SCALING UP PEROVSKITE SOLAR CELLSVIA
MODULATING FUNCTIONAL LAYERS

NITIN KUMAR BANSAL

DEPARTMENT OF ENERGY SCIENCE AND ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2026



o©lndian Institute of Technology Delhi (1ITD), New Delhi, 2026.



SCALING UP PEROVSKITE SOLAR CELLS VIA
MODULATING FUNCTIONAL LAYERS

by

Nitin Kumar Bansal

DEPARTMENT OF ENERGY SCIENCE AND ENGINEERING

submitted

in fullfiiment of the requirement of the degree of

Doctor of Philosophy
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2026



7o
Ty Parents



DECLARATION

| certify that

a

The work contained in the thesis is original and has been done by myself under the
supervision of my supervisor.

The work has not been submitted to any other Institute for any degree or diploma.

| have followed the guidelines provided by the Institute in writing the thesis.

d. | have conformed to the norms and guidelines given in the Ethical Code of Conduct of

the Institute.

Wherever | have used materials (data, theoretical analysis, and text) from other sources,
| have given due credit to them by citing them in the text of the thesis and giving their
detailsin the references.

Wherever | have quoted written materials from other sources, | have put them under
guotation marks and given due credit to the sources by citing them and giving necessary

detailsin the references.

Nitin Kumar Bansal



CERTIFICATE

This is to certify that the thesis entitled “Scaling Up Perovskite Solar Cells via Modulating
Functional Layers”, submitted by Nitin Kumar Bansal to the Indian Institute of Technology,
Delhi, isarecord of bonafide research work under my supervision, and | consider it worthy of
consideration for the award of the degree of Doctor of Philosophy of the Institute. He has
fulfilled al requirements for the submission of this thesis, which has attained the standard
required for a Ph.D. degree of the Institute. The research reports and results presented in the

thesis have not been submitted for any degree or diplomain any other university or institute.

Place:
Dr. Trilok Singh

Date: g
Associate Professor
Department of Energy Science and Engineering

Indian Institute of Technology Delhi



ACKNOWLEDGEMENTS

This thesis has come to fruition through the collective support, guidance, and

encouragement of many people around me, to whom | am deeply indebted.

First and foremost, | express my profound gratitude to my supervisor, Prof. Trilok
Singh, whose expertise, guidance, and encouragement have been invaluable throughout this
challenging Ph.D. journey. His motivation helped me navigate difficult times, while his
patience, energy, and kindness continuously inspired me to work harder and grow not only as
aresearcher but also asanindividual. | fed truly fortunate to have had him as my mentor. | am
equally thankful to Hema ma’am for her care, warmth, and support at various stages of this

journey, as well as to Maitri and Dishi, whose cheerful presence often brought positivity and
joy.
| sincerely acknowledge the Student Review Committee (SRC) members— Prof. Vamsi

Krishna Komarala, Prof. Vipin Kumar, and Prof. Sujeet Chaudhary for their thoughtful

evaluation of my thesis and constructive suggestions.

My heartfelt thanks go to al the members of the Semiconductor Thin Film and
Emerging Photovoltaics (STEP) Laboratory, IIT Dehi, and Functional Materials and Device
Laboratory (FMDL), II'T Kharagpur, for their continuous support and companionship. | express
my heartfelt thanks to Shehangshu Bhaiya, Binita Di, Mrittika, Himanshu, Paulomi, Deepak,
Sdhanta, Ankita, Animesh, Shivam, and Gautam Sr for the many joyful and memorable
moments we shared. | also extend my gratitude to my seniors, Subrata da, Shivam bhaiya, and
Dinesh bhaiya, for their valuable mentorship. | learned a lot from them, which helped me

throughout this journey.



| would also like to extend my heartfelt gratitude to Prof. Gyumin Kim for hosting me
asavisiting scholar at Hankyong Nationa University, South Korea. His valuable discussions,
insightful suggestions, and warm hospitality greatly enriched my research experience during
this visit. I am equally thankful to the members of Kim’s Laboratory for their constant support,
cooperation, and encouragement throughout my stay, which made the experience both
productive and memorable. | would also like to express my gratitude to the Central Laboratory

at Hankyong National University for the research facilities provided during my visit.

| would like to acknowledge the instrument operators at the Central Research Facility,
1T Delhi, and 11T Kharagpur. | would like to thank the instrument operators of the Nano Scale
Research Facility at 11T Delhi for their assistance with measurements and data collection. |
acknowledge the Department of Energy Science and Engineering, IIT Delhi, for the essential
research facilities and infrastructure. 1 am grateful to the staff of the Department of Energy
Science and Engineering for their administrative support. | am also grateful to the Ministry of
Education, Govt. of India, for providing the Prime Minister's Research Fellowship (PMRF)
during my Ph.D. journey. | would like to thank the Anusandhan National Research Foundation
(ANRF), Government of India, for the International Travel Award (ITA) for sponsoring my

attendance at international conferences.

| take this opportunity to thank my departmental friends Sungjemmenla, Vineeth,
Vaibhav, and Anirudh for being part of this wonderful journey. | am equally thankful to
members from the Satat Samadhan Foundation family- Chandra Bhushan Ji, Praveen Ji,
Shivaprakash Ji, Sandeep Ji, Aman Ji, Sumit Ji, and Omendra Ji, for encouragement and

constant support.

Finaly, | owe my deepest gratitude to my parents for their unconditional love,

sacrifices, and unwavering support, which | can never repay. | am thankful to my brother,



Devendra, for always standing by me. | would also like to express my love and gratitude to my
sisters, Priya and Poonam, and my sister-in-law, Aarti, for their constant affection and
encouragement. | am equally grateful to my brothers-in-law, Nitin and Tarun, for their support
and kindness. My nephew and niece have been a source of joy and inspiration, and | treasure
the happiness they bring to our family. | would also like to express my deepest gratitude to my
fiancée, Nidhi, who came into my life as a beautiful blessing during thisimportant phase. Her
constant encouragement, understanding, and unwavering faith in me have been a source of
strength and emotional balance. Even amidst the demands of research and thesis writing, her
calm support and positive presence brought comfort and motivation. At the end, | bow in
gratitude to God for blessing me with strength, perseverance, guidance, and for bringing all

these wonderful peopleinto my life.

Nitin Kumar Bansal



ABSTRACT

Organic-inorganic lead halide perovskite solar cells (PSCs) have emerged as a promising
photovoltaic technology owing to their exceptional optoelectronic properties, including high
absorption, long carrier diffusion lengths, and tunable bandgaps. Coupled with advances in
composition engineering, additive incorporation, and interfacial modification, PSCs have
achieved power conversion efficiencies (PCEs) exceeding 27%. Despite this rapid progress,
most high-efficiency devices are fabricated under inert or tightly controlled environments,
posing a significant challenge for scalable and cost-effective commercialization. The thesis
addresses this gap by developing robust fabrication protocols aimed at scaling up PSCs under
air-ambient conditions with controlled relative humidity (20-35%). Particular emphasis is
placed on optimizing functional layers, including the electron transport layer (ETL) and the
perovskite absorber, as well as their interfacial properties, which collectively govern device
performance and operationa stability. Compact TiO2 and SnO2 ETLs were systematically
optimized and comprehensively characterized using various measurements, demonstrating that
both materials can serve as effective ETLs for high-performance PSCs. Crystallization control
of the perovskite layer was achieved through solvent and antisolvent engineering, enabling
improved film morphology and reduced bulk defects. Further enhancement was realized
through targeted interfacial engineering at the ETL/perovskite interface using the conjugated
polyelectrolyte PFNBr, which promoted homogeneous grain growth, suppressed interfacial
trap states, and facilitated more efficient electron extraction. As a result, optimized devices
fabricated entirely in air exhibited PCEs exceeding 22% with high reproducibility (~90%).
Complementary SCAPS-1D simulations were performed to elucidate the role of bilayer
interfacial modification in defect passivation across a range of absorber properties, providing
theoretical validation of the experimental observations. Additionaly, functiona layer
optimization, combined with low-cost HTL-enabled devices, led to PCEs exceeding 23% and
markedly improved operational stability. Finally, a scalable approach for large-area perovskite
film fabrication (5 x 5 cm?) was established using a multichannel micropipette-assisted
antisolvent dripping technique, yielding uniform, pinhole-free films over extended substrates,
thereby advancing the prospects of PSCstoward FAB-scale.

Keywords. Perovskite solar cells, Interface engineering, Air ambient fabrication, Solvent
engineering, Antisolvent engineering, Efficiency, Crystallization modulation, Stability

vi
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Comparison of JV characteristicsfor with and without bi-layer case (a) For
device with CsPblz as absorber (b) For device with FAPbI3 as absorber (c)
For device with Cso.0s(FA0.83M Ao.17)0.95Pb(l0.83Bro.17)3 as absorber

Jsc variation with light intensity represented on a logarithmic scale (a) For
device with CsPbl3 as absorber (b) For device with FAPbI3 as absorber (c)
For device with Csyos(FA083MA0.17)0.95Pb(lo.s3Bro.17)3 as absorber; Voc
variation with logarithmic scale light intensity (d) For device with CsPbls
as absorber (e) For device with FAPbIs as absorber (f) For device with
Cs0.05(FA0.83M Ao.17)0.95Pb(l0.83Bro.17)3 as absorber

Comparison of variation in solar cell performance parameters with Rs for
with and without bi-layer case (a) For device with CsPblz as absorber (b)
For device with FAPblz as absorber (c) For device with
Cs0.05(FA0.83MA0.17)0.95PP(l0.83Bro.17)3 a@s absorber.

Comparison of variation in solar cell performance parameters with Rsh for
with and without bi-layer case (a) For device with CsPblz as absorber (b)
For device with FAPblz as absorber (c) For device with
Cs0.05(FA0.83M A0.17)0.95Pb(l0.83Bro.17)3 as absorber.

Comparison of variation in solar cell performance parameters with doping
density of the absorber material for with and without bi-layer case (a) For
device with CsPblz as absorber (b) For device with FAPbI3 as absorber (c)
For device with Cso.05(FA0.8sM Ao.17)0.95Pb(l0.83Bro.17)3 as absorber.
Comparison of variation in solar cell Voc with doping density for bi-layer
case (a) For device with CsPhls as absorber (b) For device with FAPbI3 as
absorber (c) For device with Csoos(FA0.83MA0.17)0.95Pb(lo.83Bro17)z as
absorber; Comparison of variation in solar cell Jsc with doping density for
bi-layer case (d) For device with CsPbls as absorber (e) For device with
FAPbI3 as absorber ) For device with
Cso.05(FA0.83MAo.17)0.95PD(l0.83Bro.17)3 as absorber.

Comparison of variation in solar cell performance parameters with
operating temperature for with and without bi-layer case (a) For device with
CsPhls as absorber (b) For device with FAPDbI3 as absorber (¢) For device
with Cso.05(FA0.83MAo.17)0.95Pb(10.83Bro.17)3 as absorber.

() Schematic representation of passivation strategy using PFNBr, TOF-
SIMS depth profiling of device (b) With PFNBr (c) Without PFNBr, SEM
images to analyze the surface morphology of SnO; film (d) Pristine (€)
PFNBr.

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

(8 Analysis of change in conductivity of SnO> film following the PFNBr
modification by dark J-V measurement of 1 cm? device, (b) FTIR analysis
of pristine and modified SnO> film to confirm the presence and interaction
of PFNBr at the interface, (c-g) UPS datafor pristine and modified samples,
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(h) Energy band position of pristine and modified films with labeled CBM
and VBM.

Interaction and effect of PFNBr over SnO- film as described using XPS
spectraof (a) Sn3ds2and Sn3da2 (b) Ols peaks(c) Br3d peaks (d) N1speaks
Morphology of pristine and modified perovskite films: Top-view SEM of
(a) Pristine sample (Inset: AFM of the pristine sample) (b) PFNBr modified
sample (Inset: AFM of PFNBr modified sample), Cross-sectional SEM of
(c) Pristine sample (d) PFNBr modified sample, EDS analysis of (e) pristine
perovskite film (f) modified perovskite film.

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

(a) SS-PL (b) TR-PL spectraof perovskite film deposited over SnO. coated
glass and SnO2/PFNBr coated glass (¢) Comparison of Mott-Schottky plot
form pristine and PFNBr modified devices (d) TPC curvesfor PSCs having
SnO; and SnO./PFNBr ETLs (e) TPV curves for PSCs having SnO. and
SnO,/PFNBr ETLs (f) Comparison of light intensity dependency of V oc for
pristine and PFNBr modified devices.

(8 Nyquist plots for the PSCs utilizing SnO. and PFNBr-modified SnOz;
XPS analysis of pristine and modified perovskitefilms: (b) Analysis of Pb4f
peak (c) Analysis of 13d peak (d) Analysis of N1s peak; () Complete FTIR
spectra for pristine and modified perovskite films; (f) Analysis of Raman
spectrafor both the films.

(&) }V curveinforward and reverse scan for best performing pristine device
(b) JV curve in forward and reverse scan for best performing modified
device (c) Distribution of shunt resistance for pristine and modified devices.
Thedistribution of performance parameters for pristine and modified PSCs.
(8) Comparison of IPCE and integrated Jsc for modified and pristine best-
performing devices (b) Stability analysis of devices stored in dark and
measured periodicaly (c) XRD analysis of perovskite films after 8 hrs
continuous heating at 85 °C (d) Comparison of J-V curve for pristine and
modified devices after heating at 65 °C for 24 hrs.

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

SEM of CBD-grown SnO; film for different process conditions (a) CBD
with initial pH 1 and reaction time 3 hr (b) CBD with initial pH 1.35 and
reaction time 3 hr (¢) CBD with initial pH 1.35 and reaction time 4 hr (d)
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5.4

5.5

5.6

S.7

5.8

5.9

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

Structural and interfacial characterization of perovskite films. (2) XRD
patterns of pristine and CHMAI-modified perovskite films, illustrating the
effect of interlayer modification on crystallinity, phase purity, and
perovskite dimensionality. (b) High-resolution Pb 4f XPS spectra of the
corresponding films, highlighting changes in the Pb chemical environment
induced by CHMAI treatment (c) 13d XPS spectrafor pristine and CHMAI
passivated perovskites.

Surface and cross-sectional morphology of perovskitefilms. Top-view SEM
images of (@) the pristine perovskite film and (b) the CHMA I -treated film.
Corresponding cross-sectional SEM images of (c) the pristine device and
(d) the CHMAI-modified device.

Surface morphology and wettability of perovskite films. (@) AFM
topography image of the pristine perovskite film and (b) AFM topography
image of the CHMAI-modified film. (c) Water contact angle measurement
of the pristine film and (d) water contact angle measurement of the CHMAI -
treated film, obtained by dispensing a1 pL deionized water droplet.

Energy level aignment and electronic structure characterization of pristine
and CHMAI-modified devices. (a) Experimentally computed energy levels
of FAPDI 3, 3d/2d stack, and CHM A 2Pbl 4 slabs, along with those of the TOP
molecule, (b) UPS valence band spectra showing the VBM offset for
pristine and CHMA | -treated perovskite films, (¢) Corresponding secondary
electron cutoff spectra used to determine the work function variation upon
CHMAI modification.

The DFT computed real-space electronic density isosurfaces of the (a, b)
VBM and CBM of the FAPbIz dab, (¢, d) VBM and CBM of the
(CHMA)2Pbl4 slab. Isodensity value = 103e/A3. In both cases, states are
delocalized over the inorganic Pb-I framework, with VBM centred on
iodine atoms, while CBM on lead atoms, (e, f) VBM and CBM of the TOP
molecule. Isodensity value = 10 °e/A3. Both states are delocalized over the
molecule.

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

(& TR-PL decay profiles with fitted curves, indicating suppressed non-
radiative recombination and prolonged carrier lifetime upon CHMAI
modification. (b) SCLC measurements of hole-only devices (inset: device
architecture) used to estimate the Ve, revealing reduced trap density for
the CHMAI-modified film. (c) Dark JV characteristics of complete devices,
demonstrating lower leakage current and suppressed charge recombination
in the CHMAI-treated device. (d) Light-intensity-dependent Voc
characteristics of pristine and CHMAI-modified devices, illustrating the
impact of CHMAI interfacial modification on recombination behaviour.
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5.15
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5.19

5.20

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

(@ J-V characteristics of the pristine device (0.0256 cm?) active area
measured under forward and reverse scan directions, with the extracted
photovoltaic parameters summarized in theinset table. (b) -V curves of the
CHMAI-modified device (0.0256 cm? active ared) showing reduced
hysteresis and enhanced photovoltaic performance; the corresponding
deviceparametersarelisted intheinset. JV curve of deviceswith active area
0.25 cm? for (c) pristine, (d) CHMAI modified.

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

() EQE spectra and corresponding integrated Jsc values for pristine and
CHMA I-treated devices, showing enhanced photoresponse and improved
current generation after CHMAI modification. (b) Long-term storage
stability of unencapsulated devices under dark storage in adry cabinet, with
periodic measurements. (¢) XRD patterns of pristine and CHMAI-treated
films after 3 months. (d) Operational stability under devices heated at 65 °C
and measured periodicaly.

() Planar-averaged electrostatic (Hartree) potential along the surface
norma for FAPblz and (CHMA)2Pbls slabs, (b) Energy-band alignment
before and (c) after contact, showing Fermi-level equilibration and
interfacial band bending.

Schematic representation of interfacial chemical interactions and ion-
migration pathwaysin (a) apristine 3D FAPbIs/HTL stack and (b) a3D/2D
FAPDIs/CHMAPbI4/HTL heterostructure.

(@ Schematic of large-area film and device formation, (b) Device
architecture of PSC, and (c) Schematic of the working principle of PSC.
SEM images of the perovskite films. (a) SC, at the center, (b) SC, at the
corner (c) MC, at the center, (d) MC, at the corner, Optical image of the film
(e) SC (fy MC

XRD of perovskite films - () As-deposited at the corner (b) As-deposited
at the center (c) After 8 hours of continuous heating at 85°C, # - FTO peaks
Steady-state PL spectra of perovskite film at the (a) center (b) corner; ()
Tauc and absorbance plot from UV-visible spectrophotometry.
Distribution of solar cell parameters for MC and SC based device (a) Rsw
distribution, (b) Voc distribution, (c) FF distribution, (d) JV characteristic
curve of best performing devices for SC and MC based solar cells, (e) Voc
vs. light intensity curve for a SC based device (f) Voc vs. light intensity
curve for MC based device.
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5.21 (&) PCE distribution of devices at different positions after cutting of 5x 5
cm?into four 2.5 x 2.5 cm? substrates (b) Devices at different locations with
numbering respective to figure (a). 202
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LIST OF SYMBOLSAND ABBREVIATIONS

PSC . Perovskite solar cell

ETL . Electron transport layer

HTL . Holetransport layer

TCO . Trangparent conducting oxide

FTO . Fluorine doped tin oxide

ITO :Indiumtin oxide

PCE . Power conversion efficiency

Voc . Open circuit voltage

Jsc : Short circuit current

FF . Fill factor

J-V . Current density - voltage

eV . Electron volt

CBM : Conduction band minimum

VBM . Vaence band maximum

uv : Ultraviolet

SEM : Scanning electron microscopy

AFM . Atomic force microscopy

XRD . X-ray diffraction

PL . Photoluminescence

IPCE . Interna photon conversion efficiency
MA : Methylammonium

FA : Formamidinium

DMF : N,N-dimethylformamide

DMSO . Dimethyl sulfoxide

ACN . Acetonitrile

CB . Chlorobenzene

t-BP . 4-tert-Butylpyridine

RPM . Revolution per minute

Tiacac . titanium diisopropoxide bis(acetylacetonate)
CHMAI : Cyclohexylmethylammonium iodide
Li[TFSI] : Lithium bis(trifluoromethanesulfonyl)imide
NMP . N-Methyl-2-pyrrolidone

PFNBr : Poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-

alt-2,7-(9,9-dioctylfluorene))dibromide
TOPa-3 : ((EEEFE)-1,2,4,5 Tetrakig 4-[ bis(4-methoxyphenyl)amino]styryl] benzene)
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