTO region in this cross-section may be affected by cross-
contamination originating from the adjacent CsPbL,Br layer, which is known to be sensitive
to prolonged measurement conditions in air (30% RH). Partial degradation of perovskite can
introduce inhomogeneities and soft degradation byproducts, which increase viscoelastic
damping and tip—sample adhesion. Thus, these effects further alter the measured phase
signal. Overall, the observed differences in phase contrast arise from interface- and
measurement-condition effects, rather than from any modification of the intrinsic properties

of the FTO layer itself.'*!
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Figure 3.18 Cross-sectional AFM height and phase images of two PSC architectures:
FTO/hybrid perovskite and FTO/ZnO ink/CsPblLBr/Spiro-OMeTAD

3.5.4 Holder Development for Flexible Substrates

In addition to height and phase imaging modes used for morphological assessment, AFM
provides access to a range of advanced measurement techniques, including conductive AFM
(c-AFM) for mapping local current pathways and studying electrical behavior at buried
interfaces. Such techniques may offer further insights into interface quality and local
conductivity variations within PSC architectures.

However, adapting c-AFM for FTO glass-based devices is technically demanding,
primarily because of the need for a specialized conductive holder compatible with high-
resolution scanning and current collection. As a result, attention shifted toward developing a
tailored holder for flexible polyethylene terephthalate (PET) substrates coated with ITO,
which offers easier handling and integration with compact AFM systems. Moreover, this
innovation is timely, considering that flexible PVs are in high demand across various
applications owing to their low weight and mechanical compatibility. Foldable solar panels

are especially attractive for high-altitude systems, communication satellites, and space
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applications. Moreover, adaptable modules may be incorporated into different vehicles, such
as airplanes or electric cars, to capture available light and reduce onboard energy usage.
The designed holder enables c-AFM analysis of interfaces within flexible cells,
establishing a foundation for precise interfacial engineering. Cross-sectional views of
flexible cells reveal interfacial defects. Based on the results, engineering strategies can be
applied to mitigate these flaws and improve device performance. Figure 3.19a demonstrates
a custom holder and holder platform, which were designed and fabricated using 3D printing.
The holder was developed explicitly for ITO-coated PET substrates with the
following features:
% The ITO-coated PET substrate was positioned into conical semicircle grooves and secured
with a conical ring to ensure stability.
% For c-AFM, an electrical contact for current collection was provided via a screw-based
connector (Figure 3.19b).

% The holder was fixed to the sample stage using an additional screw, ensuring alignment

and mechanical stability (Figure 3.19¢).

a) b) ©)

Figure 3.19 a) 3D-printed holder design, b) holder platform, and c¢) holder with a sample,
used for cross-sectional c-AFM analysis

3.5.5 Summary
Cross-sectional AFM has a high potential for deep nanoscale investigation of interfaces

between buried layers, including the assessment of adhesion, mechanical properties, and
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defect distribution. These characteristic techniques pave the way for studying and improving
the structure and performance of each layer involved.

Achieving high-quality cross-sectional AFM images necessitates smooth, sectioned
surfaces and stability during scanning. For this reason, several sample-preparation
procedures were assessed for FTO substrates. Manual cutting after perovskite deposition was
the most suitable technique, providing a high-quality interface without cracks. To achieve
stability during the measurement, a sample holder was developed, which tightly fixes the
substrate. This prevents any movements that could potentially damage the AFM tip or
degrade the image resolution. After extensive experiments, two different architectures were
measured, successfully identifying each constituent layer of the sample.

The secondary objective involved the development of a specialized holder for flexible
substrates, enabling c-AFM analysis. By employing 3D printing technology, a substrate
holder and holder platform with a screw-driven base were designed. This tailored holder
secures thin ITO-PET films within the instrument’s limited space and ensures strong
electrical contact for dependable current mapping.

Overall, the developed methodology and sample preparation protocols for cross-

sectional AFM images can be readily implemented in future studies.
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CHAPTER 4: SOLVOTHERMALLY SYNTHESIZED TIN OXIDE
NANOSTRUCTURES FOR INTERFACIAL OPTIMIZATION OF
HYBRID PSCs

4.1 Introduction

Interfacial engineering has become a crucial strategy in advancing PSCs, focusing on the
intentional modification of chemical, structural, and electronic characteristics at material
interfaces to reduce non-radiative recombination and enhance charge extraction. Moreover,
an optimized ETL/perovskite interface acts as a robust barrier against environmental
stressors, thereby significantly enhancing device stability.

Nanostructures provide an advantageous platform for interface modification because

of their high surface area, adjustable morphology, and beneficial charge transport properties.

145-148 149-153

In the context of ETLs, incorporating nanostructures like nanorods, nanowires,

154—

and nanotubes,!>*15% has enabled enhancements in charge extraction and reduced

recombination at the ETL/perovskite layer interface. Depending on the desired properties,
different materials can be engineered into nanostructures.

In recent years, TiO2 has become the most popular electron transport material (ETM)
owing to its improved thermal and chemical stability. Furthermore, the broad range of

available synthesis techniques for TiO2 has enabled the exploration of various nanostructured

145,157-168 169 170,171 150,172-174

forms, including nanorods, nanopyramids, °” nanosheets, nanowires,

134175 nanograss,!’® and more complex architectures such as nanoflowers.!”” For

nanotubes,
example, Yu et al'”® investigated the electron extraction characteristics in PSCs
incorporating single-crystal TiO> nanorods as the ETL. More effective and directional
electron transport, in addition to minimal trap-assisted recombination, was obtained by
substituting traditional polycrystalline TiO> films with vertically aligned single-crystalline
nanorods. The structure of the nanorods offered a direct and uniform pathway for electrons

generated by light, leading to a significant reduction in hysteresis and improved device

stability. The findings demonstrated that the crystallinity and orientation of the TiO:
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nanorods were crucial in reducing interfacial defects and enhancing charge collection. This
technique increased the PCE from 9.13% for devices with planar TiO2 to 15% for devices
with TiO, nanorods.!”® Huh et al!'” also employed TiO, as a nanostructured ETL,
developing optically long and electrically short nanorods for hybrid PSCs. These vertically
oriented nanorods facilitated better electron-hole separation and allowed for thicker
perovskite layers without creating electrical losses. The fabricated PSCs demonstrated
enhanced PV parameters: Vo, of 1.120 V, Jyc of 23.13 mA c¢cm, PCE of 19.86%, and FF of
76.69%.'7 Although TiO»-based ETLs have enabled devices with high efficiency, their
photocatalytic behavior under UV light raises concerns regarding long-term durability. Upon
UV exposure, TiO> can strip the electrons from iodide ions in the CH3NH3Pblz absorber
material, driving its irreversible decomposition into Pbl, and MAL!? At the same time,
photogenerated holes within the TiO> migrate to surface oxygen vacancies, where they react
with adsorbed O», which exacerbates charge carrier recombination at the interface.!'®
Furthermore, the elevated processing temperatures necessary for TiO; increase their
manufacturing costs.

ZnO has emerged as a highly attractive ETM alternative to TiO2. ZnO exhibits
superior charge mobility (100-200 cm? V-!s™)!8! and requires substantially lower fabrication
temperature, thereby reducing energy consumption and manufacturing expenses.
Additionally, ZnO can be engineered into diverse nanostructures: nanoparticles,'®?

183-190 and nanowires.'®"1°! For instance, Li et al.'3” used ZnO nanorods as ETL for

nanorods,
MAPDI3 PSCs. The nanostructures were synthesized via a hydrothermal self-assembly
method and demonstrated superior electron mobility and low temperature processability. In
addition, ultrathin Al,O3 passivation layers were deposited on the ZnO nanorods by ALD.
This architecture significantly improved device efficiency, increasing the PCE from 10.33%
to 15.06%.'87 Despite its superior charge-transport characteristics, ZnO-ETL PSCs

underperformed relative to TiO2-ETL devices in PCE. This performance gap can be

explained by two interrelated factors: (i) a high density of surface defects in ZnO, which act
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as non-radiative recombination centers,!®? and (ii) the tendency of ZnO to deprotonate MA
cations at the perovskite interface.!”® Together, these phenomena impose stricter limits on
both the maximum annealing temperature and thermal treatment duration, often yielding
incompletely converted precursors and perovskite films with poor crystallinity.
Consequently, successful implementation of ZnO as an ETM demands careful pairing with
compatible perovskite materials such as all-inorganic variants. Moreover, developing
optimized processing protocols can effectively mitigate defect formation and promote
high-quality perovskite crystallization.

Despite receiving less attention than TiO; and ZnO, SnO; exhibits superior electronic
performance and chemical stability, effectively overcoming many of the drawbacks
associated with those metal oxides. Notably, SnO, demonstrates electron mobilities in the
range of 100-250 ¢cm? V! s, outperforming ZnO (100-200 cm? V-!'s!) and significantly
surpassing TiO,, which typically exhibits mobilities below 1cm? V-1 This high
electron mobility enables efficient and rapid charge extraction with minimal resistive losses.
Furthermore, the wide bandgap of SnO» (~3.6 €V),'> compared with TiO (~3.0 eV)!*? and
ZnO (~3.37 V)17 allows more visible light to transmit through the device. The SnO;
deep-lying conduction band minimum is also well-matched to perovskite absorber levels,
thereby elevating the V,. parameter. Similar to ZnO, SnO, ETMs can be synthesized through
various low-temperature processing methods, which benefits the advancement of flexible
PSCs. Crucially, the material’s inherent lack of photocatalytic activity prevents deleterious
interfacial reactions, enhancing the chemical robustness of the active layer and extending the

operational lifespan of perovskite devices. SnO; has also been investigated and utilized in

198-200 201-204 205

various nanostructured forms: nanoparticles, nanorods, nanocrystals,*”> and
nanosheets.?02% For example, Zhang et al.?*! grew vertically aligned SnO, nanorod arrays
(NAs) through a hydrothermal process in an acidic solution. Structural characterization
techniques confirmed the formation of highly crystalline tetragonal rutile SnO.. Mixed

perovskite compositions of (FAPbI3)oss(MAPbBr3)o.1s were infiltrated into the
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nanostructured ETL, resulting in improved electron transport and reduced interfacial
recombination. This interface engineering strategy significantly increased the average PCE
from 11.54% in the control device to 14.9%, demonstrating the beneficial impact of
nanostructured SnO, on charge extraction processes.?’! Xu et al.?** conducted a comparative
study on nanorod-based ETLs composed of both TiO, and SnO: materials. The
nanostructures were synthesized via a solution-based method, employing oleic acid (OA) as
a surface-capping ligand to control morphology and ensure uniform dispersion. The findings
demonstrated that OA-capped SnO; nanorods led to superior PV performance compared with
their TiO2 counterparts. Devices based on SnO> NAs achieved an Ve of 1.115V, Jie of
22.66 mA cm?, FF of 71.66%, and PCE of 18.09%, whereas those based on TiO> NAs
showed a Vo of 0.98V, Ji of 19.88 mA cm?, FF of 63.42%, and PCE of 12.39%%%4.
Moreover, SnO>-NRs-based devices exhibited reduced hysteresis owing to the diminished
trap-state density of the perovskite material.

Although SnO; nanostructures have been successfully integrated into PSCs, the
reported PV performance has significantly varied across the literature. The wide range of
different results is primarily attributed to the sensitive dependence of SnO> nanostructure
morphology on the synthesis parameters, such as the precursor concentration, solvent
composition, temperature, reaction time, etc. These factors critically influence the resulting
nanostructure’s size, orientation, crystallinity, and surface quality, complicating the
development of consistent and optimized processing protocols.

To address these challenges, the solvothermal synthesis of SnO, NA-based hybrid
PSCs was investigated herein, aiming to establish precise control over the morphological
properties and improve reproducibility. A systematic study was conducted to analyze the
impacts of key growth parameters, namely (i) growth pressure, (ii) substrate orientation, (iii)
DI water-to-ethanol ratio, (iv) type of seed layer, (v) concentration of acetic acid, and (vi)
growth time. The resulting SnO> NAs were comprehensively characterized to assess their

structural and morphological quality. These findings provide valuable insights into the
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optimal growth conditions for high-quality, reproducible SnO> nanostructures, thereby

advancing their integration as efficient and stable ETLs in PSCs.

4.2 Device Fabrication

The cleaning of FTO-coated substrates was performed according to the procedure described
in Chapter 3.2.1. The device architecture was fabricated in the following order: FTO glass/
ETL seed layer/SnO2 NA/hybrid perovskite/HTL/Au contacts, where the HTL layer was
deposited according to the protocol detailed in Chapter 3.2.2, and the Au contacts were

evaporated as described in Chapter 3.2.3.

4.2.1 Synthesis of the SnO2 NAs

The solvothermal synthesis of SnO, NAs was carried out in two steps. First, 0.15 mmol of
NaBr was dissolved in 0.75 mL of DI water. Separately, a solution with 0.05 mmol of
SnCl4-5H20 in 6 mL of glacial acetic acid was stirred for 10 min to ensure complete
dissolution. Then, the two solutions were thoroughly mixed, followed by the addition of
0.75 mL of ethanol to the mixture. The precursor solution was poured into a Teflon-lined
autoclave reactor, and the pre-cleaned FTO-coated substrates were vertically positioned
within the reactor, ensuring they were fully immersed in the solution. The reactor vessel was
sealed and heated in a muffle furnace at 200 °C for 12 h to initiate the solvothermal growth
of SnO; nanorods. After cooling, the substrates were removed and gently rinsed with DI

water and ethanol in an ultrasonic bath to eliminate any residual byproducts.

4.2.2 Optimization of the SnO2 NA Growth by Varying the Synthesis Parameters

(I) Growth Pressure

The influence of growth pressure on the formation of SnO. NAs was investigated by
introducing a fixed volume of precursor solution (7.5 mL) into Teflon-lined autoclaves of

varying capacities: 25, 50, and 100 mL (Figure 4.1). The autoclave reactors were filled to
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30%, 15%, and 7.5% of their total volume, respectively. As expected, the internal pressure
generated during solvothermal processing was proportional to the filling ratio, with higher
ratios leading to increased built-up pressure. In a separate set of experiments, a constant
filling ratio of 7.5% was maintained across all autoclave volumes by adjusting the amount
of synthesis solution added into all reactors accordingly. This approach allowed for the

decoupling of the reactor volume from internal pressure effects.

Figure 4.1 Teflon-lined autoclaves of 100, 50, and 25 mL capacity employed for
solvothermal synthesis

(II) Substrate Orientation

Three geometrically distinct orientations of the ETL-coated substrates were examined to
evaluate the effect of substrate orientation on SnO> nanorod growth. The samples were
positioned with the conductive FTO side facing downward at 0° (horizontal), 45°, and 90°
(vertical), relative to the bottom surface of the Teflon-lined autoclave.
Poly(tetrafluoroethylene) sample holders were employed during the experiments to ensure
stability and consistent positioning during the solvothermal process. The filling ratio was
fixed at 7.5%, using 100 mL autoclaves for all three orientation conditions to maintain a
consistent internal pressure and reaction volume.

(IIT) DI Water-to-ethanol Ratio

The influence of solvent composition was investigated for five different DI water-to-ethanol
ratios: 1:9, 3:7, 1:1, 7:3, and 9:1. For the 1:1 condition, a total of 1.5 mL of mixed solvent

was prepared using 0.75 mL of DI water and 0.75 mL of ethanol. For the remaining ratios,
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the volume of each solvent component was adjusted accordingly to maintain a constant total

solvent volume of 1.5 mL. Across all experimental conditions, the concentrations of the other

precursor components were kept constant: 6 mL of glacial acetic acid, 0.05 mmol of

SnCls-5H>0, and 0.15 mmol of NaBr.

(IV) Different Seed Layers

To facilitate the subsequent solvothermal growth of SnO> NAs, three different types of seed

layers—thin films, nanoparticles, and QDs—were deposited onto FTO-coated substrates to

enable a comparative evaluation of their effectiveness in promoting high-quality nanorod

growth. The fabrication methods are detailed below:

R/
A X4

SnO; thin films were deposited using radio frequency (RF) magnetron sputtering,
employing a SnO> ceramic target with 99.99% purity and a diameter of 50.8 mm.
Deposition was carried out under a pure argon atmosphere while maintaining a working
pressure of 5 x 1073 Torr, yielding SnO; films with uniform thicknesses of approximately
10 nm.

SnO> QD seed layers were prepared by dissolving 3.99 mol of SnCl,-2H,0 in DI water.
The precursor solution was continuously stirred for 3—4 h under an oxygen flow of 1 L
min! and filtered using a 0.45 pm syringe filter to remove any particulates or undissolved
residues. The FTO substrates were coated with the QD solution by spin-coating at a speed
of 3000 rpm for 30 s. Following deposition, the QD-coated substrates were annealed at
200 °C for 1 h.

SnO; nanoparticles layers were prepared by diluting a colloidal dispersion of 15% SnO»
in DI water using a 1:5 volume ratio. The precursor solution was deposited by spin-coating
onto FTO substrates at 3000 rpm for 30 s. Then, substrates were placed onto a hotplate at
150 °C for 30 min.

The procedure used for preparing the SnO2> NA solution is described in the 4.2.1 section,
with the exception that 6.75 mL of glacial acetic acid (instead of 6 mL) was added to the

mixture. Thus, the filling ratio of the Teflon-lined reactor for this condition was
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maintained at 8.3%.
(V) Glacial Acetic Acid Concentration
The impact of glacial acetic acid concentration on the growth of SnO> nanostructures was
investigated by varying its volume to 6, 6.5, and 9.75 mL, corresponding to reactor filling
ratios of 7.5%, 8%, and 11.3%, respectively. Throughout the experiments, a 1:1 volume ratio
of DI water to ethanol was maintained in the precursor solution to ensure consistent solvent
composition.
(VD) Growth Time
The growth time parameter was studied by applying different times in a muffle furnace. SnO»
thin film-coated substrates were immersed in the SnO> NAs precursor solution with a slight
modification: 6.75 mL of glacial acetic acid was used instead of 6 mL. The growth process
was conducted at 200 °C for 6, 12, and 24 h to study the effect of growth time on nanorod
morphology. An additional growth condition was also established: using an initial duration
of 12 h, then substituting the original precursor with a freshly synthesized solution and

continuing for an extra 12 h of growth.

4.2.3 Perovskite Layer Deposition

The hybrid perovskite precursor solution includes a mix of solutes 1.2 M Pbl,, 1.1 M FAI,
0.2 M PbBr,, 0.2 M MABr, 0.4 M MACI in DMSO, and 1 mL of DMF using 1:4 volume
ratio. Next, the precursor solution was stirred for 5 h and subsequently filtered through a
0.45 um syringe filter. Then, 28 uL. of a 1.5 M cesium iodide (Csl) solution in DMSO and
28 uL ofa 1.5 M rubidium iodide (RbI) solution in a DMF:DMSO (4:1) solvent mixture were
added to 940 uL of the filtered precursor solution, yielding a triple-cation mixed halide
perovskite formulation. The perovskite precursor solution was deposited onto the optimized
SnO> NAs, which had been pretreated with oxygen plasma for 15 s at 70 W. The deposition
process involved a two-step spinning procedure, first at 1000 rpm for 10 s, followed by 5000

rpm for 30 s. During the final 10 s of the spin-coating, a CB antisolvent was carefully dropped
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onto the spinning substrate. Following deposition, the perovskite films were annealed on a

hotplate at 105 °C for 75 min.

4.3 Morphological Study of the SnO; Nanostructure

Understanding the influence of individual growth parameters on the morphology of SnO>
NAs is essential for achieving precise control over structural features. Notably, some
parameters are interdependent, and their interactions can affect the growth outcome. For
instance, modifying the glacial acetic acid concentration affects the total volume of the SnO»
NA solution, which modifies the autogenous pressure within the sealed autoclave during
solvothermal treatment. Even when the molar ratios of precursors are held constant, such
volumetric changes impact both the reaction dynamics and the absolute concentration of
growth species. Therefore, a comprehensive experimental study is necessary to assess each
parameter’s influence and clarify their combined effects on the morphology of the formed
nanostructures. Such an approach is crucial for achieving the reproducible synthesis of high-

quality SnO> nanostructures for PSC applications.

4.3.1 Effect of Pressure
The investigation of the pressure effect was conducted using various-sized Teflon-lined
autoclave reactors: 25, 50, and 100 mL. Despite different sizes, a constant precursor solution
volume and composition were maintained. The solvothermal procedure was conducted at
200 °C for 12 h. A pressure gauge was connected to the autoclave during the reaction,
enabling real-time monitoring of the internal pressure. The internal pressure generated during
the reaction is expected to be inversely related to the reactor volume but directly proportional
to the filling ratio. The measured pressures corresponding to filling ratios of 30%, 15%, and
7.5% were approximately 130.0, 87.0, and 72.5 psi, respectively.

The SEM analysis presented in Figure 4.2 demonstrates a clear dependence of SnO>

NA morphology on the internal pressure developed during the solvothermal process.
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Although the chemical composition and volume of the precursor solution remained identical
across all samples, varying the size of the Teflon-lined autoclave reactors significantly
influenced the internal pressure and, consequently, the resulting nanostructure. A notable
trend was observed; increasing the internal pressure, achieved by using smaller reactor
volumes with the same precursor volume, led to substantial changes in morphology. The
nanorods tended to develop into larger and denser clusters, and the overall thickness of the
layers of grown nanorods increased accordingly (Figure 4.2a,b). In contrast, SEM images of
samples prepared using the 100 mL reactor volume displayed more distinguishable nanorods
(Figure 4.2c). Cross-sectional SEM images (Figure 4.2d—f) confirmed that the average
thicknesses of the NAs were approximately 425 + 21, 319 + 19, and 131 + 12 nm for the 25,
50, and 100 mL reactors, respectively. These observations were further supported by
statistical measurements of the bundle diameters and lengths, which are summarized in Table
4.1. The morphological differences can be attributed to the alterations in Gibbs free energy.
An increase in pressure promoted faster nucleation and crystal growth rates, which resulted
in larger crystallites and thicker films. Additionally, elevated pressure encourages the

coalescence of individual nanorods into bundles.

Figure 4.2 SEM top-view and cross-sectional images of SnO> nanostructures grown in
autoclaves of varying volumes: (a,d) 25 mL, (b,e) 50 mL, and (c,f) 100 mL; reproduced
from Ref?” under CC BY 4.0
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Table 4.1 Summary of the nanostructure lengths and bundle diameters obtained under
different pressures. Adapted from Ref?* under CC BY 4.0

Condition Length of nanostructure Diameter of SnO; bundle
Min (nm) | Max (nm) | Mean = SD | Min (nm) | Max (nm) | Mean = SD

25 mL 383 478 425421 1092 1484 1220+140
(130 psi)

50 mL 278 349 319+19 244 572 389482

(87 psi)

100 mL 108 156 13112 40 112 60+21
(72.5 psi)

Achieving precisely tailored SnO, nanostructures requires control over the internal
pressure, which is governed by the precursor filling ratio relative to the reactor volume.
However, varying the filling ratio also changes the total solute quantity, introducing a
secondary variable that may affect morphology. To decouple these effects, the same filling
ratio (and thus identical pressure) was maintained in all reactors, despite differing absolute
solute amounts. The pressure-driven morphology control was validated by adjusting the
precursor volumes in the 25, 50, and 100 mL autoclaves to maintain a uniform 7.5 % filling
ratio, providing identical internal pressures during 12 h of solvothermal growth. The 7.5%
filling ratio was strategically chosen to engineer SnO2 NAs with ample inter-rod voids and,
hence, reduced density. Thus, perovskite material infiltrated the spaces between the SnO»
nanorods, enhancing interfacial contact for improved charge transport. Figure 4.3 shows top-
view and cross-sectional SEM images of SnO2> NAs grown under isobaric conditions of 72.5
psi across the three different reactor volumes (25, 50, and 100 mL). Their similar
morphologies confirm that maintaining the same pressure ensures reproducible
nanostructure formation, revealing that pressure, rather than precursor volume, is the

decisive factor governing SnO; nanostructure growth.
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Figure 4.3 SEM top-view and cross-sectional images of SnO; nanostructures grown at
identical pressure by adjusting the precursor solution volume to the same filling ratio in
three autoclave reactors with different sizes: (a,d) 25 mL; (b,e) 50 mL; and (c,f) 100 mL;
reproduced from Ref?* under CC BY 4.0

4.3.2 Effect of Substrate Orientation
Substrate alignment within the solvothermal autoclave significantly influences the SnO>
nanostructure. FTO substrates were mounted face down at three inclinations (0°, 45°, and
90°) inside the 100 mL Teflon-lined reactors under identical thermal and pressure conditions.
Figure 4.4 presents SEM images of these orientation-dependent samples. When the sample
is positioned face downward (0°), uniform precursor flux to the whole sample promotes a
high density of vertically oriented nanorods (Figure 4.4c). In contrast, tilting the substrate to
45° or 90° disrupts this flux, producing NAs with multiple growth orientations and a lower
density of upright rods (Figure 4.4a,b). The crystallographic orientation of nanorods plays a
critical role in device performance. Poor alignment can result in nanorod overlap and
bundling. Consequently, an optimized SnO; nanorod ETL should exhibit well-controlled
interrod spacing to promote uniform perovskite grain growth and intimate interfacial
contact.?” Vertically aligned NAs are particularly advantageous because they provide direct,
continuous pathways for electron transport, suppressing carrier recombination.?0-20%210 A]so,
Zhang et al.*! reported that vertical alignment of nanorod structure reduces hysteresis.
According to the Table 4.2, the vertically inclined configuration results in markedly
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larger bundle diameters (91 + 41 nm) and shorter nanorod lengths (116 + 21 nm) compared
with those obtained at 0° (diameter, 64 + 14 nm; length, 132 + 13 nm) and 45° (diameter, 69
+ 28 nm; length, 135 = 30 nm). The nanorods obtained under the 0° condition exhibit a higher
aspect ratio, defined as AR = length/diameter?!! (AR = 2.06), compared with those grown
under the 90° condition (AR =~ 1.27). A higher aspect ratio increases the effective interfacial
area at the SnOz/perovskite interface, providing more electron extraction sites and facilitating
more efficient charge transfer. The broader diameter distribution (+41 nm) observed for the
thicker nanorods in this work is expected to introduce interfacial nonuniformity, potentially
increasing recombination losses. Moreover, the thicker nanorods create narrow and irregular
inter-rod gaps that can hinder perovskite precursor penetration and lead to interfacial void

formation.

Figure 4.4 SEM top-view and cross-sectional images of SnO; samples grown under the
same solvothermal conditions but with substrates oriented at (a,d) 45°, (b,e) 90°, and (c,f)
0°; reproduced from Ref?” under CC BY 4.0

Table 4.2 Summary of the nanostructure lengths and bundle diameters obtained under
different substrate orientations. Adapted from Ref.?*” under CC BY 4.0

Length of nanostructure Diameter of SnO: bundle
Condition "yii"(nm) | Max (nm) | Mean £ SD | Min (nm) | Max (nm) | Mean + SD
45° 87 178 135+30 42 156 6928
90° 86 154 116421 5 185 91+41
0° 105 152 132+13 46 91 64+14
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Owing to the pronounced morphological differences observed at various substrate
angles, AFM tool was employed to further characterize the surface topography. Figure 4.5
presents the AFM-derived root mean square (RMS) roughness values, showing 0.09, 0.04,
and 0.07 um for the SnO; films grown with substrates inclined at 45°, 90°, and 0°,
respectively. In this study, positioning the substrate face down (0°) is more effective than
other angles because those orientations impose more limitations on the substrate dimensions
owing to the design of the Teflon-lined autoclaves. Given the impracticality of inclined
configurations, larger substrates cannot be completely submerged in the precursor solution,
leading to uneven growth of the SnO; nanostructures. Consequently, for subsequent
investigations of other growth parameters, the substrates were placed horizontally (0°) for

the solvothermal growth process.

(a) . (b)
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Figure 4.5 AFM images of SnO» nanostructures grown under solvothermal conditions with
substrates inclined at (a,d) 45°, (b,e) 90°, and (c,f) 0°; reproduced from Ref?*’ under CC
BY 4.0

4.3.3 Effect of DI Water-to-ethanol Ratio

Accurate regulation of the solvent conditions is essential for guiding the nucleation and
directional growth of SnO> nanorods during solvothermal synthesis. Chen et al.?'? showed
that acetic acid, ethanol, and DI water must be mixed in exact volumetric ratios to drive

uniform nanorod formation on Ti substrates. In this study, the recipe of the SnO»
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nanostructure, as described by Chen er al.?'?, was adjusted to fit the dimensions of the
autoclave reactors and the specific established experimental conditions.

The complex interdependence of DI water, ethanol, and acetic acid makes ternary
solvent optimization especially challenging. Consequently, the influence of solvents on the
SnO; NAs was separately examined by varying the DI water-to-ethanol ratio (1:9, 3:7, 1:1,
7:3, or 9:1) while the other components of the precursor solution were held constant within
a 100 mL reactor, with a total mixture volume of 1.5 mL. Figure 4.6 shows SEM images of
the samples obtained under these conditions.

The hydrolysis of SnCls- SH20 occurs in the presence of DI water, and ethanol aids
in creating an oriented array of SnO> nanorods. Consequently, modulating the water content
influences the hydrolysis rate; at a low water content (Figure 4.6a,b), hydrolysis proceeds at
a rate that balances nucleation, yielding sharply defined SnO; NAs. According to Chen et
al.,*'? insufficient water content leads to slow hydrolysis, thereby growing cube-shaped
nanoparticles following a 24 h solvothermal procedure. Contrary to that work, the water
content in our ternary solvent system remains above the critical hydrolysis threshold, thus
forming well-defined Nas, even at the lowest DI water fraction.

The different concentrations of ethanol show a notable effect on the morphology of
SnO; nanostructures. For example, a minimal quantity of ethanol (Figure 4.6 1,j) results in a

1.,*'2 where

thin layer of nanoparticles. These findings align with data presented by Chen et a
reduced ethanol concentration favors the formation of SnO; nanoparticles over nanorods.
Meanwhile, our results also show a shift from nanoparticles to clearly defined nanorods. The
1:9, 3:7, 1:1, and 7:3 conditions demonstrate that incremental increases in ethanol content
progressively shift the nucleation growth balance toward one-dimensional nanorods.

Note that a high ethanol concentration induces pronounced SnO> bundles, as shown
in Figure 4.6a, compared with the 3:7 and 1:1 ratio images. For the DI water-to-ethanol ratio

of 7:3, the nanostructure becomes almost indistinguishable from the top view (Figure 4.6g).

In contrast, the cross-sectional SEM image (Figure 4.6h) demonstrates a packed assembly of
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clusters and rod segments, reflecting the synergistic effect of elevated DI water content
combined with a moderately low ethanol proportion.

It is important to recognize that different solvents exhibit varying molecular weights
and boiling points, whose distinct volatilities may affect the autogenous pressure during
solvothermal synthesis. For instance, DI water has a molecular weight of approximately 18
g-mol'213 and boils at 100 °C,*'* whereas ethanol’s molecular weight is roughly 46 g-mol
1214 with a boiling point of 78 °C.2!* To investigate the combined effect of these solvents, the

autogenous pressure generated within the autoclave was monitored using a pressure gauge

for three DI water-to-ethanol ratio (1:9, 1:1, and 9:1).
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Figure 4.6 Top-view and cross-sectional SEM images of the SnO, NA morphology
obtained by varying the DI water-to-ethanol ratio: (a,b) 1:9, (c,d) 3:7, (e,f) 1:1, (g,h) 7:3,
and (i,j) 9:1; reproduced from Ref?* under CC BY 4.0

Notably, all three formulations stabilized at approximately 72.5 psi, demonstrating
that in a high-temperature environment (200 °C) with constant headspace (7.5% filling ratio),
the total vapor pressure remains effectively unchanged by variations in the solvent ratio. The
results suggest that changes in the pressure related to the varying ratio of DI water to ethanol

have a minimal impact on the alterations of SnO> nanostructures.
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Table 4.3 shows a summary of the obtained nanostructure dimensions. A reduced DI
water content slows the hydrolysis of SnCls-5H>O, whereas higher ethanol content
encourages nanorod clustering. The slower hydrolysis rate decreases nucleation density,
increasing the precursor flux available to each rod, thereby promoting axial elongation and

radial thickening. For the further investigation of other solvothermal growth parameters, the

DI water-to-ethanol ratio of 1:1was chosen.

Table 4.3 Summary of the nanostructure lengths and bundle diameters obtained under
different DI water-to-ethanol ratios. Adapted from Ref?* under CC BY 4.0

Condition Length of nanostructure Diameter of SnO: bundle
Min (nm) | Max (nm) | Mean = SD | Min (nm) | Max (nm) | Mean + SD
1:9 111 188 149+22 57 126 82+23
3.7 103 178 136+18 50 98 73+15
1:1 102 154 13116 45 83 61+11
7:3 69 129 100+19 26 70 41+12
9:1 30 77 48+14 NA NA NA

4.3.4 Effect of Different Seed Layers
Typically, a compact ETL seed layer serves as a scaffold for the nanostructure, to prevent
perovskite from completely penetrating the nanostructure and reaching the FTO, where
electrical shorting occurs. In this study, three seed layer configurations were fabricated,
including dense magnetron-sputtered SnO; thin films (10 nm), uniform spin-coated SnO-
nanoparticle coatings (10 to 15 nm), and conformal sol-gel?!> deposited SnO, QD films
(approximately 5 nm), to identify the optimal ETL template for subsequent nanostructure
growth. Figure 4.7 presents SEM images of the SnO»> nanostructures synthesized on each of
the three seed layer templates, illustrating how the underlying interlayer influences rod
alignment, packing density, and bundle morphology.

Compared with the SnO; nanostructure samples developed on FTO without a seed
layer, it is evident that all three seed layer templates promoted the vertical alignment of
nanorods and markedly increased array density. However, such structures need appropriate

inter-rod void volume to guarantee uniform perovskite penetration. The arrangement of
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perovskite grains incorporated within SnO, NAs enhances the interfacial surface, allowing
the efficient transport of photogenerated electrons between the ETM and perovskite material
before carrier recombination occurs. Among all three seed layers, only the magnetron-
sputtered SnO; thin film enabled the growth of nanorod architectures with ample free volume
(Figure 4.7 a,b).

Furthermore, compared with the other seed layers, the magnetron-sputtered sample
produces SnO; nanostructures with larger diameters, merging in thick bundles. Meanwhile,
the SnO2 QD sample acts as uniformly dispersed nucleation sites, driving the formation of
densely packed, ultrathin nanorods that maximize structural density (Figure 4.7 e,f). Figure
4.7c,d shows the SEM image of the sample with the SnO> nanoparticle seed layer, exhibiting
a larger diameter with reduced compactness. It is posited that the dimensions of the SnO»
seed particles dictate the nucleation density of the nanostructures. Nonetheless, it is
necessary to further vary the concentrations of SnO, QDs and nanoparticles in the seed layer
to explore their effect on the morphology of the nanomaterial.

The collected data on nanostructure length is presented in Table 4.4. Among the
evaluated templates, the magnetron-sputtered SnO; seed layer proved the most advantageous

variant, with vertically aligned nanostructures and inter-rod void volume.
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Figure 4.7 Top-view and cross-sectional SEM images of SnO; nanostructures grown on
different seed layers: (a,b) magnetron-sputtered SnO- thin film, (c,d) spin-coated SnO»
nanoparticle layer, and (e,f) sol-gel-deposited SnO, QD film; reproduced from Ref?* under

CCBY 4.0

Table 4.4 Summary of the nanostructure lengths and bundle diameters obtained using

different seed layers. Adapted from Ref?* under CC BY 4.0

Condition Length of nanostructure
Min (nm) Max (nm) Mean = SD
Magnetron-sputtered SnO; 104 155 128+14
SnO; nanoparticle coating 102 200 164+26
SnO: QD film 72 136 109+16

4.3.5 Effect of Glacial Acetic Acid

The impact of acetic acid on the nanostructure morphology was assessed using the
magnetron-sputtered seed layer and different concentrations of CH3COOH: 6, 6.5, and 9.75
mL. Figure 4.8 illustrates that lower acetic acid concentrations promote the growth of larger,
elongated nanorod bundles. Acetic acid functions as a ligand; CH3COO™ ions coordinate with
Sn** centers, hindering hydrolysis and nucleation. During solvothermal growth, both acetic

acid and its byproduct, ethyl acetate, serve as organic ligands that facilitate the formation of
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well-defined tetragonal SnO; nanorods and help prevent the bundling of these nanorods.
Thus, our findings are consistent with the previously proposed mechanism?!2, The SEM
images (Figure 4.8) reveal that the lengths of SnO> nanorods synthesized with 6 or 6.5 mL
of acetic acid are considerably longer than those produced using 9.75 mL of acetic acid,
which is likely due to a higher hydrolysis rate during solvothermal growth resulting from the
lower acetic acid concentration. Conversely, when 6 mL of acetic acid was used, the SnO>
nanorods clustered together to create larger bundles, as shown in Figure 4.8a,b. Increasing
the acetic acid volume from 6 to 6.5 mL considerably reduced the size of the SnO; bundles,
creating more available space between the nanostructures (Figure 4.8c,d). Further increasing
the amount of acetic acid to 9.75 mL led to a clearer distinction between the SnO, nanorods,
which became more separated from one another, and their lengths were the shortest (80 £ 17

nm) compared with those obtained using lower acetic acid concentrations.

Figure 4.8 Top-view and cross-sectional SEM images of SnO> nanostructures synthesized
using different acetic acid contents: (a,b) 6 mL, (c,d) 6.5 mL, and (e,f) 9.75 mL;
reproduced from Ref?* under CC BY 4.0
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Table 4.5 presents length data for the SnO> nanostructures obtained using different
acetic acid concentrations. Beyond its direct impact on rod morphology, the acetic acid also
alters the total volume of the precursor solution, thereby affecting the pressure. However, the
associated pressure shift between 6 and 9.75 mL acid has a negligible impact on morphology
relative to the substantial pressure-driven changes observed in our reactor-volume study.
Consequently, the acetic acid concentration emerges as the primary lever for fine-tuning

morphology under constant thermal and pressure conditions.

Table 4.5 Summary of the nanostructure lengths and bundle diameters obtained using
different acetic acid concentrations. Adapted from Ref?*” under CC BY 4.0

Condition Length of nanostructure
Min (nm) Max (nm) Mean + SD
6 mL 91 151 119+16
6.5 mL 105 153 128+13
9.75 mL 55 119 80+17

4.3.6 Effect of Growth Time
The impact of growth time on SnO; nanorod formation was evaluated by performing
isothermal synthesis at 200 °C for 6, 12, and 24 h. A supplementary experiment comprised
an initial 12 h growth period, followed by replacement of the spent precursor with fresh
solution and an additional 12 h reaction period. Comparative analysis of the SEM images
(Figure 4.9a—f) shows that prolonged reaction times do not alter the general array architecture
or average rod length. Conversely, when a two-step approach (12h+12h) is employed with
precursor renewal, the resulting SnO> nanostructures become denser, featuring larger
bundles of nanorods. Additionally, the length of the nanostructure shows an approximate
increase of 1.7 times (219 + 49 nm), in contrast to one-step approaches (~120—130 = 15 nm).
Table 4.6 lists the data of the nanorod structures obtained using different growth times.
SnO; nanostructures grown via a single solvothermal cycle exhibit negligible length
variation beyond 6 h. It is thought that the lack of sensitivity of SnO> nanostructures to

variations in growth duration during the one-step solvothermal growth process is influenced
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by other limiting factors, such as the overall concentration of various solutes in the precursor
solution. The experiments indicate that it is difficult to adjust the length of the nanorods
independently while maintaining the required density and dimensions of the SnO:
nanorods/bundles.

From a device fabrication perspective, this tunability is particularly important, as
SnO; nanorod length plays a critical role in determining photovoltaic performance.
Consistent with the observations reported by Lv et al.,?°> device performance shows a non-
monotonic dependence on SnO: nanorod length, as controlled by reaction time. The
photovoltaic performance initially improves with increasing nanorod length and
subsequently deteriorates at longer growth times. The champion device, based on uniform
one-dimensional SnO; nanorod arrays with an average length of approximately 150 nm,
achieves a peak PCE of 16.7%. This enhancement is attributed to increased perovskite
loading and improved interfacial contact, which facilitate efficient charge extraction.
However, further elongation of the nanorods to ~200 nm (diameter ~70 nm) leads to a
reduction in PCE. Excessively long nanorods increase the electron transport distance within
the ETL and enlarge the interfacial area exposed to defect states, thereby enhancing trap-
assisted recombination. In addition, prolonged growth results in nanorod bundling and non-
uniform perovskite infiltration, creating local voids and poorly contacted regions that further
increase recombination losses.

Future research should focus on exploring various combinations of experimental
conditions. Despite these complexities, these findings establish a robust baseline for
correlating solvothermal conditions with the resulting SnO> nanorod architecture, thereby

guiding the rational design of ETL morphologies for high-quality PSCs.
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Figure 4.9 Top-view and cross-sectional SEM images of SnO> nanostructures synthesized
using different growth durations: (a,b) 6 h, (c,d) 12 h, (e,f) 24 h, and (g,h) 12 + 12 h (two-
step approach); reproduced from Ref?*” under CC BY 4.0

Table 4.6 Summary of the nanostructure lengths and bundle diameters obtained using

different growth durations. Adapted from Ref?* under CC BY 4.0

Condition Length of nanostructure Diameter of SnO; bundle
Min (nm) | Max (nm) | Mean £ SD | Min (nm) | Max (nm) | Mean = SD
6h 83 138 119+14 37 109 62+22
12 h 101 153 129+16 45 91 65+11
24 h 97 154 130+£15 39 146 79433
12+12 h 131 312 219+49 56 202 109+40

4.4 Structural and Photovoltaic Characterization

Prior to integrating the SnO> NAs as an ETL in PSCs to evaluate device performance, XRD
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Intensity (a.u.)

analysis was performed to confirm the crystallographic phase and purity of the solvothermal-
grown structures. The diffraction patterns (Figure 4.10a) display peaks corresponding to the
SnO, material and are consistent with the reference.?'® Figure 4.10b shows that PSCs
incorporating oxygen plasma-treated SnO, ETLs exhibit notably improved PV
characteristics compared with untreated devices; the V. rises from 0.96 to 1.11 V, and PCE
increases from 13.3% to 16.6%. The improvement in device performance is attributed to the
elimination of organic residues from the surface of SnO: nanostructures. This observation
underscores the significance of using appropriate surface treatments on solvothermal
synthesized SnO; nanostructures for the development of PSCs. Figure 4.11 illustrates the

device architecture with the nanostructured ETL.
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Figure 4.10 a) XRD patterns of the magnetron-sputtered compact ETL and SnO»
nanostructure and the b) J-V characteristics of devices prepared with and without oxygen
plasma-treated ETLs; reproduced from Ref?*” under CC BY 4.0
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Figure 4.11 The fully assembled device with the nanostructured ETL
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The intimate interaction between SnO: nanostructured ETL morphology and
perovskite crystallization dynamics is critical. It necessitates tailored adjustment of
perovskite formulation, deposition parameters, and interfacial engineering for each nanorod
configuration to achieve optimal charge extraction and long-term stability. Advanced
interfacial treatments, such as SAMs, ultrathin passivation coatings, or selective ligand
exchange, can further enhance band alignment and suppress interfacial recombination.
Although these targeted interface engineering strategies are essential for maximizing device
efficiency and operational stability, their systematic exploration lies beyond the scope of this

thesis and represents a compelling avenue for future research.

4.5 Summary

In conclusion, the role of interfacial engineering in SnO> nanostructure morphology has been
systematically investigated for PSCs. Morphological features such as nanorod length,
diameter, alignment, and surface area influence key factors like charge extraction, interface
quality, and recombination dynamics. For this reason, precise control of the SnO; nanorod
architecture is essential for effective device performance. A comprehensive investigation of
the solvothermal growth conditions, namely autogenous pressure, substrate orientation, DI
water-to-ethanol ratio, seed layer architecture, acetic acid concentration, and growth time,
provided a framework for tailoring SnO> NAs. For example, several solvothermal growth
parameters govern the diameter of SnO> nanorods. Increased pressure during solvothermal
synthesis promotes crystallite growth, leading to larger grain sizes. The characteristics of the
seed layer strongly influence nanorod morphology, with SnO2 quantum-dot seed layers
producing nanorods with the highest density and the smallest diameters due to enhanced
nucleation. Solvent composition also plays an important role, as a high ethanol content in the
DI water—ethanol mixture leads to lateral aggregation and bundle formation. The orientation
was primarily controlled by the seed layer. SnO2 nanorods grown on three different seed

layers tend to align along a single direction perpendicular to the substrate, indicating that the
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seed layer provides crystallographic guidance for vertical growth.

Thus, this work furnishes a set of actionable guidelines for the rational design of SnO>
nanorod ETLs in PSCs. Differing reactor volumes with a fixed precursor volume generated
distinct internal pressures and altered the SnO2 nanorod morphologies. Equalizing the filling
ratio across all reactors standardized the pressure and produced identical structures,
confirming that pressure is the primary growth parameter. Substrate orientation plays a
supporting role, with a horizontal face-down configuration guaranteeing complete precursor
coverage and uniform vertical growth. Solvent engineering is also critical; using an equal
ratio of DI water to ethanol optimizes hydrolysis kinetics, and a compact magnetron-
sputtered interlayer seeds tight, vertically aligned rod assembly. The strategic modulation of
acetic acid levels coupled with a sequential solvothermal approach further enhances the
nanorod length and bundle spacing. Crucially, post-growth oxygen plasma cleaning removes
organic residues, passivates interfacial traps, and improves the V.. and efficiency, offering a
robust blueprint for high-performance perovskite device fabrication. Overall, these findings
establish practical design principles for the application of SnO, NAs in ETLs and offer a
clear roadmap for future researchers aiming to optimize ETL/perovskite interfaces and boost

device performance.
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CHAPTER 5: ENGINEERING A MAGNESIUM OXIDE
INTERLAYER TO ENHANCE THE STABILITY OF ALL-
INORGANIC PSCs

5.1 Introduction

All-inorganic perovskites offer key advantages over their organic-inorganic counterparts,
including enhanced thermal stability at elevated temperatures and improved moisture
tolerance afforded by fully inorganic A-site cations. In contrast, organic cations such as MA*
begin to volatilize and decompose at ~80 °C, highlighting their limited thermal stability.?!”~
219 Meanwhile, the bulkier FA* cation induces significant lattice strain, elevating the defect
density and accelerating halide ion migration. Compounding this, pure a-FAPbI; transitions
to its non-photoactive 6-phase with a wide bandgap (~2.4 eV) at a temperature below
approximately 150 °C, thereby losing its PV activity.??%?2! Moreover, exposure to
environmental stressors such as heat, humidity, and light, accelerates the degradation of
hybrid PSCs.

Consequently, significant research has been devoted to replacing organic A-site
cations with Cs to develop fully inorganic perovskite-based solar cells. These PSCs exhibit
lower photosensitivity, conferring greater stability under continuous 1-sun illumination, and
a wider bandgap enables higher V,. values.?!® Cubic a-CsPbl; has attracted considerable
interest owing to its optimal bandgap of 1.73 eV 2728 which provides strong absorption
across the visible spectrum. Unfortunately, this phase only remains thermodynamically
stable above ~300 °C,?*?> when the room-temperature yellow & phase (E; = 2.82 eV?18222)
irreversibly converts into a black perovskite form. Upon cooling, the structure does not revert
directly to & but instead passes through two intermediate black phases: a  phase at 260 °C??
and an orthorhombic y phase at 175 °C.2?* Notably, the yellow J phase recovers after several
days at room temperature.??® Efforts to address the thermal and structural instabilities of

CsPbl; have led to the development of cesium bromide and mixed halogen perovskites,
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particularly CsPbBr3; and CsPbIBr2. CsPbBr3 exhibits stable perovskite structures at ambient
conditions and resists phase transitions; however, the wide bandgap (2.37 eV)??*225 limits
the absorption of low-energy photons from the solar spectrum, thereby restricting the
maximum current density and overall efficiency of single-junction solar cells. Although
CsPbIBr; has a narrower bandgap (~2.05 €V)??¢ than CsPbBr3, its thin films are susceptible
to moisture-driven conversion from the photoactive cubic-phase to a non-perovskite
orthorhombic phase.??” This phase transition undermines the film integrity, charge transport,
and long-term device stability. Among these inorganic absorbers, CsPblBr exhibits an
intermediate bandgap of approximately 1.9 eV, ensuring extensive solar absorption and an
elevated V,.. Advancements in deposition methodologies, defect passivation, and interfacial
engineering have enhanced CsPbL:Br device performance, increasing the PCE from an initial
9.8%72?8 to a record 17.5%.2%°

Despite marked advances in phase stabilization, CsPbl,Br remains susceptible to
stability issues, underscoring the need for innovative interfacial engineering strategies. First,
the choice and optimization of a suitable ETL is crucial. Although TiO: is the most
commonly used ETM, these devices suffer from photocatalytic degradation of perovskites
during extended exposure to light, high recombination rates caused by low electron mobility
(<1 em? V-1s71), 194 and energy-demanding high-temperature sintering processes. Meanwhile,
ZnO combines high chemical and mechanical stability with non-toxicity and natural
abundance.!”’ Given the significant optical transmission in the visible light spectrum, ZnO
has garnered attention for various technological uses. For example, ZnO is a compelling ETL
alternative, with a band gap of approximately 3.37 eV'°%!°7 and significantly high electron
mobility of 100-200 cm? V-!s'!. Additionally, the low-temperature production of ZnO lowers
energy consumption during manufacturing and is compatible with flexible substrates.
Despite its extensive use in OPV,23%-23 researchers seldom focus on ZnO in PSCs because
it can deprotonate®*> the MA* and FA" cations, leading to the degradation of hybrid PSCs.

However, in all-inorganic perovskite devices, the absence of organic ions eliminates this

89



degradation pathway, allowing ZnO to be leveraged for effective charge extraction while
maintaining the integrity of the material.

The CTL/absorber interface significantly influences carrier extraction and transport.
Misaligned energy levels at these junctions create potential barriers to charge flow, resulting
in heightened recombination and a diminished photocurrent. To counteract these effects,
interfacial layers are incorporated to enhance energy alignment,?*¢-2*% promoting efficient

charge transfer?’

and reducing energy losses.?*® Additionally, interfacial modifiers act as
protective coatings, shielding the perovskite from moisture and oxygen and thereby
enhancing device stability.?** For example, Deng et al.?*® and Wang et al.?*® enhanced the
energy level alignment by employing interfacial engineering; alkali hydroxide and
polyethylenimine ethoxylated interlayers were incorporated at the SnO/CsPbl,Br interface,
resulting in PCEs of 11.78%%¢ and 11.2 %,>8 respectively. Yan et al?* deployed a
sequential SnO2/ZnO bilayer ETL to reduce energy loss and increase the V. for high-
efficiency CsPbl,Br-based PSCs. Uniform grain morphology and complete substrate
coverage of high-quality perovskite films were obtained on the SnO2/ZnO surface. The
higher conduction-band minimum of ZnO creates a cascade energy level alignment with
SnO; and the CsPbl:Br absorber, which enhances electron extraction and minimizes trap-
assisted recombination.?* The bilayer ETL devices achieved a Vo of 1.23 V and a PCE of
14.6% and maintained 80% of their initial efficiency after 300 h of annealing at 85 °C,
showcasing remarkable thermal stability.>** Bahadur e al.?*!' also enhanced the stability by
introducing a fluorinated IL, namely 3-(trifluoromethyl) benzylamine molecule to passivate
the perovskite surface. The unencapsulated PV cells treated with this molecule exhibited
markedly enhanced operational stability, retaining 86.23% of their starting PCE over a
prolonged 1440 h aging period at 85 °C in a dry box, compared with just 48.26% for the
control device without encapsulation.?*!

Although ZnO is a highly promising ETL for all-inorganic PSCs, its interfacial

imperfections, such as inherent defect sites within ZnO and nonuniform coverage of the
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perovskite layer, limit performance.?*? These flaws induce deep-level traps and exacerbate
interfacial recombination, thereby constraining device efficiency. Modifying the device
architecture by introducing ultrathin interlayers or doping can effectively passivate
interfacial defects, suppress non-radiative recombination, and enhance overall PV
performance. For example, Li et al?* developed devices utilizing a PbCl,-ZnO hybrid
nanocomposite as the ETL, achieving a record PCE of 17.46%; PbCl, effectively tuned the
energy bandgap of ZnO and reduced the defects at the ZnO/CsPbl,Br interface.?*® These
impressive findings underscore the significance of interfacial engineering in enhancing
device performance. Meanwhile, Li et al?** fabricated bilayer ZnO/Mg«Zn;.«O ETLs and
replaced traditional Spiro-OMeTAD HTM with poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[ 1,2-b:4,5-b"]dithiophene))-alt-(5,5-(1',3"-di-2-thienyl-5",7'-
bis(2-ethylhexyl)benzo[1',2'-c:4’,5'-c']dithiophene-4,8-dione))]. The obtained architecture
raised the conduction band minimum to more closely match CsPblbBr, while PM6 aligned
energetically with the valence band maximum, streamlining the charge extraction at both
interfaces. This dual modification also improved the perovskite crystallinity on the bilayer
ETL and reduced interfacial trap densities, reaching a high V. of 1.34 V and PCE of
16.04%.2%

The application of MgO has demonstrated significant benefits for interfacial
engineering because of wide bandgap (7.8 eV?*) and chemical stability, though most studies
have focused on hybrid PSCs. For example, Cao et al.>*® used protonated ethanolamine and
a MgO layer as a passivating agent for ZnO in (CsFAMA)Pb(Brl);-based PSCs. The hysteresis
was reduced, and the champion PCE was increased from 18.31 % with a bare ZnO ETL to
21.08% in the optimized device.?*¢ Meanwhile, Dagar er al.?*’ achieved 19% PCE for
Sn02/MgO/CH3NH3Pbl; compared with 15.2% for SnO2/CH3NH3Pbl;, attributing the gain
to MgO’s effective hole-blocking ability and the subsequent reduction in interfacial
recombination.

Although MgO interlayers have markedly improved hybrid PSCs, their integration
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into fully inorganic architectures has rarely been investigated. One of the few investigations
was conducted by Wang et al**® They incorporated a MgO interfacial layer at the
SnO,/CsPbIBr; interface, achieving reduced hysteresis and a notable enhancement in device
performance: the V. increased from 1.25 to 1.36 V while the PCE increased from 10.29%
to 11.04%.%%8

While the study by Wang et al.>*® demonstrates the potential of MgO interlayer in
SnO»z-based inorganic PSCs, ZnO exhibits fundamentally different electronic structure,
surface chemistry, etc. These differences strongly influence interfacial energetics, defect
formation, and chemical compatibility with inorganic perovskites, making it inappropriate
to directly generalize interfacial engineering methods developed for SnO; to ZnO-based
systems. Despite ZnO offering favorable cascade energy alignment with CsPbl;Br, the role
of MgO at the ZnO/perovskite interface has not been systematically explored. Consequently,
the present study fills this knowledge gap by systematically exploring the incorporation of
MgO at the ZnO/CsPbl:Br interface. CsPbloBr, which possesses a slightly narrower bandgap
than CsPbIBr, is particularly attractive for practical all-inorganic PSCs and for tandem
configurations with narrow-bandgap absorbers. Furthermore, the findings of this study
reinforce earlier report>* indicating that a sufficiently large conduction-band offset at the
ETM/Cs-based perovskite interface is decisive for efficient electron extraction and
simultaneously improves device efficiency and stability. In that work,?*® the authors
investigated primarily TiO2- and SnOz-based CsPbli sBri2 devices. More importantly, this
work goes beyond performance enhancement by analyzing interfacial properties together
with systematic assessments of storage stability, operational stability, and PI resistance under
conditions relevant to low Earth orbit (LEO). Shelf-life testing showed that the MgO-
modified cells maintained 70% of their original efficiency value after 49 days of storage in
the glovebox, compared with only 55% retention for the control devices. We exposed both
device types to low-energy PI tests to evaluate the durability under extreme radiation

conditions. Notably, the optimized MgO-incorporated devices exhibited markedly high-
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performance retention, maintaining 100% of their initial PCE for 77 days, whereas the
efficiency of the control cells dropped to 47% of its original value. The results clearly show
that MgO modification substantially improves both material durability and device stability,
even under PI exposure. In contrast to other reported interfacial engineering approaches that
rely on complex or costly fabrication techniques (such as passivation layers grown by atomic
layer deposition or vacuum-deposited interlayers), the MgO layer employed here is
introduced through a straightforward solution-based method. This simplicity provides

significant advantages for scalable and low-cost manufacturing of PSCs.

5.2 Device Fabrication

Two device configurations were fabricated: FTO/ZnO/CsPbl,Br/Spiro-OMeTAD/Au and
FTO/ZnO/MgO/CsPbl,Br/Spiro-OMeTAD/Au. Prior to deposition, all FTO-coated
substrates were cleaned according to the protocol detailed in Chapter 3.2.1. The HTL was
deposited as described in Chapter 3.2.2, and Au contacts were evaporated according to the

procedure outlined in Chapter 3.2.3.

5.2.1 ETL Deposition
After a 10 min of sonication, the ZnO ink solution was filtered. The deposition process was
applied by spin-coating at 8000 rpm for 30 s on cleaned FTO substrates, which were

subsequently annealed on a hot plate at 130 °C for 20 min.

5.2.2 MgO Interlayer Recipe

A homogeneous MgO precursor solution was obtained by dissolving 36.45 mg of
magnesium acetate tetrahydrate in 1.7 mL of 2-methoxyethanol with the addition of 1 pL of
ethanolamine, followed by continuous stirring for 5 h. ZnO-coated FTO substrates were

exposed to UV-ozone for 10 min before deposition. MgO solution was deposited by spin-
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coating at 8000 rpm for 30 s. The films were then subjected to a 30 min of annealing at 450

°C.

5.2.3 CsPbL:Br Perovskite Deposition

The CsPbl;Br precursor solution was prepared by combining 233.8 mg of Csl, 207.45 mg of
Pblz, and 165.15 mg of PbBr2 in a mixed solvent system using a DMF:DMSO ratio of
800:200. For optimal film adhesion and a clean surface, ETL-coated substrates were
subjected to UV-ozone treatment for 10 min. Within a nitrogen-filled glovebox, the
perovskite was deposited employing a two-stage spin-coating program: 1000 rpm for 10 s,
followed by 5000 rpm for 30 s to uniformly spread the solution. Additionally, 160 ul of IPA
was introduced as an antisolvent 15 s before the spin-coating process concluded. The films
were then heated at 40 °C for 2 min to nucleate the perovskite phase, as evidenced by a brown
color, followed by an extra 10 min at 250 °C to complete the crystal growth and densify the

film.

5.2.4 EOD Fabrication Methodology

To probe the electron transport independently, EODs were constructed with an
ETL/perovskite/PCBM/Ag architecture. After depositing the ETL (Chapters 5.2.1, 5.2.2)
and perovskite (Chapter 5.2.3) layers, a 10 mg mL! PCBM solution in CB was spin-coated
at 3000 rpm for 30 s and then annealed at 100 °C for 10 min. Finally, high-purity silver
electrodes (~70 nm) were thermally evaporated under high vacuum to complete the device

fabrication.

5.3 Results & Discussions

5.3.1 ETL Investigation
First, the investigation started with a comprehensive analysis of the ETM layers using SEM,

EDS, AFM, and KPFM characterization techniques. The morphology of ZnO- and

94



ZnO/MgO-coated substrates was examined by SEM, as shown in Figure 5.1a,b. Both
conditions demonstrate nearly identical crystallite sizes and surface textures, suggesting that
adding the MgO thin film does not alter the ZnO crystallites. Quantitative analysis of SEM
cross-sections in FIJI revealed that ZnO and ZnO/MgO films maintain comparable
thicknesses of 70.6 + 14.3 and 70.2 + 14.5 nm, respectively. Maintaining a similar ETL
thickness upon MgO incorporation offers a significant advantage because an excessively
thick MgO layer can act as an insulator owing to its low conductivity, thus increasing the
series resistance and degrading device performance.?® Guo er al*! reported that a thick
MgO layer may also reduce the perovskite light absorption, in addition to obstructing
electron transport.

EDS was used to assess material purity, identify contaminants, and analyze the
elemental composition of ETL-coated substrates. Figure 5.1c,d shows the EDS spectra
obtained for the two ETL samples, confirming the presence of MgO in the ZnO/MgO sample,

whereas no Mg-related signal was detected for the control sample.

Intensity (counts)
Intensity (counts)

Energy (KEv) Energy (KEv)

Figure 5.1 Top-view and cross-sectional SEM images of a) ZnO and b) ZnO/MgO; EDS
spectra of ¢) ZnO and d) ZnO/MgO. Adapted from Ref?>? under CC BY 4.0
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AFM scans (3 um % 3 um) provided quantitative surface-roughness values for the
ETL films. The ZnO layer (Figure 5.2a) exhibited an RMS roughness of 15.29 + 0.32 nm,
whereas the ZnO/MgO (Figure 5.2b) was slightly higher, increasing to 18.01 £ 1.18 nm.
While the KPFM tool was used to investigate the surface potential and quantify the CPD
between the probe and the ETL films. Figures 5.2¢,d present KPFM maps over a 3 x 3 um

scan area, with the corresponding 3D representations shown as insets.

Figure 5.2 AFM height-mode surface-roughness maps for (a) ZnO and (b) ZnO/MgO
ETLs, with RMS roughness statistics displayed in the inset. KPFM surface-potential
images with 3D topography insets for ¢) ZnO and d) ZnO/MgO ETLs. Adapted from Ref?*?
under CC BY 4.0

The box charts shown in Figure 5.3a—d represent the statistical data for four key
KPFM-derived metrics: surface potential, peak-to-valley Vcpp, RMS Vepp, and WF
parameters. The ZnO layer exhibited a Vcpp of —20.46 + 25.58 mV, whereas the ZnO/MgO
sample showed a pronounced shift to —285.00 £ 10.06 mV. A considerable shift in Vcpp
suggests that the surface electrical properties have been significantly altered following the
deposition of MgO. Extensive data analysis was conducted to evaluate the significance of
the differences in surface potential by analyzing peak-to-valley Vcepp and RMS Vepp
parameters. The peak-to-valley Vcpp (Figure 5.3b), which indicates the range of variations
in surface potential, exhibits a slight increase from 120.9 + 3.3 mV in the ZnO sample to

132.9 £ 5.5 mV in the MgO-modified sample, and the RMS Vcpp increases from 18.07 +

96



0.49 to 20.51 £ 0.98 mV with the addition of MgO. These modest shifts suggest a slightly
wider range of local surface potentials, but they remain small and statistically negligible.
While incorporating MgO causes a pronounced shift in the absolute Vcpp by modifying the
ZnO WEF, it does not compromise surface uniformity, supporting uniform ETL charge
transport.

The WF (Figure 5.3d) increases from 5.39 = 0.03 eV for ZnO to 5.6 = 0.01 eV for
253

Zn0O/MgO. The WF values were determined using the following formula:

q)tip - cI)sample (51)
e

Vepp =

where @i, and Dsampie indicate the tip and sample WFs, and e is the elementary charge.??
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Figure 5.3 Box plots of the statistical distributions for the a) surface potential, b) peak-to-
valley Vcep, ¢) RMS Verp, and d) WF. Adapted from Ref?>? under CC BY 4.0

XRD was employed to verify the coexistence of ZnO and MgO. As shown in Figure
5.4a, both the pristine ZnO and the MgO-coated samples exhibit diffraction peaks at 34.5°,
36.0°, and 56.5°, corresponding to the (002), (101), and (110) planes®* of typical ZnO. A
pronounced diffraction peak at 44.0° is also observed for the optimized sample, which
corresponds to the characteristic crystallographic plane (200)%°%2° of MgO material. It is
important to note that adding MgO did not diminish the transmittance of the samples (Figure
5.4b), indicating that the MgO layer does not contribute to optical energy loss when
integrated into solar cells. Corresponding absorbance spectra (Figure 5.4c) show a slight
increase in absorbance of the MgO-modified sample, likely due to modified surface states.

From Tauc plots, both conditions demonstrate the same E, values of 3.2 eV.
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Following structural and optical characterization by XRD and UV-Vis spectroscopy,
XPS was employed to probe the chemical composition and electronic states of the ZnO and
Zn0O/MgO films. The Mg 1s peak observed at a BE of 1305.07 eV confirms the presence of
MgO, as illustrated in Figure 5.4d. XPS analysis of the Zn 2p core levels of Zn 2pi12 and Zn
2p32 located at 1044 and 1022 eV indicates a slight shift to lower BE, accompanied by a
reduced peak intensity for the MgO-modified films (Figure 5.4¢). This downward shift likely
attributed to the MgO overlayer partially obstructing the ZnO surface signal. This change
may indicate the interfacial electronic interactions between ZnO and MgO, reflecting an
increased electron concentration at the ETL surface due to the MgO overlayer. Such
interfacial charge redistribution could play a significant role in adjusting the energy band
alignment and potentially enhancing carrier transport in PSCs. More specifically, it indicates
a decrease in the electron-withdrawing effect around Zn due to changes in the local electronic
environment following the substitution of Zn?" with Mg?". Although both materials have
comparable ionic radii, the slightly higher electropositivity of Mg?* modifies the interfacial
electronic structure.

Figure 5.4f presents the O 1s XPS spectrum for the ZnO sample. The O; peak at 530.0
eV corresponds to O* ions in the stoichiometric wurtzite ZnO structure, where oxygen is
coordinated within the Zn-O framework. Additionally, it encompasses fully oxidized oxygen
species associated with the surrounding metal-oxygen (M-O) environment. The O peak at
531.0 eV is associated with oxygen vacancies, and the Om peak at 532.0 eV corresponds to
surface hydroxyl (-OH) species. Following the incorporation of MgO on the ZnO surface,
all three peaks exhibited a shift, appearing at 529.8 eV (Or), 531.6 eV (On), and 532.8 eV
(Om), respectively, as illustrated in Figure 5.4g. The enhancement of the On peak can be
attributed to the lattice mismatch and the resulting interfacial strain between the cubic
structure of MgO and the hexagonal structure of ZnO. In contrast, the reduced intensity of
the Om peak suggests a lower propensity for hydroxylation in optimized films, likely due to

MgO’s weaker affinity for -OH group adsorption. Additionally, this decrease may be
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attributed to the participation of M-OH species in ZnO-MgO interfacial interactions, which
reduces the number of free surface -OH groups. Moreover, the MgO-incorporated sample
demonstrates the shift of the Or peak to lower BE, reflecting alterations in the local chemical
environment. The increased ionic character of Mg-O bonds diminishes the electron-
withdrawing influence on neighboring oxygen atoms. This observation is consistent with the
parallel shift detected in the Zn 2p core-level spectra.

UPS was performed to investigate the influence of MgO on the positions of energy
levels. By linear extrapolation, the secondary electron cutoff (Ecuor) and the valence band
region (Evem — Ey) were determined, as presented in Figure 5.4 h,i. The Fermi energy was
calculated using the formula Ey=21.22 eV (He I) — Ecurofr. With Eyestablished, the valence
band maximum (Evsm) was then obtained. The conduction band minimum (Ecsm) was

calculated by summing the valence band maximum (Evewm) and the optical bandgap (Ey).
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Figure 5.4 a) XRD patterns of the ZnO and ZnO/MgO thin films on FTO glass
substrates; UV-Vis b) transmittance and c) absorbance spectra; high-resolution XPS
spectra comparing ZnO and ZnO/MgO samples: (d) Mg 1s, (e) Zn 2pi2 and 2p3», (f,g) O
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Is orbitals; UPS-derived BE profiles showing the h) secondary Ecu.ofrand 1) valence band
region for ZnO versus ZnO/MgO. Adapted from Ref?>? under CC BY 4.0

Figure 5.5 presents a schematic energy band diagram with the experimentally
determined CBM and valence band maximum positions. The introduction of MgO shifts the
Ecsm from —4.1 to —4.3 eV, thereby creating a more gradual energy-level gradient that
facilitates electron transport and collection at the FTO electrode, consistent with reduced
recombination according to energy band-alignment principles. Additionally, the deeper
valence band position confirms the n-type character of the MgO-modified ETL, which agrees
with the observed increase in electron density.>*® Furthermore, introducing MgO results in a
greater CBM energy offset at the ETL/perovskite interface. Consistent with earlier studies,?*
such an offset is advantageous in Cs-based PSCs because it promotes exciton dissociation

and facilitates efficient electron extraction.
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Figure 5.5 Schematic energy band diagram. Adapted from Ref?>? under CC BY 4.0

5.3.2 ETL/Perovskite Characterization
Evaluation of the MgO structural and electronic modifications to the ETL was followed by

an investigation of its effects on the perovskite film. CsPbl;Br films were deposited on ZnO-
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and ZnO/MgO-coated substrates by spin-coating deposition. SEM and AFM were employed
to reveal differences in the grain size, surface coverage, and roughness, as shown in Figure
5.6. Top-view SEM images with grain size distribution plots as insets (Figure 5.6a,c)
demonstrate a significant enhancement in the perovskite crystallite dimensions with MgO
interlayer incorporation, grain sizes increase from 100900 nm (mean ~370 nm) in the
control film to 200-1600 nm (mean ~600 nm) in the optimized sample. Enhanced grain

257 growth facilitates more efficient charge-carrier mobility and lowers non-radiative

size
recombination—key factors in boosting PSC efficiency. Additionally, cross-sectional SEM
images (Figure 5.6b,d) verify that both films maintain comparable thicknesses —
321 +29 nm for the ZnO and 319+ 22 nm for the ZnO/MgO sample— and exhibit well-
defined columnar morphologies.

AFM images (Figure 5.6e,f) further validate these morphological improvements,
displaying an apparent increase in the surface grain size for the optimized sample. Control
and MgO-modified samples exhibited RMS roughness values of 35 + 27 and 40 + 25 nm,
respectively. A slight increase in RMS aligns with the roughness trends observed in the ETL-
coated substrates, as illustrated in Figure 5.2b. The findings demonstrate that although the

ultrathin MgO interlayer slightly alters surface topography, the modification does not

compromise perovskite uniformity.
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Figure 5.6 Top-view and cross-sectional SEM images with accompanying particle-size
distribution histograms for (a, b) ZnO/CsPbl>Br and (¢, d) ZnO/MgO/CsPbl,Br samples;
AFM height-mode and corresponding 3D images for () ZnO/CsPbl>Br and (f)
ZnO/MgO/CsPbl,Br samples, highlighting the surface-topography changes upon MgO
incorporation. Reproduced from Ref?*? under CC BY 4.0

To ensure that interface engineering does not affect the intrinsic crystal structure of
the absorber, XRD scans were carried out on ZnO/CsPblBr and ZnO/MgO/CsPbl,Br
samples. The measurements were performed in the 20 range of 10°-70° (Figure 5.7a),
showing typical spectra for CsPbl,Br, ZnO, and FTO, which coincide with the peaks found
in the literature.2>%2% In both cases, the characteristic perovskite peaks at 14.75°, 20.95°, and
29.7° are assigned to the (100), (110), and (200) planes?%°-26! of cubic CsPbI,Br. The absence
of any new diffraction features indicates that the MgO layer does not disturb the perovskite
crystallinity or phase purity. Additionally, the MgO peak was not observed because of the
overpowering signals from the perovskite material.

After XRD confirmation of the phase integrity, the stability evaluation was provided
for ETL/perovskite substrates. Stability assessments were performed under two conditions:

samples were stored in a controlled-atmosphere glovebox or exposed to ambient air (30 %
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RH). Under inert glovebox storage, both the control and MgO-modified devices maintained
their structural integrity, showing no significant degradation over the test period, as
illustrated in Figure 5.7b. In contrast, samples exposed to ambient air demonstrated markedly
different behavior (Figure 5.7c). The control sample exhibited rapid perovskite
decomposition, underscoring the pronounced sensitivity of CsPbl>Br to moisture. The MgO-
incorporated sample showed improved moisture resistance; larger grains and fewer
boundaries limited moisture ingress and mitigated degradation pathways.

The sample stability was also evaluated under extreme conditions by PI test to assess
their reliability more thoroughly. Protons generate atomic displacements in the PSC,
effectively recreating a radiation spectrum similar to that encountered in LEO and offering a
rigorous assessment of the device’s resilience in extreme conditions.?6272% Upon exposure of
PSCs to PI, incoming protons lose energy through two primary mechanisms. Non-ionizing
energy loss (NIEL) results from elastic collisions between incoming protons and lattice
atoms, causing lattice damage.?6>2% In contrast, ionizing energy loss (IEL) arises from
inelastic interactions, where protons scatter electrons, generating localized heating, that may
promote partial lattice recovery within the perovskite absorber.262266-26 Previous
investigations of proton radiation effects have predominantly focused on CH;NH3PbI3268-270-
277 and mixed-cation/mixed-halide?®2278-280 perovskites, while Cs-based?$*-281-283 inorganic
PSCs remain comparatively underexplored. The work reported by Lang et al.?’* in 2016
revealed that under 68 MeV proton beams, perovskite films withstood cumulative doses,
demonstrating approximately 1000 times the damage threshold of c-Si. Subsequent studies
confirmed the resilience of PSCs to PI testing at 50 keV?7®, 150 keV?84, 170 keV2%°, 300
keV?7, and 1 MeV?*? with healing effect over time. Computational work by Nguyen et al.?%
further projected that CsPbl:Br can retain ~62% of its efficiency following 100 keV
irradiation. In our experiments, the proton energies are correspondingly distributed from near

0 keV up to a maximum of ~170 keV at a total fluence of 2 x 10!2 cm™. The selected proton

energy and fluence are commonly used in irradiation studies of PSCs and closely match the
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radiation conditions encountered in LEO, thereby enabling meaningful comparison with
previously reported results. According to prior Stopping and Range of Ions in Matter
simulations conducted under comparable conditions,?®?> 170 keV protons are expected to
penetrate and interact throughout the complete device stack. Boboev et al.?% reported that
nuclear stopping becomes more significant at lower proton energies, leading to increased
vacancy formation near the surface. Conversely, at higher proton energies, ions penetrate
deeper into the material while producing a lower density of displacement damage. As a result,
the experimental observations presented in this work provide valuable insight into PI-
induced effects in CsPbl,Br perovskites interfaced with different electron transport layers,
namely ZnO and ZnO/MgO. SEM characterization was conducted before (Figure 5.7d,h) and
after (Figure 5.7e,1) the irradiation tests. The results did not demonstrate notable changes in
the perovskite morphology, indicating that the structural integrity of the perovskite film
remains largely unaffected by the PI exposure.

Photoluminescence imaging via confocal microscopy enables direct visualization of
non-radiative defect sites and charge-carrier recombination efficiency across perovskite
films. Confocal maps were obtained for CsPb,Br layers deposited on ZnO and ZnO/MgO
ETLs before and after PI. The color scale represents relative emission intensity, with blue
regions corresponding to low photoluminescence intensity and green to yellow/red regions
indicating progressively stronger emission. The photoluminescence intensity is directly
linked to the competition between radiative and non-radiative recombination pathways.
Consequently, low-intensity (blue) regions are commonly associated with an increased
density of trap states, which are known to facilitate non-radiative recombination pathways.
These traps can capture charge carriers and dissipate their energy as phonons (heat) rather
than photons. This process, known as Shockley—Read-Hall?%62%7 recombination, quenches
the photoluminescence intensity. For example, in the control sample (Figure 5.7f), the
prevalence of deep-blue regions indicates a high density of traps and ineffective radiative

recombination. Only a minor shift toward green is noted after the PI test (Figure 5.7g),
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indicating some redistribution of traps but ongoing non-radiative losses. Meanwhile, the shift
to green/yellow in the MgO-modified sample (Figure 5.7j) indicates successful defect
passivation. By reducing the density of surface trap states, the MgO layer suppresses the non-
radiative Shockley—Read—Hall pathway. After PI (Figure 5.7k), the emission intensifies
further, transitioning to yellow-red colors. Consequently, charge carriers are more likely to
undergo band-to-band radiative recombination, resulting in significantly higher photon
emission. Notably, both ZnO and ZnO/MgO samples after PI exhibit enhanced fluorescence
intensity compared with their pre-irradiation conditions. This enhancement could be
explained to the defect annealing effect induced by irradiation, which helps passivate some
shallow trap states and thereby promotes more efficient radiative performance. Comparable
self-healing effects due to irradiation have also been documented in earlier
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Figure 5.7 a) XRD spectra of ETL/perovskite samples; photographs of devices aging for
72 h in b) a glovebox and c¢) ambient air (30% RH); top-view SEM images before and
after PI for the (d,e) control and (h,i) optimized samples; confocal photoluminescence
maps before and after PI for the (f,g) control and (j,k) optimized samples. Reproduced

from Ref?*? under CC BY 4.0
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5.3.3 Device Performance and Stability Measurements

Transitioning from materials characterization to device implementation, the investigated
ETLs were incorporated into full devices. For this, EOD, EQE, J-V, and shelf-lifetime
analyses were applied.

First, the EODs featuring ZnO/CsPbl.Br/PCBM/Ag and
ZnO/MgO/CsPbl,Br/PCBM/Ag configurations were constructed to examine the electron
extraction and transport dynamics without hole-injection contributions. The space-charge-
limited current (SCLC) technique is commonly used to evaluate charge carrier mobility and
trap density in semiconductors.??®*! Accordingly, electron-only or hole-only device
structures are employed to isolate the transport of a single charge carrier. The trap-state
density (nuap) is calculated as follows: 20

_ 2&:&VrpL (5.2)
ntrap - (qu)

where &, = 8.6%2 represents the relative dielectric constant of perovskite, 9 is the permittivity

of vacuum, VTFL is the trap-filled-limit voltage determined from SCLC measurements of
the EOD, ¢ signifies the elementary charge, and 4 denotes the thickness of the perovskite
film (320 nm).

Meanwhile, the charge carrier mobility (un) in the SCLC region was extracted using
the Mott-Gurney law:?!

_ 8jpAd (5.3)

n 9g,£0V 2

where Jp represents the current density, and 7 denotes the applied voltage.

SCLC analysis reveals that MgO interface engineering effectively lowers the trap
concentration, reducing from 7.3 x 10> ¢cm™ in the control cell to 6.4 x 10!> cm™ in the
modified cell—a ~12% reduction (Figure 5.8a). By suppressing these trap sites, carrier
lifetimes are extended, and the probability of non-radiative recombination is diminished,
directly contributing to enhanced device performance. The observed reduction in trap density

correlates with the enhanced perovskite grain morphology seen in SEM (Figure 5.6c¢).
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Electron mobility rises from 3.5 x 10 cm? V-!s! in the control cell to 4.3 x 107 ¢cm? V-!s7!
in the MgO-modified device, representing an increase of ~23%. Enhanced electron mobility
minimizes resistive losses and facilitates rapid electron transfer, increasing photocurrents
and improving overall device efficiency.

The complete devices with ZnO/CsPbl,Br/Spiro-OMeTAD/Au (Figure 5.9a) and
Zn0O/MgO/CsPbl2Br/Spiro-OMeTAD/Au (Figure 5.9b) configurations were assembled, and
their champion J-V curves are compared, in Figure 5.8b. The integration of the ultrathin MgO
layer supports remarkable improvements in the key parameters. The notable increase in Ve
from 1.01 V in the control device to 1.20 V in the optimized device reflects the improved
energy level alignment and suppressed interfacial recombination achieved by incorporating
MgO (Figure 5.4). The systematically higher V,. observed in the MgO-incorporated PSCs is
consistent with prior studies demonstrating that an increased CBM offset at the
ETL/perovskite interface improves junction quality and facilitates more efficient electron
transport.?*” Furthermore, the J;c parameter reaches 16.4 mA cm, compared with 15.1 mA
cm? for the control device. Improved Ji. aligns with the previously observed enhancements
in electron mobility and lowered trap density. Prior studies using the
Sn0»/MgO/CH3NH3PbI3**7 and the mp-TiO2/MgO/CH3NH3PbI3*! architectures have also
demonstrated MgQO’s ability to minimize interfacial recombination and enhance
performance.

The hysteresis behavior was calculated using the hysteresis index?** (HI), as detailed
in Figure 5.8c. In mixed halide inorganic PSCs, hysteresis often occurs because of the
segregation of halides under light irradiation.?** The samples demonstrated comparable HI
values, with the control device exhibiting an HI of 0.097 and the MgO-modified device of
0.094. The slight decrease in hysteresis for the optimized device indicates that the design

strategy has a beneficial, albeit small, impact on reducing hysteresis.
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Figure 5.8 a) SCLC characteristics for EODs, showing trap-state density and electron
mobility extraction, b) J-V curves of champion PSCs with and without MgO layers, ¢) J-V
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BY 4.0
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Figure 5.9 The fully assembled a) control and b) optimized devices

Although the champion MgO-modified device demonstrated the highest
performance, statistical analysis across multiple devices is essential to validate
reproducibility. Table 5.1 summarizes the average V., Jsc, FF, and PCE values for both the
control and MgO-modified device batches, including measurements performed immediately
after fabrication and after 7 weeks of aging. In addition, Figure 5.10a shows a box-chart plot
illustrating the statistical distribution of the initial device performance. Under fresh
condition, the reported average values are based on measurements of 18 MgO-incorporated
PSCs and 18 corresponding control devices. The data confirm that the performance
improvement noted in the champion device reflects a general trend across the entire batch.

After 7 weeks of storage in a glove box, the control devices showed a pronounced
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degradation in performance. In particular, Ji. dropped by 54%, from 14.4 to 7.8 mA cm™.
The decrease in PCE can be attributed to the instability at the ZnO/CsPbL:Br interface.
Conversely, the optimized devices not only show improved initial performance, highlighted
by a higher Vo of 1.07 V, Jic of 15.0 mA c¢cm™, and PCE of 9.9%, but also maintain better
stability; Vo remains at 0.97 V, and J;. decreases slightly to 13 mA cm, demonstrating that

the MgO interface layer effectively preserves charge transport pathways over time.

Table 5.1 Summary of the PV parameters for fresh, 7-week aged, and PI-tested PSCs.
Reproduced from Ref?*? under CC BY 4.0

Parameter | Vee(V) [Je(mAcem?) | FF(%) | PCE (%) | (%)
Control

Fresh 1.01£0.06 14.4+1.3 0.58+0.07 8.4+1.3 58
Storage (7 week) 0.96+0.03 7.8+0.1 0.47+0.09 3.5+0.6

Pre-PI (Initial) 1.02+0.05 14.8+0.7 0.53+0.07 8.1+1.8 43
Post-PI (11 week) 1.01+0.12 8.8+3.6 0.57£0.16 | 4.65+0.3

Optimized

Fresh 1.07+0.07 15.0+0.9 0.61+0.05 9.9+1.3 _40
Storage (7 week) 0.97+0.09 13.0+0.3 0.47+0.02 5.9+0.4

Pre-PI (Initial) 1.03+0.04 15.1+0.4 0.61+0.1 9.4+1.0 )
Post-PI (11 week) 1.06+0.04 12.9+0.3 0.71£0.01 9.6+0.7

The box chart plot (Figure 5.10a) includes the V., Jsc, FF, and PCE. Note that the
MgO-incorporated devices show significant improvements in both the mean and median
values for all parameters compared to the control devices, indicating better overall
performance and reproducibility.

The EQE technique indicates a superior optoelectrical response between 350 and 640
nm for the devices modified with MgO (Figure 5.10b). The integrated current densities
derived from the EQE results were 12.5 mA cm™ for control devices and 13.6 mA cm™ for
optimized devices. These Js values show a discrepancy of approximately ~9.2%—12.6%
compared with the Jy. from solar simulator testing. There is typically a strong correlation
between the J,. extracted from EQE measurements and that obtained from J-V
characterization, with deviations commonly observed within a 10-20% range.?*>*°® The

variation in the Jy. parameter can be attributed to different light intensities and conditions of
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illumination: 1 sun with an AM spectrum of 1.5 G for the IV tests and monochromatic light

for the EQE assessments.?”
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Figure 5.10 a) Box plots of the PV parameters for control and optimized devices, b) EQE
spectra with the corresponding integrated Ji. values. Adapted from Ref?*? under CC BY 4.0

The enhanced optoelectrical properties determined based on the EQE measurements
and corresponding Ji. values highlight the success of implementing the MgO thin film.
However, evaluating the stability of the devices remains a crucial aspect.

Operational stability was investigated using /¢ measurements performed over 10,000
s, during which the non-encapsulated devices were biased at their respective maximum
power point voltages under ambient conditions (~30% RH) (Figure 5.11a). The MgO-
modified PSC exhibits a minor initial rise in photocurrent, followed by stabilization. In
contrast, the control device shows steady photocurrent decay over the first 4000 s. The MgO-
incorporated device shows a stabilized current density of 16.3 mA/cm? at a bias of 0.94 V,
corresponding to a stabilized PCE of 15.3%. The control device shows a stabilized current
density of 11.5 mA/cm? at 0.9 V, yielding a stabilized PCE of 10.4%. The higher stabilized
PCE of the MgO-incorporated device arises because /-t measurements reflect actual steady-
state performance, whereas J—JV scans are transient and may underestimate efficiency due to
scan-rate effects and conditioning phenomena. The enhanced operational stability observed
for the MgO-modified device is attributed to improved interfacial quality, characterized by

a lower density of interfacial defects and enhanced electron extraction at the
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ZnO/MgO/CsPbl:Br interface, consistent with the trends observed in the EOD device
analysis.

To further quantify and compare the degradation behavior, the following decay rate
297

(r) formula was applied to analyze the degradation rate:

Y (5.4)

t

where AE signifies the change in efficiency, and 7 denotes the irradiation time.?*” Thus, the
quantitative degradation analysis reveals that MgO-engineered PSCs maintain higher
stability than the unmodified devices, highlighting MgO’s effectiveness in strengthening the
ETL/perovskite interface and enhancing long-term stability. The results are additionally
validated by shelf-lifetime performance measurements (Figure 5.11b). The shelf-lifetime test
showed that the MgO-modified devices retained 70% of their initial efficiency value,
whereas the control cell degraded to 55% in 49 days.

Further stability testing was conducted using the PI test to simulate a harsh radiation
environment. In our study, irradiated optimized devices surpassed pre-irradiation efficiencies
after 11 weeks. The results demonstrate that PI increases the resilience of both device types.
The control device decay rate remains comparable to its pre-irradiation value, but its
sustained performance over 77 days demonstrates that proton exposure imparts a modest
stability benefit. However, the optimized device following the PI test showed an impressive
reduction in decay rate. Thus, the superior stability of the MgO-incorporated devices is
evident in their ability to retain performance even under radiation exposure, presenting
promising opportunities for future developments in this area, whereas the control device
efficiency dropped to 47%.

The shelf-lifetime of devices subjected to PI is illustrated in Figure 5.11c. Both
conditions exhibit an initial increase in PCE following PI. The control device shows a PCE
enhancement during the first 168 h, while the MgO-incorporated device maintains this
improvement for up to 1005 h.

Notably, Table 5.1 also reports statistical parameters averaged over three devices for
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each condition measured before and after PI following 11 weeks of storage (Pre-PI and Post-
PI). The same set of devices was evaluated in both states, enabling a direct assessment of PI-
induced performance changes. The results present a significant enhancement in the FF of
MgO-modified devices after PI, increasing from 61% to 71%. This rise in the FF is crucial
because it influences the solar cell’s efficiency by optimizing the power output at the various
operating voltages. In addition, a modest increase in V,. from 1.03 to 1.06 V further indicates
improved energy-level alignment at the ETL/perovskite interface, contributing to suppressed
recombination losses and overall efficiency gains. Remarkably, after 11 weeks of storage,
the PCE slightly increased from 9.4% to 9.6%. While the Ji. only decreased from 15.1 to
12.9 mA cm™, it is important to consider this change in perspective; the control device
showed a larger drop, decreasing from 14.8 to 8.8 mA cm™. These data substantiate the
hypothesis that MgO incorporation enhances device robustness, effectively mitigating Ji.
degradation and preserving overall PV performance. An evident pattern appears when
analyzing the devices prior to and after the PI test; the addition of MgO significantly reduces
the decay rate in both scenarios. Ultimately, the optimized devices subjected to PI testing

showed the most pronounced impact.
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Figure 5.11 a) The /-t and J-V characteristics of the control and MgO-incorporated non-
encapsulated devices were measured under ambient air conditions (=30% RH). The It
measurements were conducted at the maximum power point voltage determined from the
corresponding J-V curves, shelf-lifetime plots of devices b) without PI, and c) after PI test.
Adapted from Ref?? under CC BY 4.0

Thus, the results indicate that the PI technique may induce a latent “self-healing”
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mechanism. Similar post-irradiation recovery behavior has been widely reported in organic
optoelectronic?®® devices as well as in hybrid and inorganic perovskite systems.
Nevertheless, the fundamental mechanisms underlying this behavior remain incompletely
understood and are actively under investigation. For example, some works linked the self-
healing mechanism to defect redistribution driven by ion migration.?62%%2%° Owing to the
soft and ionic nature of the metal-halide perovskite lattice, point defects such as vacancies
and interstitials exhibit high mobility and can migrate and recombine. This process is
facilitated by the moderate, localized energy deposited during irradiation. As a result, a
partial re-annealing of irradiation-induced defects can occur through irradiation-assisted

lattice reorganization.266-2%%2% Tt has

been reported that PI can induce a doping effect in
CH3NH;3Pbls absorber. This occurs because irradiation generates shallow defects in the Pb—
I structure that counteract deep traps associated with material degradation. Consequently, the
compensation mechanism mitigates nonradiative recombination pathways, thereby boosting
Voo and FF.2% To investigate the relationship between radiation-induced damage and self-
healing processes, Kirmani et al.?* conducted dual-irradiation studies on triple-cation
perovskite materials. By tuning the ratio of IEL to NIEL using protons with energies of 0.06
and 1.0 MeV, they systematically evaluated the respective roles of ionization effects and
displacement damage on the perovskite crystal lattice. The study revealed that low-energy
PI (0.06 MeV), where NIEL is dominant, primarily causes damage through atomic
displacements within the perovskite lattice. Conversely, high-energy protons (1.0 MeV),
characterized by a substantially higher IEL/NIEL ratio, facilitated a partial healing process.
This restorative effect is driven by IEL-induced phonon vibrations, which promote the
relocation of displaced atoms back to their positions, thereby suppressing nonradiative
recombination pathways. Nevertheless, when the ionizing contribution exceeds a critical
threshold, a decline in PCE is observed, indicating that perovskite materials exhibit a finite

radiation tolerance beyond which excessive IEL becomes detrimental.

The i-NURA accelerator generates a mixed ion beam composed of approximately
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70% protons and 30% carbon ions, as reported by Shalenov et al.>*° In the device architecture
(FTO/ETL/perovskite/HTL/Au), the 70 nm Au top electrode is the first layer exposed to
irradiation. It therefore controls the fraction of each ion species that can penetrate the further
layers. Because the accelerating voltage is pulsed, the ion energy is not monoenergetic but
varies continuously from near 0 up to a peak value of ~170 keV. To evaluate ion transport
under these conditions, Transport of lons in Matter (TRIM, SRIM-2013) simulations were
performed for both carbon and proton ions at discrete energies of 20, 70, 120, and 170 keV
(Figure 5.12).

For the simulated 20 keV, carbon ions are almost entirely stopped within the Au
electrode, whereas protons penetrate through the Au and HTL layers and reach the upper
region of the perovskite absorber. At 70 keV, carbon ions penetrate further but still deposit
most of their energy in the front part of the device stack, primarily within the Au/HTL and
upper perovskite region. At 70-170 keV, the proton component clearly crosses the entire
device. Meanwhile, the carbon component remains more spatially localized with simulated
longitudinal projected ranges of 216 = 120.7 nm at 120 keV and 276.5 + 138.5 nm at 170
keV.

Considering the beam composition and the SRIM depth profiles, the proton
component dominates the irradiation of the entire device. In contrast, the carbon component
may contribute to additional localized damage near the surface and at interfacial regions. It
should be noted that the I-NURA accelerator used in this study was employed as an
experimental tool to evaluate the irradiation tolerance of PSCs under pulsed high-energy ion
beam exposure. Importantly, both the control and MgO-incorporated devices were irradiated
in the same batch under identical experimental conditions. Therefore, the differences
observed in device performance and post-irradiation stability primarily reflect the influence
of the device architecture, specifically the presence or absence of the MgO at the

ETL/perovskite interface.
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Figure 5.12 SRIM-simulated depth profiles of protons and carbon ions in the PSC structure at
different energies.

Based on SRIM simulations, protons are expected to penetrate most of the device
stack, thereby playing a dominant role in irradiating the absorber and underlying layers.
However, the potential influence of the carbon component cannot be excluded, as heavier
ions may induce more localized energy deposition and defect formation near the surface or
at interfacial regions. Because irradiation was performed with a mixed ion beam, the
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contributions of protons and carbon ions cannot be unambiguously distinguished in the
present experiments. Within these limitations, the results presented here allow a reliable
comparison of the irradiation stability of PSCs with and without the MgO. The improved
stability observed for the optimized devices suggests that incorporating MgO enhances the
robustness of the ETL/perovskite interface under PI and during subsequent shelf-life aging.
Further investigations using ion sources with controlled single-species beams would be
required to precisely determine the individual roles of protons and carbon ions in the
observed device response.

Also, the possible contribution of beam-induced heating during proton irradiation
was carefully considered. Using an energy density of ~0.0255J cm 2, and an effective
energy-deposition depth of ~1 um, corresponding to the total thickness of the device stack,
the resulting volumetric energy density is estimated to be ~250Jcm™>. Assuming a
representative volumetric heat capacity of 2=3 J cm K", the transient local temperature rise
during a single pulse is estimated to be ~85—130 °C. According to published data on proton
stopping ranges under comparable irradiation conditions, the effective energy-deposition
depth is ~1 pm.3%!

However, the ion beam pulse duration is approximately 150 ns, meaning that the
associated temperature rise is very short-lived and does not allow significant heat
accumulation within the device. In addition, this transient temperature increase is comparable
to, or lower than, the temperatures typically used during device fabrication and post-
deposition annealing. Therefore, it is less likely to be the dominant factor responsible for the
observed changes in device performance and stability. Nevertheless, the potential influence
of temperature could be further investigated in future studies as a separate effect.

In this study, we attribute the observed behavior to an irradiation-induced defect
reorganization within the perovskite layer. The PI can promote the migration and
recombination defects through electronic excitation and localized collision cascades,

resulting in a reduction of sub-bandgap trap states.?>22% Evidence for this behavior is
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provided by the confocal laser-scanning microscopy images in Figure 5.7(g,k), which reveal
a noticeable enhancement in photoluminescence intensity after PI in both device
configurations. This increase in emission intensity indicates a decrease in the density of sub-
bandgap trap states. However, the two device architectures follow significantly different
shelf-lifetime evolution paths after PI. Because the ETL is the only structural parameter
varied between the control and optimized devices, the contrasting post-irradiation stability
behavior can be reasonably attributed to differences in the interfacial environment created
by the ZnO/MgO structure. The incorporation of MgO onto ZnO film promotes the formation
of a more robust CsPbl2Br with enlarged grain size, as confirmed by SEM analysis (Figure
5.6¢), and the enhanced film integrity observed during prolonged air exposure (Figure 5.7c¢).
This optimized interfacial configuration likely improves the perovskite’s tolerance to PI.
While, the irradiated control device showed a slight increase in PCE in the initial 200 hours,
a phenomenon likely attributable to partial defect annealing. However, this transient
improvement was quickly superseded by a sharp decline in performance, indicating the rapid
emergence of irradiation-induced defects or structural instability. The inferior interfacial
stability and higher defect density of perovskite films deposited directly on the ZnO layer
compromise the perovskite’s resistance to PI, resulting in accelerated performance
degradation during subsequent shelf aging.

While the literature generally identifies organic HTLs, such as PTAA and Spiro-
OMEeTAD, as the most vulnerable components under PI compared to relatively robust ETLs
(e.g., TiO2, SnO;, and In,03),3923% the stability of ZnO-based ETLs can also be affected by
irradiation. Proton exposure can modify the conductivity of ZnO in thin-film transistor
devices.*** Thus, the potential effects of PI on the ETL in this work cannot be discounted.
Our results suggest that MgO incorporation plays a key role in stabilizing the ETL/perovskite
interface by limiting interfacial defect formation and preserving efficient carrier extraction,
enabling stable retention of device performance after irradiation.

A consistent and meaningful benchmark of stability performance is established by
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comparing the present results exclusively with literature reports that employ the same
CsPbI>Br absorber and evaluate device aging under identical inert N> glovebox storage
conditions.

As summarized in Table 5.2, the FTO/ZnO/MgO/CsPbl2Br/Spiro-OMeTAD/Au
devices retained approximately 70 % of their initial PCE after 1176 h of storage. When
compared at equivalent time scales, this stability is competitive with or superior to reported
CsPbloBr-based devices. For example, the ITO/SnO»/CsPbl.Br/BTEC-2F/Spiro-
OMeTAD/Ag/MoOQ;j architecture exhibits a 19 % PCE loss after 500 h, while the present
devices maintain 100 % of their initial efficiency over the same period (Figure 5.11b).
Similarly, devices employing P3HT protection layers retain approximately 80% of PCE after
100 h, whereas the devices reported here maintain full efficiency over an equivalent storage
time. The most significant outcome of this study is the pronounced enhancement in long-
term stability observed for the irradiated MgO-incorporated devices, which retain 100 % of
their initial PCE after 1848 h of storage. Within the subset of literature reports, this
performance represents a state-of-the-art level of storage stability, exceeding previously
reported retention values over comparable time scales.

Notably, this enhanced stability is achieved without introducing complex device
architectures or additional protective layers, relying instead on interfacial engineering at the
ETL/perovskite interface and a PI-induced self-healing effect. This combination provides an
effective, scalable pathway to suppress degradation mechanisms while maintaining a

relatively simple device structure.

Table 5.2 Stability Performance Comparison of CsPbl>Br-based PSCs

Year Device Architecture Storage Time PCE Ref.
conditions Duration Retention
(h)

2019 ITO/SnO,/CsPbl,Br/Spiro- Nz glovebox 1440 89% 305
OMeTAD/MoOs/Ag

2020 ITO/SnO,/CsBr/CsPbl,Br/Spiro- Nz glovebox 960 87% 306

OMeTAD/Ag

2021 | ITO/SnO2/CsPbl,Br/BTEC-2F/Spiro- | N2 glovebox 500 81% 307

OMeTAD/Ag/MoOs
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2021 | ITO/ZnO/SnO»/CsPbl,Br/(PEABr+Cs | N; glovebox 1000 92% 240
Br)/Spiro-OMeTAD/Ag
2021 | ITO/Sn0»/ZnO/(CsPbl,Br+BMIMPF¢) | N» glovebox 1200 98.9% 308
/D-PTAA/M0O3/Ag
2024 | ITO/NiO,/CsPbl,Br/CFPA/PCBM/BC | N; glovebox 1992 96% 309
P/Ag
2025 ITO/SnO,/CsPbl,Br/P3HT Nz glovebox 100 80% 27
protection/P3HT/Au
2025 ITO/Sn0O»/CsPbl,Br/1-B-3- N; glovebox 1200 84.7% 310
MIMC]I/Carbon
FTO/ZnO/MgO/CsPbl,Br/Spiro- N, glovebox 1176 70% 232
This OMeTAD/Au
work Irradiated N glovebox 1848 100% 232
FTO/ZnO/MgO/CsPbl,Br/Spiro-
OMeTAD/Au

5.4 Summary

Interfacial engineering was applied in CsPblxBr-based PSCs by introducing a MgO thin film
between the ETL and the absorber layer. The individual impacts of MgO incorporation on
the ETL, perovskite absorber, and fully assembled device architecture were systematically
investigated. The incorporation of the MgO layer significantly reduces interfacial
recombination, as demonstrated by a decrease in trap density from 7.3 to 6.4 x 10! cm™.
Additionally, it improves charge transport by raising electron mobility from 3.5 to 4.3 cm?
V-1-s1, Furthermore, the introduction of MgO greatly enhanced long-term stability, a crucial
issue in the advancement of PSCs. Enhanced durability was demonstrated under three
conditions: storage in ambient air (30 % RH), in a glovebox, and after PI testing. After 7
weeks of storage, the MgO-incorporated devices exhibited high stability, with the J
decreasing only modestly from 15.0 to 13.0 mA~ compared with the significant drop from
14.4 to 7.8 mA cm™ for the control device.

Furthermore, modified and unmodified devices underwent PI testing to evaluate their
PV performance and stability under simulated space-radiation conditions, thereby extending
the investigation of device resilience to encompass harsh environmental stresses. The shelf-
life assessment following PI further validated the resilience of the MgO-modified devices:

over 11 weeks, the optimized devices showed a slight improvement in their initial PCE, V¢

and FF. These improvements suggest a suppression of non-radiative recombination plri)gesses



and facilitated charge transport in the device architecture. The enhancement in V. from 1.03
to 1.06 V results from the energy offset at the ETL/perovskite interface caused by the MgO
layer, which promotes more effective energy alignment. This outstanding post-irradiation
stability, coupled with enhanced PV performance, underscores the potential of MgO-
incorporated inorganic PSCs for application in high-radiation environments, including space

applications.
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CHAPTER 6. CONCLUSION
6.1 Conclusion

Driven by the global imperative for sustainable energy solutions and inspired by the
remarkable progress of PSCs, this work addressed one of the most fundamental challenges
in the PV field: the performance degradation caused by interfacial defects and instability.

A high-quality, defect-free interface between the ETL and the absorber layer is
essential for efficient extracting and collecting charge carriers. By reducing interfacial trap
states, non-radiative recombination is strongly suppressed, thereby preserving carrier
lifetimes and maximizing the V,.. At the same time, careful alignment of the energy levels
between the conduction band of the absorber and ETM eliminates energy barriers to electron
transfer, reducing resistive losses and ensuring fast, unimpeded carrier extraction.

Recognizing the crucial role of the interface between the ETL and the perovskite
absorber in determining device efficiency and stability, this study investigated two different
interfacial engineering strategies to optimize charge transport and suppress degradation
pathways.

The first strategy involved the growth of SnO> NA on ETLs. The penetration of
perovskite grains within the nanostructured ETL significantly enlarges the interfacial region,
facilitating the rapid transfer of photogenerated electrons into the ETL prior to carrier
recombination. The effects of various growth parameters, such as the growth pressure,
substrate orientation, ratio of DI water to ethanol, seed layer, acetic acid concentration, and
growth duration, on the morphology of solvothermally-grown SnO: nanostructures were
thoroughly studied. SEM analysis validated the successful creation of vertically aligned and
evenly distributed SnO2 NAs. This work demonstrated that customized nanostructuring SnO»
is effective in the development of high-quality ETLs. In addition, the results offer a
foundation for upcoming research focused on accurately regulating the density, length,
diameter, and structural alignment of SnO; nanorods, which play a crucial role in the

interfacial contact, charge transport dynamics, and performance of PSCs.
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The second strategy involved the incorporation of a thin MgO interlayer between the
ETL and the perovskite absorber. This modification not only enhanced the crystallinity of
the perovskite film but also reduced interfacial trap densities, thereby improving charge
collection efficiency. The presence of the MgO layer created a passivated interface, which
effectively suppressed non-radiative recombination. As a result, the MgO-incorporated
devices exhibited significantly enhanced operational stability. Under ambient conditions,
glovebox aging, and PI exposure, these devices retained a much higher portion of their initial
efficiency than their unmodified counterparts, demonstrating the critical role of MgO in
promoting device durability and reliability for real-world and high-stress applications.

To fully understand and evaluate the interfacial strategies, advanced characterization
techniques are essential. As part of the extensive characterization approach employed in this
study, specialized cross-sectional AFM holders were developed to facilitate advanced
morphological and electronic evaluations of FTO-coated and flexible substrates. The designs
were optimized to minimize mechanical vibrations and maintain the integrity of both the
sample and the AFM tip throughout the scanning process. The advanced cross-sectional
AFM method has significant potential to further elucidate how interfacial engineering
approaches influence device performance at the nanoscale. Cross-sectional AFM
measurements offer valuable information about the unique characteristics of each layer,
including assessments of the adhesion, mechanical strength, and defect distribution.

In conclusion, by thoroughly investigating the fundamentals of PSCs and interfacial
modification strategies, this research provides important insights into how interface

engineering can be effectively employed to overcome the key challenges faced by PSCs.

6.2 Future Work

One of the key outcomes of the present work is the demonstration that SnO> nanostructures
can be grown in a controlled manner to increase the contact area between the ETL and the

perovskite layer. This not only facilitates better charge extraction but also creates
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opportunities to design interfaces with enhanced electronic properties. By adjusting the
growth parameters explored in this work, future investigations can intentionally aim for
specific morphologies, such as closely packed arrays for optimal surface coverage or
branched/hollow structures for improved light scattering, which is particularly beneficial for
thinner absorber layers in lightweight, portable, or space-constrained applications.
Additional surface treatment methods may be developed to passivate remaining trap sites
and enhance wettability for perovskite deposition. Moreover, incorporating aliovalent
cations (Sb, F) into SnO» or adding secondary oxides (TiO2, ZnO) may help to finely adjust
the band alignment and increase carrier mobility, thus optimizing the PV performance.

Integrating MgO passivation with PI treatment across various device designs: planar,
mesoporous, and graded-bandgap tandem stacks, may uncover synergistic improvements in
stability, as irradiation may trigger dormant self-healing mechanisms in each architecture.
The enhanced stability resulting from the combination of these two approaches may be
critical for accelerating the commercialization of perovskite technologies. Next, to confirm
their viability for space applications, devices should undergo exposure to higher-energy
proton beams (e.g., 1 MeV), along with additional irradiation procedures involving heavy
ions, gamma rays, and UV-C, in combination with thermal cycling and vacuum-bake tests,
to replicate the full range of extraterrestrial challenges. Extensive testing is expected to
provide essential information regarding the mechanical and electronic reliability of these
systems in space environments where high durability is required. Furthermore, achieving
precise sub-nanometer control over the thickness of MgO through atomic layer or molecular-
layer deposition may facilitate the fine-tuning of interfacial dipoles and barrier heights;
incorporating secondary oxides (Al,O3, ZnO) in graded or cascading heterostructures may
enhance electron extraction while preventing hole transport.

Ultimately, interface engineering strategies must be refined to enhance PV
performance and stability. These improvements are necessary to support real-world

applications and promote a sustainable future.
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