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SUMMARY  

Hybrid organic-inorganic perovskite (HOIP) solar cells have witnessed remarkable 

progress in power conversion efficiency (PCE) over the past 16 years, now reaching 

certified values as high as 26.95%.1 Despite these impressive efficiency gains, long-term 

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 perovskite 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 long-terms stability with a focus on integrating novel organic 

CTLs, including conjugated polymers (CPs) and small molecules (SMs). 

The first thrust focuses on comprehensive examination of 1,4-bis(2-thienyl)-2,5-

dialkoxyphenylene (TPT)-based 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 integrated PSCs. Building on these 

findings, the second thrust explores naphthalene diimide (NDI)-based SMs as potential 

electron transport layers (ETLs). Here, special attention is given to the role of anchoring 

groups in governing interfacial interaction with both transparent conductive oxides (TCOs) 

and the perovskite layer. Anchoring groups within the ETL enable strong covalent bonding 

to TCO surfaces, acting as key determinants of interfacial adhesion and long-term stability 
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in PSC. The third thrust investigates the lowest unoccupied molecular orbital (LUMO) 

level engineering in NDI-based molecules through core modification with electron-

withdrawing substituents. This tuning strategy lowers the LUMO level to improve 

energetic alignment 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 density-voltage (J-V) hysteresis is 

mitigated, overall device performance is enhanced. 

A multidisciplinary methodology is employed through this work, combining 

structural, surface, and optoelectronic characterization with device-level performance 

analyses. These comprehensive studies demonstrate the significant impact of organic CTLs 

on PSC stability 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 high-performance 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 record-breaking heatwaves, devastating wildfires, 

extreme storms, and catastrophic flooding.2ï4 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 above pre-industrial levels, a 

benchmark that had previously been predicted to occur later this decade.5 The ongoing 

climate crisis is driven largely by anthropogenic CO2 emissions, which remain on an 

upward trajectory due to the continued reliance on fossil fuels. Addressing this challenge 

requires a rapid and large-scale transformation of the global energy system, shifting toward 

clean, renewable, and economically viable alternatives 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, cost-effectiveness, and 

scalability is essential. HOIP solar cells have rapidly emerged as a promising candidate to 

meet these criteria. Since their introduction by Prof. Tsutomu Miyasakaôs group in 2009, 

PSCs have achieved extraordinary efficiency gains, now exceeding 26% in certified 

performance within a remarkably short time frame.1,6 
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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 

bandgaps, and compatibility with low-temperature, solution-based fabrication processes. 

These features support simpler device architecture and potentially lower production costs, 

making perovskite technology highly attractive for commercial deployment. Today, PSCs 

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 long-standing barriers to stability, scalability, and performance, 

bringing these devices closer to widespread adoption. 

Within this context, the design and optimization of charge transport layers play a 

vital role in enabling long-term 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 focused studies, the work aims to provide 

deeper insight into the design principles governing effective CTLs and to contribute to the 

development of high-performance, 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 of CTLs and 

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. 
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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 UV-Vis spectroscopy is used to estimate optical highest occupied 

molecular orbital (HOMO)-LUMO gap (EHOMO-LUMO) and energy bandgap (Eg). Ultraviolet 

photoelectron spectroscopy (UPS) further enables determination of work function and 

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 performance and stability. 

Additional insights into interfacial and morphological changes are provided using X-ray 

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), optical 

microscopy (OM), and grazing-incidence wide-angle X-ray 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 NDI-based molecules as ETLs. 

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 UV-Vis spectroscopy confirms structural integrity in 

solution and thin-film 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. 
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Chapter 6 examines LUMO level engineering in NDI-based ETLs through core 

modification via dibromo substitution. The optical and electronic properties are 

characterized using UV-Vis and UPS to determine HOMO/LUMO alignment and assess 

how these modifications influence 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 are provided 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. 
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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 long-term stability. The current state of 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 ABX3, where A is a monovalent cation (e.g., methylammonium [MA+], 

formamidinium [FA+], cesium [Cs+]), B is a divalent metal cation (e.g., lead [Pb2+] or tin 

[Sn2+]), and X is a halide anion (e.g., iodine [I-], bromine [Br-], or chlorine [Cl-]). These 

compounds form a three-dimensional framework of corner-sharing BX6 octahedra, with 

the A-site cation occupying a central 12-fold coordinated cavity (Figure 2-1a).7ï9 

The geometric fit between these ions can be described using the Goldschmidt 

tolerance factor (t), a dimensionless value derived from the ionic radii of the A, B, and X 

components.10 Values of t 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 lower-symmetry (tetragonal or orthorhombic) or toward non-

perovskite phases such as layered or hexagonal structures.9,10 Furthermore, alternative 

tolerance factor models incorporating ionic oxidation states have been proposed to more 

accurately predict structural outcomes across diverse chemistries.11 
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Figure 2-1 Crystal structure and electronic configuration of HOIPs. (a) Schematic of 

the perovskite ABX3 structure and the definition of the Goldschmidt tolerance factor (t), 

which predicts structural stability base on ionic radii. (b) Influence of A-site cation size on 

the t, highlighting the resulting structural distortions. (c) Electronic band structure of an 

ideal APbX3 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 metal-halide framework. In APbX3, the VBM is primarily 

composed of Pb 6s and halide p-orbitals, 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 HOIPs ideal candidates 

for thin-film optoelectronic applications. As a result, B-site cations and X-site anions have 

greater influence over the bandgap and optoelectronic properties of perovskite materials. 

However, it is important to note that Pb-X framework can undergo distortion due to A-site 

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 solution-based methods, these properties have driven 

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

a b c
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being explored for use in light-emitting diodes, photodetectors, solar-to-fuel conversion 

systems, and neuromorphic memristors.7,8,13 

2.2 Perovskite Solar Cell 

2.2.1 Working Principle 

Lead halide perovskites (LHPs) have emerged as 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 mobilities, long carrier diffusion lengths, and 

remarkable defect tolerance.14ï18 Collectively, these features enable efficient and scalable 

device architectures, positioning PSCs as economically and environmentally viable 

alternatives to conventional silicon-based technologies. The operation of a PSC involves 

four fundamental processes: (i) charge generation, (ii) charge separation, (iii) charge 

transport, and (iv) charge collection (Figure 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 related to the Eg of the LHP 

material where photon energy must be equal or greater than Eg to generate electron-hole 

pairs known as excitons. 

In contrast to many conventional semiconductors, LHPs exhibit relatively low 

exciton binding energy on the order of 10-15 meV at low temperatures, and decreasing 

further at room temperature due to enhanced dielectric screening and lattice dynamics.19 

This low binding energy is close to below the thermal energy at room temperature (kBT å 

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

 

Figure 2-2 Energy band diagram and operational mechanism of a PSC with an n-i-p 

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 built-in field driven transport. 

Once generated, free carriers are separated under the influence of built-in electric 

fields at the interfaces between the LHP and the adjacent CTLs. The ETL selectively 

extracts electrons, while the HTL facilitates hole extraction. These charge carriers are then 

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. 
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2.2.2 Device Architecture 

PSCs are generally classified into two main architectures: the conventional n-i-p 

structure and the inverted p-i-n structure, as illustrated in Figure 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 the n-i-p structure, the ETL is deposited 

beneath the LHP layer, while in the p-i-n structure, the HTL is deposited first, effectively 

inverting the direction of charge extraction. 

 

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 configuration.20,21 The n-i-p 

a b

Conventional 
(n-i-p)

Inverted
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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 high-temperature processing and may be more susceptible to J-V 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 p-i-n architecture enables low-temperature processing, making it 

better suited for flexible substrates and scalable manufacturing approaches such as roll-to-

roll printing. It generally exhibits reduced hysteresis, improved interfacial contact, and 

enhanced operational stability under continuous illumination. These advantages are closely 

associated with the use of organic HTLs and fullerene-based ETLs that are typically 

integrated in p-i-n devices. As a result, this architecture has gained significant traction in 

emerging applications, including tandem PV systems and semitransparent devices. 

Nonetheless, challenges remain, such as limited availability of high-performance, stable 

CTL materials and potential issues related to interfacial compatibility and long-term 

reliability. 

2.2.3 Solar Cell Performance 

The equivalent circuit model is commonly employed to describe the electrical 

behavior of solar cells. As shown in Figure 2-4a, the model includes key parameters such 

as Jph, the photogenerated current density; Jo, the reverse saturation current density; Rshunt, 

the shunt resistance representing leakage pathways; Rs, the series resistance accounting for 

resistive losses across interfaces and electrodes. 
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Figure 2-4 Device representation and J-V of a Solar Cell. (a) Equivalent of a solar cell 

with series resistance (Rs) and shunt resistance (Rsh). J-V curve of a solar cell under 

illumination. The point labeled ñmpò denotes the maximum power, where the product of 

current density and voltage is maximized. 

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

illustrated in Figure 2-4b and expressed below: 

ὐ ὐ ὐ Ὡ ρ
ὠ ὐὙὃ

Ὑ
  ρ 

where ὐ is the total current density, ή is the elementary charge, ὲ is the ideality factor, ὯὝ 

is the thermal energy at temperature Ὕ (with Ὧ  being the Boltzmann constant), ὠ is the 

voltage across the device, and ὃ is the active cell area. The short-circuit current density 

(ὐ  and open-circuit voltage (ὠ ) can be determined from Eq. (1) by setting V or J to 

zero, respectively: 
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the approximations in Eqs. (2) and (3) are valid under the assumptions ὙȾὙ ḻρ and 

ὐȾὐḻρ. The fill factor (ὊὊ) is defined as the ratio of the maximum power output (Pmax) 

to the product of the ὐ  and ὠ . It quantifies the ñsquarenessò of the J-V curve, as 

illustrated in Figure 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. A 

higher ὊὊ is directly proportional to the ὖὅὉ of the device. The ideal ὊὊ (ὊὊ) can be 

approximated using the following expression22: 

ὊὊ
ὺ ÌÎὺ πȢχς

ὺ
Ƞ ὺ

ήὠ

ὲὯὝ
 τ 

where ὺ  is the normalized ὠ . Eq. (4) holds under the ideal conditions of negligible Ὑ 

and Ὑ  is infinite. A more accurate and practical estimation of the ὊὊ, accounting for both 

Ὑ and Ὑ , is given by the following empirical expression22: 

ὊὊ ὊὊ ρ ρȢρὶ
ὶ

υȢτ
ρ

ὺ πȢχὊὊ

ὺ ὶ
Ƞ ὶ

ὐὙὃ

ὠ
Ƞ ὶ

ὐὙ ὃ

ὠ
 υ 

where ὶ is the normalized Ὑ and ὶ  is the normalized Ὑ . Figure 2-5 shows the impact 

of Ὑ and Ὑ  on the J-V characteristics of a solar cell. The ὖὅὉ of solar cell is defined at 

the ratio of electrical power output to the incident power (ὖ ) input, which is typically 

standardized under the air mass 1.5 spectrum (AM 1.5) for terrestrial applications, 

corresponding to a power density of 1000 W m-2. The ὖὅὉ can be expressed as the 

following: 

ὖὅὉ Ϸ
ὐὠὊὊ

ὖ
ρππϷ φ 
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Figure 2-5 Impact of parasitic resistances on J-V characteristics of a solar cell. Effects 

of (a) increasing Rs and (b) decreasing Rsh. 

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 alignment at the 

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 performance. A key design principle 

for an effective CTLs is the formation of staggered energy level alignment, also known as 

type-II band alignment. This configuration provides a thermodynamic driving force for 

charge separation by aligning the frontier orbital levels 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 HTL should be positioned above the perovskiteôs 

CBM to prevent back-transfer of electrons. Conversely, in ETLs, the LUMO or CBM 
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should lie below that of the perovskite to facilitate electron extraction, while the HOMO 

or VBM should be above the perovskiteôs VBM to block holes. This energy alignment 

configuration enables unidirectional carrier flow and suppresses charge recombination, as 

depicted in Figure 2-2. 

Furthermore, CTLs must be also well-matched 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 non-radiative 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 transport, wide 

EHOMO-LUMO or Eg 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 high-quality uniform and defect free interfaces with the perovskite layer 

to reduce charge recombination (Figure 2-6) and ensure optimal device performance. This 

section presents the current benchmark CTLs and examines their individual limitations in 

the context of long-term stability, with a particular focus on the n-i-p architecture. 
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Figure 2-6 Charge-carrier generation and recombination kinetics. (a) Fundamental 

light-excitation process in LHP. Ec and Ev represent CBM and VBM, respectively. (b) 

Recombination mechanisms of radiative, defect-assisted, and direct & indirect Auger 

recombination. (c) Diagrams of interface-induced recombination losses between LHP and 

ETL: deep-level defects in LHP (Type I), energy misalignment at the interface with defects 

in LHP (Type II), back-transfer-induced recombination (Type III), and defect-assisted 

recombination in ETL (Type IV).23 

2.3.1 Electron Transport Layer 

In conventional n-i-p PSCs, titanium dioxide (TiO2) and tin dioxide (SnO2) are the 

most widely adopted ETLs. TiO2 has been considered the benchmark due to its favorable 

CBM alignment with common halide perovskites and high optical transmittance.24 

However, its intrinsic limitations are well-recognized: low electron mobility (~1 cm2 V-1 s-

1), susceptibility to UV-induced photocatalytic degradation, and the formation of oxygen 

vacancies that can lead to trap states and unintentional hole transport, thus promoting 

interfacial recombination.24,25 Moreover, TiO2 often requires high-temperature processing 

(> 450 °C), which increases fabrication costs and restricts compatibility with flexible 

substrates. Subsequently, SnO2 has emerged as promising alternative ETL to replace TiO2 

owing to its overall enhanced optoelectronic properties such as high electron mobility (240 
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cm2 V-1 s-1), wide bandgap with a similar CBM position to TiO2, providing efficient 

electron extraction while being more stable under UV illumination.25,26 SnO2 thin films are 

also easily processed by low-temperature methods (< 200 °C).27,28 Although SnO2 has 

many advantages, defects consistently manifest due to the intrinsic crystallization 

properties in both vapor-deposited and solution processed SnO2 thin film including oxygen 

vacancies, tin interstitials, surface reconstructions, and surface defects.29 

These challenges have spurred growing interest in organic ETLs, which offer 

molecular level tunability, low-temperature processability, and compatibility with scalable 

solution solution-based deposition methods. However, one of the key challenges in organic 

ETLs in the n-i-p architecture lies in achieving strong interfacial adhesion with TCOs such 

as indium-doped tin oxide (ITO) and fluorine-doped tin oxide (FTO) which are widely 

used as transparent electrodes in optoelectronic technologies.30ï32 To note, this issue also 

applies to organic HTLs used in p-i-n architectures. Unlike metal-oxide based ETLs such 

as TiO2 and SnO2, 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 hinder efficient charge transport, ultimately compromising device performance. To 

overcome these limitations, organic ETLs are functionalized 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 improve charge transport by promoting uniform molecular 

coverage and reducing interfacial defects between TCOs and organic ETLs.33 
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As briefly noted above, achieving uniform and stable organic ETLs for n-i-p 

architectures and organic HTLs for p-i-n 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, and phosphonic 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.34ï40 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, bidentate, and tridentate coordination through covalent bonding, as well as 

additional stabilization via chemisorption through hydrogen bonding.37 PA-based 

anchoring group has been widely implemented in organic HTLs for p-i-n PSC device 

architecture where molecules such as, [(2-(4-(bis(4-methoxyphenyl)amino)phenyl)-1-

cyanovinyl)phosphonic acid (MPA-CPA) and 4-(7H-dibenzo[c,g]carbazol-7-

yl)phenyl)phosphonic acid (Bz-PhpPACz) have displayed PCE exceeding 24% with 

improved thermal stability.41,42 For both molecules, the formation of a bi-layer, 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 established for HTLs, the use of PA-based anchoring groups in 

organic ETLs remains largely unexplored. To date, the only reported organic ETL in n-i-p 

PCS device with PA is N-(2,5-di-tert-butylphenyl)-Nǋ-(methyl)-1,4,5,8-naphthalene 

tetracarboxylic diimide phosphonic acid (PANDI), which incorporates a single PA 
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anchoring group and has demonstrated a PCE of 21.5%.43 This limited precedent highlights 

the need for further systematic development of PA-functionalized organic ETLs to fully 

understand their potential in interfacial engineering, charge transport, and long-term device 

stability. 

2.3.2 Hole Transport Layer 

The small molecule 2,2ǋ,7,7ǋ-tetrakis(N,N-p-dimethoxyphenylamino)-9,9ǋ-

spirobifluorene (Spiro-OMeTAD), processed from solution as a thin film, serves as the 

current benchmark HTL due to its record high PCE for PSC with n-i-p configuration. 

Typically, Spiro-OMeTAD is combined with additives such as lithium 

bis(trifluoromethane)sulfonimide (Li-TFSI) and 4-tert-butylpyridine (tBP) to increase its 

conductivity and enable high efficiencies. However, these additives have been shown to 

migrate toward the HTL interfaces and interact with the perovskite thin film or metal 

contacts, which leads to long-term stability challenges.44ï47 In addition to the requirement 

for additives, the doped Spiro-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 performance.48,49 

CP-based HTLs with improved thermal stability have been investigated as 

alternatives to 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[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) is the 

most widely used HTL polymer in PSCs, deposited from solution as a thin film of about 

20ï50 nm in thickness.50,51 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.52,53  These thermal transitions are important to the viability of devices, as they are 

suggested to be responsible for long-term stability under thermal stress. To date, promising 

thiophene-based CP HTLs have been reported, including poly[3-(4-

carboxybutyl)thiophene-2,5-diyl]  (P3CT) and poly[3-(6-carboxyhexyl)thiophene-2,5-diyl] 

(P3HT-COOH).54,55 Thiophene-based polymers are some of the most notable systems in 

CP research, primarily attributed to their electron-rich nature and straightforward synthetic 

routes.56,57 Both P3CT- and P3HT-COOH-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, 

thermal stability tests were performed at 85 °C under a N2 atmosphere in dark conditions 

for 144 hours without maximum power point tracking (MPPT). The PSC measured over 

time lost 20% of its original PCE.55 Similarly for P3HT-COOH, performance 

measurements were conducted at 65 °C in a N2 atmosphere in dark conditions without 

MPPT, where the PSC experienced a loss of 20% of its original PCE. Table 2-1 shows the 

list of mentioned CTLs on n-i-p configurations and device parameters including PCE. 

Table 2-1 PSC efficiency parameters of commonly utilized CTLs including metal 

oxide (MO), SM, and CP. 

PSC 

Structure 
ETL  
Type 

ETL  
HTL  
Type 

HTL  
J

SC 
(mA cm

-2
) 

V
OC 

(V) 
FF   

(%) 
PCE 
(%) 

Year 

n-i-p MO 
c-TiO2 + 
mp-TiO2 SM Doped Spiro-

OMeTAD 26.2 1.17 81.8 25.2 202158 

n-i-p MO SnO2 SM Doped Spiro-

OMeTAD 25.7 1.19 83.2 25.5 202159 

n-i-p MO 
c-TiO2 + 
mp-TiO2 CP Doped PTAA 25.0 1.11 81.7 22.6 201760 

n-i-p MO 
c-TiO2 + 
mp-TiO2 

CP P3HT 24.88 1.15 81.4 23.3 201961 
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2.4 Conjugated Polymer vs. Conjugated Molecule 

CPs are macromolecules composed of repeating units containing alternating single 

and double bonds along the backbone, which form an extended ˊ-conjugated system. This 

electronic structure facilitates the delocalization of ˊ-electrons, enabling semiconducting 

behavior and supporting charge transport along the polymer chain. The backbone, which 

determines the extent of ˊ-conjugation, plays a critical role in defining the polymerôs 

electronic structure, including its bandgap, charge carrier mobility, and light absorption 

characteristics. Backbone modification, such as the incorporation of electron-rich or 

electron-deficient units, can be used to tune the HOMO and LUMO levels, as well as to 

control EHOMO-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 to conjugation, they strongly 

influence the solubility, film-forming ability, molecular packing, and thermal stability of 

the polymer. For example, bulky branched side chains may enhance solubility but hinder 

-́ˊ stacking between polymer chains, reducing charge carrier mobility. In contrast, shorter 

or more linear side chains may promote better molecular ordering and crystallinity, 

improving charge transport but often at the cost of the reduced solubility. Side chain 

polarity can also affect interfacial interactions with adjacent layers in a device, impacting 

film morphology and energy level alignment. 

Conjugated SMs, while structurally similar in terms of ˊ-conjugation, are discrete, 

low-molecular-weight compounds. Like CPs, they can be tailored through chemical 

modification of their conjugated cores and side groups. Due to well-defined structures, 
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SMs offer 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, energy levels, and 

interfacial behavior with surrounding layers. As with CPs, the strategic tuning of side 

chains in SMs is often used to balance solubility, phase behavior, and device performance. 

Both CPs and SMs are under active investigation for use as charge transport 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 the study. To 

note, solution processing steps from bottom passivation to HTL coating were carried out 

in an N2-filled glovebox with O2 and H2O 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 were used 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 (schülke) solution, deionized water, acetone 

(Sigma-Aldrich, Ó 99.5%), and isopropyl alcohol (IPA, Fisher Chemical). After cleaning, 

the substrates were dried using an N2 gun and stored in an N2-filled glovebox (O2 and H2O 

< 4 ppm) until further use. 

3.1.2 Electron Transport Layer Deposition 

3.1.2.1 TiO2 (c-TiO2 + mp-TiO2) 

The cleaned substrates were treated with UV-ozone treatment for 15 minutes. A 

compact TiO2 (c-TiO2) layer was then deposited by spray pyrolysis from a solution 

containing. containing 480 ɛL acetylacetone (Sigma-Aldrich, Ó 99%), 720 ɛL titanium 
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diisopropoxide bis(acetylacetonate) 75 wt. % in isopropanol (Sigma-Aldrich), and 10.8 mL 

of ethanol (Sigma-Aldrich, anhydrous, Ó 99.5%). %). The prepared solution was sprayed 

onto the preheated substrates at 450 °C with 30-second interval between each cycle, 

followed by post-annealing at 450 °C for 30 min. Each cycle consisted of 16-18 seconds 

of spraying, and oxygen gas was used as a carrier gas at a flow rate of 3 L min-1.  

 After cooling to room temperature, 60 µL of mesoporous-TiO2 (mp-TiO2) solution 

was deposited by static spin coating at 4000 rpm for 10 s with an acceleration rate of 4000 

rpm s-1. The mp-TiO2 solution was prepared by diluting TiO2 paste (Sigma-Aldrich) in 

anhydrous ethanol (Sigma-Aldrich, Ó 99.5%). The resulting Glass Ớ FTO Ớ c-TiO2 Ớ mp-TiO2 

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 to mp-TiO2 were performed 

in ambient air. The substrates were then cooled and transferred to an N2-filled glovebox 

for further processing (O2 and H2O < 4 ppm).  

This TiO2 deposition procedure was used for the experiments described in Chapter 

4. For Chapters 5 and 6, a modified compact TiO2 precursor solution was used in which 

acetylacetone was omitted, and the volume of titanium diisopropoxide bis(acetylacetonate) 

75 wt.% in IPA was adjusted to 800 ɛL. 

3.1.2.2 NDI-Based Molecules 

NDI-based ETL thin films were fabricated using a chemical bath deposition (CBD) 

method. The cleaned substrates were treated in UV-ozone for 1 hour and then immersed in 

a preheated heated 0.5 mg mL-1 solution of NDI-based ETL molecules in dimethyl 

sulfoxide (DMSO, Sigma-Aldrich, Ó 99.8%) at 100ÁC for varying durations, maintaining 
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a constant temperature throughout the process. Following CBD, the substrates were rinsed 

by dipping them in ethanol (EtOH) three times, then annealed at 120 °C for 10 min. The 

NDI-based ETL molecules investigated include NDI-(PhPA)2, NDI-(PhBr)2, NDI-

(BnPA)2, and Br-NDI-(BnPA)2. All deposition steps were performed in ambient air, and 

the substrates were subsequently transferred to a N2-filled glovebox (O  and H O < 4 ppm) 

for further processing. The CBD of NDI-(PhPA)2 and NDI-(PhBr)2 was conducted in 

Chapter 5, while NDI-(BnPA)2 and Br-NDI-(BnPA)2 were investigated in Chapter 6. 

3.1.3 Bottom Passivation 

A 90 ɛL of phenethyl ammonium iodide (PEAI, Dynamo) solution with a 

concentration of 1 mg mL-1 in IPA (Sigma-Aldrich, 99.9%), was spin coated on top of mp-

TiO2 for 20 s at 5000 rpm with acceleration rate of 5000 rpm s-1. This PEAI bottom 

passivation treatment was applied only in the experiments described in Chapter 4. 

3.1.4 Perovskite Deposition 

The Cs0.09FA0.91PbI3 perovskite film was deposited via a two-step spin-coating 

process using a 1.2 M precursor solution with 5% excess Pb, prepared by dissolving cesium 

iodide (Sigma-Aldrich), formamidinium iodide (GreatCell Solar), and lead iodide (Tokyo 

Chemical Industry, > 98%) in a 2:1 (v/v) mixture of N,N-dimethylformamide (DMF, 

Sigma-Aldrich, Ó 99.8%) and DMSO. A 90 ɛL of perovskite solution was spun at 1000 

rpm with acceleration rate of 1000 rpm for 10 s followed by 6000 rpm s-1 for 20 s with 

acceleration rate of 6000 rpm s-1. 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 step, 250 ɛL of chlorobenzene (Sigma-Aldrich, anhydrous, 99.8%) 
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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 Spiro-OMeTAD 

A doped Spiro-OMeTAD solution was prepared by dissolving Spiro-OMeTAD (1-

Material) in 0.07 M chlorobenzene (Sigma-Aldrich, 99.9%), followed by the sequential 

addition of 0.4 mol-to-mol lithium bis(trifluoromethane)sulfonimide (Li-TFSI, Sigma-

Aldrich) in 1.8 M acetonitrile (Sigma-Aldrich, anhydrous, 99.8%), 3.3 mol-to-mol 4-

tertbutylpyridine (tBP, Sigma-Aldrich, 98%), and 0.03 mol-to-mol tris(2-(1H-pyrazol-1-

yl)-4-tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK 209 Co (III),  

Sigma-Aldrich) in 0.25 M acetonitrile. A 90 ɛL of doped Spiro-OMeTAD solution was 

spin-coated statically at 3000 rpm for 30 s (acceleration: 3000 rpm s-1) on top of the PEAI 

film. 

3.1.6.2 TPT-Based Conjugated Polymers 
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For TPT-based CPs, 60 ɛL of 20 mg mL-1 of TPT-TT, TPT-T, and TPT-T (MB/C6) 

in chlorobenzene solution were dynamically spin-coated onto the PEAI treated perovskite 

films. All TPT-based CP solutions were prepared at room temperature except for TPT-TT 

solution which was separately pre-heated at 45 °C for 5 min for better dissolution. For the 

doped TPT-T (MB/C6), the precursor solution was prepared by mixing 20 mg mL-1 of 

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 TPT-T (MB/C6). 

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 area is 0.128 

cm2. To ensure film uniformity and good adhesion, the Au layer was deposited in multiple 

steps: the deposition rate was set at 0.01 ¡ s-1 for the first nanometer, then increased to 

0.05 ¡ s-1 until reaching 5 nm, followed by 0.10 ¡ s-1 up to 20 nm, and finally to 0.50 ¡ s-1 

until achieving the full thickness of 50 nm. The entire deposition process was performed 

under high vacuum, with base pressure maintained below 1 × 10-6 Torr. 

3.2 Materials Characterization 

CPs and SMs used as CTLs were characterized in powder, thin-film, 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 

The chemical composition and structural integrity of CPs and SMs in powders were 

characterized using a combination of nuclear magnetic resonance (NMR) spectroscopy, 

elemental analysis (EA), and gel permeation chromatography (GPC). X-ray photoelectron 

spectroscopy (XPS) was employed to analyze surface elemental composition and chemical 

environments of CPs and SMs in both thin-film form and completed PSC devices. XPS 

was specifically used to confirm the presence of target materials including the perovskite, 

TPT-based HTLs, and NDI-based ETLs. 

3.2.1.1 Nuclear Magnetic Resonance 

NMR spectra for all monomers and molecular precursors were acquired through 

Bruker Avance IIIHD 500 MHz or Bruker Avance IIIHD 700 MHz instruments using 

CDCl3 or DMSO-d6 as solvent; the residual CHCl3 peak was used as a reference for all 

reported chemical shifts (1H: ŭ= 7.26 ppm, 13C: ŭ= 77.16 ppm). For 13P NMR spectra, 85% 

H3PO4 was used as the external reference. NMR 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 number average molecular weight (Mn), weight average molecular weight 

(Mw), and dispersity (ņ) were determined using a Tosoh EcoSEC high temperature GPC 
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instrument with RI detector. GPC measurements were performed at the Organic Materials 

Characterization Laboratory (OMCL) at the Georgia Institute of Technology. 

3.2.1.4 X-ray Photoelectron Spectroscopy 

XPS measurements were acquired with a Thermo Scientific K-Alpha using a 

monochromatic Al KŬ X-ray source (hv = 1486.6 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 chamber pressure was less than 1x10-7 torr. 

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, high-resolution 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, I 3d, N 1s, O 1s, Pb 4f, S 2p. For Chapters 5 and 6, high-resolution scans were 

averaged over 20 measurements for C 1s, Br 3d, P 2p, and O 1s; 10 measurements for N 

1s, S 2p, and Cl 2p; and 5 measurements for Sn 3d. Peak fitting was conducted using the 

Thermo Scientific Advantage Data System. To correct for potential surface charging 

effects, all binding energies were referenced to the C-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 of synthesized CPs and SMs 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 C̄ min-1. Powder samples with a mass of approximately 5 mg were used and 

encapsulated in sealed DSC aluminum pan under a controlled N2 atmosphere. 

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 min-1 in a N2-rich atmosphere. 

3.2.3 Optical & Electronic Properties 

The optical and electronic properties of thin films were investigated using 

ultravioletïvisible (UVïVis) spectroscopy and ultraviolet photoelectron spectroscopy 

(UPS). These techniques were used to determine optical absorption characteristics, 

estimate optical gaps (Eg or EHOMO-LUMO), and extract energy level information including 

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

3.2.3.1 Ultraviolet-Visible Spectroscopy 

UV-Vis measurements were conducted using a Cary 5000 UVïVisïNIR 

spectrophotometer. In Chapter 4, only absorption spectra were measured for TPT-based 

polymer films deposited on FTO substrates. In Chapter 5, the absorption, transmittance, 

and reflectance spectra were measured for NDI-based molecular films using a double-beam 

configuration to account for substrate contributions. Thin films were deposited on glass 
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substrates, and for solution-based measurements, 0.05mg mL-1 NDI-based ETL molecules 

were dissolved in DMSO. In 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 Lyman-Ŭ photon source (10.2 eV). The system was operated under 

nitrogen-filled optical paths and a sample bias of -5 V with a pass energy of 5.85 eV. 

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 difference between 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 extracted using a Gaussian fitting method as previously reported in 

the literature.62 The LUMO (or CBM) was estimated by combining the optical energy gap 

(from UVïVis) with the UPS-derived HOMO or VBM level. 

All films were deposited on a 0.4 M Cs0.09FA0.91PbI3 perovskite layer with 5% 

excess Pb, spin coated on ITO substrates. Perovskite deposition involved spinning 90 ɛL 

of solution at 1000 rpm for 10 s (1000 rpm s-1 acceleration) followed by 6000 rpm for 20 s 

(7000 rpm s-1 acceleration), with 250 ɛL of chlorobenzene dynamically dropped 3 seconds 

before the end of the second step. Films were annealed at 150 ÁC for 10 min. Spiro-
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OMeTAD (0.02 M) was dynamically spin-coated at 5000 rpm for 30 s, and TPT-based 

polymers (15 mg mL-1 in chlorobenzene) were deposited at 6000 rpm for 20 s. 

In Chapter 6, UPS measurements were performed at MCF of IEN at Georgia Tech 

using a Thermo Fisher Scientific Nexsa G2 system equipped with a He I (21.22 eV) 

excitation source. A -5 V sample bias and 2 eV pass energy were used under ultrahigh 

vacuum conditions (< 1 × 10-8 Torr). Prior to measurements, the system was calibrated 

using a clean Ag reference by aligning the Fermi edge to 0 eV binding energy. SECO 

values were determined by linear extrapolation of the low kinetic energy cutoff, and the 

work function 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 function. UPS was used to analyze thin films of NDI-based molecules and 

Cs0.09FA0.91PbI3, all deposited on ITO substrates using the same fabrication methods 

described for PSC fabrication. 

3.2.4 Crystallinity 

3.2.4.1 Grazing Incidence Wide-Angle X-ray Scattering 

Synchrotron grazing incidence wide-angle X-ray scattering (GIWAXS) 

measurements were carried out at beamline 11-BM of the National Synchrotron Light 

Source II at Brookhaven National Laboratory. The X-ray beam had an energy of 13.5 keV 

and a spot size of 0.2 mm × 0.05 mm. Samples were irradiated for 10 s at incident angles 

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 

secondary-electron 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 angle (CA) measurements were conducted using ramé-hart (Model 290) 

and analyzed through Image J software via low bond axisymmetric drop shape analysis. 

To evaluate the polarity, 2.5 ɛL 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 Sinus-70 AAA solar simulator, providing AM 1.5G 

illumination at room temperature under ambient conditions. J-V characteristics were 

recorded in both forward and reverse scan directions, sweeping from 1.2 V to -0.5 V at a 

scan rate of 50 mV s-1. Max power point tracking (MPPT) was employed to determine the 

stabilized power output over a 120-second period. A mask was utilized to define the cell 
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area of 0.0625 cm2, while the total active device area remained 0.128 cm2. During 

measurements, N2 gas flow was introduced, but temperature control was not implemented. 

No pre-condition treatments, such as light-soaking or applied bias voltage, were performed 

prior to testing. 

For long-term stability analysis, a Fluxim Litos stress-test platform was used to 

evaluate device degradation. The PSCs were exposed to 1 sun equivalent illumination (UV-

filtered) in an N2-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) L-1I and L-2I protocols, where L, 1, 2, I represent light exposure under 

bias, room temperature operation, elevated temperature conditions, and an inert 

atmosphere, respectively.63 To monitor performance degradation, automated J-V scans 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 cm2
. 
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CHAPTER 4. EFFECT OF THERMAL TRANSITIONS AND 

CRYSTALLIZATIONS OF CP HTLS  

Despite the high PCE values, long-term operational stability remains a critical 

challenge for PSC commercialization. A key limiting factor toward achieving long-term 

stability in devices is the mechanical and chemical changes in the HTL, which interfaces 

with the perovskite, during operation and thermal cycling.64 These solar cells need to 

withstand elevated temperatures (i.e., 65 °C) to pass key ISOS metrics.63,65 Thus, strategies 

aimed at enhancing the stability of HTLs in PSCs, while simultaneously maintaining the 

device efficiency, are highly desirable. In this chapter, the relationship between CP 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 the CP backbone and side 

chains, influence device degradation under thermal stress. 

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 in Figure A-1 are referred to as TPT-TT, TPT-T, and TPT-T (MB/C6). The side 

chains of the TPT-TT and TPT-T polymers are similar (octyl and decyl pendant from 

phenyl and the flanking thiophenes) and the ˊ-bridge between the TPT unit changes from 

a fused ring TT to a less electron rich T. In our recent work, TPT-TT has been reported to 

exhibit a high degree of planarity promoted by non-covalent intramolecular S-O and S-H-

C coulombic interactions and high out-of-plane hole mobility of (2.43 ± 0.01) ·10-4 cm2 V-

1s-1.66 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 thiophenes). DSC was conducted to 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 with TPT-T (MB/C6) polymer as the 

HTL (without any additives) exhibited a PCE greater than 12%. In addition, long-term 

thermal stability measurements were performed following the ISOS protocols.63 The TPT-

T (MB/C6) shows improved long-term stability compared to TPT-TT and TPT-T. 

Furthermore, TPT-T (MB/C6) combined with Li-TFSI and tBP additives shows a higher 

PCE of over 15%, and endures 200 hours at 65 °C without changes in efficiency. 

4.1 Structure-Thermal Property Relationship in CPs 

4.1.1 Question & Hypothesis 

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

temperatures? 

Hypothesis 4.1.1: Removing the thiophene unit from the TPT-TT backbone and shortening 

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 TPT-TT, TPT-T, and TPT-T (MB/C6) are shown in 

Figure 4-1a and are arranged in the sequence of their respective modifications (synthesis 

route shown in Figure A-1). The number average molecular weights (Mn) and 

dispersity(ņ) of TPT-TT, TPT-T, and TPT-T (MB/C6) are 15 kg/mol (ņ: 1.64), 24 kg/mol 



 36 

(ņ: 1.51), and 26 kg/mol (ņ: 2.30), respectively. Mn and ņ of the polymers were 

determined by high-temperature GPC using 1,2,4-trichlorobenzene at 140 °C as the eluent. 

GPC traces are shown in Figure A-2 and are mono-modal. The comparable Mn and ņ of 

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

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

confirmed by EA and polymer structure using NMR spectroscopy (Table A-1; Figure A-

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

Stille cross-coupling polymerization to obtain TPT-based polymers are provided in 

Appendix A. 

 

Figure 4-1 Molecular structure and DSC curve of newly synthesized TPT-based 

conjugated polymers. (a) Molecular structure and (b) DSC scan of TPT-TT, TPT-T, and 

TPT-T (MB/C6). The colored portion of each molecular structure represents the modified 

area to improve the overall inherent thermal stability of conjugated polymer. The red arrow 

on DSC curve indicates different thermal transition points during the 2nd heating run 

wherein the heating rate is 10 °C min-1 in N2 atmosphere. 
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Examining the repeat unit structures in Figure 4-1a, TPT-TT and TPT-T 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 solution processing 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 effects) in Figure 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, confirming their semi-crystalline 

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 order-disorder, while the transition at 107 °C is correlated with a liquid 

crystalline behavior.66 Replacing a TT with T moves the first thermal transition (side chain 

order-disorder transition) to 116 °C (from 48 °C in TPT-TT) while the backbone melting 

drops to 157 °C (compared to 218 °C). These changes are in line with the improvement of 

the side chain packing strength (higher side chain melting point) while the backbone 

rigidity and ˊ-ˊ interactions might decrease due to modulation in intramolecular non-

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

By shortening and using branched side chains in TPT-T (MB/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 processing 

useful HTL films. Turning to the DSC, the thermal transition attributed to side chain 

melting was eliminated and the backbone melting temperature is pushed to temperatures 
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above 200 °C. This relatively high single thermal transition at 228 °C for TPT-T (MB/C6) 

is indicative of enhanced thermochemical stability at temperatures up to near 200 °C. In 

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 motion.67ï69 

4.2 Structure-Electronic Property Relationship in CPs 

4.2.1 Question & Hypothesis 

Question 4.2.1: How do changes in CP chemical structure affect its energy level positions? 

Hypothesis 4.2.1: Removing the electron-donating thiophene unit from the TPT-TT 

backbone is expected to lower its HOMO energy level, enhancing its offset for hole 

extraction. In contrast, shortening the side chains in TPT-T 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 UV-Vis absorption spectra of TPT-TT, TPT-T, and TPT-T 

(MB/C6) in thin films cast from chlorobenzene at a concentration of 20 mg mL-1 via spin 

coating is shown in Figure 4-2a. From TPT-TT to TPT-T, the absorption maximum is 

slightly red-shifted with formation of a distinct shoulder peak at 562 nm.  TPT-T (MB/C6) 

shows a blue shift, without any noticeable shoulder peak, when compared to both TPT-T 

and TPT-TT. Using the onset absorption wavelength of the polymer films, Eg was also 
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calculated via Taucôs relationship (Figure A-7). The Eg for both TPT-TT and TPT-T was 

calculated to be around 2.10 eV, whereas that of TPT-T (MB/C6) was 2.16 eV. 

 

Figure 4-2 Optoelectronic properties of TPT-based conjugated polymers. (a) 

Normalized UVïvis absorption spectra of TPT-TT, TPT-T, and TPT-T (MB/C6) as thin 

films on FTO substates. (b) Energy level schematic of the halide perovskite, the TPT-based 

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 in TPT-based 

polymers on their energetics, UPS measurements were performed (Figure A-8). The 

energy alignments of Cs0.09FA0.91PbI3 perovskite and TPT-based polymers are depicted in 

Figure 4-2b (detailed energy positions are shown in Table A-2 and Figure A-9). TPT-TT 

shows a HOMO energy (ionization energy) of -4.84 eV. The replacement of 

thienothiophene with thiophene unit (TPT-T) is accompanied by a slight increase of the 

HOMO energy level to -4.77 eV. The high energy difference of more than 0.5 eV between 

the Fermi level and the HOMO level in TPT-based polymers indicates these materials 

should have relatively low conductivities. Moreover, TPT-T and TPT-T (MB/C6) are 
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anticipated to exhibit electronic properties similar to those of TPT-TT, such as an out-of-

plane hole mobility of (2.43 ± 0.01) × 10ï4 cm2 Vï1 sï1, as minimal changes in the Fermi 

and HOMO levels were observed despite the structural modifications.66 

4.3 Role of CP Thermal Transition and Crystallization in PSC Aging 

4.3.1 Question & Hypothesis 

Question 4.3.1: How do thermal transition and crystallization of CP influence the stability 

of PSCs during thermal aging? 

Hypothesis 4.3.1: 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, cracks, 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 TPT-based polymers as potential HTLs in PSCs, n-i-p 

devices consisting of FTO/c-TiO2/mp-TiO2/PEAI/Cs0.09FA0.91PbI3/PEAI/CP/Au (Figure 

4-3a) were fabricated. The details of the PSC device fabrication are provided in Chapter 3. 

The complete device current-voltage characteristics for all devices tested are summarized 

in Figure A-10 and Table A-3. Figure 4-3b-e displays the statistical distributions of VOC, 

JSC, FF, and PCE of the devices based on different TPT-based polymer HTLs in reverse 

scans. A gradual increase in JSC and FF were observed when modifying the polymers from 

TPT-TT to TPT-T (MB/C6), while VOC remained relatively constant. The devices with all  
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Figure 4-3 Photovoltaic performance of TPT-based conjugated polymer HTLs in 

PSCs. (a) Device configuration of the n-i-p PSC. (b) VOC, (c) JSC, (d) FF, and (e) PCE 

obtained from reverse JïV scans. (f) Long-term stability of PSCs under constant simulated 

AM 1.5G illumination and MPPT for 200 hours with continuous N2 flow at 65 °C. 

TPT-based polymers showed an increased series resistance when compared to those 

prepared using doped Spiro-OMeTAD, as inferred from the high voltage region in the J-V 

curve (Figure A-10f). S-shaped J-V curves and similar VOC values of ~0.94 eV for all TPT-

based polymers suggest poor charge extraction between polymer and Au contact, which 

could be due to either energy misalignment (Figure 4-2b) or low hole mobilities leading 

to charge carrier accumulation.70 A PCE of 11.09% (median PCE of 10.04%) was obtained 

in a PSC based on TPT-T (MB/C6) HTL. Moreover, a long-term device stability study 

following the ISOS L-2I protocols was conducted to study the thermal effect on TPT-based 

polymer incorporated PSCs as shown in Figure 4-3f.63 The stability measurements were 

carried out under constant 1 sun equivalent illumination at 65 °C under a N2 atmosphere 

with constant MPPT. J-V scans were performed at 12-hour intervals to retrieve the 

evolution in VOC, JSC, FF, and stabilized PCE (Figure A-11). Overall, during the 200 hours 
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of stress testing, TPT-T (MB/C6) exhibited higher performance and slower decay in 

stabilized PCE compared to TPT-TT and TPT-T. The improved stability of TPT-T 

(MB/C6) is primarily due to an unchanged VOC as time progresses when compared to that 

of TPT-TT and TPT-T. The FF was lower than TPT-TT starting at 108-hour mark while 

JSC was similar to that of TPT-TT at the 180-hour mark. 

To investigate the degradation process induced by the ISOS L-2I long-term stability 

measurement on TPT-based polymer incorporated PSCs, XPS was performed on CPs on 

top of pristine and aged (for over 200 hours at 65 °C) devices. Figure 4-4a presents the 

XPS elemental scans of Pb 4f and I 3d of pristine and thermally stressed polymers on 

completed PSCs. For all pristine polymers, no significant Pb 4f and I 3d peaks were 

observed. On the other hand, the Pb 4f and I 3d peaks became more prominent in TPT-TT 

and TPT-T coated films after 200 hours of stability test at 65 °C. This suggests that the Pb 

and I 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 TPT-T (MB/C6) films, suggesting a lack of elemental 

migration or crack formation. SEM and OM were conducted to understand whether the 

changes in surface chemistry detected by XPS before and after the stability test are 

associated with microstructural modifications. Figure 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 stressed doped Spiro-OMeTAD, TPT-TT, and TPT-

T on completed PSCs that resemble cracks (Figure A-12b). On the other hand, no crack-

like features were observed on TPT-T (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 I 3d XPS spectra and (b) 1D integrated 

GIWAXS patterns on TPT-TT, TPT-T, and TPT-T (MB/C6) surfaces on completed PSCs. 

GIWAXS data is obtained with a grazing incidence angle of 0.1°. 

Synchrotron-based GIWAXS was performed to assess the effects of long-term 

stability measurements on the crystallinity of the polymers. Figure 4-4b shows the 1D 

integrated GIWAXS profiles of pristine and thermally stressed polymers on completed 

PSCs. The GIWAXS profiles that include the perovskite signals are shown in Figure A-

13a. To disentangle the GIWAXS signal of polymers from that of the perovskite layer, we 

acquired GIWAXS patterns of the polymer thin films deposited on FTO substrates from a 

20 mg mL-1 solution.  The patterns were obtained for films before and after annealing at 
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100 °C for 20 min in a N2 environment to simulate high temperature ageing (Figure A-

13b). For TPT-TT and TPT-T, crystalline peaks were present for pristine films at qr = 

0.37A-1 and qr = 0.34A-1, respectively. After the thermal stability test, the peaks remained 

relatively unchanged, while a new peak surfaced for TPT-T at qr = 0.42 A-1. Importantly, 

no crystalline peaks were present for the TPT-T (MB/C6) incorporated PSC before and 

after thermal stability test. Since TPT-T (MB/C6) thin film on FTO substrate showed a 

small crystalline peak at 0.41 A-1, the result suggests that the underlayer of polymer also 

plays an important role in their crystallization.71  

Previous results showed that the introduction of short-branched side chains lead to 

high thermal transition temperatures in TPT-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 TPT-T (MB/C6) are needed to 

produce a more amorphous as-cast film that does not crystallize at typical operation 

temperatures of solar cells. The lack of lower-temperature thermal transitions (below 200 

°C) is needed for more stable solar cells. On the other hand, the DSC data shows thermal 

transitions at lower temperatures (below 200 °C) for both TPT-TT and TPT-T, which 

coincide with crystalline peak formation and cracking for both as-cast and thermally 

stressed thin films. This, in turn, leads to solar cells that rapidly lose efficiency during 

thermal stress. 

Having identified TPT-T (MB/C6) as a candidate material for high efficiency and 

improved long-term stability, Li-TFSI and tBP were added to enhance its electronic 

properties, as is commonly done for such polymeric HTLs. The energy band positions of 
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Figure 4-5 Photovoltaic performance of TPT-T (MB/C6) with Li -TFSI & tBP 

additives. (a) Energy level schema of TPT-T (MB/C6) and doped TPT-T (MB/C6). The 

red dashed line represents the Fermi level energy of each material. (b) VOC, (c) JSC, (d) FF, 

(e) PCE, and (f) long-term stability of PSCs under constant simulated AM 1.5G 

illumination and MPPT for 200 hours with continuous N2 flow at 65 ÁC. ñLi-TFSIò refers 

to combination of Li-TFSI and tBP additives. 

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

in Figure 4-5a (detailed energy positions are shown in Figure 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 TPT-T (MB/C6). Figure 4-5b-e shows the statistical 

distributions of Voc, Jsc, FF, and PCE of TPT-T (MB/C6) and doped TPT-T (MB/C6) with 

1.2 M Li-TFSI and tBP additives; the detailed photovoltaic parameters are reported in 

Figure A-15 and Table A-4. Overall improvements in Voc, Jsc, and FF are observed in 

the doped TPT-T (MB/C6). The S-shaped JïV curve that was originally measured for TPT-

T (MB/C6) disappeared for the additive-based devices (Figure 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 TPT-T (MB/C6) suggests a higher 

concentration of positive charge carriers, enhancing the conductivity. These improvements 

led to PCE reaching a maximum of 15.65% for the doped TPT-T (MB/C6). Following the 

ISOS L-2I protocols, the additive-free and the TPT-T (MB/C6) polymer with additives 

were subjected to a long-term stability test under 1 sun equivalent illumination at 65 °C in 

a N2 atmosphere with constant MPPT (Figure 4-5f). A JïV scan was conducted every 12 

hours to track the changes in Voc, JSc, FF, and stabilized PCE (Figure A-16). Interestingly, 

the doped TPT-T (MB/C6) did not show much of a change in the PCE for up to 200 hours. 

It is possible that the improved stability of the TPT-T (MB/C6) with additives is due to 

improved energy level alignment, which is directly related to ion movement in perovskite 

solar cells.72 

4.4 Conclusions 

A series of thiophene-based CP HTLs have been successfully synthesized, 

characterized, and incorporated into n-i-p PSCs. Among the three CP variants examined, 

TPT-T (MB/C6) with shorter, branched side chains exhibited superior device performance 

and exceptional long-term stability. This achievement can be attributed to its amorphous 

nature, which helps prevent cracking during thermal stress testing. Notably, the TPT-TT 

and TPT-T polymers were found to undergo faster degradation, marked by the 

development of crystalline domains and macroscale cracks after thermal stress testing in 

solar cells. These cracks exposed the underlying perovskite layer. Furthermore, the 

combination of Li-TFSI and tBP additives with TPT-T (MB/C6) yielded PCE above 15%, 

which can be attributed to better band alignment and improved electronic properties as the 
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work function increases. Remarkably, TPT-T (MB/C6) with additives exhibited 

exceptional thermal stability for over 200 hours at 65 °C. This work introduces a novel 

chemical structure design for thiophene-based 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. Furthermore, our study shows an important correlation 

between thermal transition temperatures and CP thin film crystallization that occurs within 

the temperatures at which solar cells are tested. Two design rules are proposed for 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 long-term stability of PSCs by 

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 establish strong adhesion to 

TCOs but are not routinely incorporated in inorganic CTL design.  

In this chapter, two functionalized NDI-based molecules were examined as ETLs 

in n-i-p PSC device configuration, ((1,3,6,8-tetraoxo-1,3,6,8-

tetrahydrobenzo[lmn][3,8]phenanthroline-2,-diyl)bis(4,1-phenylene))bis(phosphonic 

acid) (NDI-(PhPA)2) which features phosphonic acid group on each end of the molecule, 

and 2,7-bis(4-bromphenyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI-

(PhBr)2), which has bromine terminations instead of the PA anchoring groups (Figure 5-

1a). NDI derivatives are widely recognized for their strong electron-accepting 

characteristics, high stability under ambient conditions, and efficient ˊḯ  stacking 

interactions to facilitate enhanced charge transport, making them attractive candidates for 

organic ETLs.73ï75 NDI-(PhPA)2 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)2 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 NDI-(PhPA)2 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 TiO2-based ETLs. Conversely, devices treated with NDI-

(PhBr)2 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 achieving robust 

interface engineering and long-term device stability in PSCs. 

5.1 Role of Anchoring Groups in TCO-Perovskite Interfacial Engineering 

5.1.1 Question & Hypothesis 

Question 5.1.1: How does the anchoring groups in molecules influence the interfacial 

interaction with both TCO and the perovskite? 

Hypothesis 5.1.1: 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 groups enhance 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 NDI-(PhPA)2 and NDI-(PhBr)2 are shown in Figure 5-

1a, with synthesis detailed in Figure B-1 and Figure B-8, and structural confirmation 

provided by NMR spectroscopy (Figure 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 NDI-(PhPA)2 and NDI-(PhBr)2 need to remain 

structurally intact under standard PSC fabrication and operational conditions. To assess the 

thermal stability of these molecules, TGA was conducted on the powders (Figure 5-1b), 

revealing distinct thermal behaviors. NDI-(PhPA)2 exhibited three mass loss onsets at 254 

°C, 422 °C, and 555 °C, indicating stepwise loss of different molecular components. In 

contrast, NDI-(PhBr)2 displayed a single sharp mass loss onset at 413 °C, demonstrating a 

more thermally stable molecular framework compared to NDI-(PhPA)2. The presence of 

mass loss onsets in NDI-(PhPA)2 at a lower temperature than for NDI-(PhBr)2 suggests an 

increased thermal instability introduced by the presence of the phosphonic acid groups. 

The absence of multiple decomposition steps suggests that NDI-(PhBr)2 maintains its 

chemical structure until a critical thermal threshold is reached, at which point either 

degradation or molecular evaporation occurs. Both molecules exhibited initial 

decomposition temperatures well above 250 °C, indicating sufficient thermal stability for 

PSC processing and operation as shown in the inset of Figure 5-1b. This thermal 

robustness is particularly significant, as degradation at the CTL interface can lead to device 

instability and efficiency losses.76 Figure 5-1c displays the solution UV-vis absorption 

spectra of NDI-(PhPA)2 and NDI-(PhBr)2 in DMSO. Both molecules exhibit identical 

spectral shapes and absorptions onsets, characteristic of the NDI-core structure, with 
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pronounced maxima at 361 nm and 381 nm.77 The absence of absorption in the visible 

region is beneficial for light absorption by the perovskite active layer. 

 

Figure 5-1 Molecular structure, TGA, and solution UV-Vis of newly synthesized NDI-

based ETLs. (a) Molecular structure, (b) thermogram, and (c) solution UV-vis absorption 

spectra of NDI-(PhPA)2 and NDI-(PhBr)2 molecules. 

Thin films of NDI-(PhPA)2 and NDI-(PhBr)2 were fabricated via CBD with the 

deposition durations optimized to maximize surface coverage (Figure 5-2). Prior to film 

fabrication, the solubility of both molecules was evaluated at a concentration of 0.5 mg 

mL-1 in 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 H2O (polarity = 1).78 Both NDI-(PhPA)2 and NDI-(PhBr)2 were insoluble in 

CB and MeOH, while readily dissolving in DMSO. NDI-(PhPA)2 dissolved fully at room 

temperature, whereas NDI-(PhBr)2 required sustained heating at 100 °C to achieve 

complete solubility. Based on these results, a concentration of 0.5 mg mL-1 in DMSO at 

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

120 °C for 10 minutes to eliminate residual solvent. 

 

Figure 5-2 CBD process of NDI-based ETLs. Schematic representation of the CBD 

process of NDI-based 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 surface. For NDI-

(PhPA)2, 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, NDI-(PhBr)2, being nonpolar and 

dependent on weak physisorption to the metal oxide surface, was deposited over shorter 

durations of 6, 12, and 24 hours.  Longer deposition times were not expected to improve 

coverage, as weak, non-specific interactions typically reach equilibrium rapidly and do not 

benefit from extended exposure, making shorter deposition times sufficient to assess any 

potential adsorption behavior.79 Preliminary confirmation of molecular deposition and 

structural integrity was carried out by comparing thin-film UV-Vis absorption spectra with 

solution-phase spectra (Figure 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 double-beam 

spectrophotometer, using a blank glass substrate as the reference to ensure that the recorded 

signals correspond exclusively to the deposited molecules. Both NDI-coated glass 

substrates exhibit an absorption at 260 nm and 270 nm, likely originating from minor 

baseline deviations arising from changes in the refractive index of the glass surface 

following CBD treatment.  

 Normalized thin-film spectra of NDI-(PhPA)2 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 for NDI-(PhBr)2 

were observed, indicating the likely absence of film formation. As a result, only the optical 

HOMO-LUMO gap of NDI-(PhPA)2 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-16c). In addition, absorptance spectra derived from transmittance and 

reflectance measurements further confirm that the lack of a defined band edge in NDI-

(PhBr)2 is not due to light scattering and is instead due to the absence of any NDI-(PhBr)2 

thin film on the glass substrate surface (Figure B-17). 

XPS was performed to confirm the deposition of NDI-(PhPA)2 and NDI-(PhBr)2 

onto the FTO substrates, and to assess the influence of varying chemical bath durations on 

molecular coverage. Figure 5-3a and Figure 5-3b present elemental XPS scans of P 2p 

and Br 3d, corresponding to NDI-(PhPA)2 and NDI-(PhBr)2 thin films, respectively. For 

NDI-(PhPA)2, 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 processing.  After NDI  



 54 

 

 

Figure 5-3 XPS analysis of NDI-based ETLs on FTO. XPS spectra of (a) P 2p for NDI-

(PhPA)2 and (b) Br 3d for NDI-(PhBr)2, deposited on FTO substrates under varying 

chemical bath duration. (c) XPS spectra of P 2p for NDI-(PhPA)2 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)2 deposition, two distinct peaks with binding energies of 139 eV and 133.5 eV 

were observed. The persistent 139 eV signal, though reduced in intensity, is attributed to 

the underlying FTO substrate, whereas the new peak at 133.5 eV peak corresponds to 

phosphorous P 2p within the NDI-(PhPA)2 molecule. The increase at binding 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 self-limited deposition and could suggest a monolayer is formed after this 

wait time. Deposition was further confirmed by a ˊ-ˊ* satellite feature near 291.5 eV 

(Figure B-18) in the C 1s spectrum, which is attributed to the conjugated or aromatic ˊ-

electron systems in the backbone. 

For NDI-(PhBr)2, the Br 3d 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 and the hydroxyl-terminated 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 NDI-(PhBr)2 showed no ˊḯ * 

satellite feature (Figure B-19), and no N 1s signal was detected (Figure B-20). In contrast, 

N 1s peaks were clearly observed for NDI-(PhPA)2, with increasing intensity correlating 

with longer deposition times, further supporting the formation of a uniform, well-anchored 

thin film. The absence of both Br 3d and N 1s signals for NDI-(PhBr)2 conclusively 

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

To evaluate how much of the NDI-(PhPA)2 molecules remain on the FTO 

substrates during perovskite deposition, polar and nonpolar solvents were spin coated onto 

the thin films (referred to in this chapter as a ñwash testò). The wash test was conducted to 

 simulate the solvent environment encountered during the perovskite spin-coating process. 

This was achieved by sequentially spin-coating a 90 µL solution of DMF and DMSO in a 

2:1 volume ratio, followed by 250 µL CB onto pristine thin films. Since DMSO, the solvent 

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 
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relevant to PSC fabrication. Given that NDI-based 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-(PhPA)2 thin films, XPS analysis revealed an increase in the signal at 139 

eV following the wash test when compared to unwashed films (Figure 5-3c), except for 

72-hour depositions. The data show an increase in the FTO signal after washing, suggesting 

that some of the NDI-(PhPA)2 is being removed. This increase was inversely correlated 

with CBD duration, where the peak intensity increase at 139 eV was more pronounced for 

thin films deposited for 24 and 48 hours but remained largely unchanged for 72-hour 

depositions. These observations suggest that longer CBD durations enhance interfacial 

bonding. The ability of NDI-(PhPA)2 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 n-i-p PSCs. This illustrates the critical role of anchoring groups 

such as phosphonic acids in establishing strong interactions with metal oxides. 

Furthermore, the ability of NDI-(PhPA)2 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 

Question 5.2.1: How does the anchoring group functionalities affect long-term operational 

stability of PSCs under light and thermal stress conditions? 
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Hypothesis 5.1.1: 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 coverage, 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, suppresses hysteresis, 

and enhances overall device stability. 

5.2.2 Results and Discussion 

The effect of anchoring groups on PSC performance was explored by using n-i-p 

structured devices consisting of FTO/ETL/  

Cs0.09FA0.91PbI3/PEAI/doped Spiro-OMeTAD/Au (Figure 5-4a), where the ETL consisted 

of either NDI-(PhPA)2 or FTO substrates subjected to CBD treatment with NDI-(PhBr)2. 

Based on the XPS and washing results, devices processed with a 72-hour CBD time are 

considered for the subsequent device fabrication and characterization discussion (Figure 

5-4b). However, other deposition conditions were also explored and are reported (Figure 

B-21 - Figure B-23; Table B-1 - Table B-3).  Devices treated with NDI-(PhBr)2 displayed 

a modest performance improvement with respect to NDI-(PhPA)2 ETL devices but still 

underperformed compared to devices without ETL. This occurred despite XPS and UV-

Vis data confirming the absence of thin-film formation. As such, it is hypothesized that the 

CBD process using NDI-(PhBr)2 may have subtly altered the surface energetics or 

wettability of the FTO, changing perovskite crystallization and interfacial properties 

(Figure B-22, Figure B-23, and Figure B-30; Table B-2 and Table B-3). PV performance 

metrics revealed a maximum reverse PCE of 20.90% (median 20.22%) for devices with c- 
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Figure 5-4 Photovoltaic performance of NDI-based ETLs in PSCs. (a) Schematic of 

the n-i-p PSC device configuration and (b) PCE from reverse J-V scans. Long-term stability 

of PSCs under constant simulated AM 1.5G illumination and MPPT in continuous N2 flow 

at (c) 25 ÁC and (d) 65 ÁC. ñREFò refers to PSCs with c-TiO2 + mp-TiO2 as the control 

ETL, while ñw/o ETLò represents devices without an ETL. 

TiO2 + mp-TiO2 (referred to as REF), 18.69% (median 14.86%) for devices without ETL 

(w/o ETL), 14.92% (median 12.39%) for NDI-(PhPA)2, and 16.61% (median 13.39%) for 

NDI-(PhBr)2 (Figure 5-4b); the detailed photovoltaic parameters are reported in Figure 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 NDI-(PhPA)2 and NDI-(PhBr)2. This observation is 

REF
w/o 

ETL

NDI

-(PhPA)2

72Hr

NDI

-(PhBr)2

72Hr

0

2

4

6

8

10

12

14

16

18

20

22

P
C

E  (
%

)

0 25 50 75 100
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

N
o

rm
a

liz
e

d
 S

ta
b

ili
ze

d
 P

C
E

Time (Hr)

ISOS-L-2I
Temp.: 65 °C
Atm.: N2
Humidity: 0%

Mask: Off
MPP Tracking: On

Illumination Intensity: 1 Sun Equivalent

0 25 50 75 100 125 150 175 200
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

N
o

rm
a

liz
e

d
 S

ta
b

ili
ze

d
 P

C
E

Time (Hr)

ISOS-L-1I
Temp.: 25 °C
Atm.: N2
Humidity: 0% Illumination Intensity: 1 Sun Equivalent

MPP Tracking: On
Mask: Off

 REF.

 w/o ETL.

 NDI-(PhPA)2 72Hr

 NDI-(PhBr)2 72Hr

a b

c d



 59 

consistent with previous studies showing that PSCs without an ETL can still achieve high 

efficiencies above 17%.80,81 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 on the batch (Table B-2). 

Despite forming a uniform, well-anchored interlayer, NDI-(PhPA)2 devices 

exhibited lower stabilized PCEs, primarily due to a reduction in VOC (Figure B-31a). Given 

its superior molecular coverage and strong interaction with FTO, the reduced VOC is likely 

linked to the introduction of suboptimal energy band alignment, generating an interfacial 

energy barrier with the perovskite. Contact angle measurements (Figure B-30) revealed 

that NDI-(PhPA)2 yields a more hydrophilic surface than bare FTO yet remains less 

hydrophilic than the reference (c-TiO2 + mp-TiO2) surface. Prior studies indicate that 

surface polarity can influence perovskite nucleation, where more hydrophilic surfaces 

promote denser nucleation and smaller grains, while more hydrophobic surfaces favor 

fewer nucleation and larger grains.82 Smaller grains typically result in more grain 

boundaries, which are often correlated with increased non-radiative recombination and 

reduced VOC. However, since the reference devices show higher VOC than NDI-(PhPA)2 

based devices, the VOC loss is unlikely due to grain size differences and instead support the 

hypothesis of an energy level mismatch at the FTO/ETL or ETL/perovskite interface. In 

contrast, devices treated with NDI-(PhBr)2 exhibited higher stabilized PCEs than those 

with NDI-(PhPA)2, which can be attributed to the lack of deposition of NDI-(PhBr)2 during 

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

To evaluate the impact of NDI-based ETLs on PSC long-term stability, ISOS-L-1I 

and ISOS-L-2I protocols were employed.63 Following the ISOS-L-1I testing, the devices 
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were subjected to continuous MPPT under 1 sun equivalent illumination at 25 °C in an N2 

atmosphere (Figure 5-4c). J-V scans were conducted every 12 hours to monitor the 

evolution of VOC, JSC, FF, and stabilized PCE (Figure B-32). Over 200 hours of stress 

testing, the normalized stabilized PCE remained unchanged for both the reference (c-TiO2 

+ mp-TiO2) and NDI-(PhPA)2 devices, while devices without ETL and those treated with 

NDI-(PhBr)2 exhibited rapid and comparable degradation. Under ISOS-L-2I high-

temperature stress testing at 65 °C for 100 hours, degradation accelerated for devices 

without ETL and those treated with NDI-(PhBr)2 (Figure 5-4d). Conversely, the REF and 

NDI-(PhPA)2 devices showed greater stability. The gradual decline in normalized 

stabilized PCE observed in these more stable devices is likely linked to doped Spiro-

OMeTAD degradation, given that the ETL is the only variable and the thermal instability 

of doped Spiro-OMeTAD is well established in the literature.50,72,76 These results suggest 

that PhPA anchoring groups in NDI-based molecules enhance device longevity by 

preventing interface degradation, reinforcing that NDI-(PhPA)2 exhibits comparable 

stability to c-TiO2 + mp-TiO2 under both light and thermal stress conditions. In particular, 

devices with direct FTO-perovskite contact suffer from interface degradation due to 

unmitigated ion migration, surface reactions, and trap formation.30 The impact of molecular 

coverage and unbound excess molecules on long-term stability was also examined in PSCs 

with NDI-(PhPA)2 and NDI-(PhBr)2 processed via 24-hour CBD. The unbound excess 

molecules refer to devices without EtOH dipping during the CBD process. Under ISOS-L-

1I testing, NDI-(PhPA)2 showed linear degradation, while NDI-(PhBr)2 treated devices 

degraded rapidly. ISOS-L-2I testing further revealed that unbound NDI-(PhPA)2 

accelerated degradation, whereas NDI-(PhBr)2 excess caused additional instability. An 
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extended analysis is provided in Supplementary Note 1 (Figure B-24 - Figure B-29; 

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

5.3 Conclusions 

Two non-fullerene electron acceptor organic molecules with different functional 

groups, NDI-(PhPA)2 and NDI-(PhBr)2, were employed to form ETLs 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 NDI-(PhPA)2 was deposited on an FTO 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 

facilitate strong adhesion but also prevents molecular desorption once complete coverage 

is obtained. In contrast, NDI-(PhBr)2 relying on weak physisorption did not adhere to FTO 

and was entirely removed during perovskite processing confirming its poor interfacial 

stability. Long-term stability assessments under ISOS-L-1I (200 hours, light stability) and 

ISOS-L-2I (100 hours, high-temperature light stability) protocols demonstrated that these 

anchoring groups play a key factor in stabilizing PSC interfaces. Films of NDI-(PhPA)2 

exhibited stability comparable to c-TiO2 + mp-TiO2, supporting its potential as a viable 

organic ETL. Conversely, NDI-(PhBr)2 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 adhesion and PSC 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 engineering in CTLs, optimizing both anchoring 

strength and electronic properties to develop stable, high-performance 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 transfer, and 

elevate nonradiative recombination, leading to reduction in VOC, JSC, FF, and overall 

PCE.83ï85 Beyond steady-state 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 lattice.86,87 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 contributing to dynamic instabilities such 

as J-V hysteresis and long-term PSC performance.64,87ï90 Hysteresis in PSCs is a significant 

issue as it leads to discrepancies in J-V 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 and suppressing 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-

(PhPA)2, achieved a maximum PCE of 14.3% and exhibited excellent thermal durability, 
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comparable to TiO2-based ETLs. However, despite forming a uniform and well-anchored 

interlayer, NDI-(PhPA)2 showed reduced VOC and pronounced J-V hysteresis. These 

performance losses were attributed to unfavorable energy level alignment, where the 

LUMO of NDI-(PhPA)2 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 NDI-based ETLs were designed:   ((1,3,6,8-tetraoxo-

1,3,6,8-tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis(4,1-

phenylene))bis(methylene))bis(phosphonic acid) (NDI-(BnPA)2) and its dibrominated 

analogue (((4,9-dibromo-1,3,6,8-tetraoxo-1,3,6,8-

tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis(4,1-

phenylene))bis(methylene))bis(phosphonic acid) (Br2-NDI-(BnPA)2). These molecules 

retain the surface-binding functionality of PhPA while introducing a methyl spacer to 

enhance solubility and processability. The two BnPA groups serve complementary roles 

wherein one provides strong chemical adhesion to TCOs, while the second enhances 

surface wettability to promote uniform perovskite film coverage. -́conjugated core 

modification with electron-withdrawing substituents, such as halogens, nitriles, or acyl 

groups, has previously been employed to lower the LUMO level and improve interfacial 

alignment.91  Bromine atoms were introduced at the NDI core of Br2-NDI-(BnPA)2, where 

their electronegativity further lowers the NDIôs LUMO energy, to improve alignment with 

the perovskite CBM and facilitate more efficient electron extraction. UPS confirmed a 

LUMO downshift in the brominated derivative, while UV-Vis absorption measurements 

indicated a reduction in the HOMO-LUMO gap. When integrated into planar n-i-p PSCs, 
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devices employing Br2-NDI-(BnPA)2 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 NDI-(BnPA)2. The improved performance is attributed to more 

favorable energy alignment at the perovskite interface and enhanced electron extraction 

enabled by the deeper LUMO level. Notably, Br2-NDI-(BnPA)2-based devices also 

suppressed JSC hysteresis, further supporting the hypothesis that deeper LUMO levels 

reduce interfacial charge accumulation and field-driven 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 high-performance, stable organic ETLs for PSCs. 

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

6.1.1 Question & Hypothesis 

Question 6.1.1: How does lowering the LUMO level of molecular ETL influence charge 

extraction and hysteresis in PSC? 

Hypothesis 6.1.1: Lowering the LUMO level of molecular 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, thereby suppressing J-V hysteresis 

and improving overall device performance. 

6.1.2 Results & Discussion 
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Figure 6-1a illustrates the molecular structure of NDI-(BnPA)2 and Br2-NDI-

(BnPA)2. Synthetic procedures are outlined in Figure C-1 and Figure C-2. The thermal 

stability of both molecules was evaluated by TGA (Figure 6-1b), which revealed both 

molecules exhibit less than 0.5% 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, distinct mass loss events are observed, which are likely associated with 

evaporation or thermal degradation process involving the phosphonic acid functional 

groups, consistent with prior reports on related systems.92 Furthermore, complementary 

 

Figure 6-1 Molecular structure and TGA of newly synthesized NDI-based ETLs. (a) 

Molecular structure and (b) thermogram of NDI-(BnPA)2 and Br2-NDI-(BnPA)2 

molecules. The inset shows the 50 - 200 °C range relevant to PSC processing conditions, 

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

mass loss. 

DSC analysis on the precursor powders of both molecules showed no discernible phase 

transitions, such as melting or crystallization for either molecule up to 250 °C (Figure 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 interfacial desorption during 

device operation.76 These results demonstrate that both NDI derivatives possess the thermal 

robustness necessary for stable integration into PSCs. 

Thin films of NDI-(BnPA)2 and Br2-NDI-(BnPA)2 were deposited onto various 

transparent oxide substrates, including glass, FTO, and ITO, using the same CBD process 

used in Chapter 5. To verify successful molecular deposition, XPS was performed on bare 

FTO, NDI-(BnPA)2-coated FTO, and Br2-NDI-(BnPA)2-coated FTO substrates (Figure 6-

2), using bare FTO as the reference. The P 2p signal (Figure 6-2a) of bare FTO displayed 

 

Figure 6-2 XPS confirmation of NDI-based ETL deposition on FTO. XPS spectra of 

(a) P 2p, (b) Br 3d, and N 1s for NDI-(BnPA)2 and Br2-NDI-(BnPA)2 films deposited on 

FTO substrates. 

a peak at 139 eV which cannot be definitively assigned but may be related to Zn or Pb 

contaminants introduced during the substrate manufacturing process, as previously 

discussed in Chapter 5. Upon molecular deposition, two distinct changes were observed: 

(i) attenuation of FTO-derived 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 NDI-based molecules. The suppression of the bare FTO signal alongside the emergence 

of the phosphorus signal confirms the deposition of the molecules on FTO. Further 
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molecular differentiation was achieved through Br 3d analysis (Figure 6-2b). A Br 3d 

doublet between 71 eV and 72 eV was detected exclusively for Br2-NDI-(BnPA)2 thin film, 

consistent with the presence of bromine substituents incorporated within the molecular 

structure. No corresponding Br 3d signal was observed for bare FTO or NDI-(BnPA)2 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 nitrogen contamination. 

Collectively, these results demonstrate successful CBD of the NDI-based 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 this end, the same solvent 

wash test in Chapter 5 was conducted for NDI-(BnPA)2 and Br2-NDI-(BnPA)2 thin films 

on FTO. XPS characterization following the solvent washing revealed no change in the P 

2p signal for either NDI-(BnPA)2 and Br2-NDI-(BnPA)2 thin films, indicating that the 

phosphonic acid anchoring groups remained strongly bound to the FTO surface (Figure 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 Br2-NDI-(BnPA)2 remain unaltered (Figure C-4), further 

supporting the stability of the molecular films. These findings demonstrate that NDI-

(BnPA)2 and Br2-NDI-(BnPA)2 form chemically robust and mechanically resilient 

interlayers capable of withstanding solvent processing, an essential requirement for 

ensuring stable interfaces in PSCs. 
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Figure 6-3 XPS analysis of NDI-based ETL retention on FTO after solvent washing. 

XPS spectra of P 2p region for NDI-(BnPA)2 and Br2-NDI-(BnPA)2 films deposited on 

FTO, before and after washing with DMF:DMSO (2:1) and CB solvents, simulating the 

perovskite spin-coating conditions to assess molecular retention. 

The optical properties of NDI-(BnPA)2 and Br2-NDI-(BnPA)2 were assessed via 

UV-Vis spectroscopy in both solution and thin films (Figure 6-4ab and Figure C-5). In 

solution (Figure C-5b), NDI-(BnPA)2 exhibited sharp, well-defined absorption peaks at 

362 nm and 381 nm, consistent with its thin-film spectrum. This suggests minimal 

aggregation in solution and preservation of its molecular electronic structure during film 

formation. In contrast, Br2-NDI-(BnPA)2 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 thin-film state. 
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 Figure 6-4a,b and Figure C-5a show the thin-film UV-Vis measurements on glass 

substrates, using bare glass as a reference to isolate molecular absorption, further 

highlighting differences between the two molecules. NDI-(BnPA)2 thin films exhibited 

distinct absorption peaks at 362 nm and 381 nm, whereas Br2-NDI-(BnPA)2 thin films 

showed red-shifted absorption features at 394 nm and 416 nm. This redshift reflects a 

reduction in the optical HOMO-LUMO gap due to bromination of the NDI core, as 

confirmed by Tauc plot analysis. The optical HOMO-LUMO gaps were determined to be 

3.12 eV for NDI-(BnPA)2 and 2.82 eV for Br2-NDI-(BnPA)2, as shown in the insets. Upon 

transitioning to the solid state, Br2-NDI-(BnPA)2 molecules adopt a more ordered packing 

arrangement, resulting in sharper, distinct peaks at 394 nm and 416 nm. The disappearance 

of 363 nm solution absorption feature and the appearance of new thin-film absorption 

features highlight the profound influence of bromineôs steric bulk on molecular packing 

and solid-state electronic transitions. 

 

Figure 6-4 Optoelectronic characterization and energy level alignment of NDI-based 

ETLs. UV-Vis absorption spectra of (a) NDI-(BnPA)2 and (b) Br2-NDI-(BnPA)2 thin films 

deposited on glass substrates, along with Tauc plot extrapolations (insets) to estimate their 

optical HOMO-LUMO energy gaps. (c) Energy level diagram of NDI-based 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 the Cs0.09FA0.91PbI3 

perovskite, NDI-(BnPA)2, and Br2-NDI-(BnPA)2 thin films. UPS was performed on each 

thin film deposited on an ITO substrate to extract the work functions and HOMO/VBM 

levels (detailed energy positions are shown in Figure C-7 and Table C-1). By combining 

UPS results with optical HOMO-LUMO gap values obtained from UV-Vis measurements, 

a complete energy level diagram was constructed. The optical energy bandgap of 

Cs0.09FA0.91PbI3 was determined to be 1.53 eV (Figure C-6). Bromination lowered the 

LUMO level from ï3.81 eV for NDI-(BnPA)2 to ï4.10 eV for Br2-NDI-(BnPA)2, while the 

HOMO levels remained largely unchanged. The LUMO offset between NDI-(BnPA)2 and 

the perovskite CBM is approximately 0.48 eV, whereas Br2-NDI-(BnPA)2 achieved a 

smaller offset of 0.19 eV. Although both LUMO levels lie above the perovskite CBM, the 

reduced offset in Br2-NDI-(BnPA)2 is expected to facilitate more efficient electron 

extraction and lower interfacial electron accumulation, which can help suppress hysteresis 

under operation conditions at room temperature. To note, while UPS measurements 

provide valuable insights into relative energy levels, the absolute values may vary slightly 

depending on experimental conditions, however, 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 approximately -6.9 eV, 

aligning closely with our UPS measurements.93 

To evaluate the impact of LUMO level tuning in the NDI-based ETLs, PSCs were 

fabricated in a conventional n-i-p planar configuration comprising 

FTO/ETL/Cs0.09FA0.91PbI3 /PEAI/doped Spiro-OMeTAD/Au (Figure C-8). Devices 
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fabricated without an ETL (w/o ETL), with NDI-(BnPA) , and with Br-NDI-(BnPA)  

were compared. Figure 6-5a shows the short-circuit current density (JSC) under reverse 

and forward bias sweeps for the different ETLs. While the VOC and FF remained similar 

between devices utilizing NDI-(BnPA)2 and Br2-NDI-(BnPA)2, a slight increase in JSC and 

a pronounced reduction in JSC hysteresis were observed for Br2-NDI-(BnPA)2 (Figure C-

9a,c). The improvement is attributed to the deeper LUMO level of Br2-NDI-(BnPA)2 (-

4.10 eV), which reduces the energy offset with the Cs0.09FA0.91PbI3 CBM (-4.29 eV), 

enhancing electron extraction. Although dibromo-substitution improves LUMO alignment 

and facilitates more efficient electron extraction, the similar Fermi levels of NDI-(BnPA)2 

and Br2-NDI-(BnPA)2 maintain comparable built-in potentials, resulting in unchanged VOC 

and FF across the two devices. We note that VOC in PSC is primarily determined by quasi-

Fermi level splitting inside the perovskite, not solely by the ETL-perovskite energy 

alignment, which might explain the same VOC observed for the two interlayers.94,95 Devices 

without ETL exhibited the highest hysteresis in JSC, VOC, and FF, consistent with increased 

surface recombination and inefficient charge extraction due to direct perovskite/FTO 

contact. Stabilized PCEs (Figure 6-5b) followed the expected trend: Br2-NDI-(BnPA)2 

(12.55%; median 10.55%) > NDI-(BnPA)2 (10.93%; median 9.49%) > w/o ETL (8.04%; 

median 6.04%), further supporting the role that an optimized LUMO alignment has in 

improving performances via enhanced carrier extraction. Detailed photovoltaic parameters 

are provided in Figure C-9 and Table C-2. Further insight into the interfacial charge 

dynamics is provided by hysteresis index (HI) extracted from the reverse and forward J-V 

scans (Figure 6-5c). The HI, calculated as the ratio of PCE obtained from the forward and 

reverse scans, can be used to quantify the discrepancy in the J-V scans between different  
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Figure 6-5 Photovoltaic performance and operational stability of PSCs with NDI-

based ETLs. (a) JSC under both reverse and forward scan directions, (b) stabilized PCE, 

and (f) hysteresis index of PSCs incorporating ETL-free (w/o ETL), NDI-(BnPA)2, and 

Br2-NDI-(BnPA)2. The hysteresis index quantifies the degree of JïV scan direction 

dependence of the PCE, calculated as the relative difference between reverse (positive to 

negative bias) and forward (negative to positive bias) scan PCEs. (c) Long-term stability 

of devices under continuous AM 1.5G illumination and MPPT at 25 ÁC in N2 atmosphere, 

following ISOS-L-1I protocol. 

devices. Devices incorporating Br2- NDI-(BnPA)2 exhibited a minimum HI of 0.26, 

significantly lower than the minimum HI value of 0.33 observed for devices utilizing NDI-

(BnPA)2, 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 hysteresis. Detailed 

HI values are summarized in Table C-3. 

Finally, long-term operational stability was assessed following the ISOS-L-1I 

protocol.63 Devices were subjected to continuous MPPT under 1 sun equivalent 
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illumination at 25 °C in an N2 atmosphere (Figure 6-5d), with J-V scans recorded every 

12 hours (Figure C-10). Over 200 hours of continuous operation, the normalized stabilized 

PCEs of NDI-(BnPA)2, and Br-NDI-(BnPA)2 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 perovskite interface and maintaining device integrity during 

prolonged operation. 

6.2 Conclusions 

In this work, we demonstrate the rational design and implementation of two NDI-

based ETLs, NDI-(BnPA)2 and Br2-NDI-(BnPA)2, for use in PSCs. Bromine addition to 

the core of the molecule effectively lowers the LUMO level of Br2-NDI-(BnPA)2 while 

preserving film integrity, resulting in improved energy alignment with the Cs0.09FA0.91PbI3 

perovskite conduction band maximum. Devices incorporating Br2-NDI-(BnPA)2 achieved 

maximum PCE of 13.67% (maximum stabilized PCE of 12.55%) compared to 13.20% 

(maximum stabilized PCE of 10.93%) of solar cells utilizing NDI-(BnPA)2. The PCE 

improvement is driven by enhanced JSC and reduced JSC hysteresis, while maintaining 

similar VOC and FF owing to comparable 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 UV-Vis analyses reveal that the LUMO levels of 

both ETLs remain slightly higher than the CBM of Cs0.09FA0.91PbI3, 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 the value 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, solution-processable organic ETLs for next-generation 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 and SM CTLs were evaluated across multiple dimensions, including 

thermal transition behavior, interfacial adhesion, energy level alignment, and long-term 

device performance (Figure 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 and fine-tuning of 

polymer side chains 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 NDI-based ETLs functionalized with PA anchoring groups 

demonstrated strong chemical adhesion to TCOs, enabling uniform film coverage and 

resistance to solvent desorption. Bromination of the NDI core in Br2-NDI-(BnPA)2 resulted 

in a measurable downshift in the LUMO level compared to its non-brominated counterpart, 

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 observed in devices incorporating Br-NDI-(BnPA)  suggest that 

targeted LUMO level tuning through core substitution is a promising strategy for 

improving interfacial energetics in PSCs. Although these studies were conducted using a 

planar nïiïp device configuration, the underlying principles related to interfacial  
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Figure 7-1 Overview of dissertationôs investigation into organic interlayer design for 

stable PSCs. 

engineering, thermal stability, and energy level modulation are broadly applicable. 

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

ETLs for nïiïp architectures, by exploring new ˊ-conjugated core structures, introducing 

more strongly electron-withdrawing substituents, and designing multifunctional anchoring 

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 

commercial PV technologies. Sustaining a strong focus on interface-driven design will be 

essential for realizing the full potential of organic interlayers in next-generation PV 

systems. 
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APPENDIX A. SUPPORTING INFORMATION: EFFECT OF 

THERMAL TRANSITIONS AND CRYSTALLIZATIONS OF CP 

HTLS 

 

Figure A-1. The general synthesis scheme for the three TPT-based conjugated polymers, 

TPT-TT (R1: Octyl, R2: Decyl), TPT-T (R1: Octyl, R2: Decyl), and TPT-T(MB/C6) (R1: 2-

Methyl butyl, R2: Hexyl). 
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Figure A-2. GPC trace of the TPT-based polymers, TPT-TT (Mn = 15 kg/mol, ņ: 1.64), 

TPT-T (Mn = 24 kg/mol, ņ: 1.51), and TPT-T(MB/C6) (Mn = 26 kg/mol, ņ: 2.3) using 

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

 

 

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

samples. 

 

 

 

 

 

Measured CompositionTheoretical composition Polymer
C:72.84%, H:9.02%, S:14.40%C:73.47%, H:9.03%, S:14.01%TPT-TT
C:74.77%, H:9.58%, S:10.94%C:75.47%, H:9.62%, S:11.19%TPT-T
C:71.89%, H:8.07%, S:14.25%C:72.46%, H:8.21%, S:14.51%TPT-T(MB/C6)
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Figure A-3. 1H NMR spectrum of TPT-TT (500 MHz, CDCl3, 25 ÁC). ŭ(ppm): 7.44 (s, 

1H), 7.30 (s, 1H), 7.24 (s, 1H), 4.15 (m, 2H), 2.85 (m, 2H), 1.99-1.90 (m, 2H), 1.78-1.68 

(m, 2H), 1.68-1.51 (m, 2H), 1.42-1.26 (m, 22H), 0.90-0.86 (m, 6H). 
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Figure A-4. 1H NMR spectrum of TPT-T (500 MHz, CDCl3, 25 ÁC). ŭ(ppm): 7.43 (s, 1H), 

7.23 (s, 1H), 7.13 (s, 1H), 4.13 (m, 2H), 2.84 (m, 2H), 1.98-1.89 (m, 2H), 1.76-1.79 (m, 

2H), 1.63-1.57 (m, 2H), 1.46-1.39 (m, 4H), 1.37-1.34 (m, 4H), 1.31-1.23 (m, 14H), 0.89-

0.85 (m, 6H). 














































































































