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determination of GsdAo.91Pbk perovskite filmon glass substrat:
via Tauc method.

UPS spectrum, SECO, and HOMO/ VBM onset of

Cs.0FA0.01Pbk, (b) NDI-(BnPA)2, and (c) Bs-NDI-(BnPA). on
ITO. Work function and HOMO/VBM onsets positions we
determined from linear extrapolation of SECO and onset €
respectively.

Device configuration of #-p PSC used in this work.
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Figure G9

Figure G10

Statistics of (a)oc, (b) Jsc, (¢) FF, (d) PCE, (e) stabilized PCE, ai
(f) J-V curves of champion devices fofTeO2 + mp-TiO2 (REF),

ETL-free (w/o ETL), ND¥BnPA);, and Bp-NDI-(BnPA).

incorporated PSCs

Evolution of the J-V parameters during lonAgrm stability
measurement of-€iO2 + mp-TiO2 (REF), ETL-free (w/o ETL),
NDI-(BnPA);, and Bp-NDI-(BnPA)> incorporated PSCs
Photovoltaic parameters frond-V scans were automatical
extracted every 12 hours during the MPPT at 25 °C.
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SUMMARY

Hybrid organieinorganic perovskite (HOIP) solar cells have witnessed remarkable
progress inpower conversion efficiency (PCE) over the past 16 years, now reaching
certified values as high as 26.95%espite these impressive efficiency gains, kemgn
operational stability remains a significant barrier to commercialization. A key contributor
to this limitation is the instability of charge transport layers (CTLs) and their interfaces
with the perovske absorber layer, which are particularly susceptible to degradation
mechanisms such as cracking, delamination, ion migration, interfacial chemical reactions.
These instabilities compromise the structural and electronic integrity of perovskite solar
cells (PSCs), underscoring the need for a deeper understanding of the interlayer
degradation processes. This dissertation aims to elucidate the multifaceted role of
interlayers in governing PSC lostigrms stability with a focus on integrating novel organic

CTLs, including conjugated polymers (CPs) and small moleq8&4s).

The first thrust focuses on comprehensive examinatiahlbis(2thienyl)-2,5
dialkoxyphenylene (TPThased CPs as a hole transport layers (HTLs) in PSCs. This study
establishes a clear correlation between the high thermal transition temperatures of CP
HTLs and the enhanced thermal stability of CP integrats@sP Building on these
findings, the second thrust explores naphthalene diimide (N&¥@dSMs as potential
electron transport layers (ETLS). Here, special attention is given to the role of agchorin
groups in governing interfacial interaction with both transparent conductive oxides (TCOs)
and the perovskite layer. Anchoring growpthin theETL enable strong covalent bonding

to TCO surfaces, acting as key determinants of interfacial adhesion artédongtability
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in PSC. The third thrust investigates the lowest unoccupied molecular orbital (LUMO)
level engineering in NDbased molecules through core modification with eleetron
withdrawing substituents. This tuning strategy lowers the LUMO level to improve
energeticalignment with the perovskite conduction band minimum (CBM), reducing the
electron extraction barrier and suppressing interfacial charge accumulation. As a result,
carrier extraction becomes more efficient, current densitiage (-V) hysteresis is

mitigated, overall device performance is enhanced.

A multidisciplinary methodology is employed through this work, combining
structural, surface, and optoelectronic characterization with déaxeé performance
analyses. These comprehensive studies demonstrate the significant impact of organic CTLs
on PSCstability and offer valuable strategies for interface engineering. In doing so, this
research contributes to broader understanding of PSC operation and lays the groundwork

for developing more robust and higlerformance photovoltaic (PV) technologies.
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CHAPTER 1. INTRODUCTION

The accelerating pace of global climate change continues to intensify the frequency and
severity of natural disasters, including recbréaking heatwaves, devastating wildfires,
extreme storms, and catastropitoding.? 4 In 2024 alone, regions across North America,
Europe, and Asia witnessed some of the hottest temperatures ever recorded, with global
average temperatures briefly surpassing the 1.5 °C threshold mteaadustrial levels, a
benchmark that had previously been predicted to occur later this dethd@ngoing
climate crisis is driven largely by anthropogenic JG&nissions, which remain on an
upward trajectory due to the continued reliance on fossil fuels. Addressing this challenge
requires a rapid and largeale transformation of the global energy system, shifting toward
clean, renewable, and economically viadlkernatives that can sustainably power modern

societies.

Solar energy stands at the forefront of this transition. Silicon solar panels currently
dominate the PV market, and over the past several decades, sharp reductions in
manufacturing costs have made solar electricity more affordable than coal or nuclear in
many regions. Nevertheless, to meet the growing global energy demand while mitigating
further environmental harm, continued innovation in efficiency,-effectiveness, and
scalability is essential. HOIP solar cells have rapidly emerged as a promisimptanaol
meet these criteria. Since their introduct
PSCs have achieved extraordinary efficiency gains, now exceeding 26% in certified

performance within a remarkably shtme frame!-®



HOIPs are distinguished by their unique hybrid crystal structure, composed of both
organic and inorganic components, which enables a combination of desirable
optoelectronic properties: strong light absorption, long carrier diffusion lengths, tunable
bandgas, and compatibility with lovilemperature, solutichased fabrication processes.
These features support simpler device architecture and potentially lower production costs,
making perovskite technology highly attractive for commercial deployment. Tod@g, PS
represent one of the most active and rapidly evolving research areas within the field of
PVs. Ongoing advancements in materials science, interface engineering, and device design
are steadily addressing lostanding barriers to stability, scalabilitypdaperformance,

bringing these devices closer to widespread adoption.

Within this context, the design and optimization of charge transport layers play a
vital role in enabling longerm stability of PSCs This dissertation investigates the
structural, chemical, and functional aspects of organic interlayers and their impact on PSC
efficiency and stability. Through a series of focusaaldies, the work aims to provide
deeper insight into the design principles governing effective CTLs and to contribute to the

development of higiperformance, stable PV technologies.

This dissertation is organized into seven chapters. Chapter 1 provides an overview
of the research significance and structure of the dissertation. Chapter 2 introduces the
theoretical background of HOIPs and PSCs, with particular focus to the role ofa@dLs
commonly employed electron and hole transport materials. Chapter 3 details the
experimental methodologies used throughout the research, including material deposition

techniques and a suite of characterization tools.



Chapter 4 investigates the influence of backbone and side chain modifications of
TPT-based family of CPs as HTLs with respect to thermal transition temperatures and
optoelectronic properties. Thermal transition behavior is analyzed via differential scanning
calorimetry (DSC), while UWis spectroscopy is used to estimate optical highest occupied
molecular orbital (HOMOLUMO gap (Eiomo-Lumo) and energy bandgapd)EUltraviolet
photoelectron spectroscopy (UPS) further enables determination of work fuaation
HOMO/valence band maximum (VBM) alignment relative to the perovskite absorber.
Complete PSC devices incorporating different CPs are fabricated and subjected to thermal
aging to evaluate how the polymer's structural transitions affect performancealaitity st
Additional insights into interfacial and morphological changes are provided usiag X
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), optical
microscopy (OM), and graziAgcidence wideangle Xray scattering (GIWAXS) to
reveal correlations between the thermal transitions and crystallinity of CPs and the PSC

thermal stability. Supplementary data related to this chapter are presented in Appendix A.

Chapter 5 explores the role of anchoring groups in-bdided molecules as ETLSs.
The focus lies on understanding how anchoring groups influence interfacial contacts with
both TCOs and the perovskite layer. Thermal gravimetric analysis (TGA) is employed to
assess thermal stability, while WVis spectroscopy confirms structural integrity in
solution and thiffilm states. XPS measurements verify molecular retention on TCOs after
solvent exposure. These ETLs are integrated into PSCs and evaluated under light and
thermal stress to demonstrate the significance of anchoring groups in achieving robust

device performance. Supporting data are included in Appendix B.



Chapter 6 examines LUMO level engineering in Niaksed ETLs through core
modification via dibromo substitution. The optical and electronic properties are
characterized using UVis and UPS to determine HOMO/LUMO alignment and assess
how these modificationsmfluence energy level alignment with the perovskite CBM. The
performance and stability of device incorporating these ETLs are evaluated to highlight the
impact of LUMO energy level tuning on charge extraction and device hysteresis.

Additional details ar@rovided in Appendix C.

Finally, Chapter 7 concludes the dissertation with key findings, highlighting the
contributions of organic CTLs to the performance and stability of PSCs. It reflects on the

broader implications of the work and outlines potential avenues for future research



CHAPTER 2. BACKGROUND

This chapter outlines the theoretical framework for the dissertation, focusing on
HOIPs and their integration into PSCs. Special attention is given to the essential role of
CTLs in influencing device performance and leegm stability. The current staté art
ETLs and HTLs are also reviewed, providing the foundational context for the challenges

explored in the following chapters.
2.1 Hybrid Organic -Inorganic Perovskite

HOIPs are a versatile class of semiconducting materials characterized by the general
formula ABXs, where A is a monovalent cation (e.g., methylammonifMA ],
formamidinium [FA], cesium [C3)]), B is a divalent metal cation (e.g., lead {Rlor tin
[Sr?*]), and X is a halide anion (e.g., ioding,[bromine [Be], or chlorine [CI]). These
compounds form a thredimensional framework of cornsharing BX octahedra, with

the A-site cation occupying a central-idld coordinated cavityFigure 2-1a).”°

The geometric fit between these ions can be described using the Goldschmidt
tolerance facto(t), a dimensionless value derived from the ionic radii of the A, B, and X
components? Values oft between 0.9 and 1.0 generally favor formation of a cubic
perovskite structure, while significant deviations from this range often led to structural
distortions, either toward loweaymmetry (tetragonal or orthorhombic) or toward non
perovskite phases suas layered or hexagonal structuté$Furthermore, alternative
tolerance factor models incorporating ionic oxidation states have been proposed to more

accurately predict structural outcomes across diverse chemtistries
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Figure 2-1 Crystal structure and electronic configuration of HOIPs. (a) Schematic of

the perovskite ABX structure and the definition of the Goldschmidt tolerance fattor (
which predicts structural stability base on ionic radii. (b) Influence-sité\cation size on
thet, highlighting the resulting structural distortions. (c) Electronic band structure of an
ideal APbX perovskite where the CBM is derived from Pb 6p and halide p orbitals, and
the VBM from Pb 6s and halide P orbitals, yielding a direct band gap.

A defining feature of HOIPs is their excellent optoelectronic performance which
originates primarily from their metddalide framework. In APbX the VBM is primarily
composed of Pb 6s and halidegbitals, while the CBM is derived from Pb 6p and halide
p-orbitals Figure 2-1c).12 This orbital composition leads to direct bandgap
semiconductors with exceptionally strong light absorption, making Blid#l candidates
for thin-film optoelectronic applications. As a resultsBe cations and >$ite anions have
greater influence over the bandgap and optoelectronic properties of perovskite materials.
However, it is important to note thatXbframework @n undergo distortion due togite
cation, influenced by steric and Columbic interactions, leading to octahedra tilting and
changes the electronic structure near the band edges. Combined with their ability to be
processed at low temperature using solubased methods, these properties have driven

the rapid adoption of HOIPs in PV technologies. Beyond PSCs, HOIPs are increasingly



being explored for use in liglegmitting diodes, photodetectors, selesfuel conversion

systems, andeuromorphic memristor$!3

2.2 Perovskite Solar Cell

2.2.1 Working Principle

Lead halide perovskites (LHPs) have emergasl leading candidates for next
generation PVs due to their combination of exceptional optoelectronic properties and low
cost, solution processable fabrication. These properties include high absorption coefficient,
tunable bandgaps, high charge carrier itas, long carrier diffusion lengths, and
remarkabledefect tolerancé&® 8 Collectively, these features enable efficient and scalable
device architectures, positioning PSCs as economically and environmentally viable
alternatives to conventional silicdrased technologies. The operation of a PSC involves
four fundamental processef) charge generation, (i) charge separation, (iii) charge
transport, and (iv) charge collectigRigure 2-2). Charge generation arises when LHP
layer absorbs incident photons from the TCO, prompting electrons to be excited from the
VBM to the CBM. The energy required for this excitation is relatethe & of theLHP
material where photon energy must be equal or greater themdgenerate electreimole

pairs known as excitons.

In contrast to many conventional semiconductors, LHPs exhibit relatively low
exciton binding energy on the order of-18 meV at low temperatureand decreasing
further at room temperature due to enhanced dielectric screening and lattice dyhamics
This low binding energy is close to below the thermal energy at teaperature K &

26 meV), allowing for spontaneous thermal dissociation of excitons into free carriers. This



intrinsic ability to generate free electrons and holes efficiently contributes to the high

internal quantum efficiency of PSCs and is one of the key advantages of LHP materials

over traditional organic semiconductors.
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Figure 2-2 Energy band diagram and operational mechanism of a PSC with an-ip
architecture. Light absorption in the LHP generates excitons, which dissociate into free
carriers. Electrons and holes are extracted via ETL and HTL, respectively, and collected at
the electrodes through btih field driven transport.

Once generated, free carriers are separated under the influence -ai ligittric
fields at the interfaces between the LHP and the adjacent CTLs. The ETL selectively
extracts electrons, while the HTL facilitates hole extraction. These charge carridienare
directed toward their respective electrodes and collected via drift (due to internal fields)

and diffusion (driven by carrier concentration gradients), completing the PV conversion

process.



2.2.2 Device Architecture

PSCs are generally classified into two main architectures: the conventiomal n
structure and the inverted-ip structure, as illustrated ifrigure 2-3. In both
configurations, the LHP absorber layer is positioned between ETL and HTL, facilitating
the separation and collection of photogenerated charge carriers. The key distinction lies in
the order of the CTLs relative to the LHP. In thém structure, ie ETL is deposited
beneath the LHP layer, while in tha4p structure, the HTL is deposited first, effectively

inverting the direction of charge extraction.

Conventional Inverted
(n-I-p) (p-i-n)

Figure 2-3 PSC Architectures.(a) Conventional and (b) inverted PSC configurations.

Each PSC architecture offers distinct advantages and limitations, largely influenced

by the nature of the CTLs commonly employed in each configurdtfdmhe ni-p



structure is widely established and frequently adopted in research due to its proven
performance and compatibility with a broad range of fabrication techniques. However, it
often requires highemperature processing and may be more susceptiie hysteresis.

This behavior is typically linked to interfacial charge accumulation and ion migration,
effects that are partly dependent on the properties of the inorganic ETLs commonly used

in this layout.

In contrast, the 40-n architecture enables lei®mperature processing, making it
better suited for flexible substrates and scalable manufacturing approaches sueto-as roll
roll printing. It generally exhibits reduced hysteresis, improved interfaciabcorand
enhanced operational stability under continuous illumination. These advantages are closely
associated with the use of organic HTLs and fulletesseed ETLs that are typically
integrated in g-n devices. As a result, this architecture has gaimggdfisant traction in
emerging applications, including tandem PV systems and semitransparent devices.
Nonetheless, challenges remain, such as limited availability ofgagbrmance, stable
CTL materials and potential issues related to interfacial cabilitst and longterm

reliability.

2.2.3 Solar Cell Performance

The equivalent circuit model is commonly employed to describe the electrical
behavior of solar cell\s shown inFigure 2-4a, the model includes key parameters such
asJpn, the photogenerated current densitythe reverse saturation current densRysuns
the shunt resistance representing leakage path®Wayhe series resistance accounting for

resistive losses across interfaces and electrodes.

1C
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Figure 2-4 Device representation andl-V of a Solar Cell.(a) Equivalent of a solar cell

with series resistanceéR{ and shunt resistanc&s(). J-V curve of a solar cell under

il lumination. The point | abeled Ampo denot
current density and voltage is maximized.

The J-V behavior of solar cells can be described by the Shockley diode equation, as

illustrated inFigure 2-4b and expressed below:

w UYO

whereuis the total current density,is the elementary charge,s the ideality factorQ Y
is the thermal energy at temperatiiyévith 'Q being the Boltzmann constand)s the
voltage across the device, amds the active cell area. The shaitcuit current density
(0 and opercircuit voltage ( ) can be determined from Eq. (1) by setting V or J to

zero, respectively
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the approximations in Egs. (2) and (3) are valid under the assumptighs | p and
0 70 | p. Thefill factor (O0s defined as the ratio of the maximum power outBut
to the product of thé andw . It quantifies JWharvefiassquar er
illustrated inFigure 2-4b, and serves as a key metric of how efficiently the solar cell
converts light into electricity by accounting for resistive losses and recombinAtion.
higher'O"@s directly proportional to thd 6 ©f the device. The idedD"@O"Q canbe
approximated using the following expresgfon

o 11 T G Nw

00 0 W oy i

where0 is the normalizedv . Eq. (4) holds under the ideal conditions of negligile
and’Y isinfinite. A more accurate and practical estimation of@€accounting for both

Y andY , is given by the following empirical expresstén

0 mx 'O0 L'YO LY O
p — ni N

00 00p pal 8 0 i W w

wherel is the normalizedl¥ andi is the normalized¥ . Figure 2-5 shows the impact
of 'Y and'Y on theJ-V characteristics of a solar cell. Thed ©f solar cell is defined at
the ratio of electrical power output to the incident power)(input, which is typically
standardized under the air mass 1.5 spectrum (AM 1.5) for terrespjmications,
corresponding to a power density of 1000 WE.riThed 6 ©an be expressed as the

following:
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Figure 2-5 Impact of parasitic resistances ord-V characteristics of a solar cellEffects
of (a) increasingRs and (b) decreasingsh.

2.3 Charge Transport Layers

CTLs play a pivotal role in PSCs by enabling the selective extraction and directional
transport of photogenerated carriers from the LHP absorber to the respective electrodes.
The effectiveness of this process is largely determined by the energetic aligatrttesn
interfaces between the CTLs, the perovskite layer, and the electrodes. Proper alignment not
only ensures efficient charge extraction but also minimizes interfacial recombination losses
and energetic barriers that would otherwise reduce PV penfi@ena key design principle
for an effective CTLs is the formation of staggered energy level alignment, also known as
typell band alignment. This configuration provides a thermodynamic driving force for
charge separation by aligning the frontier orbe&kls or band edges across interfaces. For
HTLs, the HOMO in organic materials or the VBM in inorganic materials should lie
slightly below the VBM of the perovskite, which promotes efficient hole extraction. At the
same time, the LUMO or CBM of the HTLshd d be positioned above

CBM to prevent backransfer of electrons. Conversely, in ETLs, the LUMO or CBM

13



should lie below that of the perovskite to facilitate electron extraction, while the HOMO
or VBM should be above the perovskiteods
configuration enables unidirectional carrier flow and suppresses charge recombestio

depicted inFigure 2-2.

Furthermore, CTLs must be also welatched energetically with the adjacent
electrodes. For effective carrier collection, the ETL must align with the work function of
the TCO to minimize electron extraction barriers, while the HTL must match the work
function of the back metal contact to facilitate hole collection. Mismatches at these
interfaces can result in unfavorable band bending, increased contact resistance, and
interfacial charge accumulation, all of which degrade device performance and stability. As
a result, careful control over energy alignment across all interfaces is crucial for
suppressing neradiative losses and ensuring efficient carrier transport under operational

conditions.

Beyond energetic considerations, interfacial phenomena between the interlayers are
essential to improve PSC performance and its stability. An ideal CTL must possess the
following characteristics: high carrier mobility and conductivity for fast transpade w
Enomo-Lumo or By for good energy level alignment and optical transparency, and chemical
and thermal robustness to withstand harsh operating conditions in solar cells. Moreover,
CTLs should form higlguality uniform and defect free interfaces with tleeqvskite layer
to reduce charge recombinatigfigure 2-6) andensure optimal device performance. This
section presents the current benchmark €3id examines their individual limitations in

the context of londerm stability, with a particular focus on the-p architecture.
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Figure 2-6 Charge-carrier generation and recombination kinetics (a) Fundamental
light-excitation process in LHP..Eand E represent CBM and VBM, respectively. (b)
Recombination mechanisms of radiative, detesdisted, and direct & indirect Auger
recombination. (c) Diagrams of interfareluced recombination losses between LHP and
ETL: deeplevel defects in LHP (Type 1), ergy misalignment at the interface with defects
in LHP (Type Il), backtransferinduced recombination (Type l1ll), and defedsisted
recombinaibn in ETL (Type 1V)?3

2.3.1 Electron Transport Layer

In conventional vi-p PSCs, titaniundioxide (TiQy) and tin dioxide (Sng) are the
most widely adopted ETLs. Tihas been considered the benchmark due to its favorable
CBM alignment with common halide perovskites and high optical transmittance
However, its intrinsic limitations are wekkcognized: low electron mobility (~1 éM™s
1y, susceptibility to UVvinduced photocatalytic degradation, and the formation of oxygen
vacancies that can lead to trap states and unintentional hole transport, thus promoting
interfacial recombinatiof*2>Moreover, TiQ often requires higlemperature processing
(> 450 °C), which increases fabrication costs and restricts compatibility with flexible
substrates. Subsequently, Srifas emerged as promising alternative ETL to replace TiO

owing to its overall enhanced optoelectronic properties such as high electron mobility (240
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c? V1 s1), wide bandgap with a similaEBM position to TiQ, providing efficient
electron extraction while being more stable under UV illuminaféfSnQ thin films are
also easily processed by leemperature methods (< 200 €8 Although SnQ has
many advantages, defects consistently manifest due to the intrinsic crystallization
properties in both vapateposited and solution processed St film including oxygen

vacancies, tin interstitials, surface reconstructions, and surface d&fects

These challenges have spurred growing interest in organic ETLs, which offer
molecular level tunability, lovtemperature processability, and compatibility with scalable
solution solutiorbased deposition methods. However, one of the key challenges incorgani
ETLs in then-i-p architecture lies in achieving strong interfacial adhesion with TCOs such
as indiumdoped tin oxide (ITO) and fluoriréoped tin oxide (FTOyvhich are widely
used as transparent electrodes in optoelectronic technot8gfeEo note, this issue also
applies to organic HTLs used iniqm architectures. Unlike metakide based ETLs such
as TiQ and SnQ, which readily form chemical bonds with TCOs, organic ETLs often
exhibit weak adhesion when the conjugated core itself lacks functional groups capable of
directly binding to metal oxides. This can result in delamination and create discontinuities
that hirder efficient charge transport, ultimately compromising device performance. To
overcome these limitations, organic ETLs amctionalized with anchoring groups, which
facilitate strong interfacial bonding with the underlying TCOs as well as strong interaction
with the perovskite layer. These anchoring groups play a decisive role in interfacial
stabilization and indirectly impra&v charge transport by promoting uniform molecular

coverage and reducing interfacial defects between TCOs and organi¢ETLs.
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As briefly noted above, achieving uniform and stable organic ETLs diep n
architectures and organic HTLs foiqm architectures has been challenging, primarily due
to poor adhesion to metal oxides and chemical incompatibility with perovskite precursor
solutions. Various anchoring groups including carboxylic acids, thiols, alcohols,
organosilanes, anghosphonic acids (PAs) have been explored not only to strengthen
interfacial bonding with TCOs but also to modulate work function and tune surface energy,
thereby enhancing charge extraction, and controlling perovskite nucleation and film
formation®¥4° Among these, PAs have demonstrated strong surface binding and self
assembled monolayer formation, making them particularly effective for stabilizing organic
CTLs. Their strong adhesion arises from various binding configurations, including
monodentate, bideate, and tridentate coordination through covalent bonding, as well as
additional stabilization via chemisorption through hydrogen bontinBA-based
anchoringgroup has been widely implemented in organic HTLs feirrp PSC device
architecture where molecules such as-(fZbis(4methoxyphenyl)amino)phenyf)-
cyanovinyl)phosphonic  acid (MRE&PA) and 4(7H-dibenzo|c,g]carbazer-
yhphenyl)phosphonic acid (BRhpPACz) have displayed PCE exceediBg% with
improved thermal stabilit§**?For both molecules, the formation of aléyer, and the
presence of phosphonic groups pointing towards the perovskite interface enhancing
wettability were instrumental in driving the high performance. While these design
strategies have been well estal#ighor HTLs, the use of RAased anchoring groups in
organic ETLgemaindargely unexplored. To date, the only reported organic ETLi#pn
PCS device with PA is N2,5di-tertbutylphenyl}N Nimethyl)}1,4,5,8naphthalene

tetracarboxylic diimide phospha acid (PANDI), which incorporates a single PA
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anchoring group and has demonstrated a PQE.6£6% This limited precedent highlights
the need for further systematic development offdctionalized organic ETLs to fully
understand their potential in interfacial engineering, charge transport, arigtongevice

stability.

2.3.2 Hole Transport Layer

The smal | mo | -eetcakid(NeNp-dinZeth@piherylamingd ,-9 Nj
spirobifluorene $piro-OMeTAD), processed from solution as a thin film, serves as the
current benchmark HTL due to its record high PCE for PSC witlp wonfiguration.
Typically, Spiro-OMeTAD is combined with additives such as lithium
bis(trifluoromethane)sulfonimide (LTFSI) and 4tert-butylpyridine (tBP) to increase its
conductivity and enable high efficiencies. However, these additives have been shown to
migrate toward the HTLntefaces and interact with the perovskite thin film or metal
contacts, which leads to losigrm stability challenge®4” In addition to the requirement
for additives, the dopegpiro-OMeTAD has been shown to crystallize at low temperatures
within the range of solar cell operation, leading to the formation of cracks and consequently

deteriorating the device performarféé®

CP-based HTLs with improved thermal stability have been investigated as
alternatives t&spiro-OMeTAD. CPs are attractive HTL candidates owing to their tunable
physical and electrical properties, which can be tailored via alteration of the conjugated
backbone and side chains. Poly[bigp{denyl)(2,4,6trimethylphenyl)amine] (PTAA) is the
most widely used HTL polymer in PSCs, deposited from solution as a thin film of about

20i 50 nm in thicknes&>*PTAA has thermal transitions as low as 98 °C, which is higher
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than the typical temperatures to which solar cells are exposed during thermal
cycling>>°3 These thermatansitions are important to the viability of devices, as they are
suggested to be responsible for ldegn stability under thermal stress. To date, promising
thiophenebased CP HTLs have been reported, including pe®{3
carboxybutylthiophen@,5-diyl] (P3CT) and poly[d6-carboxyhexyl)thiopheng,5-diyl]
(P3HT-COOH)>*>Thiophenebased polymers are some of the most notable systems in
CP research, primarily attributed to their electrmh nature and straightforward synthetic
routes>®>’ Both P3CF and P3HTCOOH-incorporated PSCs show encouraging PCEs
above 20%. However, there is little understanding of their thermal stability, as stress factors
including light, electrical bias, and heat were not introduced simultaneously. For P3CT,
therma stability tests were performed at 85 °C under.afthosphere in dark conditions

for 144 hours without maximum power point tracking (MPPT). The PSC measured over
time lost 20% of its original PCE.Similarly for P3HFCOOH, performance
measurements were conducted at 65 °C irp atidosphere in dark conditions without
MPPT, where the PSC experienced a loss of 20% of its original R{DEe 2-1 shows the

list of mentioned CTLs on-itp configurations and device parameters including PCE.

Table 2-1 PSC efficiency parameters of commonly utilized CTLs including metal
oxide (MO), SM, and CP.

PSC | ETL HTL Js¢ | Voe | FF | PCE
Structure | Type AUk Type HTL mAcm? | (V) | (%) | (%) VERY
" c-TiO2 + Doped Spire 58
n-i-p MO mp-TiO2 SM OMeTAD 26.2 1.17(81.8| 25.2| 202t
" Doped Spire 59
n-i-p MO Sn0O2 SM OMeTAD 25.7 1.19( 83.2| 25.5| 202t
. c-TiO2 + o
n-i-p MO mp-Ti02 CP Doped PTAA 25.0 1.11(81.7| 22.6 | 2017
ni-p | Mo | ETIO2* 1 cp P3HT 2488 |1.15|81.4|23.3| 2019"
mp-TiO2
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2.4 Conjugated Polymer vs. Conjugated Molecule

CPs are macromolecules composed of repeating units containing alternating single
and doubl e bonds al ong t he -cinpugatedsygstem., Thisvhi c h
el ectronic structur e f-ehectrons,ienablihgessmicondumi d el oc
behavior and supporting charge transport along the polymer chain. The backbone, which
determines +clhhemjegbénonpfplays a critical
electronic structure, including its bandgap, charge carrier mobility, andaliggarption
characteristics. Backbone modification, such as the incorporation of ekeictnoor
electrondeficient units, can be used to tune the HOMO and LUMO levels, as well as to

control Enomo-Lumo of the material.

Attached to the backbone are side chains, which can vary in length, structure, and
polarity. While side chains do not typically contribute donjugation they strongly
influence the solubility, filrforming ability, molecular packing, and thermal stability of
the polymer. For exampléulky branched side chains may enhance solubility but hinder
-~ stacking between polymer chains, reducir
or more linear side chains may promote better molecular ordering asthliomyty,
improving charge transport but often at thetoofsthe reduced solubility. Side chain
polarity can also affect interfacial interactions with adjacent layers in a device, impacting

film morphology and energy level alignment.

ConjugatedSMswhi | e struct ur al -copugationmard desaretej n t e
low-molecularweight compounds. Like CPs, they can be tailored through chemical

modification oftheir conjugated cores and side groups. Due to-dedihed structures,
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SMsoffer greater control over molecular packing, crystallinity, and reproducibility in thin
films. The design of the conjugated core influences optoelectronic properties, which
peripheral substitutions or functional groups can modulate solubility, energig,lewnd
interfacial behavior with surrounding layers. As with CPs, the strategic tuning of side
chains inSMsis often used to balance solubility, phase behavior, and device performance.
Both CPs andGMsare under active investigation for use as chén@gsport materials in

optoelectronic devices, including PSCs.
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CHAPTER 3. EXPERIMENTAL METHODS

This chapter outlines the core experimental methodologies employed in this
dissertation, including detailed descriptions of complete PSC device fabrication processes,
thin film preparation, and key characterization techniques used throughout theTstudy.
note, solution processing steps from bottom passivation to HTL coating were carried out
in anN2-filled glovebox with Q and HO levels maintained below 4 ppm with temperature

ranging from 18 °C to 24 °C.
3.1 Perovskite Solar Cell Fabrication
3.1.1 Substrate Preparation

The following oxide substrates waieed in this study: glass, FTO, patterned FTO,
and ITO. Prior to any deposition, the substrates were sequentially cleaned by
ultrasonication for 15 min in 2% Mucasol (schilke) solution, deionized water, acetone
(SigmaAl dri ch, O 99 . 5 %) (IPA &ister Chesnicad) r Aftgy gldaning,| ¢ o h
the substrates were dried usimgNe gun and stored inneN2-filled glovebox (Q and HO

< 4 ppm) until further use.
3.1.2 Electron Transport Layer Deposition

3.1.2.1 TiO2 (c-TiO2 + mp-TiOy)

The cleaned substrates were treated withd2¥ne treatment for 15 minutes. A
compact TiQ (c-TiO2) layer was then deposited by spray pyrolysis from a solution

containing. contai ni ngAl4dBroi cehl, al ex Y%)a,c et DO
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diisopropoxide bis(acetylacetonate) 75 wt. % in isopropanol (Siieiéch), and 10.8 mL
of ethanol (Sigma&Al dr i ch, anhydrous, O 99.5%) . %) .
onto the preheated substrates at 450 °C witlse®@nd interval between each ®cl
followed by postannealing at 450 °C for 30 miEach cycle consisted of B seconds

of spraying, and oxygen gas was used as a carrier gas at a flow rate of 3 L min

After cooling to room temperature, 60 UL of mesopordi32 (mp-TiO2) solution
was deposited by static spin coating at 4000 rpm for 10 s with an acceleration rate of 4000
rpm st. The mpTiO: solution was prepared by diluting Ti@aste(SigmaAldrich) in
anhydrous ethanol (Sigmal dr i ch, O 99.5%) . TJioed H#Psul t i ng
stack substrates were desiccated on a hot plate at 100 °C for 10 min and subsequently
sintered at 450 °C for 30 min. All steps from substrate cleaning{di®pwereperformed
in ambient air. The substrates were then cooled and transferaed\tsfilled glovebox

for further processing (£and BO < 4 ppm).

This TiO; deposition procedure was used for the experiments described in Chapter
4. For Chapters 5 and 6, a modified compact.i@cursor solution was used in which
acetylacetone was omitted, and the volume of titanium diisopropoxide bis(acetylacetonate)

75 wt. % in |IPA was adjusted to 800 ¢L.

3.1.2.2 NDI-Based Molecules

NDI-based ETL thin films were fabricatedinga chemical bath deposition (CBD)
method. The cleaned substrates were treated hoxdvie for 1 hour and then immersed in
a preheated heated 0.5 mg Tnkolution of NDtbased ETL molecules in dimethyl

sulfoxide (DMSO, SigmaA| dri ch, O 99.8%) at 100AC for
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a constant temperature throughout the process. Following CBD, the substrates were rinsed

by dipping them irethanol (EtOH) threémes, then annealed at 120 °C for 10 min. The
NDI-based ETL molecules investigated include NBhPA), NDI-(PhBrp, NDI-

(BnPA);, a n-NDI-@nPA),. All deposition steps were performed in ambient air, and

the substrates were subsequently transferred tefaiNl | ed gl ovebox (O al
for further processing. The CBD of NIPhPA)» and NDFPhBrk was conducted in

Chaper 5, while NDHBnPA); a n d -NBIr(BnPA), were investigated in Chapter 6.
3.1.3 Bottom Passivation

A 90 e L o f amrpohiem iedida YAEAI, Dynamosolution with a
concentration of 1 mg mitin IPA (SigmaAldrich, 99.9%), was spin coated on top of-mp
TiO, for 20 s at 5000 rpm with acceleration rate of 5000 rpmThis PEAI bottom

passivation treatment was applied only in the experiments described in Chapter 4
3.1.4 Perovskite Deposition

The Cs.odAo.9Pbk perovskite film was deposited via a tstep spircoating
process using a 1.2 M precursor solution with 5% excess Pb, prepared by dissolving cesium
iodide (SigmaAldrich), formamidinium iodide (GreatCell Solar), and lead iodide (Tokyo
Chemical Industry, 28%) in a 2:1 (v/v) mixture of N,Mimethylformamide (DMF,
SigmaAl dr i ¢c h, O 99.8%) and DMSO. A 90 €L of
rpm with acceleration rate of 1000 rpm for 10 s followed by 6000 rpfiors20 s with
acceleration rate of 600pm s. Prior to spin coating, the solution was uniformly spread
over the substrate using a pipette tip to ensure complete surface coverage. During the final

3 s of the second spin s t-Adoch, azhpdousg90.8%9f ¢ hl
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was dynamically dispensed as an antisolvent. The films were then annealed at 150 °C for

10 min.

3.1.5 Top Passivation

The same PEAI surface treatment used for bottom passivation was also applied to
the top of the perovskite film, followed by an annealing at 100 °C for 10 min. This PEAI
top passivation step was implemented in all experiments described in Chapters 4 through

6.

3.1.6 Hole Transport Layer Deposition

3.1.6.1 Doped SpireOMeTAD

A doped SpireOMeTAD solution was prepared by dissolving SppMeTAD (1-
Material) in 0.07 M chlorobenzene (Sigmidrich, 99.9%), followed by the sequential
addition of 0.4 moto-mol lithium bis(trifluoromethane)sulfonimide {JiIFSI, Sigma
Aldrich) in 1.8 M acetonitrile (Sigmaldrich, anhydrous, 99.8%), 3.3 mtd-mol 4-
tertbutylpyridine (tBP, Sigmdldrich, 98%), and 0.03 meb-mol tris(2-(1H-pyrazol1-
yl)-4-tert-butylpyridine)cobalt(111) tri[bis(trifluoromethane)sulfonimidéfK 209 Co (ll),
SigmaAl drich) in 0.25 M acet eOMeTAD soluion wad 9 0
spin-coated statically at 3000 rpm for 30 s (acceleration: 3000 ¥prarstop of the PEAI

film.

3.1.6.2 TPT-Based Conjugated Polymers
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ForTPFbased CPs, 6 0! ofsTRT-T®, TPTX,GandMBTT (WB/C6)
in chlorobenzene solution were dynamically spiated onto the PEAI treated perovskite
films. All TPT-based CP solutions were prepared at room temperature except farTTPT
solution which was separately gneated at 45 °C for 5 min for better dissolution. For the
doped TPTT (MB/C6), the precursor solution was prepared by mixing 20 mg ofL
TPT-T (MB/C6) with LI-TFSI (1.2 M in acetonitrile) at a molar ratio of 0.084 relative to

TPT-T(MB/C6), and tBP at a molar ratio of 0.39 relative to TPTMB/CB6).
3.1.7 Metal Contacts

PSCs were completed by completed by depositing Au electrode on top of the HTL.
Prior to deposition, the edges of the substrates were cleaned in ambient air to remove
residual perovskite, PEAI or HTL using DMF, followed by acetonitrile. A 50 nm of Au
(Kurt J. Lesker, 99.999%) were thermally evaporated as the back contact through a shadow
mask, defining eight independent cells on a single substrate. The active device areais 0.128
cm?. To ensure film uniformity and good adhesion, the Au layer was depositadtiple
steps: the deposi t ilfomthefiratnanometarsthersiecteasedtto 0 . O !
0.05uptsl reaching 5 Jump, tfool2l00 wierd baytd0 .fli0na
until achieving the full thickness of 50 nm. The entire deposition process was performed

under high vacuum, with base pressure maintained below f ¥df)
3.2 Materials Characterization

CPs andEMsused as CTLs were characterized in powder;filrim and device form
across six categories: chemical composition and structure, thermal properties, optical and

electronic properties, crystallinity, morphology, and device performance.
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3.2.1 Chemical Composition & Structure

Thechemical composition and structural integrity of CPs@kidin powders were
characterized using a combination of nuclear magnetic resonance (NMR) spectroscopy,
elemental analysis (EA), and gel permeation chromatography (BP@&Y. photoelectron
spectroscopy (XPSyas employed to analyze surface elemental composition and chemical
environments of CPs ar8Msin both thinrfilm form and completed PSC devices. XPS
wasspecifically used to confirm the presence of target materials including the perovskite,

TPT-based HTLs, and NBibased ETLs.

3.2.1.1 Nuclear Magnetic Resonance

NMR spectra for all monomers and molecular precursors were acquired through
Bruker Avance IlIHD 500 MHz or Bruker Avance IIIHD 700 MHz instruments using
CDClz or DMSO-d6 as solvent; the residual CH@leak was used as a reference for all
reported chemical shiftsf : & = 713C2 6 Up=p n7, 7Fori*® NMRspadtras85%
HsPQy was used as the external referediglR analysis was primarily used to verify the

structural identity and purity of monomers and molecular precursors.

3.2.1.2 Elemental Analysis

EA was conducted via Atlantic Microlab Inc. to calculate polymer repeat units.

3.2.1.3 Gel Permeation Chromatography

The numberaverage molecular weight Y] weight average molecular weight

Mw) and dispersity (n) were determined
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instrument with RI detector. GPC measurements were performed@tghric Materials

Characterization Laboratory (OMCL) at the Georgia Institdit€echnology.

3.2.1.4 X-ray Photoelectron Spectroscopy

XPS measurements weeequiredwith a Thermo Scientific KAlpha using a
mo n o c hr o ma traysourdel (hv K 4866 eV) with a 60° incident angle and a 0°
photoemission angle, both measured from the samples normal vector. Survey and high
resolution scans were measured when the chamiessure was less than 1X1trr.
Survey scans were acquired averaging two measurements with 200 eV pass energy, 50 ms

dwell time, and 0.1 eV step size.

For Chapter 4, highesolution scans were collected averaging 10 measurements
with 50 eV pass energy, 50 ms dwell time, and 0.1 eV step size for Au 4f, C 1s, Cs 3d, Co
2p, F 1s,13d, N 1s, O 1s, Pb 4f, S 2p. For Chapters 5 and érdsiglution scanwere
averagedver 20 measurements for C 1s, Br 3d, P 2p, and O 1s; 10 measurements for N
1s, S 2p, and CI 2p; and 5 measurements for Sn 3d. Peak fitting was conducted using the
Thermo Scientific Advantage Data System. To correct for potential surface chargin
effects, all binding energies wareferenced to the-C (284.8 eV) peak position. XPS was
performed at the Materials Characterization Facility (MCF) within the Institute for

Electronics and Nanotechnology (IEN) at the Georgia Institute of Technology.
3.2.2 Thermal Properties

Thermal behavior ofynthesized CPs arfsMs was evaluated using differential

scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
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3.2.2.1 Differential Scanning Calorimetry

DSC was performed using a TA Instruments Q200 with heating and cooling rates
of 10 'C min’. Powder samples with a mass of approximately 5 mg were used and

encapsulated in sealed DSC aluminum pan under a controllgandsphere.

3.2.2.2 Thermogravimetric Analysis

TGA was executed using a Mettler Toledo TGA2 STAR System
Thermogravimetric Analyzer. 5 mg of powder samples were heated at a temperature rate

of 15 °C mint in a Ne-rich atmosphere.

3.2.3 Optical & Electronic Properties

The optical and electronic properties of thin films were investigated using
ultraviolet visible (UViVis) spectroscopy and ultraviolet photoelectron spectroscopy
(UPS). These techniques were used to determine optical absorption characteristics,
estimate optal gaps (& or Biomo-Lumo), and extracenergy level information including

VBM/HOMO, work function, and derived CBM/LUMO.

3.2.3.1 Ultraviolet-Visible Spectroscopy

UV-Vis measurements wereonducted usinga Cary 5000 UWVisiNIR
spectrophotometer. In Chapter 4, only absorption spectra were measured foasgeT
polymer films deposited on FTO substrates. In Chapténeabsorptiontransmittance,
and reflectance spectra were measured forb#3led molecular films using a douleam

configuration to account for substrate contributions. Thin films were deposited on glass
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substrates, and for solutidrased measurements,®r@g  *NDI-based ETL molecules
were dissolved in DMSQOIn Chapter 6, the same optical setup used in Chapter 5 was

employed to collect absorption spectra exclusively.

3.2.3.2 Ultraviolet Photoelectron Spectroscopy

In Chapter 4, UPS measurements were performed at the University of Kentucky
using a PHI 5600 ultrahigh vacuum system equipped with a hemispherical energy analyzer
and an Excitech Lymabd photon source (10.2 eV). The
nitrogenfilled optical paths and a sample bias-of V wi t h a pass ener.
Spectra were acquired for both polymer and perovskite samples. The secondary electron
cutoff (SECO) was determined via linear fitting and used to calculate the work function as
the dfferencebetween the photon energy and SECO. For HTLs, the HOMO/VBM onset
was determined by linear extrapolation near the Fermi edge and added to the measured
work function to estimate the HOMO/VBM energy relative to vacuum. For perovskite
films, the VBM was extreted using a Gaussian fitting method as previously reported in
the literaturé? The LUMO (or CBM) was estimated by combining the opteargygap

(from UVi Vis) with the UPSderived HOMO or VBM level.

Al films were deg@FPhseaovskita layar with.5% M Cs
excess Pb, spin coated on | TO substrates.
of solution at 1007%acrcpen efrcart i 1on)s f (ol 0 000w erdp nb
(7000tarcpecne Iser ation), with 250 &L of chlorob

before the end of the second step. -Fil ms
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OMe TAD (0.02 M) wasoadyrmamitc adl00y0 srfmased f or 3

pol ymers ' h5cihg ombbenzene) were deposited

In Chapter 6UPS measurements were performee&t of IEN at Georgia Tech
using a Thermo Fisher Scientific Nexsa G2
excitation source. A5 V sampl e bias and 2 eV pass ene
vacuum conditions (< 1 x Frorr). Prior to measurements, the system was calibrated
using a clean Ag reference by aligning th
values were determined by linear extrapolation of the low kinetic energy cutoff, and the
work functim was calculated by subtracting SECO from the photon energy. The
HOMO/VBM onsets were extracted by fitting the spectral leading edge near the Fermi
level and were referenced to vacuum by summing the binding energy onset with the
measured work functioJPS was used to analyze thin filmsNiDI-based molecules and
C.0dA0.01Pbk, all deposited on ITO substrates using the same fabrication methods

described for PSC fabrication.

3.2.4 Crystallinity

3.2.4.1 Grazing Incidence WidéAngle X-ray Scattering

Synchrotron grazing incidence widangle Xray scattering (GIWAXS)
measurements were carried out at beamlind®Mlof the National Synchrotron Light
Source Il at Brookhaven National Laboratory. Thea¥ beam had an energy of 13.5 keV
and a spot size of 0.2 mm x 0.05 mm. Samples were irradiated for 10 s attiaciges

of 0.05°, 0.1°, and 0.5°. The beam divergence was 1 mrad, with an energy resolution of
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0.7%. Data processing and analysis were performed using the SciAnalysis software

package provided by the beamline.

3.2.5 Surface Morphology

3.2.5.1 Scanning Electron Microscopy & Optical Microscopy

Scanning electron microscopy (SEM) was carried out with Hitachi SU8230 using a
secondanelectron detector at 1.5 keV and 10mA emission current at MCF of IEN. Optical
microscopy (OM) images were acquired with LEICA DM 2500 optical microscope. SEM

and OM images were used to investigate surface morphology.

3.2.5.2 Contact Angle

Contact angldCA) measurements were conducted using raaré (Model 290)
and analyzed through Image J software via low bond axisymmetric drop shape analysis.
To evaluate theolarity, 2.5¢L of deionized water (polar) was individually deposited onto

the surface of interest.

3.3 Device Characterization

The photovoltaic performance of the devices was assessed using a Fluxim Litos Lite
system equipped with a Wavelabs SHI@sAAA solar simulator, providing AM 1.5G
illumination at room temperature under ambient conditialk¥. characteristics were
recorded in both forward and reverse scan directions, sweeping from 1-D¥8 % at a
scan rate of 50 mV’s Max power point trackingMPPT) was employed to determine the

stabilized power output over a :88cond period. A mask was utilized to define the cell

32



area of 0.0625 cf while the total active device area remained 0.128. dduring
measurements,\gas flow was introduced, but temperature control was not implemented.
No precondition treatments, such as ligdtiaking or applied bias voltage, were performed

prior to testing.

For longterm stability analysis, a Fluxim Litos streest platform was used to
evaluate device degradation. The PSCs were exposed to 1 sun equivalent illumination (UV
filtered) in an N-rich atmosphere at 25°C or 65°C while continuously operating under
MPPT conditions. Stability measurement followed the International Summit on Organic
PV Stability (ISOS) k1l and L-21 protocols, where L, 1, 2, | represent light exposure under
bias, room temperature operation, elevated temperature conditions, and an inert
atmosphere, respectiveélyTo monitor performance degradation, automatdtstans in
both reverse and forward directions were acquired every 12 hours thought the stability test.
A mask was not applied, and measurements were based on the total active device area of

0.128 cm
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CHAPTER 4. EFFECT OF THERMAL TRANSITIONS AND

CRYSTALLIZATIONS OF CP HTLS

Despite the high PCE values, letegm operational stability remains a critical
challenge for PSC commercialization. A key limiting factor toward achieving-tiemy
stability in devices is the mechanical and chemical changes HTthewhich interfaces
with the perovskite, during operation and thermal cydiih@hese solar cells need to
withstand elevated temperatures (i.e., 65 °C) to pass key ISOS rf&trithus, strategies
aimed at enhancing the stability of HTLs in PSCs, while simultaneously maintaining the
device efficiency, are highly desirable. this chaptey the relationship betweedP HTL
chemical structure, thermal transition behavior, and the resulting thermal stability of PSCs
is systematically investigated. Special attention is given to how variations in thermal
transition temperatures, induced by structural modification to thé@tkbone and side

chains, influence device degradation under tla¢gtress.

To this end a family of TPT core units copolymerized with thienothiophene (TT) and
thiophene (T) are explored as HTLs in PSCs. These three polymers with their syntheses
presented ifrigure A-1 arereferred to as TRTT, TPT-T, and TPTT (MB/C6). The side
chains of the TPITT and TPTFT polymers are similar (octyl and decyl pendant from
phenyl and t he f | anlkidge getweeh theoTphwenihohagesfeomd t h
afused ring TT to a less eteon rich T. In our recent work, TPTT has been reported to
exhibit a high degree of planarity promoted by 4tonalent intramolecular-© and SH-

C coulombic interactions and high eaftplane hole mobility of (2.43 + 0.01) -f@nm? V-

15186 The third polymer(Figure A-1), TPT-T (MB/C6) bears a shorter and branched
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methyl butyl side chain (attached to the phenyl) and linear hexyl side chains (attached to
flanking thiophenesDSC was conductetd probe the physical properties, such as thermal
transitions, of the different polymers. The three polymers are deposited as HTL thin films
in PSCs and tested under 1 sun conditions. The PSCs witiTf TMB/C6) polymer as the

HTL (without any additivesexhibited a PCE greater than 12%. In addition, {tergn
thermal stability measurement@re performedollowing the ISOS praicols®® The TPF

T (MB/C6) shows improved lonterm stability compared to TRPTT and TPTT.
Furthermore, TPAT (MB/C6) combined with LiTFSI and tBP additives shows a higher

PCE of over 15%, and endures 200 hours &@®ithout changes in efficiency.

4.1 Structure-Thermal Property Relationshipin CPs

4.1.1 Question & Hypothesis

Question 4.1.1How do changes in CP chemical structure affect its thermal transition

temperatures?

Hypothesis 4.1:1Removing the thiophene unit from the TPT backbone andhortening

its side chains will promote compact packing, enhance intermolecular interactions, and

restrict segmental motion, leading to fewer thermal transitions.

4.1.2 Results & Discussion

The molecular structures of TPIT, TPT-T, and TPTT (MB/C6) are shown in
Figure 4-1a and are arranged in the sequence of their respective modifications (synthesis
route shown inFigure A-1). The number average molecular weightsn)(Mnd

di sper si t-§Ii(TRNT,amd TPTTPTT MB/ C6) are 15 kg/ mol
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determined by higlemperature GPC using 1,2rchlorobenzene at 140 °C as the eluent.

GPC traces are shown kigure A-2 and are monanodal. The comparable My n d

n

of

TPT-T and TPTT (MB/C6) suggest that any divergences between them are likely

attributed to alteration in the backbone and-sidain chemistry. The polymer purity was

confirmed by EA and polymer structure using NMR spectroscbopplé A-1; Figure A-

3, Figure A-4, andFigure A-5). The detailed synthetic routes of the monomers and the

Stille crosscoupling polymerization to obtain TPdased polymers argrovided in

TPT-TT
TPT-T

TPT-T (MB/C6

v

v

Appendix A.
a b
©
=3
ke,
Q
N
S v
£ v
O m
Z
- b
T
©
Q
I T T
0

Figure 4-1 Molecular structure and DSC curve of newly synthesized TP-based
conjugated polymers.(a) Molecular structure and (b) DSC scan of TPIT, TPT-T, and
TPT-T (MB/C6). The colored portion of each molecular structure repretenmodified
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area to improve the overall inherent thermal stability of conjugated polymer. The red arrow
on DSC curve indicates different thermal transition points during thdeating run

wherein the heating rate is 10 °C rhim N, atmosphere.
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Examining the repeat unit structureskigure 4-1a, TPT-TT and TPTFT were
designed and synthesized with linear octyloxy side chains on the phenylene unit, with
linear decyl groups on the thiophene unit. These conformationally flexible side chains
provide increased solubility of the polymers for solutioagassing and, in this instance,
lead to multiple thermal transitions as evident from the DSC results (analyzed from the
second heating scan to eliminate thermal history effectBjgure 4-2b. These types of
transitions are expected when a polymer passes through liquid crystalline phases and as
will be discussed later, negatively affect their utility as an HTL. Distinct melting and
crystallization features were present in all 3 polymers, oonfg their semcrystalline
nature Figure A-6). TPT-TT revealed three thermal transitions at 48 °C, 107 °C, and 218
°C where the lowest and the highest thermal transitions are attributed to the side chains and
backbone ordedisorder, while the transition at 107 °C is correlated with a liquid
crystaline behaviof® Replacing a TT with T moves the first thermal transition (side chain
orderdisorder transition) to 116 °C (from 48 °C in THT) while the backbone melting
drops to 157 °C (compared to 218 °C). These changes are in line with the improvement of
the side chia packing strength (higher side chain melting point) while the backbone
rigiditfyiandractions might decrease-due

covalent interactions and removal of fused ring units from the repeat unit structure.

By shortening and using branched side chains in-TRMB/C6) the overall
conformational entropy brought by the side chains is reduced. While this is expected to
reduce the solubility of the polymer, the solubility was found to be sufficient for progessin
useful HTL films. Turning to the DSC, the thermal transition attributed to side chain

meltingwas eliminated and the backbone melting temperature is pushed to temperatures

37



above 200 °C. This relatively high single thermal transition at@2@®r TPT-T (MB/C6)

is indicative of enhanced thermochemical stability at temperatures up to nedt.200
general, smaller backbone and side chain structures of conjugated polymers exhibit fewer
thermal changes due to more compact packing of polymer chains, which enhance

intermolecular interactions and reduce molecular m&tiéh.

4.2 Structure-Electronic Property Relationship in CPs

4.2.1 Question & Hypothesis

Question 2.1: How do changes in CP chemical structure affe@nergy level positions?

Hypothesis £.1: Removing the electredonating thiophene unit from the THAT

backbone is expected to lower its HOMO energy level, enhancing its offset for hole
extraction. In contrast, shortening tide chains in TP is anticipated to have minimal
impact on the HOMO and LUMO levels, as such modifications primarily influence steric

interactions and molecular packing.

4.2.2 Results & Discussion

The normalized UWis absorption spectra of TPTT, TPT-T, and TPTT
(MB/C®6) in thin films cast from chlorobenzene at a concentration of 20 mviaLspin
coating is shownn Figure 4-2a. From TPFTT to TPTT, the absorption maximum is
slightly redshifted with formation of a distinct shoulder peak at 562 nm. -TRVIB/C6)
shows a blue shift, without any noticeable shoulder peak, when compared to beth TPT

and TPFTT. Using the onset absption wavelength of the polymer filmsg vas also
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calcul at ed vi a FiguelAg))The g fer bathtTPTI h andh TPPT was

calculated to be around 2.10 eV, whereas that of TPWIB/C6) was 2.16 eV.
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Figure 4-2 Optoelectronic properties of TPT-based conjugated polymers.(a)
Normalized UV vis absorption spectra of TPIT, TPT-T, and TPFT (MB/C6) as thin

films on FTOsubstates. (b) Energy level schematic of the halide perovskite, thbaded
polymers, and the metal contact. The red dashed line represents the Fermi level energy of
each material.

To understand the effects of backbone and side chain modifications haged
polymers on their energeticelPS measurements were perform@agure A-8). The
energy alignments of GsdAo.01Pbk perovskite and TP-based polymers are depicted in
Figure 4-2b (detailed energy positions are show able A-2 andFigure A-9). TPT-TT
shows a HOMO energy (ionization energy) e4.84 eV. The replacement of
thienothiophene with thiophene unit (THY) is accompanied by a slight increase of the
HOMO energy level te4.77 eV. The high energy difference of more than 0.5 eV between
the Fermi level and the HOMO level in TAsed polymers indicates these materials

should have relatively low conductivities. Moreover, TPTand TPTFT (MB/C6) are
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anticipated to exhibit electronic properties similar to those of-TP,Tsuch as an ouf-
plane hole mobility of (2.43 + 0.01) x 1@ cn? V' s, as minimal changes in the Fermi

and HOMO levels were observed despite the structural modific&fions.

4.3 Role of CP Thermal Transition and Crystallization in PSC Aging

4.3.1 Question & Hypothesis

Question 43.1: How do thermal transition and crystallization of CP influence the stability

of PSCs during thermal aging?

Hypothesis 48.1: A high thermal transition temperature of CP is desired to prevent

crystallization of the CP upon deposition on LHP thin film. The occurrence of CP
crystallization may lead to detrimental morphological alterations, including the formation
of pinholes, crack variations in thickness, and potential delamination from the adjacent

layers, adversely compromising the stability of PSCs.

4.3.2 Results & Discussion

To assess the viability of TPGased polymers as potential HTLs in PSCs;pn
devices consisting dFTO/C-TiO2/mp-TiO2/PEAI/Cs.0d~Ao.01PbL/PEAI/CP/Au (Figure
4-3a) were fabricated. The details of the PSC device fabrication are promi@dpter 3
The complete device currembltage characteristics for all devices &ssire summarized
in Figure A-10andTable A-3. Figure 4-3b-e displays the statistical distributions &foc,

Jsc, FF, and PCEof the devices based on different FBased polymer HTLs in reverse
scans. A gradual increaseJtandFF were observed when modifying the polymers from

TPT-TT to TPTT (MB/C6), whileVoc remained relatively constant. The devices with all
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Figure 4-3 Photovoltaic performance of TPTbased conjugated polymer HTLs in
PSCs.(a) Device configuration of the-inp PSC (b) Voc, (c) Jsg (d) FF, and (e) PCE
obtained from revers# V scans. (f) Longerm stability of PSCs under constant simulated
AM 1.5G illumination and MPPT for 200olirswith continuous Mflow at 65 °C.

TPT-based polymers showed an increased series resistance when compared to those
prepared using dop&thiroOMeTAD, as inferred from the high voltage region in #h¢

curve Figure A-10f). S-shaped-V curves and simila¥oc values of ~0.94 eV for all TRT

based polymers suggest poor charge extraction between polymer and Au contact, which
could be due to either energy misalignméfig(re 4-2b) or low hole mobilities leading

to charge carrier accumulatiéhA PCE of 11.09% (median PCE of 10.04%) was obtained

in a PSC based on TPIT (MB/C6) HTL. Moreover, a longerm device stability study
following the ISOS E2I protocols was conducted to study the thermal effect onrbEREd
polymer incorporated PSCs as simoin Figure 4-3f.62 The stability measurements were
carried out under constant 1 sun equivalent illumination &C66nder a Natmosphere

with constantMPPT. J-V scans were performed at -b8ur intervals to retrieve the

evolution inVoc, Jsc, FF, and stabilized PCE-{gure A-11). Overall, during the 200 hours
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of stress testing, TRT (MB/C6) exhibited higher performance and slower decay in
stabilized PCE compared to THT and TPTFT. The improved stability of TRT
(MBJ/CS6) is primarily due to an unchang¥dc as time progresses when compared to that
of TPT-TT and TPTFT. The FF was lower than TPTT starting at 108 our mark while

Jscwas similar to that of TRPTT at the 186hour mark.

To investigate the degradation process induced by the 1S $hgterm stability
measurement on TPGased polymer incorporated PS&&,S was performed on CPs on
top of pristine and aged (for over 200unsat 65°C) devicesFigure 4-4a presents the
XPS elemental scans of Pb 4f and | 3d of pristine thedmally stressed polymers on
completed PSCs. For all pristine polymers, no significant Pb 4f and | 3d peaks were
observed. On the other hand, the Pb 4f and | 3d peaks became more prominertin TPT
and TPFT coated films after 200 hours of stabilityttas 65°C. This suggests that the Pb
and | migrate through the polymer to be detected at the surface, or that cracks have formed,
and we are able to detect those elements through those openings. However, no significant
changes were detected for the TPTMB/C6) films, suggesting a lack of elemental
migration or crack formatiorSEM and OMwere conductedo understand whether the
changes in surface chemistry detected by XPS before and after the stability test are
associated with microstructural modificatiofsgure A-12a shows the SEM images of
pristine and thermally stressed polymers on completed PSCs. No signs of crystallization or
distinct facets were observed with SEM imaging. However, large features were observed
via OM on both pristine and thermally stresdegedSpiro-OMeTAD, TPT-TT, and TPT
T on completed PSCs that resemble cra€kgufe A-12b). On the other hand, no crack

like features were observed on TR {MB/C6) films before or after stress testing.
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Figure 4-4 Chemical composition and structural characterization of PSCs before and
after long-term stability test. (a) Pb 4f and | 3d XPS spectra and (b) 1D integrated
GIWAXS patterns on TP-TT, TPT-T, and TPTT (MB/C6) surfaces on completed PSCs.
GIWAXS data is obtained with a grazing incidence angle. bf.

SynchrotronbasedGIWAXS was performedo assess the effects of lotegym
stability measurements on the crystallinity of the polymErgure 4-4b shows the 1D
integrated GIWAXS profiles of pristine and thermally stressed polymers on completed
PSCs. The GIWAXS profilethat include theerovskite signalare shown irFigure A-
13a. To disentangle the GIWAXSignalof polymers fronthat ofthe perovskitéayer,we
acquiredGIWAXS patternsof the polymer thin filmsdepositecon FTO substratefsom a

20 mg mL! solution. The patterns were obtained for filoefore and after annealirag

43



100 °Cfor 20 min ina N2 environmentto simulate high temperature ageifigure A-

13b). For TPFTT and TPTT, crystalline peaks were presdnot pristine films at g=
0.37A' and = 0.34A%, respectively. After the thermal stability test, the peaks remained
relatively unchanged, while a new peak surfaced for-TRif g = 0.42 A™. Importantly,

no crystalline peaks were present for the JIPIMB/C6) incorporated PSC before and
after thermal stability test. Since TAT(MB/C6) thin film on FTO substrate showed a
small crystalline peak at 0.41*Athe result suggests that the underlayer of polymer also

plays an important role in their crystallizatioh.

Previous results showed that the introduction of shi@iched side chaitsadto
high thermal transition temperatureSiAT-T (MB/C6) (Figure 4-1). Our DSC, XPS, OM,
GIWAXS, and device stability measurements show a correlation between the temperature
at which thermal transitions occur and crystallization in polymer thin films. We believe
that the higher temperatures for thermal transitions in-TRMB/C6) are needed to
produce a more amorphous-@sst film that does not crystallize at typical operation
temperatures of solar cells. The lack of lowemnperature thermal transitions (below 200
°C) is needed for more stable solar cells. On the othet, ihe DSC data shows thermal
transitions at lower temperatures (below 200 °C) for both-TPTand TPFT, which
coincide with crystalline peak formation and cracking for botitast and thermally
stressed thin films. This, in turn, leads to solar célé tapidly lose efficiency during

thermal stress.

Having identified TP¥T (MB/C6) as a candidate material for high efficiency and
improved longterm stability, LiTFSI and tBP were added to enhance its electronic

properties, as is commonly done for such polymeric HTLs. The energy band positions of

44



EVAC: 0 .................................
1.0 26 80
—~ 70t
g 253 0.8 E 24
ko] e 2.56 2 : o ;\o\ 60L
3 - g E 22 s
> | % = L 30y
[=2 BN R
2‘;’ P =i
-4.84
u 51 00 : : 0 : : 0 : :
TPT-T TPT-T TPT-T TPT-T TPT-T TPT-T
TPFT TPFT AU (MB/C6) (MB/C6) (MB/C6) (MB/C6) (MB/C6) (MB/C6)
EIED (o +1.2M +1.2M +1.2M
HHFS! Li-TFSI Li-TFSI Li-TFSI
e f
16 w1
) 3 TPT-T (MB/C6)
14} al TPT-T (MB/C6) + 1.2M Li-TFSI
Q12 B0
vag No.
O 10} ]
o £04
o Temp.:65 °C Mask:No
= 0.2 Atm.:N, MPP TrackingYes
0 , , 0. % Hum|d|ty 0 % IIIumlnat|on Intensity: 1 Sun Equivalent
TPT-T TPT-T 100 150 200
(MB/C6) (MB/CB6) Time (hr)
+1.2M
Li-TFSI

Figure 4-5 Photovoltaic performance of TPTT (MB/C6) with Li-TFSI & tBP

additives. (a) Energy level schema of TPIT(MB/C6) and doped TRT (MB/C6). The

red dashed line represents the Fermi level energy of each mateNalc,(f9) Jsc, (d) FF,

(e) PCE, and (f) longerm stability of PSCs under constasimulated AM 1.5G
illumination and MPPT for 200 hours with continuousfNI o w at -TeFBS IAXC .r efifLeir
to combination of LiTFSI and tBP additives.

TPT-T (MB/C6), both with and without the 1.2 M{JiFSI and tBP additives, are illustrated

in Figure 4-5a (detailed energy positions are showirigure A-14). The addition of these
dopants resulted in a reduction of both the Fermi level and the HOMO energy level,
compared to those of the undoped TPTMB/C6). Figure 4-5b-e shows the statistical
distributions ofVog Jsg FF, and PCE of TPAT (MB/C6) and doped TRT (MB/C6) with

1.2 M Li-TFSI and tBP additives; the detailed photovoltaic parameters are reported in
Figure A-15 andTable A-4. Overall improvements ivVoc JsG andFF are observed in

the doped TPAT (MB/C6). The Sshapedi V curve that was originally measured for FPT

T (MB/C6) disappeared for the addititpased deviced-(gure A-15f), which is attributed
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to better matching of the HOMO energy level of the HTL to the work function of the Au
contact. Furthermore, the lower Fermi level in doped-TRIMB/C6) suggests a higher
concentration of positive charge carriers, enhancing the conductivity. These impndsem
led to PCE reaching a maximum of 15.65% for the doped TEMIB/C6). Following the
ISOS L-2I protocols, the additivéree and the TP-T (MB/C6) polymer with additives
were subjected to a lortgrm stability test under 1 sun equivalent illuminatioB&fC in

a N\e atmosphere with constant MPPHiqure 4-5f). A Ji V scan was conducted every 12
hoursto track the changes Wog Jsc, FF, and stabilized PCH-{gure A-16). Interestingly,

the doped TPAT (MB/C6) did not show much of a change in the PCE for up to 206sh

It is possible that the improved stability of the FPTMB/C6) with additives is due to
improved energy level alignment, which is directly related to ion movement in perovskite

solar cells’?

4.4 Conclusions

A series of thiophenbased CP HTLs have been successfully synthesized,
characterized, and incorporated into-m PSCs. Among the three CP variants examined,
TPT-T (MB/C6) with shorter, branched side chains exhibited superior device performance
and exceponal longterm stability. This achievement can be attributed to its amorphous
nature, which helps prevent cracking during thermal stress testing. Notably, tRETTPT
and TPTFT polymers were found to undergo faster degradation, marked by the
development otrystalline domains and macroscale cracks after thermal stress testing in
solar cells. These cracks exposed the underlying perovskite layer. Furthermore, the
combination of LiTFSI and tBP additives with TPT (MB/C6) yielded PCE above 15%,

which can bet&ributed to better band alignment and improved electronic properties as the
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work function increases. Remarkably, TFPT (MB/C6) with additives exhibited
exceptional thermal stability for over 200ursat 65 °C. This work introduces a novel
chemical structure design for thiophdoesed CPs that not only exhibit thermal resistance
but also are compatible with dopants, offering a promising avenue to further enhance the
long-term stability of PSCs. Furth@ore, our study shows an important correlation
between thermal transition temperatures and CP thin film crystallization that waituns

the temperatures at which solar cells are te3ted.design rulesre proposetbr organic

HTL development: 1) synthesis of HTL materials without thermal transitions below 200
°C and 2) HTL thin films that do not exhibit crystalline peaks before and after thermal

stress.
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CHAPTER 5. EFFECT OF OXIDE ANCHORING GROUPS IN

MOLECULAR ETLS ON INTERFACIAL STABILITY

CTLs play a critical role in the performance and ldgegn stability of PSCshy
facilitating efficient charge extraction and providing interfacial stabilization. For organic
CTLs, different functional groups have been used to modulate the interactions with the
substrate. Anchoring groups deposited on are often used to estaldigi atthesion to

TCOsbut are not routinely incorporated in inorganic CTL design.

In this chaptertwo functionalized\NDI-based moleculesere examineés ETLsS
in n-i-p PSC device configuration, ((1,3,8dtraoxel,3,6,8
tetrahydrobenzo[Imn][3,8]phenanthroli2ediyl)bis(4,1-phenylene))bis(phosphonic
acid) (NDH(PhPAY) which features phosphonic acid group on each end of the molecule,
and 2,7bis(4bromphenyl)benzo[lmn][3,8]phenanthroliie3,6,8(2H,7Hjtetraone (NDA
(PhBr)), which has bromine terminations instead of the PA anchoring g(eiqse 5
1la). NDI derivatives are widely recognized for their strong eleetorepting
characteristics, high stability ustdackianngb
interactions to facilitate enhanced charge transport, making them attractive candidates for
organic ETLs”® ”® NDI-(PhPA) was specifically designed to form robust covalent bonds
with the TCO while providing enhanced surface hydrophilicity through its second PA
group, thereby improving the wettability and uniform coverage of the perovskite layer. In
contrast, NDI(PhBr) serves as a control to isolate the effect of lacking phosphonic acids
groups on adhesion. It relies solely on weak physisorption and lacks specific binding

interactions with the TCO. Devices incorporating NPhPA) demonstrate a maximum
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PCE of 14.3% and exhibit remarkable operational stability, retaining performance under
continuous illumination at 25 °C for 200 hours and at 65 °C for 100 hours, comparable to
devices using conventional Tidased ETLs. Conversely, devices treated with -NDI
(PhBr) degrade rapidly, with performance indistinguishable from devices lacking an ETL.
These results underscore the critical importance of anchoring group design in organic ETLs
and establish PA functionalization as a highly effective strategy for\aegieobust

interface engineering and lotgrm device stability in PSCs.

5.1 Role of Anchoring Groups in TCO-Perovskite Interfacial Engineering

5.1.1 Question & Hypothesis

Question5.1.1: How does the anchoring graai;n molecules influence the interfacial

interaction with both TCO and the perovskite?

Hypothesiss.1.1: Phenyl phosphonic acid anchoring groups form covalent bonds with

hydroxylated TCO surfaces, creating a chemically robust interphase that resists desorption
during exposure to perovskite precursor solutions. Simultaneously, the unbound
phosphonic acid grogpenhance interfacial compatibility with the polar perovskite
precursor, improving film wettability and promoting uniform coverage at the

ETL/perovskite interface.

5.1.2 Results and Discussion

The molecular structures of NlPPhPA) and NDHPhBr) are shown ifrigure 5
la, with synthesis detailed iRigure B-1 and Figure B-8, and structural confirmation

provided byNMR spectroscopyHigure B-2 - Figure B-15). Given that perovskite films
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are annealed at 150 °C during fabrication and device thermal stability assessments are
conducted at 65 °C or 85 °C, both NBIhPA}» and NDIPhBrk need to remain
structurally intact under standard PSC fabrication and operational conditions. To assess the
thermal stability of these moleculéB;GA was conducted on the powdeEBdure 5-1b),
revealing distinct thermal behaviors. NOIRhPA) exhibited three mass loss onsets at 254

°C, 422 °C, and 558C, indicating stepwise loss of different molecular components. In
contrast, NDI(PhBr) displayed a single sharp mass loss onset at 413 °C, demonstrating a
more thermally stable molecular framework compared to-fDPA). The presence of

mass loss onsets in NIPPhPAY) at a lower temperature than for Ng?hBr) suggests an
increased thermal instability introduced by the presence of the phosphonic acid groups.
The absence of multiple decompasit steps suggests that N[RhBrp maintains its
chemical structure until a critical thermal threshold is reached, at which point either
degradation or molecular evaporation occuBoth molecules exhibited initial
decomposition temperatures well above 250 °C, indicating sufficient thermal stability for
PSC processing and operation as shown in the insétigoire 5-1b. This thermal
robustness is particularly significant, as degradation at the CTL interface can lead to device
instability and efficiency loss€$.Figure 5-1c displays the solution U¥is absorption
spectra of NDI(PhPA)» and NDHPhBry in DMSO. Both molecules exhibit identical

spectral shapes arambsorptions onsets, characteristic of the {dBie structure, with
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pronounced maxima at 361 nm and 381 Afihe absence of absorption in the visible

region is beneficial for light absorption by the perovskite active layer.
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Figure 5-1 Molecular structure, TGA, and solution UV-Vis of newly synthesized NDi
based ETLs.(a) Molecular structure, (b) thermogram, and (c) solutionvivabsorption
spectra of NDI(PhPA) and NDFHPhBr» molecules.

Thin films of NDI-(PhPA)} and NDHPhBr} were fabricated vi€CBD with the
deposition durations optimized to maximize surface covereigere 5-2). Prior to film
fabrication, the solubility of both molecules was evaluated at a concentration of 0.5 mg
mLtin solvents of varying polarities, including chlorobenzene (CB, polarity = 0.188),
DMSO (polarity = 0.444), and methanol (MeOH, polarity = 0.762), with polarity values
referenced to kO (polarity = 1)’® Both NDI-(PhPA) and NDFPhBr) were insoluble in
CB and MeOH, while readily dissolving in DMSO. NIRhPA) dissolved fully at room
temperature, whereas NHPhBr) required sustained heating at 100 °C to achieve
complete solubility. Based on these results, a concentration of 0.5 MgnNMSO at

100 °C was selected for CBD processing. Following deposition, unbound molecules were
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removed by dipping the substraiasEtOH. The films were then thermally annealed at

120 °C for 10 minutes to eliminate residual solvent.
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Figure 52 CBD process of NDibased ETLs. Schematic representation of the CBD
process of NDbased thin films.

Thin-film formation was optimized by varying the duration of the CBD process for
each molecule based on their anticipated interactions with the FTO suffaclDF
(PhPAY), deposition times of 24, 48, and 72 hours were explored, as the anchoring group
was expected to form strong chemical bonds with metal oxides, potentially enhancing film
growth with extended deposition time. Conversely, NBhBr), being nonpolar and
dependent on weak physisorption to the metal oxide surface, was deposited over shorter
durations of 6, 12, and 24 hourkonger deposition times were not expected to improve
coverage, as weak, n@pecific interactions typically reach equilibrium rapidly and do not
benefit from extended exposure, making shorter deposition times sufficient to assess any
potential adsorption dhaviot’® Preliminary confirmation of molecular deposition and
structural integrity was carried out by comparing tfilim UV -Vis absorption spectra with

solutionphase spectraF{gure B-16a,b). Thin films were deposited on glass substrates
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using the longest CBD durations, and spectra were acquired with a -daante
spectrophotometer, using a blank glass substrate as the reference to ensure that the recorded
signals correspond exclusively to the deposited molecules. BothcdHdéd glass
substrates exhibit an absorption at 260 nm and 270 nm, likely originating froor mi
baseline deviations arising from changes in the refractive index of the glass surface

following CBD treatment.

Normalized thinfilm spectra of NDI(PhPA) show distinct absorption peaks at
361 nm and 381 nm, matching those observed in solution, confirming deposition and
preservation of molecular structure. In contrast, no corresponding peaks f¢PNB)
were observed, indicating the likely absence of film formation. As a result, only the optical
HOMO-LUMO gap of NDFPhPA) was determined using the Tauc method from the
absorption edge between 370 nm and 390 nm, yielding a value of approximately 3.12 eV
(Figure B-16¢). In addition, absorptance spectra derived from transmittance and
reflectance measurements further confirm that the lack of a defined band edge in NDI
(PhBr) is not due to light scattering and is instead due to the absence of ar{(i? hN&yb

thin film on the glass substrate surfaéeg(re B-17).

XPSwas performed to confirm the deposition of N®PhPA)» and NDHPhBr)
onto the FTO substrates, and to assess the influence of varying chemical bath durations on
molecular coveragd-igure 5-3a andFigure 5-3b present elemental XPS scans of P 2p
and Br 3d, corresponding to NMDPhPA) and NDPhBr) thin films, respectively. For
NDI-(PhPA), P 2p signals were examined at chemical bath durations of 24, 48, and 72
hours, with bare FTO serving as a reference. The bare FTO exhibited a peak at 139 eV,

which could be attributed to Zn or Pb impurities from substrate processiftgr NDI
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Figure 53 XPS analysis of NDibased ETLs on FTO.XPS spectra of (a) P 2p for NDI
(PhPA) and (b) Br 3d for NDAPhBry, deposited on FTO substrates under varying
chemical bath duration. (c) XPS spectra of P 2p for-KEMPA) on FTO substrate, before
and after washing with DMF:DMSO (2:1) and CB solvents, simulating the perovskite spin
coating conditions to assess molecular retention.

-(PhPA} deposition, two distincpeaks with bindingenergies of 139 eV and 133.5 eV
were observedlhe persistent 139 eV signal, though reduced in intensity, is attributed to
the underlying FTO substrate, whereas the new peak at 133.5 e\t@eakponds to
phosphorous P 2p within the NIPhPA) molecule.The increase dtinding energy of

133.5 eV from 24 to 48 hours, followed by saturation between 48 and 72 hours, indicates
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progressive and seliimited deposition and could suggest a monolayer is formed after this
wai t ti me. Deposition -"wass atuerltlihietre cfoenafti urrnee
(Figure B-18) in the C 1s spectrum, which is attributed to the conjugatedroo mat i ¢

electron systems in the backbone.

For NDI-(PhBr), the Br3d signal was analyzed for samples processed at 6, 12, and
24 hours. No Br 3d signal was detected at any deposition duration, indicating the absence
of measurable film formation. This result suggests that weak physisorption of the nonpolar
PhBr groups andhe hydroxyiterminated FTO surface prevents stable adsorption, with
any loosely adhered molecules likely removed during the EtOH dipping step of the CBD
process. Consistent with this finding, the C 1s spectrum of(RBBrps h o we @d" *n o
satellite featureKigure B-19), and no N 1s signal was detecteay(ire B-20). In contrast,
N 1s peaks were clearly observed for NBhPA), with increasing intensity correlating
with longer deposition times, further supporting the formation of a uniform;amehored
thin film. The absence of both Br 3d and N 1s signals for-(HbBr) conclusively

confirms that stable film formation was not attained under the investigated conditions.

To evaluate how much of the NIPhPA)}» molecules remain on the FTO
substrates during perovskite deposition, patat nonpolasolventsvere spin coatednto
the thin films (referred to in thishaptem s a fAwash testo). The was
simulate the solvent environment encountered during the perovskiteaging process.
This was achieved by sequentially spmating a 90 pL solution dMF and DMSO in a
2:1 volume ratio, followed by 250 uL CB onto pristine thin films. Since DMSO, thvesb
used in the CBD is also used in the perovskite precursor solution, this test was designed to

assess whether these molecules remain adhered to the FTO surface under conditions

55



relevant to PSC fabrication. Given that NBdsed molecules were initially deposited from
DMSO during CBD, their ability to withstand this solvent exposure is critical for

maintaining interfacial stability in PSCs.

For NDI-(PhPAD) thin films, XPS analysis revealed an increase in the signal at 139
eV following the wash test when compared to unwashed fiiggi(e 5-3c), except for
72-hour depositionsThe data show an increase in the FTO signal after washing, suggesting
that some of the NBD(PhPA) is being removedThis increase was inversely correlated
with CBD duration, where thegeakintensity increase at 139 eV was more pronounced for
thin films deposited for 24 and 48 hours but remained largely unchanged-faui2
depositions. These observations suggest that longer CBD durations enhance interfacial
bonding The ability of NDFHPhPA) to endure both polar DMSO and nonpolar CB solvent
exposure is indicative of its stability under perovskite processing conditions, highlighting
it as a suitable ETL for-inp PSCs This illustrates the critical role of anchoring groups
such as phosphonic acids in establishing strong interactions with metal oxides.
Furthermore, the ability of NDIPhPA) to withstand exposure to perovskite precursor
solvents, particularly DMSO which was originally used for CBD, ensures interfacial

integrity during PSC fabrication.

5.2 Impact of Anchoring Groups on the Operational Stability of PSCs

5.2.1 Question and Hypothesis

Questionb.2.1: How dcesthe anchoring groufunctionalities affect longerm operational

stability of PSCs under light and thermal stress conditions?
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Hypothesiss.1.1: Strong covalent bonding between phenyl phosphonic acid groups and

hydroxylated TCO surfaces secures the organic ETL against dissolution during perovskite
thin film processing. Without such anchoring, ETLs are prone to desorption or incomplete

interfacial ®verage, resulting in elevated nonradiative recombination due to poor electron

selectivity and increased ion migration at exposed perovskite and TCO interfaces.
Anchoring groups preserves ETL integrity under operational stress, supprgs®eessis,

and enhances overall device stability.

5.2.2 Results and Discussion

The effect of anchoring groups on PSC performance was explored by dsmg n
structured devices consisting of FTO/ETL/
Cs.08A0.01Pbk/PEAI/doped Spird@OMeTAD/Au (Figure 5-4a), where the ETL consisted
of either NDFPhPA) or FTO substrates subjected to CBD treatment with-{HDBr).
Based on the XPS and washing results, devices processed withoair7€BD time are
considered for the subsequent device fabrication and characterization discbggion (
5-4b). However, other deposition conditions were also explored and are refféigece
B-21- Figure B-23; Table B-1- Table B-3). Devices treated with NBPhBr) displayed
a modest performance improvement with respect to-(fIBPA) ETL devices busstill
underperformed compared to devices without ETL. This occurred despite XPS and UV
Vis data confirming the absence of #iilm formation. As suchit is hypothesizd that the
CBD process using NEIPhBrp may have subtly altered the surface energetics or
wettability of the FTO, changing perovskite crystallization and interfacial properties
(Figure B-22, Figure B-23, andFigure B-30; Table B-2 andTable B-3). PV performance

metrics revealed a maximum reverse PCE of 20.90% (median 20.22%) for devices with ¢
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Figure 54 Photovoltaic performance of NDtbased ETLs in PSCs(a) Schematic of
the ni-p PSC device configuration and (b) PCE from revérgscans. Longerm stability
of PSCs under constant simulated AM 1.5G illumination and MPPT in continudlewN

at (c) 25 AC and (d) 65-TidG mphd &Rhe contwIf er s t
ETL, while Aw/ o ETLO represents devices wi

TiO2 + mp-TiO2 (referred to as REF18.69% (median 14.86%) for devices without ETL
(w/o ETL), 14.92% (median 12.39%) for NIDPhPA), and 16.61% (median 13.39%) for
NDI-(PhBr} (Figure 5-4b); the detailed photovoltaic parameters are reportédyure B-

31 and Table B-4. While ETLs typically enhance charge extraction and minimize
recombination losses, the devices without ETL unexpectedly exhibited higher PCEs

relative to those incorporating NBPhPA)» and NDHPhBrp. This observation is
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consistent with previous studies showing that PSCs without an ETL can still achieve high
efficiencies above 17%8:8 Despite increased PCEs in some of the batches of devices that
were processed, the reproducibility of performances of devices without an ETL is highly

reduced and could be below 8% depending or#teh Table B-2).

Despite forming a uniform, welinchored interlayer, NBIPhPA) devices
exhibited lower stabilized PCEs, primarily due to a reductidfot(Figure B-31a). Given
its superior molecular coverage and strong interaction with FTO, the rellgeésllikely
linked tothe introduction of suboptimal energy band alignment, generating an interfacial
energy barrier with the perovskite. Contact angle measurentagted B-30) revealed
that NDF(PhPA) yields a more hydrophilic surface than baf@O yetremains less
hydrophilic than the reference-1@O2 + mp-TiO2) surface. Ror studiesindicate that
surface polaritycan influence perovskite nucleatipmnvhere more hydrophilic surfaces
promotedense nucleation and smaller grains, while more hydrophobic surfaces favor
fewer nucleationand largergrains®? Smaller grains typically result in more grain
boundaries, which are often correlated with increasedradiative recombination and
reducedVoc. However, since the reference devices show higberthan NDHPhPA)
based devices, thécloss is unlikely due to grain size differences and instead support the
hypothesis of an energy level mismatch at the FTO/ETL or ETL/perovskite intdriace.
contrast, devices treated with N[®hBr) exhibited higher stabilized PCEs than those
with NDI-(PhPA), which can battributed to the lack of deposition of NdPhBr) during

CBD processing, resulting in performances closer to devices without an ETL.

To evaluate the impact of NBlased ETLs on PSC lofigrm stability, ISOS_-11

and ISOSL-2I protocols were employed.Following the ISOS.-11 testing, the devices
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were subjected to continuoMPPTunder 1 sun equivalent illumination at 25 °C in an N
atmosphere Higure 5-4c). J-V scans were conducted every 12 hours to monitor the
evolution ofVoc, Jsc, FF, and stabilized PCH-{gure B-32). Over 200 hours of stress
testing, the normalized stabilized PCE remained unchanged for both the refef€i@e (c

+ mp-TiO2) and NDHPhPA) devices, while devices without ETL and those treated with
NDI-(PhBrk exhibited rapid and comparable degradation. Under {5@8 high
temperature stress testing at 65 °C for 100 hours, degradation accelerated for devices
without ETL and those treated with NIgPhBr) (Figure 5-4d). Conversely, th@EFand
NDI-(PhPA) devices showed greater stability. The gradual decline in normalized
stabilized PCE observed in these more stable devices is likely linked to 8pjed
OMeTAD degradation, given that the ETL is the only variable and the thermal instability
of dopedSpiro-OMeTAD is well established in the literatuf®’>’5These results suggest
that PhPA anchoring groups in Nbased molecules enhance device longevity by
preventing interface degradation, reinforcing that NBHhPA) exhibits comparable
stability to ¢TiO2 + mp-TiO2 under both light and thermal stress conditions. In particular,
devices withdirect FTO-perovskite contact suffer from interface degradation due to
unmitigated ion migration, surface reactions, and trap formatibhe impact of molecular
coverage and unbound excess molecules ontlemmg stability was also examined in PSCs
with NDI-(PhPA) and NDHPhBry processed via 2hour CBD. The unbound excess
molecules refer to devices without EtOH dipping during the CBD process. UndeillSOS
11 testing, ND¥(PhPA) showed linear degradation, while NQ?hBr} treated devices
degraded rapidly. ISOB-2I testing further revealed that unbound NPhPA)

accelerated degradation, whereas NBWBrp excess caused additional tasility. An
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extended analysis is provided $upplementary Note 1(Figure B-24 - Figure B-29;

Table B-1 - Table B-3) in Appendix B.

5.3 Conclusions

Two nonfullereneelectron acceptoorganic molecules with different functional
groups, ND{(PhPA) and NDFHPhBry, were employed to forr&TLs in n-i-p structured
PSCs. The critical role of the anchoring group in interfacial and overall device stability was
assessed. Through CBD, a thin film of N®PhPA) was deposited omaFTO substrate.
The phosphonic acid group proved essential to chemical stability after the films were
exposed to DMSO. This finding demonstrates that PhPA anchoring groups not only
fadlitate strong adhesion but also prevents molecular desorption once complete coverage
is obtained. In contrast, NEEPhBr) relying on weak physisorptiatid not adhere t6 TO
and was entirely removed during perovskite processing confirming its poor interfacial
stability. Longterm stability assessments under ISIG$I (200 hours, light stability) and
ISOSL-21 (100 hours, higliemperature light stability) protocols demaastd thathese
anchoring groups play a key factor in stabilizing PSC interfdéigas of NDI-(PhPA)
exhibited stability comparable t6T@O2> + mp-TiO2, supporting its potential as a viable
organic ETL. Conversely, NBIPhBry based devices degraded rapidly due to poor
interfacial adhesion, effectively behaving as if no ETL were present, highlighting the need
for strong molecular anchoring. These findings establish anchoring groups as key
determinants of interfacial adhesiordadASC longevity. While strong interfacial bonding
is essential for stability, the presence of excess unbound ETL molecules is undesirable, as

they can diffuse during aging and contribute to accelerated degradation. This study reveals
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the importance of strategic molecular engineeringC s, optimizing both anchoring

strength and electronic properties to develop stable;fegiormance PSCs.
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CHAPTER 6. EFFECT OF LUMO LEVEL ENGINEERING IN
MOLECULAR ETLS ON CHARGE EXTRACTION AND

HYSTERSISIS

Achieving optimal energy level alignment between CTLs, the perovskite absorber,
and metal electrodes is essential for maximizing the performance and stability of PSCs.
Misalignment at these interfaces introduces potential barriers, impede charge taaasfer,
elevate nonradiative recombination, leading to reductioNdg Jsc, FF, and overall
PCE®8Beyond steadstate transport limitations, poor energy alignment also promotes
local charge accumulation, which distorts internal electric fields and leads to the migration
of mobile ionic species, predominantly halides, in the perovskite 18tf¢although ionic
motion is distinct from electronic conduction, it is governed by internal electric fields that
intensify under inefficient charge extraction. Accumulated interfacial charges amplify
these fields, accelerating the migration of halides dauting to dynamic instabilities such
asJ-V hysteresis and loaterm PSC performan®é879° Hysteresis in PSCs is a significant
issue as it leads to discrepanciesJiN measurements, which can result in under or
overestimations of PCE, challenges in determining the MPP voltage, and complications in
tracking device performance over time. Thus, precise energy level alignment is not only
necessary for charge extraction aogpressing recombination, but also for stabilizing the

internal electric field environment to ensure reliable PSC operation.

In Chapter 5, it was demonstrated that oxide anchoring groups play a critical role
in stabilizing the between the TCO and perovskite interface. PSCs incorporating NDI

(PhPAY, achieved a maximum PCE of 14.3% and exhibited excellent thermal durability,
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comparable to Ti@based ETLs. However, despite forming a uniform and-amthored
interlayer, ND{PhPA} showed reduced/oc and pronounced-V hysteresis. These
performance losses were attributed to unfavorable energy level alignment, where the
LUMO of NDI-(PhPA} lies above the CBM of the perovskite, introducing an energetic

barrier to electron extraction and promoting charge accumulation at the interface.

To investigate this hypothesis and further explore the impact of energetic alignment
on interfacial performance, two new Nbased ETLs were designed(1,3,6,8tetraoxe
1,3,6,8tetrahydrobenzo[Imn][3,8]phenanthroli2e7-diyl)bis(4,1-
phenylene))bis(methylene))bis(phosphonic agiDI-(BnPA)) and its dibrominated
analogue (((4,9dibromo1,3,6,8tetraoxel,3,6,8
tetrahydrobenzo[Imn][3,8]phenanthroli2e7-diyl)bis(4,1-
phenylene))bis(methylene))bis(phosphonic aqiB)>-NDI-(BnPA)). These molecules
retan the surfacdinding functionality of PhPA while introducing a methyl spacer to
enhance solubility and processabilitheltwoBnPA groups serve complementary roles
wherein one provides strong chemical adhesion to TCOs, while the second enhances
surface wettability to promote uniform perovskite film coverageonjugated core
modification with electrorwithdrawing substituents, such as halogens, nitriles, or acyl
groups, has previously been employed to lower the LUMO level and improve interfacial
alignmen.®! Bromine atoms were introduced at the NDI core of8DI-(BnPA),, where
their electronegativity furthdowerst h e  NUIMOG&Bergyto improvealignment with
the perovskite CBM andhacilitate more efficient electron extractiotdPS confirmed a
LUMO downshift in the brominated derivative, while bXis absorption measurements

indicated a reduction in the HOMOUMO gap. When integrated into planai-p PSCs,
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devices employin@®r>-NDI-(BnPA). as the ETL achieved a maximum PCE of 13.67%
(maximum stabilized PCE of 12.55%), outperforming the 13.20% (max stabilized PCE of
10.93%) obtained with ND{BnPA).. The improved performance is attributed to more
favorable energy alignment at the perovskite interface and enhanced electron extraction
enabled by the deeper LUMO level. NotabBr>-NDI-(BnPA)-based devices also
suppressedsc hysteresis, further supporting the hypothesis that deeper LUMO levels
reduce interfacial charge accumulation and feriden ion migration. Both ETLs
maintained stable output under continuous 1 sun illumination at 25 °C for over 200 hours,
demonstrating the synergistic role of anchoring group integration and energetic tuning in

enabling highperformance, stable organic ESfor PSCs.

6.1 Role of Molecular ETL LUMO Level in Charge Extraction and Hysterisis

6.1.1 Question & Hypothesis

Question6.1.1: How does lowering the LUMO level of molecular ETL influence charge

extraction and hysteresis in PSC?

Hypothesis6.1.1: Lowering the LUMO level ofmolecular ETL enhances energetic

alignment with the perovskite CBM, reducing the electron extraction barrier and
minimizing charge buildup. This improved alignment facilitates more efficient carrier
extraction and mitigates internal electric field distortion, thereppgessing-V hysteresis

and improving overallleviceperformance.

6.1.2 Results & Discussion

65



Figure 6-1a illustrates the molecular structure of NBnPA)2 and Br2NDI-
(BnPA). Synthetic procedures are outlinedrigure C-1 andFigure C-2. The thermal
stability of both molecules was evaluated by TGAg(re 6-1b), which revealed both
molecules exhibit less thah5% mass loss up to 200 °C (inset). This indicates that the
molecules maintain their structural integrity well above the typical perovskite annealing
temperature of 150 °C, confirming their suitability for PSC fabrication and operation.
Above 200 °C, dishct mass loss events are observed, which are likely associated with
evaporation or thermatlegradation processvolving the phosphonic acid functional

groups, consistent with prior reports on related sysfémsrthermore, complementary
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Figure 6-1 Molecular structure and TGA of newly synthesized NDibased ETLs.(a)
Molecular structure and (b) thermogram of NBhPA)> and Bp-NDI-(BnPA).
molecules. The inset shows the-5800 °C range relevant to PSC processing condition

within which both ETLs demonstrate excellent thermal stability, exhibiting less than 0.5%
mass loss

DSC analysison the precursor powders of both molecidbswed no discerniblphase
transitions, such as melting or crystallization for either molecule up to 2596ig@r¢ C-

3). The absence of phase transitions is encouraging, as phase changes could lead to
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morphological instabilities, including crack formation or interfadakorptionduring
device operatior® These results demonstrate that both NDI derivatives possess the thermal

robustness necessary for stable integration into PSCs.

Thin films of NDI-(BnPA). and Be-NDI-(BnPA)> were deposited onto various
transparent oxide substrates, including glass, FTO, and ITO, theirsgme CBD process
used in Chapter F.o verify successful molecular deposititRSwas performed on bare
FTO, NDF(BnPA)-coated FTO, and BiINDI-(BnPA)>-coated FTO substratéSigure 6-

2), using bare FTO as the reference. The P 2p sigiwlre 6-2a) of bare FTO displayed
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Figure 6-2 XPS confirmation of NDI-based ETL deposition on FTOXPS spectra of

(@) P 2p, (b) Br 3d, and N 1s for NIBnPA). and Be-NDI-(BnPA); films deposited on
FTO substrates.

a peak at 139 eWhich cannot be definitively assigned but may be related torZpb
contaminantsintroduced during the substrate manufacturing process, as previously
discussed in Chapter Bpon molecular deposition, two distinct changes were observed:
(i) attenuation of FT@lerived 139 eV signal and (ii) appearance of a new peak centered
at 133.9 eV, characteristics of phosphorous from the phosphonic acid anchoring groups of
the NDFbasednolecules. The suppression of teeeFTO signal alongside the emgence

of the phosphorus signal confirms the deposition of the molecules on FHirther
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molecular differentiation was achieved through Br 3d analy&sufe 6-2b). A Br 3d
doublet between 71 eV and 72 eV was detected exclusivelyfNBi-(BnPA). thin film,
consistent with the presence of bromine substituents incorporated within the molecular
structure. No corresponding Br 3d signal was observed for bare FTO gBXBA). thin

film, validating the molecular distinction of the brominated molecule. Finally, the N 1s
spectra Figure 6-2c) exhibited strong peaks centered around 401 eV for both molecular
films, corresponding to the nitrogen of NDI core. In contrast, bare FTO showed only a
weak, broad feature near 399 eV, likely from adventitious nitrog@mamination.

Collectively, these results demonstrate successful CBD of thebl&dd ETLs on FTOs.

Given that DMSO is a common solvent both in the CBD process and in perovskite
precursor solutions, evaluating the robustness of the molecular thin films under solvent
exposure is critical to assess their stability in PSC fabrication. To thithersBmeolvent
washtest in Chapter 5 was conducted KiDI-(BnPA), and Be-NDI-(BnPA). thin films
on FTQ XPS characterization following the solvent washing revealed no change in the P
2p signal for either ND(BnPA)., and Be-NDI-(BnPA). thin films, indicating hat the
phosphonic acid anchoring groups remained strongly bound to the FTO skrface 6-

3). Similarly, no shifts or changes in intensity were observed for the N 1s peaks of either
film, and the Br 3d peaks for BNDI-(BnPA), remain unalteredrigure C-4), further
supporting the stability of the molecular films. These findings demonstrate that NDI
(BnPA) and Bp-NDI-(BnPA), form chemically robust and mechanically resilient
interlayers capable of withstanding solvent processing, an essesqisitement for

ensuring stable interfaces in PSCs.
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Figure 6-3 XPS analysis of NDibased ETL retention on FTO after solvent washing.
XPS spectra of P 2gegion for NDHBnNPA), and Be-NDI-(BnPA). films deposited on
FTO, before and after washing with DMF:DMSO (2:1) and CB solvents, simulating the
perovskite spircoating conditions to assess molecular retention.

The optical properties of NE(BnPA), and Be-NDI-(BnPA) were assessed via
UV-Vis spectroscopy in both solution and thin filnkSgure 6-4ab andFigure C-5). In
solution (Figure C-5b), NDI-(BnPA), exhibited sharp, welllefined absorption peaks at
362 nm and 381 nm, consistent with its thlm spectrum. This suggests minimal
aggregation in solution and preservation of its molecular electronic structure during film
formation. In contrast, BINDI-(BnPA), displayed broadened and convoluted absorption
features centered around 363 nm and 400 nm, which did not correspond directly to the

distinct absorption peaks observed in its 4film state.
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Figure 6-4a,b andFigure C-5a show the thirfilm UV -Vis measurements on glass
substrates, using bare glass as a reference to isolate molecular absorption, further
highlighting differences between the two moleculdBl-(BnPA), thin films exhibited
distinct absorption peaks at 362 nm and 381 nm, wherea@®r(BnPA). thin films
showed reeshifted absorption features at 394 nm and 416 Tinis redshift reflects a
reduction in the optical HOMQUMO gap due to bromination of the NDI core, as
confirmed by Tauc plot analysi¥he optical HOMGLUMO gapswere determined to be
3.12 eV for ND¥({BnPA)2 and 2.82 eV for BrNDI-(BnPA),, as shown in the insetdpon
transitioning to the solid state, BXDI-(BnPA). moleculesadopt a more alered packing
arrangement, resulting in sharper, distinct peaks at 394 nm and 416 nm. The disappearance
of 363 nm solutiombsorption featurand the appearance of nehin-film absorption
features highlight the profound influenoef br omi neds steric bul k

and solidstate electronic transitions.
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Figure 6-4 Optoelectronic characterization and energy level alignment of NDbased

ETLs. UV-Vis absorption spectra of (a) NIBnPA)and (b) Bg-NDI-(BnPA) thin films
deposited on glass substrates, along with Tauc plot extrapolations (insets) to estimate their
optical HOMGLUMO energy gaps. (c) Energy level diagram of Ndased ETLs and

halide perovskite. The red dashed lines indicate the Fermi levels of each material.
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Figure 6-4c presents the energy level alignment diagram for thed=E80.01Pbk
perovskite, NDI(BnPA)z, and Bp-NDI-(BnPA), thin films. UPS was performed on each
thin film deposited oran ITO substrate to extract the work functions and HOMEM
levels @etailed energy positions are showrfigure C-7 andTable C-1). By combining
UPS results with optical HOMQUMO gap values obtained from UVis measurements,
a complete energy level diagram was constructEde optical energy bandgap of
Cs.08A0.01Pbk was determined to be 1.53 eWigure C-6). Brominationlowered the
LUMO level fromi3 . 8 1 e \-(BAPA)toiKIDIL O e \MNDI-(BnPA)Bwhile the
HOMO levels remained largely unchang&tie LUMO offset between NB(BnPA), and
the perovskite CBM is approximately 0.48 eV, whereasN#I-(BnPA), achieved a
smaller offset of 0.19 eV. Although both LUMO levels lie above the perovskite CBM, the
reduced offset in BfNDI-(BnPA) is expected to facilitate more efficient electron
extraction and lower interfacial electron accumulation, which can help suppress hysteresis
under operation conditions at room temgtere. To notewhile UPS measurements
provide valuable insights into relative energy levels, the absolute values may vary slightly
depending on experimental conditiphswever, the relative energy differences between
the materials measured under identical conditions remain reliable for comparative analysis.
Additionally, the HOMO levels of both molecules are comparable to previously reported
values for NDI molecules, estimated from cyclic voltammetry at approxima&iedyeV,

aligning closely with our UB measurements.

To evaluate the impact of LUMO level tuning in the Nisised ETLs, PSCGvere
fabricated in a conventional -ip  planar  configuration  comprising

FTO/ETL/C3.0dAo091Pbk /PEAIl/doped Spire@OMeTAD/Au (Figure C-8). Devices
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fabricated without an ETL (w/o ETL), with NE(EBnP A) a n-iDI@BnPtAh) Br
were comparedrigure 6-5a shows the shodtircuit current densityJsc) under reverse
and forward bias sweeps for the different ETLs. WhikeMbc andFF remained similar
between devices utilizing NE[BnPA). and Be-NDI-(BnPA),, a slight increase idscand

a pronounced reduction fac hysteresis were observed forB¢DI-(BnPA). (Figure C-
9a,c). The improvement is attributed to the deeper LUMO level ofNBDI-(BnPA): (-
4.10 eV), which reduces the energy offset with theoE#\o.0iPbk CBM (-4.29 eV),
enhancing electron extraction. Althougiibromo-substitution improves LUMO alignment
and facilitates more efficient electron extraction, the sinkieami levelsof NDI-(BnPA).
and Be-NDI-(BnPA). maintain comparable builh potentials, resulting in unchangeec
andFF across the two deviceg/e note tha¥oc in PSC is primarily determined by quasi
Fermi level splitting inside the perovskite, not solely by the fp€tovskite energy
alignment, which might explain the savec observed for the two interlayet$®* Devices
without ETL exhibited the highest hysteresiddg Voc, andFF, consistent with increased
surface recombination and inefficient charge extraction due to direct perovskite/FTO
contact.Stabilized PCEgFigure 6-5b) followed theexpected trendBr>-NDI-(BnPA),
(12.55%; median 10.55%) > NBBnPA), (10.93%; median 9.49%) > w/o ETL (8.04%;
median 6.04%), further supporting thale that anoptimized LUMO alignmenthasin
improvingperformances via enhancealrier extractionDetailed photovoltaic parameters
are provided inFigure C-9 and Table C-2. Further insight into the interfacial charge
dynamics is providebly hysteresis index (HI) extracted frahe reverse and forwadV
scans [Figure 6-5c). The HI, calculated as the ratio of PGEained from the forward and

reverse scans, can be used to quantify the discrepancykVtbeans between different
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Figure 6-5 Photovoltaic performance and operational stability of PSCs with ND!
based ETLs.(a) Jscunder both reverse and forward scan directions, (b) stabilized PCE,
and (f) hysteresis index of PSCs incorporating He (w/o ETL), NDHBnPA),, and

Bro-NDI-(BnPA),. The hysteresis i ndexJiVewamt idiireesctti
dependence of the PCE, calcul ated as the r
negative bias) and forward (¢ hongtem stabidy t o po
of devices under continuous AMNatmdasghere,| | u mi

following ISOSL-1I protocol.

devices. Devices incorporating BrNDI-(BnPA). exhibited a minimum HI of 0.26,
significantly lower than the minimum HI value of 0.33 observed for devices utilizing NDI
(BnPAY, highlighting improved interfacial charge extraction. In contrast, devices without
an ETL showed the highest HI minimum value of 0.66, underscoring the importance of
proper interfacial energy alignment and carrier selectivity for reducing hystereside@®eta

HI values are summarized Trable C-3.

Finally, longterm operational stability was assessed following I®@©SL-1I

protocol®® Devices were subjected to continuoMPPT under 1 sun equivalent
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illumination at 25 °C in an NatmosphereKigure 6-5d), with J-V scans recorded every

12 hourgFigure C-10). Over 200 hours of continuous operation, the normalized stabilized
PCEs of ND{(BnPA), a n 4NDI-@nPA), integrated devices remained largely
unchanged, demonstrating excellent operational durability. In contrast, devices fabricated
without an ETL exhibited rapid performance degradation, reaffirming the importance of
the ETL layer in protecting the perovskiéerface and maintaining device integrity during

prolonged operation.

6.2 Conclusions

In this work,we demonstrate the rational design amglementatiorof two NDI-

based ETs, NDF(BnPA). and Be-NDI-(BnPA),, for use inPSCs. Bromineddition to

the core of the moleculeffectively lowers the LUMO level oBro-NDI-(BnPA). while
preserving film integrity, resulting in improved energy alignment with thedE8o.91Pbk
perovskite conduction band maximubBevices incorporating BfNDI-(BnPA), achieved
maximum PCE of 13.8% (maximum stabilized PCE of 12.55%pmpared tdl3.20%
(maximum stabilized PCE of 10.93%) of solar celtdizing NDI-(BnPA),. The PCE
improvement is driven by enhancdek and reducedsc hysteresis, while maintaining
similar Voc and FF owing to comparal@ Fermi levels. Notably, both ETLs maintained
operational stability under continuous illumination at 25 °C for 200 hours, confirming the

anchoring role of PA groups in preserving interfacial robustness.

Despite these advances, UPS and\W¥ analyses reveal that the LUMO levels of
both ETLs remain slightly higher than the CBM ofoG#Ao.91Pbk, suggesting a still

suboptimal energy alignment. To address this, further electronic tuning, such as extended
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halogenation (e.g., tetrabromo substitution) or integration of alternative electron
withdrawing substituents, may be required to achieve ideal alignment. Importantly, such
modifications must be pursued without compromising anchoring functionality or film
forming behavior.These findings underscore thalue of simultaneously tuning ETL
energetics and interface bonding mechanisms to optimize device performance and
reliability, offering encouraging directions for the continued development of- high

efficiency,solutionprocessable organic ETIsr nextgeneration PSCs and beyond.
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CHAPTER 7. CONCLUSIONS AND OUTLOOK

This dissertation has systematically explored the role of molecular design in advancing
the thermal and operational stability of PSCs through the integration of tailored organic
interlayers. CP andM CTLs were evaluated across multiple dimensions, including
thermal transition behavior, interfacial adhesion, energy level alignment, antelomg
device performancd={gure 7-1). The findings underscore that both physical stability and
electronic compatibility at the CTL/perovskite interface are key to achieving durable, high
efficiency devices. In particular, the incorporation of anchoring groups antufiireg of
polymer sidechains or molecular substituents were shown to strongly influence interfacial

robustness and charge extraction.

TPT-T (MB/C6) was identified as a promising CP HTL, exhibiting high glass transition
temperature and amorphous stability, which translated to improved device durability under
thermal stress. Meanwhile, the NBased ETLs functionalized with PA anchoringugps
demonstrated strong chemical adhesion to TCOs, enabling uniform film coverage and
resistance to solvent desorpti@momination of the NDI core in BINDI-(BnPA). resulted
in a measurable downshift in the LUMO level compared to itsbrominated coutlerpart,
leading to improved energetic alignment with the perovskite conduction band minimum
and enhanced charge extraction. While the shift was modest, the performance gains and
suppressed hysteresis obs-HDI-(BePdA)i n sdigwiecsd s
targeted LUMO level tuning through core substitution is a promising stretagy
improving interfacial energetics IRSCs Although these studies were conductesiihg a

planar fiiip device configuration, the underlying principles related iaterfecial
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engineering, thermaitability, and energy level modulation are broadly applicable

Future work can build upon these findings, particularly in the context of organic

ETLs for iiip

more strongly electrewithdrawing substituents, and designing multifunctional aringor

architect ur e sconjupajed mne ptructures, mtgoduaing w

gat.i

groups that simultaneously optimize adhesion, solubility, and energy level alignment.

Beyond material design, applying these strategies to scalable device platforms such as
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flexible substrates or tandem cells may accelerate the integration of organic ETLs into
commercialPV technologies. Sustaining a strong focus on interthseen design will be
essential for realizing the full potential of organic interlayers in -gexierationPV

systems.
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APPENDIX A. SUPPORTING INFORMATION: EFFECT OF

THERMAL TRANSITIONS AND CRYSTALLIZATIONS OF CP
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Figure A-1. The general synthesis scheme for the three-B#@SEd conjugated polymers,
TPT-TT (Ru: Octyl, R: Decyl), TPFT (Ru: Octyl, R: Decyl), and TPIT(MB/C6) (Ru: 2-
Methyl butyl, R: Hexyl).
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Figure A-2. GPC trace of the TRIbased polymers, TRTT Mh= 15 kg/ mol ,

TPT-T Mn= 24 kg/ mol , T(MB/C6) @M ,2@nkig /TRl , n:

1,2,4trichlorobenzene as solvent at high temperature (140 °C).

Table A-1. Elemental composition analysis of the TPT polymers to ensure purity of the
samples.

Polymer Theoretical composition Measured Composition

TPFTT C73.47%H:9.03%,S514.01% | C72.84%H:9.02%,S14.40%
TPTT C75.47%H:9.62%,S11.19% | C74.77%H:9.58%,S10.94%
TPTFT(MB/C6) C72.46%H:8.21%,S14.51% | C71.89%H:8.07%,S14.25%
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Figure A-3. *H NMR spectrum of TPATT (500 MHz, CDC4, 25 AC) . ad(ppm):
1H), 7.30 (s, 1H), 7.24 (s, 1H), 4.15 (m, 2H), 2.85 (m, 2H),-1.99 (m, 2H), 1.78..68
(m, 2H), 1.681.51 (m, 2H)1.42-1.26 (m, 22H), 0.9®.86 (m, 6H).

81



Figure A-4. *H NMR spectrum of TPIT (500 MHz,CDC}, 25 AC) . UG(ppm) :
7.23 (s, 1H), 7.13 (s, 1H), 4.13 (m, 2H), 2.84 (m, 2H), .8 (m, 2H), 1.76..79 (m,

2H), 1.631.57 (m, 2H), 1.46..39 (m, 4H), 1.37..34 (m, 4H), 1.341.23 (m, 14H), 0.89

0.85 (m, 6H).
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