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ABSTRACT 
 

 Perovskite solar cells (PSCs) have demonstrated remarkable efficiency growth in their 

brief history, and are considered to be of exceptional potential for commercialization due to their 

excellent absorption properties, varied deposition methods, and compatibility with other solar 

technologies. Furthermore, perovskites are demonstrating high potential for other applications, 

such as perovskite light emitting diodes (Pero-LEDs), lasers, and radiation detectors. Most 

perovskite based devices use hole transporting materials (HTMs) to assist in charge separation 

and current generation. The three main categories of HTM are inorganic materials, small organic 

molecules, and polymeric materials. Organic materials typically provide the highest efficiencies 

for these devices, but have several drawbacks including low economic viability, lack of 

flexibility for use with the various perovskite absorber layers (PALs), and difficulty of 

application in the multiple device architectures that exist for these devices. This dissertation 

primarily describes the design and synthesis of new polymeric materials to improve the 

processibility and interfacial interactions of HTM and PAL, leading to high efficiency, high 

stability, and low cost PSCs. 

 Our current research into HTMs takes a four-pronged approach; We found that utilizing 

the Buchwald-Hartwig amination protocol using primary aryl amines and aryl dihalides afforded 

highly reproducible, high yielding family of polymers, which could be purified by a simple 

sequence of precipitations. Appropriate selection of pendant functional groups, such as electron 

donating methoxy, or electron withdrawing fluorine, allowed for highest occupied molecular 

orbital (HOMO) tuning, as did the utilization of electron rich carbazole versus the neutral 

fluorene in the polymer backbone. Control of the glass transition temperature (Tg), a 

characteristic vital to extended lifetime at elevated temperature, was demonstrated by 

manipulation of the alkyl side chains in the polymer, which allowed for a balance of solubility 

and improved Tg. Finally, side chain engineering of the polymers, incorporating more 

hydrophilic functional groups, was explored to improve the processibility of the PAL on top of 

the polymer HTMs. This allowed for the manufacture of devices that did not require an 

interfacial layer or UV/Ozone treatment to form a consistent perovskite film, removing a variable 

in the device, as well as reducing processing time and cost 
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CHAPTER 1 INTRODUCTION AND THESIS STATEMENT 
 

1.1 An Introduction to the Perovskite Solar Cell and Polymeric Hole Transport Materials 

 Since the report of doped polyacetylene by Shirikawa and co-workers in the 1970ôs, 1 

polymeric semi-conductors have been of great interest to the research community due to their 

exceptional physical and electronic properties such as high glass transition temperature (Tg), 

relatively high conductivities, typically high thermal stability, and solution processibility. These 

materials have been used in the fields of organic light emitting diodes (OLEDs), organic field 

effect transistors, organic solar cells and also by researchers working with perovskites as active 

layers for LED and solar applications. 2, 3 

 Perovskite solar cells (PSCs) have seen exceptional growth in efficiencies in just over a 

decade since the seminal report of a 3.9% efficiency device in 2009. Record devices currently 

exceed 25% in single junction devices in both n-i-p and p-i-n configurations (Figure 1.1), 4, 5 with 

tandem devices incorporating one or more perovskite layers exceeding 30% efficiency. 6 Of 

particular interest are p-i-n type PSCs, as these are fully solution processible for low-cost, large-

scale manufacturing, demonstrate significantly reduced hysteresis relative to n-i-p devices, are 

simple to incorporate into tandem devices either with dual perovskites or other technologies such 

as crystalline silicon, and can be fabricated at low temperatures, allowing for the potential use of 

flexible substrates. The highest performing perovskite devices are typically fabricated with 

defined layers in a planar configuration, though mesoscopic devices do exist. Each layer has a 

specific purpose, with each contributing to the efficiency and stability of the device. 

 

Figure 1.1: Top performing device configurations in an n-i-p configuration by Zhao and co-

workers4 (A) and a p-i-n configuration (B) from work by Jiang et al. 5 White layers are HTM 

layers, orange layers are ETM layers. Green layers are passivating layers. 
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 Hole-transporting materials (HTMs) have become a highly researched aspect of the PSC 

device stack, as these layers can be a bottleneck to device efficiency and stability. Many types of 

material have been studied for use in this role: inorganic conductors such as CuSCN, 7, 8 a myriad 

of doped small molecule HTMs of which spiro-OMeTAD is the most commonly used, 9, 10 and 

various polymeric HTMs, where PTAA and PEDOT:PSS are the most widely adopted. 11-13 The 

focus of this dissertation is on the development of a new family of polymeric HTMs. While  

existing materials perform well in specific circumstances, they are limited in their range of use. 

For example, PTAA is an exceptional HTM due to its conductivity, consistency in processing, 

and energetic alignment with certain absorbers. It is held back from widescale commercial use 

due to the extremely high cost of the polymer, the difficulty of processing a perovskite active 

layer directly onto it without post-deposition modification, and the general lack of ability to 

modify it for use with a wide range of absorber layers. 14-16 PEDOT:PSS, another exceptional 

material, suffers from different problems: its highly hygroscopic nature is a pathway for water to 

access the perovskite layer, which leads to rapid degradation and device performance failure, and 

its highly acidic nature leads to rapid corrosion of both the electrode and perovskite layer at the 

interface with the HTM. 17  

1.2 Synthetic Procedures Commonly Used for HTM Polymer Synthesis 

 There are two general types of polymers utilized as HTM polymers in PSCs. The first, of 

which PEDOT:PSS is a member, are polythiophenes and derivatives, which contain a thiophene 

moiety. Polymers containing this moiety are almost universally synthesized following a Stille 

coupling protocol, a palladium catalyzed reaction between organotin and aryl halide groups to 

form a new carbon-carbon bond. 18-20 Palladium removal from polymers can be a difficult task, 

due to the difficulty of performing column chromatography on polymers. This can lead to 

polymers contaminated with palladium, which has been demonstrated to reduce device 

performance. 21 Notable exceptions to the use of Stille coupling are PEDOT:PSS and P3HT 

which have multiple approaches, each with benefits and drawbacks. For example, P3HT was first 

synthesized with high regioregularity using Negishi coupling, and current commercial synthesis 

is via direct arylation polymerization (DArP). The result is a highly conductive, highly 

regioregular polymer, however still relies on a palladium catalyst which is both expensive and 

difficult to remove from the final polymer.. PEDOT:PSS is typically prepared by oxidative 

chemical polymerization using FeCl3 in an aqueous solution of poly(styrene sulfonic acid). This 
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leads to a dispersion of polymer particles in aqueous solution, which requires extremely thorough 

treatment post deposition to ensure that the remaining HTM layer is fully dry, as even a small 

amount of water will rapidly degrade the perovskite. 

 Typically, polymers containing the thiophene moiety absorb light in excess of 500 nm, 

which makes them poor candidates for HTMs for p-i-n devices due to parasitic absorption. The 

second family of polymers are materials containing the triarylamine moiety, such as PTAA. 

These poly(triarylamine) polymers are also mainly synthesized using a palladium catalyzed 

reaction, such as Stille or Suzuki coupling. Furthermore, these materials generally follow a 

laborious multistep synthesis, leading to high labor costs and low overall yields which is 

demonstrated by the high cost of the final polymer. 22 Additionally, these types of materials are 

difficult to customize, with most research focusing on changing alkyl group position and length. 

This may improve processing ability but does not allow for electronic tuning and improved HTM 

wettability. The research of Turner and co-workers in the late 2000s and early 2010s 

demonstrated the ability to synthesize poly(triarylamines) for OFET applications using a one-

step synthesis following the palladium catalyzed Buchwald-Hartwig protocol with N-

heterocyclic carbene ligands and microwave technology. 23-28 

 In summation many routes are available to high quality HTM materials, but the use of 

palladium as a catalyst is almost ubiquitous and removal can be challenging. Further problems 

with these materials are the multi-step syntheses and laborious purifications that are required to 

obtain a useable polymer. While polymers exist for specific uses, there remains a gap in the 

research where electronic and physical properties of HTM polymers can be tuned through 

functionality. 

1.3 Thesis Statement 

 This dissertation takes a systematic approach to the development of highly efficient, cost 

effective HTMs for perovskite applications. There are many criteria to consider in the process: 

1. Synthetic approach ï for commercial applications there are a number of factors that 

must be considered. 

¶ Simplicity ï the synthesis and purification must not be labor intensive with as 

few steps as possible 

¶ Reproducibility ï a consistent outcome with regards to molecular weight, 

polydispersity, and yield is necessary 
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¶ Scalability ï do results remain the same at a larger scale? 

2. Processibility vs material properties 

¶ Alkyl side chains are a necessity for solubility of the growing polymer during 

synthesis, but are a major factor in decreasing thermal stability and wettability 

¶ Polymeric materials demonstrate improved conductivity as molecular weight 

increases, but solubility and processibility become more problematic 

¶ Functionalities can be used to tune optoelectronic properties but may result in 

a change in solubility, either during synthesis or device manufacture 

3. Application in devices 

¶ Do polymer characteristics such as molecular weight and polydispersity affect 

device performance? 

¶ Can the materials be engineered to allow direct perovskite processing? 

¶ Do the materials work with a range of absorber layers? 

¶ Do the materials work on their own, or do they require doping or post-

deposition modification? 

 

A systematic approach allows for targeted materials to be produced, which can then be 

used in devices, with results and feedback from the performance influencing the development of 

improved or alternative materials. To accomplish this, a number of questions must be answered. 

 

Question 1. How do polymer synthesis, structure, and properties affect device performance? 

 

A review of the literature was performed and is presented in Chapter 2. As has been 

previously mentioned, semiconducting polymer research has been a popular field of study since 

the 1970s, and the materials are widely utilized. Typically, literature reviews in the HTM field 

focus on the incorporation and performance of the materials in the fabricated devices, with little 

discussion of the synthetic methods used. This review covers palladium catalyzed syntheses, as 

well as more traditional synthetic routes such as oxidative coupling, and reviews strategies for 

improving performance of the materials in several types of devices, with focus being on 

perovskite solar cells. The impact of properties such as glass transition temperature and 
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molecular weight are investigated, as well as techniques like side chain engineering and 

functional group incorporation to tune electronic properties. 

 

Question 2. Can we refine a pre-existing method to make highly reproducible, efficient, and low 

cost HTM polymers? 

 

The Buchwald-Hartwig cross-coupling reaction between aryl amines and aryl halides has 

been well known since the 1990ôs and has been demonstrated as a pathway to 

poly(triarylamines) since as early as 1999. 29, 30 Despite this, only a handful of studies have used 

this pathway for polymer synthesis, and none have been used in perovskite devices. Furthermore, 

aryl dihalides and aryl amines, the building blocks for this type of polymer, are varied, widely 

available, and low cost. In Chapter 3 we demonstrate the ability to synthesize HTM polymers 

based on carbazole and fluorene main-chain cores with high yield, scalability, and high 

reproducibility. We demonstrate a novel, time saving purification strategy based on sequential 

precipitations. We investigate how polymer properties such as molecular weight and 

polydispersity are affected by the presence of functional groups, and how these properties are 

affecting device performance. We demonstrate that through the incorporation of pendant 

functionalities and by choice of fluorene or carbazole as the main chain moiety we can influence 

the highest occupied molecular orbital (HOMO) energy, as well as physical properties like Tg. 

We demonstrate the effectiveness of these materialsô vs PTAA in devices using the FAMACs 

perovskite absorber, a commonly used wide band-gap material. 31 

 

Question 3. Can we fine tune the electronic properties of the HTM for use with a wide range of 

perovskite absorbers? 

 

The composition of the perovskite and valence band energy can vary widely. This is an 

important attribute for performance as narrow band-gap materials (~1.21 eV) have the highest 

theoretical efficiency, according to the Shockley-Quiessar limit. Further, to surpass this limit, 

there may be a requirement to use multiple perovskite absorbers in tandem to maximize 

efficiency. It therefore follows that a number of HTM materials will be needed, each with a 

different HOMO energy to best compliment the valence band energy of these varying layers. In 
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Chapter 4 we present a strategy to manipulate the HOMO energy over a wide range via pendant 

group functionalization and investigate the effect of these functionalities on polymer properties 

such as molecular weight and conductivity. We dig deeper into how polymer properties such as 

Tg, wettability, and HOMO energy affect device fill factor (FF) and open-circuit voltage (VOC) 

and how these affect overall device performance. We demonstrate the general application of 

these materials with the FAMACs perovskite, showing selected materials have superior 

efficiency and stability over time than PTAA. We hypothesize that the increased stability is due 

to the conductivity of the materials as the order of degeneration matches the conductivity of the 

HTMs. 32 

 

Question 4. Can we improve thermal stability without sacrificing other polymer properties and 

device performance? 

 

The thermal stability of the family of polymers synthesized thus far has been good but 

could be improved upon, as certain applications require materials that are stable at higher 

temperatures. For example, devices using all inorganic perovskite absorber layers require higher 

temperature processing, solar cells for space applications which need to withstand large 

temperature fluctuations including above 200 °C, and perovskite laser applications that generate 

high temperatures under high current densities. 2, 33 The Tg value is greatly impacted by the alkyl 

side chains which are required for solubility during synthesis to allow higher molecular weight 

materials. In Chapter 5 we demonstrate that we can increase the Tg value of the polymer FlAnS 

by replacing the dihexylfluorene monomer with dimethylfluorene, up to a 50% ratio before the 

polymer begins to run into solubility issues. This increase in Tg is linear with respect to the mass 

percentage of the alkyl side chain compared to the average monomer mass. Interestingly, there is 

no trend in change of number average molecular weight, or degree of polymerization when the 

dimethylfluorene is incorporated at 50%, 40%, 20% and 0% ratios, with these numbers 

remaining remarkably consistent. These polymers are incorporated into devices containing a 

third different perovskite absorber with the formula CsFAPbI, a methylammonium free 

perovskite which is stable at higher temperatures. The polymers perform comparably to PTAA in 

standard devices.  
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Question 5. Can we use side-chain engineering to improve perovskite processibility? 

 

Polymers containing side-chains with groups that have Lewis basicity have been 

successfully used in n-i-p devices due to the ability to passivate the M2+ ion in the perovskite 

layer, leading to improved efficiency. 34-36 While this approach should yield the same benefit in 

p-i-n devices, could it also improve the ability to process a perovskite layer directly onto the 

HTM without any post-deposition modification or interfacial layer? In theory, the donatable 

electrons on these moieties should be available to hydrogen bond with the solvents used in the 

perovskite ink precursors, reducing the contact angle, and allowing the deposition of defect free 

perovskite films. In Chapter 5 we demonstrate the incorporation of a fluorene monomer, with 

dimethylaminopropyl side chains at the 9-position, into the FlAnS polymer at various ratios. We 

show that the materials retain hydrophobicity while improving their ink affinity. Interestingly, 

we observe that the incorporation of this monomer leads to better-than-expected Tg values, likely 

due to the polymers improved intermolecular force strength. We demonstrate the ability to 

directly process a perovskite layer onto the HTM, and proof of concept devices show potential 

for high efficiency. 

 

 To summarize, a new family of highly efficient, low-cost hole-transporting polymers 

have been synthesized and characterized using simple synthetic organic protocols, with full 

customizability of their optoelectronic and physical properties fully realized by effective choices 

in functionalization. 
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CHAPTER 2 

SYNTHESIS OF HOLE-CONDUCTING POLYMERS AND THEIR APPLICATION IN 

PEROVSKITE SOLAR CELLS 

 

Daniel D. Astridge1 and Alan Sellinger1,2,3 

2.1 Introduction 

 With climate change caused in-part by emissions from traditional power sources, a major 

field of study is that of emission-free renewable energy such as wind and solar. Non-hydro 

sources of electricity generation in the US are forecast to reach 14% share of the total by the end 

of 2021, up from 4% in 2011 as shown in Figure 2.1.1 In that time, the share of solar power has 

grown 36-fold to reach a 3% market share. The current goal in the solar industry is to reach a 

20% market share by 2030.2 The pre-dominant technology in the solar industry is crystalline 

silicon, which is highly efficient. Due to economies of scale crystalline silicon solar cells are 

relatively economical, though they rely on ultra-high purity silicon, and processing at very high 

temperatures both of which are energy intensive.3 Perovskite solar cells (PSCs) have been 

studied extensively since the seminal work of Miyasaka et al in 2009 with the report of the 

perovskite methylammonium lead iodide (MAPbI) as a potential photosensitizer for dye 

sensitized solar cells.4 PSCs have since grown in efficiency from 3.8% to in excess of 25% for 

research cells containing small molecule hole transport materials (HTMs) as can be seen in 

Figure 2.2.4-7 One of the main areas of research in this field is the development and application 

of new HTMs, which have increased in publication number per year from the single digits in 

2012 to over 600 in 2019. 

The key parameters for HTMs are as follows; i) excellent conductivity for efficient hole 

transport, ii) high stability to air, water, heat, chemical and optical stressors, iii) good alignment 

of the highest occupied molecular orbital (HOMO) with the valence band of the selected active 

layer perovskite, iv) smooth, pinhole-free film morphology,8 and full transparency to visible 

light. Ideal HTMs will also be inexpensive and easy to process via vacuum deposition or solution 

processing such as spin coating or inkjet printing. HTMs for PSCs fall into three categories: 

inorganic materials, organic small molecules, and organic polymers. Inorganic materials are low- 

1 Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO 
2 Affiliated with Colorado School of Mines, Department of Materials Science, Golden CO 
3 Affiliated with National Renewable Energy Laboratory (NREL), Golden CO 
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cost and intrinsically show high hole mobility, though suffer from inferior film quality compared 

to organics and require high-temperature post-annealing processes to recrystallize the HTM, 

largely ruling them out of flexible applications as the target substrates cannot tolerate these high 

temperatures.9 Devices based on inorganic HTMs are also generally inferior to organics, though 

a device with champion power conversion efficiency (PCE) in excess of 22% was reported in 

2019 by Zhou and co-workers.10 Organic small molecule HTMs are intensively studied due to 

their customizability, high purity, and ease of processing.11 The main drawbacks are the 

requirement for doping to improve hole conductivity,12 and difficulty of incorporation into p-i-n 

device architectures due to solubility in the perovskite ink solvents. Semiconducting polymers 

have been of great interest to the research community since the work of Shirakawa et al on 

doped polyacetylene in the 1970s.13 Polymers have solution-processibility, high thermal stability 

and high charge conductivity without doping, though they suffer from complex purification 

methods, batch to batch consistency, and tricky characterization.  

 

Figure 2.1: US Energy Information Administration projection of electricity generation by fuel 

type.1 

 

 Thin film PSCs fit into two different device structures; ónormalô n-i-p and óinvertedô p-i-n 

architectures, where n-i-p can be either mesoporous or planar, with a cartoon of each of these 
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architectures in Figure 2.3.14 In a mesoporous structure, the perovskite ink penetrates the 

inorganic electron transport material (ETM) layer onto which it is processed, incorporating a 

random nature into the interface of the perovskite layer and ETM. A planar structure has 

uniform, consistent layers of materials. Mesoporous n-i-p devices have demonstrated excellent 

efficiencies with both polymeric and small molecule HTMs, while organic small molecules 

generally outperform polymers in planar n-i-p PSCs.15 Where polymers have the advantage are 

in planar p-i-n PSCs, where the perovskite is processed directly on top of the HTM.  

 

Figure 2.2: NREL best research cell efficiency chart.5 

 

 The p-i-n planar architecture is favorable due to several factors; p-i-n architectures 

demonstrate reduced hysteresis versus n-i-p devices, they allow for facile incorporation into 

tandem devices, particularly involving a crystalline silicon active layer, and can be wholly 

fabricated using low temperature processing techniques. While many types of polymers have 

been utilized, the two predominant families of polymers contain either a triarylamine or 

thiophene moiety, due to their electron rich properties, wide availability, stability in ambient 

conditions and relatively high conductivity. 
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Figure 2.3: The most common device architectures for PSCs 

 

2.2 Polymers with the Triarylamine Moiety 

2.2.1 Early Synthesis of Polymers Containing Triarylamines 

 Poly(triarylamines) (PTAAs) are electron rich, semi-conjugated polymers with a 

repeating triarylamine moiety. They have demonstrated ionization potentials ranging from -4.8 

to-5.2eV, and excellent electron blocking properties. The hole conductivity of PTAAs are largely 

dependent on purity, molecular weight and polydispersity.16 Conductivity is improved by the 

incorporation of planar moieties such as fluorene.17 They were first described by Ohsawa et al in 

1987 with further development in 1990.18, 19 A Kumada type cross-coupling was used with a 

nickel (II) catalyst to create an initial family of PTAAs (1-4) in Figure 2.4. 
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Figure 2.4: Structures of first reported polytriarylamines.18, 19 

 

 These initial variants of PTAA had high yields (63%-95%), though reported low 

molecular weights, ranging from 2, 000-3, 000g mol-1, partly due to the moisture sensitive and 

functional group intolerant Grignard reagents, and the lack of solubilizing groups on the 

polymer. Polymer 4 was insoluble in all organic solvents due to its highly crosslinked nature.  

Polymer 2 was synthesized by Ogino et al in 1998 using oxidative coupling with 

chloroform as solvent and ferric chloride in catalytic amounts.20 After a 30-minute reaction time 

at 50°C a yield of 68% was recorded with a weight average molecular weight (Mw) of 3, 100g 

mol-1. Increasing this to a 1.5-hour reaction time demonstrated a 96% yield, though with the loss 

of solubility of 58% of the total polymer in the reaction solvent due to the increased molecular 

weight and likely crosslinking. Fractions of this polymer were collected based on their 

solubilities in different organic solvents, and demonstrated a Mw ranging from 3000-9500g mol-1, 

with a glass transition temperature (Tg) of 207
 . 

 

Figure 2.5: PTAAs synthesized by oxidative coupling.21 

 

 In an attempt to solve the dual problems of low molecular weight and poor OPV and 

OLED device performance due to aggregation, Lee et al prepared variations of polymer 2 with 
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butyl (5) and t-butyl (6) groups in the para position via the oxidative coupling mechanism, 

described in Scheme 2.1, deviating from the previous reported method by gradual addition of 

FeCl3, a quarter portion per hour, as opposed to full addition at initiation.21 The structures for 

these polymers can be observed in Figure 2.5. A full optimization study was conducted which 

showed an optimal reaction time of 4hrs at 60°C for soluble 6 with highest Mw. Their findings for 

polymers 2 and 5 indicated an optimal temperature of 50°C with the same conditions. Using 

these conditions, polymers with Mw of 24, 000g mol-1 (2) to 29, 000g mol-1 (6) were obtained. 

Unsurprisingly, polydispersities were the highest reported thus far, as number average molecular 

weight (Mn) was reported at 6, 100-7, 000g mol-1. The Tg reported for these materials range from 

177°C to 207°C, which is considerably higher than tetra-N-phenylbenzidine (TPD), a popular 

HTM at the time, illustrating that these materials may have superior lifetimes when incorporated 

into devices. 

 

Scheme 2.1: General synthesis of PTAAs via oxidative coupling.20, 21 

 

 Palladium catalyzed polymerizations became more popular as the reaction optimization 

progressed. The Buchwald Hartwig cross-coupling, though seemingly tailor-made for 

polytriarylamine synthesis, was impractical for polymerizations due to competing side reactions, 

one of which was the incorporation of the catalysts ligand into the polymer chain. There was also 

the potential for reductive dehalogenation reactions resulting in low molecular weights due to 

premature endcapping and cyclizations.22 Additionally, the inclusion of phosphorus into the 

polymer is problematic for HTM applications due to its propensity to oxidize. Hartwig et al 

overcame the issue of low molecular weight in 1998 by utilizing the tris-o-tolylphosphine ligand 

and secondary aromatic diamines to create polymers with Mw ranging from 3, 000-45, 000g mol-

1.22 Switching to a tri-tert-butylphosphine ligand led to both an increase in molecular weight and 

elimination of phosphine inclusion in the polymer.23 
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Scheme 2.2: General synthesis of fluorene based PTAAs via Buchwald-Hartwig 

polycondensation.23 

 

 The first incorporation of fused aryl groups in the polymer backbone was the synthesis of 

PTAAs incorporating fluorene substituents in 2002, as shown in Scheme 2.2.24 This was an 

important advance as the 9-position of fused aromatics like fluorene and carbazole can be easily 

functionalized with alkyl groups for increased solubility.25 Furthermore, these are readily 

available at relatively low cost. The polymers synthesized in this study had high molecular 

weights (>29, 000g mol-1) and high yields (>70%) and their structures can be seen in Figure 2.6. 

Notably, the Tg for these materials suffered significantly due to the presence of large alkyl groups 

on the fluorene, resulting in a reduction of Tg from 120  for polymer 8 to 65  for polymer 9 

due to the expansion of free volume.24 Additionally, the highest occupied molecular orbital 

(HOMO) energies for these materials were reported at -5.1eV, measured by cyclic voltammetry, 

which is significantly higher than TPD (-5.5eV), and even the PTAAs created by oxidative 

coupling, which were reported as approximately -5.3eV. 

 

 

Figure 2.6: Fluorene based PTAAs synthesized by Jung et al.24 

 

 Turner et al were able to demonstrate the rapid synthesis of fluorene, carbazole, and 

biphenyl based PTAAs for application in OFETs utilizing the Buchwald-Hartwig 

polycondensation with the assistance of microwave radiation, drastically reducing the time 

required to obtain these materials to 5 minutes.26, 27 A selection of these can be seen in Figure 

2.7. The biphenyl polymers in the first study retained relatively high Mw (14, 800g mol-1), with 

polydispersities increasing in value, to 4.13 for the optimized reaction.26 Yields were almost 
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quantitative for reaction times up to 5 minutes, with decreasing yields and molecular weights 

longer than 5 minutes. This was determined to be caused by chain degradation caused by 

prolonged microwave irradiation. This study also describes the post-synthesis endcapping of the 

polymers with diethylamine and 4-bromoanisole to remove terminal reactive bromo and amino 

moieties, that may act as charge carrier traps in devices. The purification of these polymers was 

described in detail in the 2008 study. Crude yields were high (82-90%) though once subjected to 

Soxhlet extraction the final yield was drastically reduced. This reduction in yield came with a 

considerable reduction in polydispersity, from 2.84 to 1.40 for polymer 10.  

 

 

Figure 2.7: A selection of polymers from the microwave assisted polymerizations.26, 28 

 

 A Suzuki coupled synthesis of polymers 14-16 (Figure 2.8) resulted in exceptionally high 

molecular weight polymers with low polydispersities.29 The ability to utilize AB monomers over 

difunctional monomers removes the inconsistencies from stoichiometry. This explains the high 

Mw, Mn, and low polydispersity of polymer 14. This was a relatively low yielding reaction 

compared to the other polymers prepared in this study with a 66% yield, comparatively low 

compared to other synthetic methods. This is compounded by the relatively low yield of the AB 

monomer, due to the difficulty of monoborylation of the starting dibromotriphenylamine, and the 

subsequent purification of the monomer. Overall yield for this polymer was 41%. Furthermore, 

this study also demonstrated the improvement in charge carrier conductivity of almost one order 

of magnitude for PTAAs when they incorporate a fused structure between the triphenylamine 

moieties.29 Additionally photo electron spectroscopy in air (PESA) determined the HOMO levels 

at -5.2eV, -5.4eV and -5.5eV for polymers 14-16 respectively. 
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Figure 2.8: Bridged triarylamine polymers synthesized via Suzuki coupling.29 

 

 Sprick and co-workers revisited the Buchwald-Hartwig polycondensation reaction in a 

series of publications from 2012 to 2014 using (N-heterocyclic carbene)-palladium complexes as 

pre-catalysts for the synthesis of PTAAs.30-33 Initial synthesis of a simple PTAA coupling 4, 4ô-

dibromobiphenyl and 2, 4-dimethylaniline demonstrated that high Mw (24, 000g mol-1) and 

relatively low polydispersity of 2.6 could be achieved with their optimized catalytic system and 

in-situ end-capping of the polymer with 0.6mol% of p-bromoanisole, while maintaining a 

respectable yield of 67%.30 Building on this optimized catalytic system, a library of PTAAs (18-

29, Figure 2.9) were synthesized and investigated with varying dihalides and aniline derivatives. 

Overall yields were low, ranging from 11% to 47% for the fully purified polymers, though 

polydispersities were generally below 2, due to the effectiveness of the in-situ end-capping. 

Further issues reported were that the system was less effective for carbazole based polymers, 

requiring increased catalyst loading, and ineffectiveness for dibenzothiophene polymers due to 

the thiophilicity of the Pd(II) complex, resulting in rapid catalyst poisoning. For the 

dibenzothiophene polymers the catalyst had to be generated in situ via the addition of the 

carbene ligand and a Pd(0) source.31 These polymers achieved a wide range of molecular weights 

(6, 000-31, 800g mol-1), with HOMOs measured from -4.5eV to -4.9eV by cyclic voltammetry. 

 This series of studies also investigated the effect of extended fused systems in OFET 

devices. Polymer 32 showed significantly lower hole conductivity than polymer 30 despite 

apparent increased conjugation. It was determined from calculated optimized geometries that 

while the bridged phenylenes in the indenofluorene unit are co-planar, the bridged phenylenes in 

the diindenofluorene unit exhibited a double twist, reducing the effective conjugation.33  
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Figure 2.9: Polymers synthesized using (N-heterocyclic carbene) Pd catalyst system.30, 31, 33 

 

2.2.2 Synthesis and Incorporation of Polymers Containing Triarylamines into PSCs 

 Poly(triarylamines) were first incorporated into PSC devices in 2013 when Heo and co-

workers investigated the performance of PTAA in mesoporous n-i-p devices with a device 

design of glass/FTO/TiO2/MAPbI/HTM/Au.34 When compared with similar devices containing 

alternative thiophene based HTMs, the PTAA device demonstrated superior short circuit current 

(JSC) with competitive open circuit voltage (VOC), exceeded only by PCDTBT (0.90V vs 0.92V). 

Fill factor (FF) was low at 61.4%, resulting in a power conversion efficiency (PCE) of 9.0%, 

considerably higher than the next highest performing material poly(3-hexylthiophene) (P3HT) at 

6.7%. Jeon and co-workers were able to improve upon this with the same PTAA HTM by 

changing the cation composition in the perovskite active layer, adding in varying amounts of 

formamidinium in place of methylammonium to create double cation perovskite active layers, 

achieving a maximum PCE of 18.4%, largely due to a stabilized perovskite layer.35 Further 
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improvement of the perovskite deposition led the same group to a PCE of 20.2%, with FF of 

77.5%, VOC of 1.06V, and JSC of 24.7mA cm-2.36 

 

 

Scheme 2.3: Yamamoto coupling for synthesis of PTBD polymers by Neumann and Thelakkat.37 

 

 Methylated PTAA continues to be the benchmark for wide band gap perovskite devices 

containing polymeric HTMs,38-42 including being the world record holder in 2018 with a small 

cell PCE of 22.1%.43 A 2020 publication from Tepliakova et al described an alternative Suzuki 

polycondensation reaction to afford high Mw with lower polydispersity when compared to 

commercially available PTAA. This demonstrably improved device performance by 0.9% PCE 

over commercial PTAA due to the superior VOC from this material.44 

More recently, research has been focused on developing materials that improve the 

performance of PTAAs through increased functionalization and alternative methods to deploy 

the triarylamine moiety in the HTM. Additional work has also been conducted in trying to 

optimize the polymerization reactions for consistent Mw and polydispersity. Research conducted 

by Neumann and Thelakkat in 2014 presented a series of poly(tetraphenylbenzidines) (PTBD) 

synthesized by Yamamoto polycondensation, as shown in Scheme 2.3. This research investigated 

the effect of side chain engineering, with the inclusion of ethylhexyloxy and ethylene glycol 

oligomers attached to the para-position of the side chain phenyl groups, and the effect on Mn and 

Mw on the inclusion of an endcapping moiety from the initiation of the synthesis. Without the 

monobrominated triphenyl endcap, the Mw was significantly higher (147, 500g mol-1 vs 29, 500g 

mol-1) while Mn remained relatively low leading to higher polydispersities.37 The hydrophilic 

polymer with the ethylene glycol oligomer side chain reached a reasonable Mw of 21, 900g mol-1 

with a polydispersity index of 1.99. These materials also showed suitable Tg for application in 

PSCs, with a range of 124°C to 157°C, well above operating temperatures. Hole mobilities for 
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the polymers were tested and determined that molecular weight and polydispersity had no effect. 

The hole transport property of PTPD2 (39) was improved by an order of magnitude when doped 

with a 10% weight Co(III) complex.37 

 In 2014 Malinkiewicz and co-workers utilized poly(N, Nô-bis-4-hexylphenyl-N, Nô-

bisphenyl)benzidine (40) in a perovskite p-i-n device architecture comprising 

ITO/PEDOT:PSS/PTBD/MAPbI/PCBM/Au and detailed in Figure 2.10. This was the first high-

efficiency PSC with all organic charge-transport layers, demonstrating PCE up to 12%,45 

improving upon the work of Docampo and co-workers from the previous year.46 

 

 

Figure 2.10: a. Device structure containing PTBD (c, polymer 40), and PCBM (d). b: relative 

energy levels of the device layers, showing excellent HOMO alignment of PTBD for electron 

donation, and excellent electron blocking property of shallow LUMO. Reprinted by permission 

from Nature Photonics, 2014, 8, 128-132. Copyright Springer Nature, 2022.45 

 

 Triarylamines as the side chain as opposed to backbone for PSC integration were 

investigated in 2016 by Xu et al. N, N'-Bis- (1-naphthalenyl)-N, N'-bis-phenyl-(1, 1'-biphenyl)-4, 

4'-diamine (NPB) was functionalized with two vinyl groups to create VNPB, which was then 

thermally polymerized at mild temperature with no initiator, as shown in Scheme 2.4. This 
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allowed for layer by layer spin casting with in-situ polymerization to form insoluble cross-linked 

polymer networks, producing a smooth polymer layer on top of the perovskite layer shown by 

SEM.47 As this polymer had similar hole transporting capabilities as the popular small molecule 

HTM spiro-OMeTAD, a method to dope the interface using molybdenum oxide was employed. 

This led to increases in JSC, VOC, and FF similar to spiro doped with LiTFSI, though with 

negligible hysteresis as shown in Figure 2.11.  

 

 

Scheme 2.4: In situ thermal polymerization of VNPB to create highly cross-linked HTM utilized 

by Xu et al.47 

 

Device stability was explored using a thermal stress test, with comparison to LiTFSI 

doped spiro devices as the control. After 24hrs at 110°C a significant loss in FF and VOC were 

reported for the controls with negligible losses for the devices with the crosslinked polymer. The 

enhanced degradation in the controls was likely due to morphology changes and phase separation 

of the dopant and spiro host.47 Furthermore, the crosslinked polymer devices showed very little 

degradation after 30 days in 70% relative humidity, whereas the spiro controls showed visible 

degradation after 10 days, with a PbI2 peak that exceeds the perovskite peak in intensity when X-

ray diffraction was used to evaluate the changes in the perovskite layer.47 This enhanced stability 

was due in part to the highly hydrophobic nature of the polymer, protecting the perovskite layer. 
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Figure 2.11: JV curves from Xu et al. a: spiro-OMeTAD controls with and without doping. b: 

PVNPB with and without interface doping by molybdenum oxide. c and d demonstrate the 

results of the thermal stress test. Adapted with permission from Adv. Mater. 2016, 28, 2807-

2815. Copyright 2022, John Wiley and Sons.47 

 

 Radically initiated polymerization is an alternative method to incorporate the triarylamine 

moiety as a side chain group into a polymer.48, 49 Polymers 41 and 42, described in Figure 2.12, 

were prepared in 2018 using AIBN as initiator, and while these materials showed promising 

qualities such as high Tg (253°C) and the ability to change HOMO energy based on functional 

group attachment (-5.29eV and -4.95eV for 41 and 42 respectively), the device performance was 

poor when compared to spiro-OMeTAD controls, even when all materials were doped with 

LiTFSI. Tremblay and co-workers improved upon this with polymer 43 synthesized using AIBN 

as initiator in toluene at 60°C to create random copolymers of bis(diarylamino)biphenyl acrylate 

and a cinnamate acrylate in a 70:30 ratio. These were then cross-linked by UV-light in-situ. This 

is advantageous over traditional thermally initiated cross-linking as it does not degrade the 

perovskite layer.49 While initial PCE for undoped devices was slightly below that of doped 

PTPD controls, these devices showed excellent long-term stability, with improvement in 
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performance over the first 1000hrs of aging at 85°C, retaining this gain until after 3000hrs of 

aging.49 This was shown with an initial PCE of 16%, while the stressed device reached a 

stabilized power output of 18.7%. 

 

 

Figure 2.12: Side chain triarylamine polymers synthesized via radical initiation.48, 49 

 

 Another variant of the sidechain triarylamine was described by Sun and co-workers 

utilizing a Sonogashira cross coupling with triarylamine functionalized fluorenes as the side 

chain, with a view to investigating the effects of utilizing meta and para phenyl linkers in the 

polymer backbone. The para linked PPE1 (44, 31.6% yield) was obtained at significantly lower 

yield than the meta PPE2 (45, 86.1% yield), due to the formation of macrocycles as 

byproducts.50 The polymer structures are described in Figure 2.13. Reported Mn (10, 800-11, 

900g mol-1) were almost identical with low polydispersity (1.32). No Tg was observed via 

differential scanning calorimetry, and HOMO energies were determined to be ~-5.1eV by cyclic 

voltammetry. These polymers were tested in a p-i-n device stack without doping and compared 

against doped PTAA. Polymer 45 was very competitive with the doped PTAA controls. This was 

due to perovskite surface defect passivation with phenethylammonium iodide, reducing non-

radiative recombination.51 This induced a 0.11V increase in VOC and a 2% increase in FF for a 

champion PCE of 21.31%.34 Polymer 45 was significantly higher performing than polymer 44 

which was determined to be due to larger grain sizes. This is due to the greater wettability for 

polymer 45 with DMF which is typically used to deposit the perovskite ink.50 Additionally it is 

likely that there is increased conjugation in 44, reducing the ability for charge tunneling due to 

isolation of radicals.52 
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Figure 2.13: Polymers synthesized by Sonogashira polycondensation.50 

 

 Suzuki coupling is a well understood synthesis53-59 and continues to be a popular route to 

polytriarylmines, despite the multistep pathway and lower overall yields due to monomer 

synthesis. A family of polycarbazoles was created in this manner by Xie and co-workers in 2019. 

The total synthesis was a 4-step reaction, starting with a nucleophilic aromatic substitution and 

coupling reactions to produce a dibromocarbazole with the triarylamine attached at the 9-

position, some of which was then borylated to give carbazoles with boronic pinacol esters at 

either the 2 and 7 positions or the 3 and 6 positions for the subsequent Suzuki coupling.52 

Polymers 46-48 (Figure 2.14) were prepared, all exhibiting high Tg (>261°C). Polymer 47 had 

the highest Mw due to the low steric hindrance at the 2, 7 positions while polymer 46 was the 

lowest, due to increased cyclization.52 These materials all exhibited similar HOMO levels when 

measured by PESA of ~-5.2eV. The best performing polymer 48 outperformed a PTAA control 

due to slightly improved JSC and FF. The improved JSC is likely due to its improved hole 

conductivity, as it has increased conjugation in its oxidized quinoidal state than polymer 46, 

allowing for greater intermolecular charge transfer, while retaining the ability to develop 

localized radical cations to allow for charge tunneling, which is absent in polymer 47. 
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Figure 2.14: Polymers 46-48 and their charge transfer mechanisms. Reprinted with permission 

from Macromolecules, 2019, 52, 4757-4764. Copyright 2022, American Chemical Society.52 

 

 Valero et al utilized the Suzuki and Yamamato couplings to develop a family of new 

triarylamine copolymers (49-53)60 and to introduce perfluorinated alkyl chains to PTAAs (54 and 

55).61 Molecular weights for polymers 49-53 (Figure 2.15) were on the lower side ranging from 

4, 746g mol-1 to 12, 443g mol-1, likely due to the lack of solubilizing groups on monomers like 

spirobifluorene, or the steric hindrance caused by the ethylhexyl groups on the thiophene 

moiety.60 A surprising range of HOMO energies were recorded ranging from -5.01eV to -4.68eV 

making these polymers interesting candidates for work with narrow band gap perovskites. In 

testing versus PTAA using the FAMACs perovskite in a n-i-p architecture, polymers 51 and 53 

were competitive, recording PCEs of 12.7% and 12.4% to PTAAs 15.8%.60 This was due to 

PTAAs significant advantage in JSC and FF over 51, and substantial advantage over 53 in VOC. 

Significantly, these polymers performed better in a high temperature stability test than PTAA 

controls, though this test was a relatively short 12hrs.60 Polymers 54 and 55 were reported with 

comparable Mw (16, 000-17, 600g mol-1) with low polydispersities (~1.6). Additionally Tg was 

very high for these materials, in excess of 270°C, though the HOMO energies were distinctly 

different due to the delocalization of the HOMO on the additional nitrogen atom in polymer 55.61 
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Interestingly, these polymers were deployed as an additive to the perovskite layer in an n-i-p 

device stack with spiro-OMeTAD as the HTM. This resulted in a decrease in average PCE vs 

undoped devices from 14.1% to 13.9% and 13.6% though these devices retained their efficiency 

better than the controls when stress tested, which is partially due to the increased hydrophobicity 

provided by the perfluorinated alkyl groups.61 

 

 

Figure 2.15: 2019 polymers described by Valero et al.60, 61 

 

 Yamamato coupling was also used to prepare sequentially fluorinated PTAAs, initially at 

the para position on the pendant phenyl group, then at the ortho position (56 and 57, Scheme 

2.5). This produced HTM materials with exceptionally deep HOMO energies, -5.52eV and -

5.63eV respectively measured by PESA, due to the strong electron withdrawing nature of the 
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fluorine moieties.62 Interestingly, increasing the fluorine incorporation led to increasing Mn. This 

is unsurprising when the fluorine replaces methyl at the ortho position, as there is lower steric 

hindrance from this group. These materials were incorporated into a n-i-p structure with 

(FAPbI3)0.85(MAPbI3)0.15 perovskite material, which has a very deep valence band of -5.58eV, 

which explains why polymer 56 had exceptional performance when compared with 57 and a 

synthesized version of 14. As these polymers were deployed in an n-i-p architecture, notable 

hysteresis was observed with a ~2.0% loss in efficiency for 14 and 56 and a staggering 8.4% loss 

for 57. Nonetheless, these devices exhibited excellent stabilized power output, with polymer 56 

maintaining a 21.2% efficiency.62 

 

 

Scheme 2.5: Yamamato coupling employed by Kim et al to produce sequentially fluorinated 

PTAAs.62 

 

 A more recent advance in palladium catalyzed polymerizations is the direct arylation 

polymerization (DArP).63-70 Li, Mori and Michinobu synthesized DPP-OMe (58) in an optimized 

microwave reaction to obtain polymer with Mn = 7, 900g mol-1 and a polydispersity index of 2.2. 

Unfortunately, when incorporated into n-i-p devices performance was poor, with maximum PCE 

of 4.06% obtained when doped with LiTFSI. Device metrics were generally poor, with VOC 

~0.8V, JSC ~11.5mA cm-2 and FF <50%.71 

 As the Buchwald-Hartwig synthesis has become better understood,72-78 developments 

have been made utilizing this method in the control of Mn and polydispersity. Grisorio and 

Suranna demonstrated a chain growth style polycondensation by preloading a palladium complex 

with an endcapping phenyl group and synthesizing an AB monomer with a fluorene core and 

functionalized phenylamine attached at the 7-position with a bromine group at the 2-position, 

which can be found in Scheme 2.6. While polymerization yields were good (>68%) with 

reasonable Mn (9, 500-17, 900 g mol-1) and low polydispersity, the A-B type monomers were 

obtained in low yields (24-41%) due to the difficulty of both monofunctionalization and 
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purification.79 An interesting aspect of this study was the ability to use various aniline derivatives 

which are economical, widely variable, and may lead to high quality PTAAs (58, 59, 20). Further 

impact of polymer properties was reported by Palomares and co-workers when they 

demonstrated that n-i-p devices using PTAA with higher Mw (115, 000g mol-1) had significantly 

better device metrics, leading to a PCE of 18.43%, an increase of ~3.5% over 10, 000g mol-1 

PTAA devices, and 0.3% better than devices containing spiro-OMeTAD as the HTM.38 

 

 

Scheme 2.6: Buchwald-Hartwig chain growth polymerization demonstrated by Grisorio and 

Suranna.79 

 

2.3 Polythiophenes 

2.3.1 Early Applications of Polymers Containing the Thiophene Moiety 

Polythiophene (60) had been known as a potential conducting polymer for some time, 

with some application in OFETs, 80 but had been impractical due to the insoluble nature of the 

synthesized polymer.81-84 The first synthesis of polymeric alkylated thiophenes was reported in 

1986 by Elsenbaumer and co-workers using a Kumada type cross coupling achieving molecular 

weights of 5, 000g mol-1 - 25, 000g mol-1, that introduced various alkyl groups to the polymer 

backbone, albeit at either the 3 or 4 positions due to a lack of regioregularity control.85 The 

alkylated polymers were found to have increasing solubilities as the alkyl chain length increased. 

The synthetic findings were confirmed for methylated thiophene polymers in 1987.86 Control 

over the regioregularity of polythiophene was first demonstrated by Chen and Rieke with the 
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synthesis of poly(3-hexylthiophene-2, 5-diyl) (P3HT ï 61, Figure 2.16) which had 98.5%±1.5% 

head to tail linkage using a Negishi type cross coupling to afford polymers with Mw = 24, 400 g 

mol-1 and polydispersity of 4.32.87 This increased regioregularity was demonstrated to 

significantly increase the charge carrier mobilities within these materials due to the improved 

ordering of the polymers in their solid state.88 

McCulloch et al improved upon the charge carrier mobilities of thiophene based 

polymers by copolymerization with thieno[3, 2-b]thiophene on a 1:1 scale using a Stille coupling 

method to create a series of poly(2, 5-bis(3-alkylthiophen-2-yl)thieno[3, 2-b]thiophenes (PBTTT 

ï 62) with alkyl side chains ranging from decyl to tetradecyl.89 The hole transport conductivity 

was enhanced by both the increased crystalline nature of this polymer due to the rigidity of the 

fused ring, and the raised HOMO level of the polymer, from -5.4eV to -5.1eV due to the 

incorporation of the fused ring system which reduces the delocalization of electrons when 

compared with a single thiophene ring. 

 

 

Figure 2.16: Early thiophene based polymers used in OFETs. 

 

 Polymer 63 introduced a donor-acceptor motif as fused thiophene rings were coupled via 

Suzuki coupling with benzothiadiazole moieties, as shown in Scheme 2.7, by Zhang and co-

workers to obtain polymers with Mw = 108, 000g mol-1 and Mn 38, 000 g mol-1.90 Synthesis of 

polymer 64 was attempted using this method, though only low molecular weights were achieved 

due to deborylation of the electron rich thienothiophene monomer, resulting in a Stille 

polycondensation as the optimal route, yielding polymers with Mw = 168, 000 g mol-1. The 

HOMO levels were determined by PESA to be -5.4eV, however the hole conductivity of 63 was 

an order of magnitude higher than 64 due to the increased amorphous nature of 64. These 

polymers demonstrated exceptional stability over 1000 hours of testing in ambient conditions, 

when incorporated into OFETs.90 
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Scheme 2.7: Synthetic methods employed by Zhang et al.90 

  

2.3.2 PEDOT:PSS 

 Where PTAA type polymers have one gold standard polymer, polythiophenes have 2 

standard bearers; P3HT and poly(3, 4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS - 65). PEDOT:PSS is a highly studied polymer which originated in the 1980s in 

the industrial research labs of Bayer. PEDOT in its initial form was a highly conductive yet 

insoluble polymer, synthesized via oxidative chemical polymerization of EDOT with FeCl3.
91 

Further study by Jonas and co-workers discovered that processing with poly(styrene sulfonic 

acid), a water soluble polyelectrolyte, gave a water dispersible polymer system with exceptional 

conductivity.92 

PEDOT:PSS saw rapid uptake in the PSC community due to its exceptional hole 

transport ability and high optical transparency as thin films.93, 94 The water dispersibility of 

PEDOT:PSS is a major advantage in the OLED and OFET fields as it allows for processing with 

orthogonal solvents. It creates a challenge in PSCs due the moisture sensitive nature of the 

perovskite layer, making processing difficult in some configurations. More importantly, the 

hygroscopic nature of the polymer promotes water ingress into a device stack leading to faster 

degradation of the active perovskite layer, as demonstrated in Figure 2.17.95, 96 
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Figure 2.17: Schematic of MAPbI3 perovskite and proposed degradation pathway of perovskite 

layer caused by water ingress. Adapted with permission from Nano Lett. 2014, 14, 5, 2584-2590. 

Copyright 2022, American Chemical Society.96 

 

 Despite the drawbacks of PEDOT:PSS, it remains a popular choice for HTM material as 

it is highly tunable. By varying the ratio of PSS to PEDOT in the suspension, Chang and co-

workers demonstrated an ability to tune the HOMO level, with lower levels of PSS leading to 

deeper HOMO levels. This was measured using PESA, with plots shown in Figure 2.18. This in 

turn improved VOC, JSC and FF allowing for a device with PCE of 11.74%.97 This was due to an 

increase in local conductivity caused by conformational change in the PEDOT chain. Sin et al 

provided contradictory results to this with the addition of DMSO 5% v/v to improve the 

wettability of their PEDOT:PSS suspension. Using varying ratios of PSS, they demonstrated that 

lower ratios of PEDOT led to higher PCEs due to longer charge carrier lifetimes.98 This 

demonstrates that even a minor change in processing can lead to significantly different results. 
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Figure 2.18: PEDOT:PSS and increasing HOMO level demonstrated via PESA for lower PSS 

ratios in the suspension. Adapted with permission from Solar Energy, 2015, 122, 892-899. 

Copyright 2022, Elsevier.97  

 

Doping of PEDOT:PSS is also a viable strategy for improving device performance. Li 

and co-workers utilized glycerol as a dopant to induce a two order of magnitude increase in 

conductivity, boosting PCE from 8.57% to 11.03%, largely due to improved FF.99 This strategy 

was expanded by Huang and co-workers using catechol derivatives to improve device 

performance, which was the result of improved perovskite films in the doped HTM devices.100 

Gong et al demonstrated a three order of magnitude increase in conductivity and a >20% 

increase in external quantum efficiency when doping PEDOT:PSS with 1.2% of poly(ethylene 

oxide). This gave rise to a remarkable 5.5mA cm-2 increase in JSC with a 5% increase in PCE 

from 11.43% to 16.52%. The doped devices also demonstrated negligible hysteresis.101 These 

doping strategies dramatically improve film quality and contacts with the electrodes. 

 Post deposition treatment of the PEDOT:PSS layer is an important part of improving 

device performance. In 2018 Hu and co-workers demonstrated an increase in PCE from 13.4% to 

18.0% in p-i-n devices by rinsing spin coated PEDOT:PSS layers with ultrapure water after 

thermal annealing. This is due to the deepening of the HOMO from -5.06eV to -5.19eV, bringing 

the HTM into better alignment with the active perovskite layer. Additionally, the device lifetimes 
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dramatically improved, with >50% of initial device efficiency still evident after 250 hours in 

55% ambient humidity, with the control devices at zero.102 In 2020 Niu et al demonstrated that 

toluene vapor annealing improved PCE by ~2.5%. This was because of improved VOC and JSC 

due to reduced trap states at the perovskite interface, and a better HOMO energetic alignment 

with the perovskite.103 This work also demonstrated the effects of solvent post-treatment of 

PEDOT:PSS thin films with both ethylene glycol and toluene. The less polar toluene allowed for 

devices with 12.27% PCE compared with 6.46% for the ethylene glycol washed devices largely 

due to superior FF and JSC. This is likely due to the significantly higher boiling point of ethylene 

glycol causing it to remain in the HTM layer. Interestingly, ethylene glycol treated devices had a 

significantly higher HOMO level (-4.92eV vs -5.21eV) which also explains the poorer 

performance of the devices. This is due to the partial removal of the PSS, and could have 

significant application in narrow band gap perovskite devices.103 

2.3.3 Poly(3-hexylthiophene) and Derivatives 

P3HT has been readily adopted from other fields as an HTM as it has excellent HOMO 

alignment (-5.37eV) with typical perovskite valence bands used in PSCs. The performance of 

this polymer in OFETs is dictated by molecular weight, with higher molecular weights providing 

superior charge carrier mobilities and conductivities.104, 105 Conings and co-workers reported n-i-

p devices exceeding 10% PCE in 2013 with P3HT as the HTM.106 The low PCE was due mainly 

to a low FF of 0.542, likely due to shunting caused by uneven deposition of the perovskite layer 

leading to very rough films, which can be observed in the SEM cross-section in Figure 2.19. 

 

 

Figure 2.19: a) Cartoon schematic of the n-i-p structure and b) SEM cross section of a typical 

device employed by Conings et al, showing uneven perovskite layer leading to uneven layers 

above. Adapted with permission from Adv. Mater. 2014, 26, 2041-2046. Copyright 2022, John 

Wiley and Sons.106 
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 The effect of voids in perovskite devices with P3HT as the HTM was described by Guo 

and co-workers in 2014, with an increase in PCE from 6-8% to 12.4% when the film was 99.5% 

void free. Rapid cooling of the perovskite layer after deposition was found to greatly reduce the 

number of voids. It was also demonstrated that doping with LiTFSI and 2, 6-di-tertbutylpyridine 

(D-TBP) improved the redox function of the HTM, boosting VOC by 0.06V and FF by 10%.107 

 A 2015 study by Long et al demonstrated a periodic microstructure composite using a 

P3HT and spiro-OMeTAD mix to boost PCE to 17.7%, which allowed for improved interfaces 

with the perovskite layer due to the small molecule. This composite also retained the improved 

light harvesting caused by a pillared structure forming reflective mirrors in the perovskite. Thus 

instead of a typical planar 2D film, the HTM is a self-assembling 3D layer.108 This mirror like 

structure, and increasing the thickness of the perovskite layer allowed for a dramatic increase in 

capture of wavelengths of light >550nm, leading to the increase in PCE. 

 Devices with an n-i-p architecture were shown to improve by 2% PCE when the HTM 

was P3HT doped with gold nanoparticles up to 20% Au by weight.109 Stronger ˊ-ˊ interactions 

lead to a more ordered polymer chain stacking, demonstrated by the red shifting and increased 

peak definition in the UV-Vis absorption spectra. This strategy of doping with Au nanoparticles 

had already been shown to be effective in OPVs using PEDOT:PSS.110, 111 

The solution processability of polymers can be problematic for processing on rough 

surfaces, where evaporation offers the highest degree of freedom for layer-by-layer deposition. 

Suwa and co-workers demonstrated a novel in situ polymerization of 2, 2ô:5ô, 2ò-terthiophene 

using iodine as an evaporable oxidizing agent (Figure 2.20) to form a wholly insoluble 

polythiophene HTM. These devices suffered from a low FF leading to a low PCE of 5.9%. 

While it is reported that these devices demonstrate exceptional stability over time, the data and 

discussion provided only demonstrated continued function over 5 minutes. More in-depth 

analysis is needed to show whether this is a viable method for improving device lifetimes. 

Nevertheless, this demonstrated a potential new pathway in the fabrication of a wholly vacuum 

deposited device manufacture.112 
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Figure 2.20: Vacuum deposition and in situ polymerization to form polythiophene HTM on ITO 

substrate. Reproduced with permission from ACS Appl. Mater. Interfaces, 2020, 12, 5, 6496-

6502. Copyright 2022, American Chemical Society.112 

 

 In 2019, Jeong et al reported a fluorinated polythiophene, shown in Figure 2.21, obtained 

through a Stille coupling polymerization using tetrakis(triphenylphosphine)Pd0 as the catalyst, 

which outperformed both spiro-OMeTAD and P3HT in n-i-p devices. The champion 

performance was 18.0% PCE, largely due to improved FF. The fluorinated polymer showed a 

deeper HOMO level than either P3HT or spiro-OMeTAD, giving better energetic alignment with 

both the perovskite and gold anode.113 

 

 

Figure 2.21: a) structures of Spiro-OMeTAD, P3HT and FEH synthesized by Jeong et al and b) 

HOMO/LUMO energies of these materials. Reproduced with permission from Dyes and 

Pigments, 2019, 164, 1-6. Copyright 2022, Elsevier.113 
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2.3.4 Polymers Containing the Thiophene Moiety 

 Recently, the majority of HTM polymers that contain the thiophene moiety have been 

synthesized via Stille coupling,113-129 a palladium catalyzed cross-coupling between aryl halides 

and organotin compounds, due to its well understood nature54, 74, 130-133 and stability with electron 

rich thiophene derivatives.90 However, due to the toxicity of organotin compounds, alternative 

pathways have been investigated. Mahesh and co-workers reported new polymerizations (66, 67, 

Figure 2.22) via a Wittig reaction to generate vinyl linkers between donor thiophenes and 

acceptor benzothiadiazoles with good Mn (9, 562g mol-1 and 20, 553g mol-1) and excellent 

polydispersities (1.21 and 1.41), though neither polymer step yields nor overall yields were 

reported.134 Despite having HOMO levels of -5.25eV and -5.40eV, that aligned well with the 

perovskite for hole extraction, the extremely low band gap of these materials (1.60eV by cyclic 

voltammetry, 2.2eV optical band gap) likely led to poor electron blocking properties. This 

coupled with parasitic absorption due to the polymers strong Uv-Vis absorption up to 500nm led 

to low PCEs of 3.80% and 3.48% respectively, which compared unfavorably with undoped 

spiro-OMeTAD controls at 7.55%. 

 

 

Figure 2.22: Thiophene-benzothiadiazole co-polymers via a Wittig polycondensation. 

 

 A successful Suzuki polycondensation was demonstrated by Tong et al with their 

synthesis of anthracene-based copolymers (68, 69). By incorporating the reactive boron groups 

on the anthracene monomer, the problem of deborylation due to the electron rich thiophene was 

avoided. The polymers were synthesized in a microwave reactor, with the conditions shown in 

Scheme 2.8, with good yield and high Mn and polydispersities around 2.135 Devices with p-i-n 

architecture were fabricated using these materials which outperformed controls with 

PEDOT:PSS as the HTM. Significant hysteresis was noted for both of these polymers however, 

with polymer 68 achieving 15.50% PCE during reverse scan while only achieving 11.36% 
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during a forward scan, with comparable though lower values for polymer 69. It should be noted 

that these materials needed to be doped with significant amounts of m-MTDATA (30% by 

weight) to improve conductivity, which is likely the cause of the significant hysteresis in these 

devices. This was due to significant drops in both VOC (0.05V) and FF decreases of ~20%. 

 

 

Scheme 2.8: Suzuki polycondensation forming thiophene containing copolymers.135 

 

 Many low band gap polymers like those from Scheme 2.8 were developed for OPV use 

and have now been incorporated into PSCs with increasing success. Cai and co-workers explored 

PCBTDPP (70) at the same time as Heo and co-workers were exploring PCPDTBT and 

PCDTBT (71, 72, Figure 2.23) though these polymers were significantly less efficient than both 

PTAA and P3HT devices with PCE ranging from 3.04% to 5.3%.34, 136 Improvements were made 

using PTB-DCB21 (73), PTB7 (74), and PBDTTT-C (75) as HTM, with devices achieving PCEs 

of 13.29% with 74.137-139 PTB7 demonstrated higher conductivity than both spiro-OMeTAD and 

P3HT, and Du and co-workers found that annealing the perovskite layer in ambient conditions 

allowed for improved grain size leading to better contact with the electron transport material 

(ETM). In 2018, Yuan and co-workers demonstrated a PSC using PTB7 and an Ŭ-CsPbI3 

quantum dot perovskite active layer to achieve 12.55% PCE. The replacement of a traditional 

perovskite film with a quantum dot structure allowed for all room temperature in air processing, 

that is a potential time and energy saver in device fabrication.117 A modified terpolymer of PTB7 
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with random incorporation of 5 mol percent 1, 3-dibromo-5-(8-phenyloctyl)-4H-thieno[3, 4-

c]pyrrole-4, 6(5H)-dione (PHC8TPD) improved the efficiency of traditional perovskite n-i-p 

devices to 14.57% vs 12.02% due to improvements in all metrics, and improved HOMO 

alignment (-5.28eV vs -5.15eV).124 A copolymerization strategy was also employed by Jiang and 

co-workers to incorporate alkyl chains with dimethylamino terminations into the polymer at 

varying ratios. When the monomer containing the octyl-dimethylamino side chain was 

incorporated at a 40% mol ratio PCE improved to 18.9% in a n-i-p structure, almost on-par with 

doped spiro-OMeTAD, and far outperforming base PTB7 (12.4%). The improved hydrophilicity 

of these end chain groups both allows for defect passivation in the perovskite layer and improved 

polymer stacking, which was observed in superior FF and VOC.128 Lee et al determined that the 

dichlorobenzyl moiety on PTB-DCB21 formed a better contact with the active layer through 

improved ion-dipole and ˊ-cation interactions, leading to improved charge transport and lower 

recombination rates that improved JSC over the analog version lacking this functionality.139 Chen 

and co-workers deployed PBDTTT-C as a HTM in devices without an ETM leading to devices 

with 9.95% PCE, compared with P3HT devices at 6.17%. This was ascribed to improved 

energetic matching of the HOMO with the perovskite and fewer losses due to interfacial charge 

recombination.138 

 

 

Figure 2.23: Low band gap polymers containing thiophene or fused thiophene rings adopted in 

early PSCs. 



  

41 
  

 In recent years, significant progress has been made with Stille coupled polymers. Li and 

co-workers demonstrated that improved polymer crystallinity led to better device performance in 

n-i-p PSCs, and that thiophene content in the backbone could be utilized to control this. 

Polymers 76-78 were studied, with polymer 77 containing the thienothiophene moiety exhibiting 

the best crystallinity by X-ray diffraction and leading to devices with the highest PCE of 

14.02%.116 This is in good agreement with a more recent study by Sin and co-workers who 

utilized thienothiophene units as ˊ-bridges to improve conductivity achieving devices with 

18.7% efficiency.129 Seo et al described a random terpolymer (79) deployed in n-i-p devices 

which outpaced P3HT controls with PCEs of 12.22% to 9.53% respectively, thought to be due to 

improved hole conductivity due to benzodithiophene unit improving ˊ-ˊ stacking.118 The 

terpolymer strategy was also employed by Zhang and coworkers to introduce ethylene glycol 

side chains in varying ratios to their polymer series DTB(xDEG) (80), where x is the feed ratio 

of the phenyldiethyleneglycol monomer. At a feed ratio of 3% the highest performance of the 

device is recorded, with a certified PCE of 20.10%. This is due to both improved interface 

mechanics improving the FF (Figure 2.24), and improved VOC due to improved lamellar packing 

of the side chains.119 Increased hydrophilicity of the polymer due to the diethyleneglycol side 

chains also help to passivate the perovskite-HTM interface, which may be a useful strategy for 

improving perovskite deposition and interface with the HTM in a p-i-n device. Increasing the 

ratio beyond 3 increases the hydrophilicity too far, allowing for moisture ingress and perovskite 

layer degradation. Further, these devices retained a higher PCE over 30 days ambient storage 

when compared to polymers with feed ratios of 0 and 10. Vivo and co-workers demonstrated that 

conversion of carbonyl groups in polymer 81 to thione in polymer 82 improved FF from 0.50 to 

0.64 and JSC by 0.8mA cm-2. The improved JSC is believed to be a consequence of improved hole 

injection yields of 96.2% compared to 77.9% as polymer 82 displays improved quenching in 

steady-state photoluminescence experiments. The FF is improved due to enhanced 

intermolecular charge transport of the thionated polymer.120 Qi and co-workers presented devices 

with exceptional fill factor of 81.22% in champion devices using PBT1-C (83) in an n-i-p 

architecture for PCE = 19.06%, exceeding P3HT controls (64.71%, 14.96% PCE). This was 

determined to be due to the passivation of both surface and grain boundary trap states at the 

perovskite-polymer interface.121 Interestingly it is believed that the carbonyl groups on this 

polymer are the passivating influence due to their ability to act as a Lewis base to passivate 
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under coordinated lead atoms in the perovskite layer. In a similar manner, Yao et al described 

phenanthrocarbazole-thiophene polymers with substituted selenophenes (84) as opposed to all 

thiophene analogs. The óLewis softô selenium atom assisted with superior trap passivation 

leading to all around improved device metrics, notably a VOC of 1.11 and FF of 0.80, giving 

devices with a PCE of 20.8%.127 Miyasaka and co-workers incorporated a dithienosilole moiety 

into the backbone of terpolymer 85 to produce devices which outperformed PTAA and P3HT 

with PCE of 14.58% compared to 9.53% and 11.34% respectively. This study also described the 

additive effect of lead(II) propionate, which allowed for an increase in VOC up to 1.36V, though 

at significant cost to JSC.
125 

 

 

Figure 2.24: Performance of devices containing DTB(xDEG) polymer; a) J-V curves, b) VOC and 

JSC, c) FF and PCE, d) stabilized power outputs at maximum power points, e) External quantum 

efficiencies, f) PCE evolution in ambient atmosphere. Reprinted with permission from Adv. 

Funct. Mater. 2019, 29, 1904856. Copyright 2022, John Wiley and Sons.119 

 

 You et al utilized the Stille coupling to develop polymers PBDTT and PBTTT (86, 87) 

with Mn 13, 400 g mol-1 and 14, 200g mol-1 and polydispersities of 2.30 and 4.36, respectively. 

Both polymers compared favorably to P3HT and doped spiro-OMeTAD controls, with 85 

achieving 20.28% PCE, with an FF 10 percentage points higher than P3HT and 12 points higher 

than doped spiro. Additionally, the devices retained over 80% of initial PCE in ambient 

conditions after 720hrs, where spiro devices lost nearly 40% of initial PCE. Atomic force 

microscopy showed this to be due to degradation of the perovskite layer, which was not observed 
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in the polymer devices, largely due to the hydrophobic polymers protecting against water 

ingress.122 Gao et al reported hydrophobicity of polymer 88 was responsible for exceptional 

device stability over 50 days , with a retention of 95% initial PCE on an average of 20 

unencapsulated devices in ambient atmosphere.140 Kong and co-workers also demonstrated 

improved lifetime over 16 days with polymer 89, retaining 91.34% of initial PCE compared with 

64.87% in similar spiro devices, with initial PCE 17.52%. The improvement was attributed to the 

improved hydrophobicity due to the inclusion of 2 fluorine atoms on the thiophene unit, which 

can be seen in Figure 2.25.123 An impressive report of stability by Chawanpunyawat and co-

workers led to devices prepared with IDTB (90) retain over 80% of initial PCE after exposure to 

65% relative humidity for 10 days, and initial PCE of 19.38%. Furthermore, these devices 

exhibited very low hysteresis of 0.44%, that is exceptional for undoped n-i-p devices.126 

Nishihara et al investigated the efficacity of the polymer DTB (91) as an HTM in n-i-p 

devices. they found that although low molecular weight polymer outperforms high molecular 

weight polymer initially, after being stored in dry air for an extended period higher molecular 

weight polymer outperforms low molecular weight polymer. This is due to the increased length 

of time required for doping with oxygen due to the denser packing state of higher molecular 

weight polymer.141 Further studies were done using tris(pentafluorophenyl)borane (BCF) as a 

hydrophobic p-type dopant. This greatly improved initial PCE from 1.75% in a device with 

pristine DTB to 14.15% with 8wt% BCF. After 77hrs exposure to air however the overall PCE 

difference between doped and undoped was negligible, with a pristine DTB layer slightly 

outperforming the 8wt%, suggesting that oxygen doping is a significantly stronger boost to 

devices. Notably, the champion device was doped with 4% DTB and achieved a 16.89% PCE 

compared with a champion pristine device of 16.30%.141 
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Figure 2.25: A selection of low band gap polymers synthesized via Stille coupling utilized in 

devices since 2018. 
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2.4 Outlook 

 Polymers as HTMs in PSCs show great potential, especially in p-i-n architectures where 

small molecules tend to fail due to processing issues. However, existing polymers generally 

require extensive multi-step syntheses, with time consuming workups that make them generally 

economically unviable. Their hydrophobic nature is excellent for device longevity and stability, 

yet can pose processing issues which can be remediated by post synthetic treatments such as 

ozone-UV modification142 or incorporation of anchoring functional groups, which again 

increases complexity and cost of finished devices. Future research should focus on high yielding 

and simple one or two step syntheses with the potential for facile, low labor workups to improve 

applicability on a practical scale. 
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CHAPTER 3 

POLYMER HOLE-TRANSPORT MATERIALS FOR PEROVSKITE SOLAR CELLS VIA 

BUCHWALD-HARTWIG AMINATION  

 

The original version of this work was originally published in the journal ACS Applied Polymer 

Materials, a publication of the American Chemical Society, DOI: 10.1021/acsapm.1c00891. 

Copyright 2021.1 The manuscript has been slightly modified for this dissertation 

 

Daniel D. Astridge2,3, Jacob B. Hoffman3, Fei Zhang5, So Yeon Park5, Kai Zhu5, and Alan 

Sellinger3,4,5,6 

3.1 Introduction 

Research of perovskite solar cells (PSCs) has experienced exponential growth since 

initial publications in 2009 due to a rapid acceleration in PCE from 3.8% to over 25%.1-4 The 

most efficient PSCs feature a N-I-P architecture with a metal oxide electron transport material 

(ETM) and a doped organic small molecule serving as a hole transport material (HTM).4-6  While 

these devices perform exceptionally well and are beginning to show improved long term 

stability,7-8 P-I-N architecture devices feature attractive advantages in both single junction and 

tandem device applications. In a P-I-N architecture for typical lead halide perovskite bandgaps, 

HTMs are often organic polymers such as PTAA or poly(3-hexylthiophene-2,5,diyl) (P3HT) 

without dopants, while C60 or related derivatives serve as the ETM.9 The use of these solution 

processable organics and low temperature (100 ) processing allow for highly scalable 

fabrication methods such as roll to roll processing as well as deposition on flexible plastic 

substrates. In the arena of tandem devices, P-I-N perovskite architectures are needed in 

combination with well-developed silicon based solar cells,10-11 and P-I-N architectures are often 

used in all-perovskite tandems.12-13  

While PSCs with a P-I-N architecture have great potential for scalability and integration 

with tandem structures, device performance trails behind P-I-N architectures due to increased  

1 Reproduced with permission from ACS Applied Polymer Materials and co-authors 
2 Primary researcher and author 
3 Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO 
4 Affiliated with Colorado School of Mines, Department of Materials Science, Golden CO 
5 Affiliated with National Renewable Energy Laboratory (NREL), Golden CO 
6 Corresponding author and thesis advisor 
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recombination at both the perovskite/HTM and perovskite/ETM interfaces.14-15 Additionally, 

the best performing HTMs, PTAA and P3HT, are both expensive and hydrophobic resulting in 

difficulties processing the perovskite layer in large active area devices.15-20 Furthermore, 

perovskites are a family of materials with significant variation in band gap and band edge 

energies depending on the composition. PTAA and P3HT have highest occupied molecular 

orbital (HOMO) levels that are only compatible with certain perovskites. In narrow band 

perovskites, a significantly shallower valance band edge requires the use of alternative HTMs 

such as poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS).21-22 Clearly 

there is a need for the development of novel HTMs that can be easily synthesized, processed into 

efficient perovskite devices, and provide a simple pathway for HOMO tuning to a variety of 

perovskite active materials.  

 A common thread in the development of both small molecule and polymeric HTMs used 

in PSCs is the presence of the triarylamine moiety,23-27 an electron rich group which may lead to 

materials with high hole conductivities. Polymeric HTMs have been demonstrated with either the 

triarylamine incorporated into the polymer backbone26, 28 or as a pendant group.29-30 These 

polymers typically require multi-stage syntheses with labor intensive purification steps for the 

monomers, resulting in materials that will ultimately have high cost and low overall yield. In this 

work, we take inspiration from our previous studies with small molecule HTMs used in N-I-P 

PSCs,7, 27 from polymers developed for organic field effect transistors,31-32 and organic light 

emitting diodes,33 to synthesize a novel family of polymers through a one pot Buchwald-Hartwig 

amination reaction. The high yielding reactions between either 2,7-dibromo-9-(2-ethylhexyl)-

9H-carbazole or 2,7-dibromo-9,9-dihexyl-9H-fluorene with selected primary aromatic amines 

feature a facile workup thus reducing time intensive purification. How reactant moiety impacts 

relevant properties for incorporation into PSCs is explored, including HOMO levels and glass 

transition temperature (Tg). The ability to alter the energetic position of the HOMO in these 

polymers by varying the 4-postion of the primary amine demonstrates an ability to customize 

HTMs to different perovskite compositions. As HTMs, the polymers produce devices that have 

comparable performance to PTAA, illustrating the potential of these materials in perovskite 

photovoltaics. In addition, the reaction shows promise for scaling up, as we have produced high 

yields up to a six-gram scale. Finally, the effects of polymer molecular weight and polydispersity 

on device functionality were explored.  
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3.2 Experimental Section 

3.2.1 Materials 

All materials for the polymer synthesis were used as received from Millipore-Sigma 

unless otherwise stated. 2,7-dibromo-9,9-dihexylfluorene was obtained from Boron Molecular 

and Ambeed. 2,7-dibromocarbazole was provided by Francis Bélanger from Seqens-PCAS. 

Palladium catalysts were purchased from Strem Chemicals. Aniline was purchased from Acros 

Organics and vacuum distilled over KOH according to literary procedure.34 3-amino-9-ethyl-9H-

carbazole was purchased from Alfa Aesar and purified using literature procedures, and 4-

fluoroaniline was purchased from Combi-Blocks and vacuum distilled. For PSC fabrication, 

methylammonium bromide and formamidinium iodide were purchased from Greatcell Solar. 

Lead (II) bromide (for perovskite precursor), lead (II) iodide (99.99% trace metals basis, for 

perovskite precursor), and bathocuproine (BCP) were purchased from TCI America. Cesium 

iodide (99.999% trace metal basis), fullerene-C60 (99.9% sublimed) (C60), and PTAA were 

purchased from Millipore-Sigma. Poly(9,9-bis(3ô-(N,N-dimethyl)-N-ethylammoinium-propyl-

2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) was purchased from 1-material. 

Silver pellets (99.99% purity) were purchased from R.D Mathis.  

3.2.2 Synthesis 

A general reaction scheme for the fluorene-based polymers was adapted from literature35 

and is provided in Scheme 1. The synthesis of the polymer, FlAn, used the following method: A 

50 mL Schlenk flask and stir bar were oven dried at 105 , then charged with 2,7-dibromo-9,9-

dihexyl-9H-fluorene (0.6009 g, 1.220 mmol) and sodium tert-butoxide (0.3655 g, 3.803 mmol). 

The flask was then subjected to three vacuum/nitrogen refill steps. Aniline (0.1113 mL, 0.1219 

mmol) was added to the flask with positive nitrogen flow via micropipette. Anhydrous toluene 

(10 mL) was added to the flask via syringe with stirring. Bis(tri-tert-

butylphosphine)palladium(0) (0.0250 g, 0.049 mmol) was collected from a glove box and added 

to the reaction flask with positive nitrogen flow. The reaction mixture was heated to 80 °C for 24 

hours. At this time, bromobenzene (0.0075 mL, 0.061 mmol) was added to the flask with 

positive nitrogen flow and allowed to react for another hour, whereupon diphenylamine (0.0206 

g 0.122 mmol) was added to complete the polymer termination. After a further hour of reacting 

at 80 °C, the heat was turned off and the reaction mixture allowed to cool to room temperature 

with stirring. Once the mixture had cooled, 5 mL of tetrahydrofuran was added to the mixture, 
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which was then precipitated dropwise into 200 mL of stirring methanol followed by at least 15 

minutes of stirring. The precipitate was collected by vacuum filtration, dried in a vacuum oven at 

55 , then transferred to a 50 mL round bottom flask with a stir bar. Diethylammonium 

diethyldithiocarbamate (0.1000 g, 0.45 mmol) was added to the flask in excess to act as a 

palladium scavenger, then the contents of the flask were dissolved in sufficient chloroform. An 

air condenser was fitted to the flask and the reaction mixture refluxed overnight, causing a color 

change from dark brown to a light gold. The mixture was again cooled to room temperature and 

precipitated dropwise into 200 mL of stirring methanol. The polymer was again recovered by 

vacuum filtration and dried for 24 hrs at 40 °C in a vacuum oven. The final polymer was a 

yellow fibrous solid, 0.4673 g, 90% yield. The synthesis of the other polymers in this study 

followed the procedure described above; CzAn 0.4802 g, 95%, CzAnF 0.4666 g, 88%, FlAnF 

0.5013 g, 93%, FlCz 0.6065 g, 92%, CzCz 0.6447 g, 97%. Full characterization of all polymers 

reported is available in Appendix B.  The carbazole polymers required an additional synthesis 

step because while 2,7-dibromo-9-(2-ethylhexyl)-9H-carbazole is commercially available, it is 

cost prohibitive, while the reagents to synthesize it are inexpensively available and the reaction is 

high yielding. The method for the N-alkylation was adapted from literature.27  

3.2.3 Device Fabrication 

Pre-patterned indium doped tin oxide (ITO) substrates (2.5 x 2.5 cm, <20 ɋ/cm2) were 

cleaned through sonication in acetone and isopropyl alcohol sequentially for 20 minutes each. 

After sonication, the ITO substrates were subjected to ozone treatment for 15 minutes. Solutions 

of synthesized HTM (4.0 mg/ml in chlorobenzene) or PTAA (2.0 mg/ml in toluene) were filtered 

with a PTFE syringe filter (0.22 ɛm pore size) prior to deposition. The filtered solutions were 

deposited in a nitrogen filled glove box onto ITO substrates through static spin coating at 5000 

rpm, 3500 rpm acceleration, for 30 s (HTMs) or 6000 rpm, 2300 rpm acceleration, for 30 s 

(PTAA). The resulting HTM films (film thicknesses - synthesized HTM: 12.9 ± 2.9, PTAA: 8-10 

nm36) were annealed for ten minutes at 100  and then allowed to cool to room temperature. A 

thin layer (<5 nm) of PFN-Br was deposited from solution (0.5 mg/ml in methanol) through 

dynamic spin coating (5000 rpm, 30 s) to allow sufficient wetting of the perovskite precursor.15 

Triple-cation mixed-halide perovskites of composition (FA0.79MA0.16Cs0.05)Pb(I0.84Br0.16)3 

(FAMAC) (500 nm) were deposited from a solution featuring a stoichiometry based a previously 

reported method.37 The solution consisted of 26.4 mg MABr, 88.6 mg PbBr2, 200 mg FAI, 570 
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mg PbI2, and 49 ɛL of stock CsI solution (1.5 M in DMSO, a 19.1 mg equivalent) dissolved in 

196 ɛL of DMSO and 981 ɛL of DMF (1:4 v/v). The precursor solution was filtered prior to 

deposition using a PTFE syringe filter (0.22 ɛm pore size). The perovskite precursor (60 ɛL) was 

statically spin coated at 6000 rpm, 1300 rpm acceleration, for 45 s, and chlorobenzene anti-

solvent (120 ɛL) was rapidly dropped onto the spinning substrate 11 s into the procedure. The 

films were then immediately annealed at 100  for one hour. C60 (30 nm) and BCP (6 nm) were 

sequentially deposited onto the perovskite films through thermal evaporation. The films were 

masked to only expose the device active area when thermally evaporating silver back metal 

contacts (100 nm).  

3.2.4 Characterization  

 Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q500, 

with a heating rate of 10 °C min-1 to a final temperature of 800 °C. Differential scanning 

calorimetry (DSC) was performed using a TA Instruments DSC Q2000 at a scan rate of 10 °C 

min-1 under nitrogen flow from -20 °C to 200 °C, with glass transition temperatures obtained 

from the second cycle. UV-Vis absorption spectra were obtained on a Beckman Coulter DU 800 

spectrophotometer using THF as solvent. Emission spectra were obtained using a Horiba Jovin 

Yvon Nanolog spectrofluorometer with THF as solvent. 1H-NMR was acquired using a JEOL 

ECA-500, using DMSO-D6 as solvent for 2,7-dibromo-9-(2-ethylhexyl)-9H-carbazole and 

benzene-D6 for all polymers. Gel permeation chromatography (GPC) was performed on a 

Malvern Viscotek GPCmax with refractive index, intrinsic viscosity, and light scattering 

detectors, and calibrated using polystyrene standards, using THF as eluent and a 1 mL min-1 flow 

rate at 35 °C. Gas chromatography mass spectrometry (GCMS) was performed on an Agilent 

Technologies 7890 GC system with 5977B MSD. All spectra for compounds are available in 

Appendix B. Photoelectron spectroscopy in air (PESA) data was obtained using an AC-2 from 

Riken Instruments at the Stanford Nano Shared Facility on HTM samples spin-coated from 

chlorobenzene at a concentration of 4 mg mL-1 onto glass microscope slides. Scanning electron 

microscopy (SEM) was performed using a FEI Nova 630, field emission gun with an electron-

beam voltage of 3 kV in immersion-lens mode on split devices with an exposed cross sections. 

Conductivity measurements were performed using a four-wire configuration with four parallel 

silver electrodes (2 mm spacing) on samples spin-cast on glass substrates. Thicknesses were 

obtained from cross sectional SEM. JV curve measurements were done using a Newport Oriel 
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Sol3A solar simulator with a xenon lamp. The lamp intensity was calibrated using a KG2 filtered 

mono-silicon reference cell to 100 mW/cm2, AM 1.5G. Scans were taken in both forward to 

reverse and reverse to forward bias directions at a step size of 10 mV and a step delay time of 12 

ms. Devices were 0.1 cm2 and were masked to define a 0.059 cm2 active area.   

3.3 Results and Discussion 

3.3.1 Polymer Synthesis and Characterization 

 Buchwald-Hartwig amination coupling provides a carbon-nitrogen bond when an aryl 

halide is reacted with a primary or secondary amine in the presence of a palladium catalyst and a 

strong base (Scheme 3.1).38-41 In our case we use aryl dibromides with primary amines to prepare 

electron rich polymers for application as HTMs in PSC devices. The polymerization reactions 

progressed quickly, with the generation of photoluminescence when exposed to a 365 nm UV 

lamp within minutes of heating. Further indication of reaction progress was observed by the 

gradual clouding of the reaction mixture, owing to the precipitation of sodium bromide 

byproduct in the toluene solvent system. To minimize reaction steps and workup, the termination 

of the polymers was carried out in-situ after 24 hrs of reaction time, with the addition of 0.05 mol 

equivalent of bromobenzene to terminate end amino groups, then one hour later the addition of 

0.1 mol equivalent of diphenylamine to terminate any remaining aryl bromide endcaps.  

It has been demonstrated in previous work that degradation of the HTM can occur due to 

dimerization of HTM molecules caused by the generation of a radical at the 4-position of a 

pendant group on the amine.42 To reduce the possibility of this degradation, in addition to 

aniline, amines with functional groups at the 4-position were utilized. The functional groups 

were also selected to explore the effect of electron donating and withdrawing groups at the 4-

position on the functionality and characteristics of the final polymers. The selected 

functionalized amines were 4-fluoroaniline (FlAnF, CzAnF) and 3-amino-9-ethylcarbazole 

(FlCz, CzCz). In theory, this should allow for HOMO level manipulation of the polymers, with a 

deeper HOMO for the polymers with the withdrawing substituents, and a shallower HOMO with 

the donating groups. It was also hypothesized that the carbazole polymers would have a 

shallower HOMO than the fluorene polymers due to the lone pair of electrons on the nitrogen 

heteroatom. Long chain alkyl groups were selected for the 9-position of both aryl dibromide 

monomers to increase solubility in organic solvents allowing a greater chain length of the 

resultant polymers. 
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Scheme 3.1: Reaction scheme and list of polymers synthesized in this study. 

 

 High purity semi-conductor materials in PSCs and related devices are very important in 

order to have highly efficient and long lifetime devices.7, 43-45 The purification of polymeric 

materials is problematic, as residual palladium is difficult to remove through traditional methods. 

In small molecule syntheses column chromatography is commonly used, however high 

molecular weight polymers precipitate/stick on the column, rendering this method ineffective. To 

circumvent this problem, and ensure maximum palladium catalyst removal, the crude polymer 

was dissolved in minimal chloroform in the presence of diethylammonium 

diethyldithiocarbamate as a palladium scavenger.46 This solution was refluxed overnight, then 

reprecipitated in stirring methanol. The Pd-diethylammonium diethyldithiocarbamate complex is 

methanol soluble and thus easily separated from the precipitated polymer. It could be determined 

qualitatively that this procedure was effective as there was a notable color change of the solution 

overnight, from dark brown to pale gold. The polymerization results are provided in Scheme 1 

and show >88% yield on the 600 mg scale. To be commercially viable, the syntheses of these 

polymers needed to be reproducible at scale. To demonstrate scalability, polymers FlAn and 

CzAn were synthesized at the 6 g and 5.5 g scale, respectively with the ratios of all reactants and 
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solvents maintained at the same values. There was no notable difference in yield, Mw, or Mn. 

Extensive characterization of the physical and electronic properties of the polymers was 

performed to better understand how different functional groups impact the Buchwald-Hartwig 

coupling and the potential application of these materials in PSCs. The results of these 

experiments are presented in Table 3.1 with further data provided in Appendix B. Gel 

permeation chromatography (GPC) was used to determine the poly(styrene) equivalent 

molecular weights of the synthesized polymers providing insight into how functionalization 

impacts the Buchwald-Hartwig coupling (Figure S20). Molecular weights were generally lower 

for polymers possessing a carbazole group as the aryl halide or primary amine reactant, with the 

lowest weight average molecular weight (Mw) reported for CzCz where two carbazole groups are 

present. The mesomeric electron donating properties of the carbazole compared to fluorene leads 

to faster dissociation during the reductive elimination step which contributes to lower Mw for the 

carbazole polymers.47 This is also the case for polymers containing 4-fluoroaniline and 3-amino-

9-ethylcarbazole. Furthermore, the bulky nature of the 3-amino-9-ethylcarbazole group relative 

the phenyl rings of aniline and 4-fluoroaniline may lead to steric hindrance, causing these 

polymers to have the lower overall Mw.   

The polydispersity index (PDI) represents the amount of polydispersity present in the 

sample, and is defined as Mw divided by the number average molecular weight Mn. The trend in 

PDI closely followed the identity of the primary amine used in the Buchwald-Hartwig coupling 

with PDI ranging from highest to lowest in aniline, 4-fluoroaniline, and 2-amino-9-ethyl 

carbazole, respectively. The GPC curves for the polymers demonstrated significant tailing in the 

lower molecular weight region, suggesting poor removal of smaller chains when precipitated in 

methanol alone. This led to high polydispersities for the polymers with high Mw. We have 

addressed this issue and discuss the method used and effects of removing the smaller chains on 

device performance subsequently. 
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Table 3.1: Physical properties of synthesized polymers. aGPC data obtained using THF as eluent 

with polystyrene calibration curve. bDecomposition temperatures recorded as 5% mass loss 

under nitrogen. 

 

 

 Thermal properties for the synthesized HTMs are also presented in Table 3.1. 

Thermogravimetric analysis (TGA) was performed to ensure that the polymers would not 

degrade at device operating conditions (Appendix B.2). The decomposition temperatures (Td) of 

all polymer materials exceeded 350 °C, well in excess of general device operation temperatures. 

Similarly, differential scanning calorimetry (DSC) was used to determine the glass transition 

temperature (Tg) of the polymers (Appendix B.3). Low glass transition temperatures (<100 ) 

can reduce the long-term thermal stability of devices as well as damage P-I-N devices during 

perovskite film fabrication.48-49  The synthesized polymers had a large variation in Tg, ranging 

from 109  to 189 . Materials synthesized using a carbazole aryl halide possessed Tg 27-47 

 higher than their fluorene analogues. The difference in Tg is likely due to functionalization at 

the 9-position where the carbazole aryl halide possesses one 2-ethylhexyl group compared to a 

dihexyl group in the fluorene aryl halide. The second alkyl chain at the 9 position reduces 

polymer rigidity, a property closely related to Tg.
50 Likewise, CzCz and FlCz featured a higher Tg 

than other polymers due to increased rigidity from the fused rings of the pendent carbazole group 

compared to a phenyl or substituted phenyl group. Differences in Tg between XAn and XAnF 

polymers are likely due to differences in Mn, with higher Mn correlating to higher Tg. This 

relationship between Tg and Mn is due to decreased influence from the polymer end groups and is 

described by the well-known Flory-Fox equation.51 The polymers were electrically characterized 

through conductivity measurements using the four-probe technique. Values for conductivity 

ranged from comparable with PTAA to seven times higher than PTAA. These results indicate 

our polymers are suitable for use as HTMs without the need of dopants in a P-I-N perovskite 
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architecture where HTM layers are relatively thinner compared to N-I-P structures. Molecular 

weight is well known to influence conductivity in polymers.52 While Mw deviates significantly 

between HTMs, Mn stays within a narrow range, indicating that variation in conductivity was 

driven primarily through differences in chemical structure rather than molecular weight. Between 

HTMs, those featuring pendant carbazole groups had higher conductivities likely due to 

increased aromaticity.  

 

 

Figure 3.1: HOMO, LUMO, and optical bandgap of the HTMs and PTAA. For the HTMs, the 

HOMO position increased with respective increase in electron donating strength of the aryl 

halide core and the primary amine. LUMO positions were calculated by subtracting the optical 

bandgap from the HOMO positions determined by PESA.  

 

In P-I-N architecture perovskite devices, light first passes through the HTM before the 

active perovskite layer. Thus, HTMs that absorb minimal amounts of the solar spectrum are 

preferred in order to minimize parasitic absorption.  The optical band gap, calculated from the 

UV/vis onset, show band gaps ranging from 2.81 eV to 2.94 eV (Figure 3.1, Appendix B.4). The 

optical band gap was primarily determined by the primary amine used in the coupling. This is 

partly due to increased conjugation of the pendant carbazole relative to the phenyl rings of 

aniline and 4-fluoroaniline. The band gap is also smaller due to the additional non-bonding lone 

pair electrons on the pendant carbazole, which heavily influences the HOMO level. The optical 

bandgaps of the HTMs are comparable to PTAA (3.07 eV), suggesting little parasitic absorbance 

will be present in P-I-N perovskite devices when using these materials. In addition to a wide 
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bandgap, it is important for the HTM materials to have a HOMO level that aligns well with the 

active perovskite material valance band to ensure efficient hole transfer from the perovskite 

active layer to the HTM. Photoelectron spectroscopy in air (PESA) was performed on drop cast 

films of the HTMs and PTAA to determine the HOMO energetic level. HOMO positions in the 

HTMs were in the range of -4.87 eV to -5.36 eV.  This range is similar to other reported HTMs 

that give exceptional performance when paired with standard perovskite compositions.9, 37, 42 The 

data obtained from the PESA study suggests that the energetic position of the HOMO can be 

tuned by changing the electron withdrawing and donating nature of the primary amine 

monomers, as the HOMO energy level increases with electron donating strength. The PESA data 

also demonstrated that HOMO levels for the fluorene polymers were typically deeper than the 

carbazole analogs, which is to be expected due to the presence of an additional lone-pair of 

electrons at the 9-position of carbazole. The ability to customize these polymers bodes well for 

use with a variety of perovskites due to the numerous compositions with varied valance band 

level positions. The LUMO energy level should be shallower than the conduction band of the 

active perovskite material to prevent electron transfer to the HTM. In the HTMs, the LUMO 

energy levels ranged from -2.43 eV to -2.08 eV comparable to PTAA and sufficient to block 

electron transfer from the perovskite layer.  

 

 

Figure 3.2: (A) Cross sectional SEM image of a typical P-I-N perovskite photovoltaic device 

fabricated in this study. PFN-Br was used as an interfacial wetting layer to impart similar 
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wettability to synthesized HTMs and PTAA controls. Reverse bias J-V scans of champion 

devices for FlX (B) and CzX (C) materials used in this study compared to PTAA. 

3.3.3 Device Fabrication and Testing 

In order to test the potential of the synthesized polymers as HTMs, P-I-N PSCs were 

fabricated using a standard triple cation perovskite active layer, 

(FA0.79MA0.16Cs0.5)Pb(I0.84Br0.16)3. Many of the HTMs were too hydrophobic to allow for 

solution-based perovskite deposition. Thus, poly(9,9-bis(3ô-(N,N-dimethyl)-N-ethylammonium-

propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) was utilized as an 

interfacial wetting layer between the HTM and the perovskite layers to allow pinhole free films, 

a strategy commonly utilized to increase cell active layer and deposition quality.15, 53 The full 

architecture of the device stack with the synthesized HTMs was ITO / HTM (~13 nm) / PFN-Br 

(<5 nm)/ perovskite (500 nm) / C60 (30 nm) / BCP (6 nm) / Ag (100 nm) (Figure 3.2A). The 

thickness of the HTM layer was optimized using CzAn as a model material, resulting in a 

deposition concentration of 4 mg/ml or 12.9 ± 2.6 nm HTM thickness (Appendix B.6). PTAA 

control devices used a slightly thinner HTM layer (~10 nm) based on previously optimized 

devices.36 J-V curves of champion devices are presented for the FlX and CzX material families 

in Figure 3.2B and 3.2C, respectively, while average device performance parameters are shown 

in Table 3.2. Generally, PCE for devices using the synthesized HTMs was between 16-17% with 

the best performing material, CzAn, possessing an average PCE of 17.21 ± 0.19%, comparable 

to PTAA controls (17.35 ± 0.40%). The PCE of PTAA control devices obtained in this study 

were comparable to PSCs featuring similar device architectures and perovskite active layers.15, 36 

Devices prepared using HTMs from scaled up reactions of FlAn and CzAn had similar 

performance characteristics to the 600 mg scale reactions, indicating that this synthetic pathway 

may be viable to produce large amounts of quality material for device production (Appendix 

B.7). Furthermore, a cost analysis for the synthesis of FlCz was conducted and demonstrated that 

these materials can be synthesized on the bulk scale at a low cost per gram (Appendix B.7). 
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Table 3.2:  Average device parameters for HTM materials. Data presented as an average of 10-

16 contacts with ± as standard deviation. 

 

 

Interestingly, device performance between HTMs did not have any significant trends 

connected to conductivity, HOMO energy level, or Tg. As conductivity was comparable to or 

higher than PTAA, the relatively thin HTM layers likely limit any variation in conductivity on 

device parameters. Although there were no trends across all HTMs for HOMO energy level and 

Tg, these parameters may be connected to the two materials that had PCE below 16%, FlAnF 

(12.07 ± 0.12%) and CzCz (15.52 ± 0.15%). In the case of CzCz, VOC was significantly lower 

than the other HTMs. This is likely due to the HOMO of CzCz (-4.87 eV) being the most offset 

from the valance band edge of the perovskite (-5.45 eV),27 leading to energetic losses as holes 

are transported from perovskite to HTM. Another possibility is CzCz introduces interfacial trap 

states, reducing the quasi fermi level splitting as described by Neher et. al..15 However, since all 

other materials studied possess similar VOC and there are no unique chemical moieties introduced 

in CzCz, this explanation seems unlikely. PCE losses in FlAnF are from a low fill factor due to 

increased series resistance in devices using this material (Appendix B.8). Cross sectional 

micrographs of the HTM/perovskite interface show the origin of the increased resistance for 

FlAnF devices was due to void formation at the perovskite/HTM interface, which was not 

present in devices using other HTMs (Appendix B.9). The reason for poor perovskite 

morphology when using FlAnF is not immediately clear. FlAnF possesses a lower Tg (109 ) 

than the other HTMs that is relatively close to the annealing temperature during perovskite 

deposition, 100 , which may influence film formation. Another possibility is that the presence 
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of fluorine moieties influences perovskite film formation, which is supported by CzAnF 

possessing the lowest FF of the carbazole based polymers.  

 

Figure 3.3: GPC curves for two series of FlAn polymers, different reaction times resulting in a 

varied Mw (A) and different precipitation solvent systems allowing for the removal of low 

molecular weight polymer chains (B). 

 

As discussed above, the Buchwald-Hartwig coupling reaction produced materials with 

large variation in Mw and PDI as a result of the chemical identity of the different reactants, while 

differences in Mn were smaller. To explore if these differences contribute significantly to device 

performance, the reaction time of FlAn was varied from 2-20 hrs to produce a series of HTMs 

that possessed varied Mw, Mn, and PDI. The GPC retention time curves for this series are 

presented in Figure 3.3A with longer reaction times correlating to earlier peak elution. GPC 

curves for the FlAn reaction series indicated that Mw, Mn, and PDI increased at longer reaction 

times with ranges of 36230-148900 Da, 16030-22280 Da, and 2.26-6.93, respectively (Table 

3.3). The shapes of the retention time curves for varied FlAn reaction time were similar in profile 

to the six chemically unique HTMs synthesized with significant tailing in the low molecular 

weight region (Appendix B.5). Variation in Mw and PDI was significantly larger than Mn, similar 

to what was observed between HTMs with different chemical identities (Table 3.1). This 

indicates that varying FlAn reaction time is useful to isolate Mw, Mn, and PDI parameters from 

HTM chemical identity. When incorporated into devices the series of FlAn materials showed a 

slightly improved performance from 16.17 ± 0.23% to 16.47 ± 0.35% as reaction time, Mw, and 

PDI decreased. The variation on PCE of the FlAn reaction series was within standard deviation, 

suggesting differences in device parameters between the six HTMs are due to the distinct 
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chemical identities of the HTMs rather than Mw and PDI. In PSCs, variation of Mw, Mn,, and PDI 

has been shown to primarily impact device performance through both the increased conductivity 

and hole mobility of high Mn polymers and more uniform polymers films from a smaller PDI.52, 

54-55 The polymers presented possessed similar Mn, indicating minimal variation in electrical 

properties. Thus, the minimal difference in device performance between the FlAn reaction time 

series is likely attributable to changes in PDI.  

Table 3.3: Average device parameters and GPC data for FlAn reaction time series. Device data 

presented as an average of 14-21 contacts with ± as standard deviation. 

 

 

All of the synthesized HTMs showed a significant low molecular weight component, 

which was the primary reason large PDIs were observed in the polymers. Soxhlet extraction is 

typically employed to remove low molecular weight components and improve the PDI, but this 

process is generally time consuming and requires the use of many solvents. As an alternative to 

Soxhlet extraction, simple re-precipitation strategies with varied solvent systems were explored 

using FlAn as a model material. Figure 3.3B shows GPC retention time curves post re-

precipitation in four solvent systems: the 100% methanol precipitation used during the initial 

synthesis, 50/50 methanol/acetone, 100% acetone, and 50/50 acetone/ethyl acetate. As the re-

precipitation solvent system changes from 100% methanol to 100% acetone to 50/50 

acetone/ethyl acetate the low molecular weight component is progressively removed (Figure 

3.3B). The percent recovery, PDI and Mn for each precipitation condition is presented in Table 

3.4. Removal of the low molecular weight tail resulted in decreased PDI and increased Mn with 

complete tail removal reducing PDI to 1.45. Percent recovery was 69% with complete tail 

removal for the 50/50 acetone/ethyl acetate re-precipitation, indicating this re-precipitation 
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strategy is a viable method to decrease the PDI. This was reproduced with FlAnF, achieving a 

reduction in PDI from 3.68 to 1.80 with a 72% recovery. The 50/50 acetone/ethyl acetate 

precipitation was also conducted on CzAn, resulting in a reduction of PDI from 5.99 to 2.99 with 

a recovery percentage of 65%. While not as effective as for FlAn, optimization of the system for 

each polymer is still more cost effective than Soxhlet extraction for reducing low molecular 

weight fraction. 

Table 3.4: GPC data, Tg, and average device parameters for FlAn at various re-precipitation 

conditions. Device data presented as an average of 18-20 contacts with ± as standard deviation. 

 

  

The FlAn re-precipitation series allowed for investigation into how the presence of low 

molecular weight components in the HTMs impact the performance of PSCs. The decrease in 

PDI from the removal of low molecular weight components led to an increase in Mn, a quantity 

that impacts many relevant physical, thermal, and electronic polymer properties.56-59 Devices 

fabricated with the FlAn re-precipitation series as HTMs are presented in Table 3.4. As Mn 

increased and PDI decreased, performance slightly increased from 16.23 ± 0.24% to 16.80 ± 

0.24%  primarily due to an increased fill factor from 0.75 ± 0.01 to 0.77 ± 0.01. Similar to FlAn 

with varied reaction time, decreased PDI likely contributed to the improved performance of the 

re-precipitated FlAn polymers. Additionally, the increased Mn of re-precipitated FlAn likely 

results in superior conductivity and hole mobility, which may also have improved device 

performance. However, both variations in FlAn molecular weight resulted in PSC performance 

differences within or close to standard deviation, demonstrating that devices using these 

materials in a P-I-N architecture are able to tolerate deviations in polymer size and PDI. 
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3.4 Conclusions 

 A novel library of polymer HTMs were synthesized utilizing a Buchwald-Hartwig type 

polycondensation of aniline derivatives and either dibromocarbazole or dibromofluorene based 

monomers in high yielding, low cost, and simple workup reactions. The polymers were 

reproducible at scale and show promise when incorporated into perovskite solar cell devices, 

demonstrating results similar to PTAA. Further optimization of devices containing these 

polymers may lead to improved results, especially with other perovskite active layers, i.e. narrow 

and/or wide band gap. The wettability of the polymers is a cause for concern, as PFN-Br is not a 

sustainable pathway to widely used materials due to the excessive cost. Future research will 

focus on improving wettability, either by using more wettable groups such as cyano, or custom-

made, low-cost monomers to improve contact hydrophilicity. Co-polymerizations of groups that 

perform well will also be investigated in order to customize favorable polymer properties. 

Furthermore, how these polymers impact device stability and lifetime compared to PTAA will be 

investigated. Finally, fine tuning of the HTM HOMO energy level to specific perovskite 

compositions is achievable through future experimentation of reactant functional groups and 

copolymerization of different reactants. 
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CHAPTER 4 

POLYMER HOLE-TRANSPORT MATERIAL FUNCTIONAL GROUP TUNING FOR 

IMPROVED PEROVSKITE SOLAR CELL PERFORMANCE 

 

The original version of this work was originally published in the journal ACS Applied Energy 

Materials, a publication of the American Chemical Society, DOI: 10.1021/acsaem.2c01057. 

Copyright 2022.1 The manuscript has been slightly modified for this dissertation 

 

Jacob B. Hoffman2,3, Daniel D. Astridge2,3, Soyeon Park5, Fei Zhang5, Mengjin Yang5, David 

Moore5, Steven P. Harvey5, Kai Zhu5, *, Alan Sellinger3,4,5,6 

4.1 Introduction 

Lead halide perovskite materials (LHP) have emerged as a promising light harvesting 

semiconductor for single junction perovskite solar cells (PSCs) achieving a rapid rise in 

photoconversion efficiency (PCE) from 3.8% to over 25% since 2009.1ï5 PSC device 

architectures exist in both n-i-p and p-i-n configurations with each type presenting different 

advantages and challenges.6ï8 n-i-p device stacks currently have superior PCE, but typically use 

transparent metal oxide layers as electron transport layers (ETLs) that require high temperature 

fabrication methods and doped hole transport materials (HTMs) that can introduce device 

degradation pathways.7, 9ï13 p-i-n device stacks can be processed with both ETLs and HTLs 

deposited at relatively low temperatures by vacuum deposition and solution processing, and 

generally the HTMs do not require doping. The current state of the art p-i-n device architectures 

use C60 or related derivatives as the ETL layer and dopant free polymeric HTMs such as 

polytriarylamine (PTAA) or poly(3-hexylthiophene-2, 5, diyl) (P3HT).7, 9 The relaxation of 

temperature requirements allows the use of flexible substrates, opening pathways for highly 

scalable fabrication methods such as roll-to-roll processing. Additionally, p-i-n device 

architectures are typically employed in silicon/LHP14ï16 and LHP/LHP17, 18 2-terminal tandem 

devices. Thus, p-i-n device architectures are important to the future of commercial PSC  

1 Reproduced with permission from ACS Applied Energy Materials and co-authors 
2 Primary researchers and authors 
3 Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO 
4 Affiliated with Colorado School of Mines, Department of Materials Science, Golden CO 
5 Affiliated with National Renewable Energy Laboratory (NREL), Golden CO 
6 Corresponding author and thesis advisor 
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technology.  

The development of novel HTMs designed for p-i-n PSCs is an important area of 

research to make their PCE competitive with n-i-p architectures. One important consideration to 

improve open-circuit voltage (VOC) is the energetic alignment between the HTM highest 

occupied molecular orbital (HOMO) and the LHP valence band (VB).19ï21 HOMO/VB energetic 

alignment is particularly important as LHPs possess variable VB edge energies that are 

dependent on composition. PTAA and poly-TBD possess HOMO energies well suited for many 

standard LHP compositions,22ï25 but narrow band gap LHPs containing tin achieve alignment 

with relatively shallower HTMs, such as PEDOT:PSS.17 However, PEDOT:PSS is processed 

from an aqueous suspension making it unsuitable for n-i-p devices, and its hydrophilicity and 

acidity is problematic for the long term stability of the active LHP layer and the electrode in p-i-

n devices.26ï28 Additionally, understanding the interplay between energetic alignment and 

reduced interfacial recombination at the HTM/LHP interface has been an active area of research 

to improve device VOC.19, 20, 29, 30 In the p-i-n architecture, LHP is deposited directly on the HTM 

substrate, requiring HTMs to both have insolubility with LHP precursor solvents and provide 

sufficient wetting for continuous LHP layers. Variation in the wetting properties of the 

underlying HTM impacts LHP film formation and quality, which can impact PSC performance 

and increase the complexity of evaluating HTMs.31ï34 

Recently, we have developed a novel family of HTMs using a simple one-pot Buchwald-

Hartwig amination coupling.35 This reaction strategy provides flexibility to the functional groups 

present in the polymer core and pendant groups. Through select variation in the HTMs, relevant 

properties to PSCs such as HOMO energy level, hydrophobicity, conductivity, molecular weight, 

and glass transition temperature (Tg) can be tuned. The initial six HTMs studied produced 

devices that performed well relative to state-of-the-art PTAA and the impact of HTM molecular 

weight and polydispersity index (PDI) on device performance was explored. In this report, we 

expand the initial HTM set to twelve materials, yielding a set of HTMs of similar chemical 

structure with a wide variety of optical, thermal, and electronic properties. When incorporated 

into PSCs, the HTMs produced devices with comparable or higher PCE than state-of-the-art 

PTAA. Trends in device parameters in relation to HOMO energy level and wettability are 

investigated, providing insight into how functional group variation can impact device fabrication 

and functionality. Finally, the device stability of PSCs using the highest performing HTMs was 



  

83 
  

evaluated with materials providing similar or superior stability to PTAA devices at 1000 hrs of 

illumination.  

4.2 Methods 

4.2.1 Materials 

All materials for the polymer synthesis were used as received from MilliporeSigma 

unless otherwise stated. 2, 7-Dibromo-9, 9-dihexylfluorene was obtained from Boron Molecular 

and Ambeed. 2, 7-Dibromocarbazole was provided by Francis B®langer from Seqens-PCAS. 

Palladium catalysts were purchased from Strem Chemicals. Aniline was purchased from Acros 

Organics and vacuum distilled over KOH according to literature procedures.36 3-Amino-9-ethyl 

carbazole was purchased from Alfa Aesar and purified using literature procedures, and 4-

fluoroaniline was purchased from Combi-Blocks and vacuum distilled. For PSC fabrication, 

prepatterned indium- doped tin oxide (ITO) substrates were purchased from Colorado Concept 

Coating LLC. Methylammonium bromide and formamidinium iodide were purchased from 

Greatcell Solar. Lead(II) bromide (for the perovskite precursor), lead(II) iodide (99.99% trace 

metal basis, for the perovskite precursor), and bathocuproine (BCP) were purchased from TCI 

America. Cesium iodide (99.999% trace metal basis), fullerene-C60 (99.9% sublimed) (C60), 

and PTAA were purchased from MilliporeSigma. Poly(9, 9-bis(3ǋ-(N, N-dimethyl)-N- 

ethylammoinium-propyl-2, 7-fluorene)-alt-2, 7-(9, 9-dioctylfluorene))-dibromide (PFN-Br) was 

purchased from 1-Material. Silver pellets (99.99% purity) were purchased from RD Mathis.  

4.2.2 Polymer Synthesis 

The synthesis of polymers FlAn, FlAnF, FlCz, CzAn, CzAnF, and CzCz has been 

reported in our previous work.35 The additional polymers introduced here were synthesized using 

the same method, which is described in Scheme 4.1A, with the exception of the polymer CzFl, 

which utilized a 1:1.05 stoichiometric ratio of aryl dihalide to aryl amine. This was due to the 

high molecular weight of the polymer when synthesized with stoichiometrically equivalent 

amounts of each, making solubility of the polymer an issue. The structures of the polymers 

synthesized in this study are shown in Scheme 4.1B. A detailed description of the synthesis, the 

purification of these materials, and structural characterization through 1H-NMR is available in 

Appendix C.  
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4.2.3 Device Fabrication 

 Fabrication of PSCs was done similarly to our previous publication.35 The devices were 

prepared on prepatterned ITO substrates (2.5 x 2.5 cm, <20ɋ cm-2), which had been cleaned 

through sonication in acetone and isopropyl alcohol sequentially for 20 min each. The substrates 

were then ozone treated for 15 min. Solutions of the prepared HTMs (4.0 mg/mL in 

chlorobenzene) or PTAA (2.0mg/mL in toluene) were filtered with a PTFE syringe filter (0.22 

µm pore size) prior to deposition. Deposition was done in a nitrogen-filled glovebox through 

static spin-coating at 5000 rpm, 3500 rpm/s acceleration, for 30 s (HTMs) or 6000 rpm, 2300 

rpm/s acceleration, for 30 s (PTAA). The films were then annealed for 10 min at 100 °C and 

allowed to cool to room temperature. A thin layer of PFN-Br was deposited from methanol 

solution (0.5 mg/mL) by dynamic spin-coating at 5000 rpm for 30 s to allow sufficient wetting of 

the LHP precursor. The triple-cation FAMACs LHP was deposited on the HTM layer using a 

previously reported method. The precursor solution was filtered in the same method as the 

HTMs prior to deposition. The precursor (60 µL) was statically spin-coated at 6000 rpm, 1300 

rpm/s acceleration, for 45 s and the chlorobenzene anti-solvent (120 µL) was rapidly dropped 

onto the spinning substrate 11s into the procedure. The resulting films were annealed at 100 °C 

for 1 hr. C60 (30 nm) and BCP (6 nm) were sequentially deposited onto the films via thermal 

evaporation. The final films were masked to expose only the active area, and the silver back 

metal contacts were deposited through thermal evaporation (100 nm). 

4.2.4 Characterization Methods  

Characterization of the polymers was conducted as follows; 1H-NMR spectra were 

obtained in benzene-d6 using a JEOL ECA-500. Gel permeation chromatography (GPC) was 

performed on a Viscotek GPCmax calibrated with polystyrene standards, using THF as eluent at 

35°C with a flow rate of 1 mL min-1. UV-vis absorption spectra and fluorescence emission 

spectra were obtained using THF as solvent on a Beckman Coulter DU 800 spectrophotometer 

and a Horiba Jovin Yvon Nanolog spectrofluorometer respectively. Thermogravimetric analysis 

(TGA) was performed using a TA instruments TGA Q500 with a ramp rate of 10°C min-1 to a 

final temperature of 800°C. Differential scanning calorimetry was performed using a TA 

instruments DSC Q2000 under nitrogen flow from -20°C to 200°C with a 10°C min-1 scan rate. 

Photoelectron spectroscopy in air (PESA) data was obtained using an AC-2 from Riken 

Instruments at the Stanford Nano Shared Facility on HTM samples spin-coated from 
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chlorobenzene solutions with concentrations of 4 mg mL-1 onto glass microscope slides. 

Conductivity measurements were performed using a four-wire configuration with four parallel 

silver electrodes (2 mm spacing) on samples spin-cast on glass substrates (~12 nm sample 

thickness). Illuminated conductivity measurements were taken in the same setup under 1 sun 

illumination. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

performed on a PerkinElmer OES Optima 8300 using argon gas with an internal standard of 

10ppm Sc. ICP-OES was performed by the Ranville group at the Colorado School of Mines. 

Samples were prepared following a procedure from literature.37 An ION-TOF TOF-SIMS V 

Time of Flight SIMS (TOF-SIMS) spectrometer was utilized for depth profiling of the LHP 

utilizing methods covered in detail in previous reports.38 Analysis was completed utilizing a 3-

lens 30kV BiMn primary ion gun. High mass resolution depth profiles were completed with a 

30KeV Bi3
+ primary ion beam, (0.8pA pulsed beam current), a 50x50µm area was analyzed with 

a 128:128 primary beam raster. Sputter depth profiling was accomplished with 1kV Cesium ion 

beam (6 nA sputter current) with a raster of 150×150 microns. J-V curves were obtained on a 

Newport Oriel Sol3A solar simulator with a Xenon lamp without light-soaking. The lamp 

intensity was calibrated using a KG2 filtered monosilicon reference cell to 100 mW/cm2, AM 

1.5G. Scans were taken forward to reverse and reverse to forward bias directions with a step size 

of 10 mV and a step delay of 12 ms. Devices were 0.1 cm2 and were masked to define a 0.059 

cm2 active area. External quantum efficiency (EQE) was measured using a solar cell quantum-

efficiency measurement system (QEX10, PV Measurements). Scanning electron microscopy 

(SEM) was performed on a FEI Nova 630 field emission gun with an electron-beam voltage of 3 

kV in immersion-lens mode on split devices with exposed cross sections, to allow for layer 

thicknesses to be measured. Contact angle was measured as a function of time using a drop shape 

analyzer (DSA 100, Krüss GmbH, Hamburg, Germany). A 3 µl droplet of either deionized water 

(fig. S9) or LHP precursor solution (fig. 1B) was generated on a 1 mm diameter blunt needle and 

deposited on the various sample substrates, 2 substrates of each type were used and 3 drops were 

measured on each substrate with the average and standard deviation reported. Stability testing 

was carried out using a sulfur plasma lamp with an intensity of approximately 1.0 sun. All 

spectra are available in the supporting information, or through our previous work.35 
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4.3 Results and Discussion  

 

Scheme 4.1: (A) Buchwald-Hartwig amination used to synthesize the investigated polymer 

HTMs with a fluorene (top) or carbazole (bottom) based aryl dihalide as one group of monomers 

coupled with varying primary aromatic amines. (B) Chemical structures, abbreviations, and 

reaction yields of the twelve polymeric HTMs synthesized.  

The synthetic strategy used to fabricate the polymer HTMs under investigation was a 

Buchwald-Hartwig amination coupling, that allowed the formation of nitrogen-carbon linkages 

from aryl dihalide and primary amine reactants in the presence of a palladium catalyst and a 

strong base (Scheme 4.1A).35 This strategy allowed for a one pot reaction that progressed for 24 

hours before being terminated by endcapping through stepwise additions of bromobenzene and 

diphenylamine. The removal of residual palladium catalyst is important for these materials to be 
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used in devices for high efficiency and stability.39ï42 A simple strategy was utilized to remove the 

palladium from the HTMs through use of a scavenger molecule, diethylammonium 

diethyldithiocarbamate, followed by precipitation of the HTMs in methanol.35 Using this reaction 

and purification strategy, twelve novel polymeric HTMs were synthesized from a combination of 

two aryl dihalides and six primary amines with yields ranging from 86-97% (Scheme 4.1B) and 

residual palladium present in ppb concentrations (supporting information S18). The two aryl 

dihalides, 2, 7-dibromo-9, 9-dihexylfluorene and 2, 7-dibromo-9-(2-ethylhexyl)-carbazole, were 

selected as monomers due to the higher conjugation of fluorene and carbazole groups allowing 

for relatively high conductivities, while providing different electronic properties due to the 

difference in the atom at the 9-position. The long alkyl chains at the 9-position allowed for high 

solubility in organic non-polar solvents. Furthermore, these monomers are readily available at 

low cost, and have previously been polymerized via Buchwald-Hartwig amination.43 Six primary 

aromatic amines, aniline (An), 4-fluoroaniline (AnF), p-anisidine (AnO), 4-(methylthio)aniline 

(AnS), 3-amino-9-ethyl carbazole (Cz), and 3-amino-9, 9-dimethyl fluorene (Fl), were selected 

to provide customization of polymer thermal and optoelectronic properties, and hydrophobicity. 

Abbreviations for the HTMs were selected based on the identity of the fluorene or carbazole core 

(Fl or Cz) from the aryl dihalide, followed by the identity of the functionalized pendant group 

(An, AnF, AnO, AnS, Cz, Fl) from the primary amine. 

Table 4.1: Physical, thermal, and electrical properties of the PTAA and the HTM polymers. 

aGPC data obtained using THF as eluent with polystyrene calibration curve. bDecomposition 

temperatures recorded as 5% mass loss under nitrogen using thermal gravimetric analysis 

(TGA). GPC, TGA, DSC, and 4-point probe conductivity data can be found in Appendix C 

HTM aMn (kDa) PDI Tg (°C) bTd (°C) Conductivity (mS/cm) 

PTAA 7.3 1.32 - - 0.54 

FlAn 20.9 6.05 116 409 0.46 

FlAnF 17.9 3.67 109 412 0.20 

FlAnS 14.6 2.63 120 408 0.95 

FlAnO 19.7 4.63 118 413 1.69 

FlCz 23.6 2.42 162 421 3.37 

FlFl 15.4 3.47 158 417 1.84 

CzAn 10.1 5.99 146 411 1.04 

CzAnF 19.8 3.05 156 420 0.46 

CzAnS 7.7 1.77 133 378 0.78 

CzAnO 23.6 3.04 153 414 2.36 

CzCz 14.4 1.89 189 403 2.85 

CzFl 4.0 2.41 162 420 0.48 
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The different reactants used in the Buchwald-Hartwig amination coupling significantly 

altered the physical, chemical, and electronic properties of the synthesized HTMs. Extensive 

characterization was performed on the HTMs to explore relevant properties for potential use in 

p-i-n PSCs (Table 1). The number average molecular weight (Mn) was determined through gel 

permeation chromatography against polystyrene standards, and varied between HTMs within the 

range of 4.0-23.6 kDa. The distribution of molecular weights, described by the PDI, varied from 

1.77-6.05. The values of Mn and PDI of the HTMs followed trends found in our previous report 

that investigated six of these materials.35 Carbazole based materials generally possessed lower 

molecular weights, which was attributed to mesomeric electron donating effects of the carbazole 

leading to faster dissociation during the reductive elimination step of the reaction.35, 44 The PDI 

was a function of the specific primary amine monomer, and attributed to higher fractions of low 

molecular weight constituents during re-precipitation in methanol. Through careful selection of 

re-precipitation solvents PDI can be reduced, while Mn can be controlled through reaction time. 

However, our previous study showed PDI and molecular weight had minimal impact on PSC 

performance for these HTMs. Thus, the HTMs were used in PSCs without further re-

precipitation.35 

Thermal properties of the HTMs, degradation (Td) and glass transition Tg temperatures, 

were observed through thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC), respectively. Values of Td ranged from 378-421 , significantly higher than operating 

conditions for photovoltaic devices and indicative that HTM thermal degradation would not be a 

pathway for device failure in PSCs using these HTMs. Tg ranged from 109-189  due to 

differences in polymer rigidity and molecular weight with highest values observed in materials 

with carbazole or fluorene pendant groups.35, 45 Typically, values of Tg above 100  are 

desirable to improve device stability through avoiding unwanted HTM morphological changes 

during device operation.10, 46 Conductivity of the HTMs was relatively high ranging from 0.20-

3.37 mS/cm under one sun illumination, comparable to or up to seven times higher than PTAA 

(0.54 mS/cm). Several trends between chemical structure and conductivities of the HTMs 

emerged. Mn can influence the electrical properties of the HTMs with larger Mn typically 

resulting in higher conductivities and hole mobilites.47ï49 The relatively lower Mn of CzFl and 

CzAnS likely contributed to the lower conductivities exhibited by these materials. When Mn was 

within 4.0 kDa between fluorene and carbazole core materials, as is the case with 4-
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methoxyphenyl and 4-fluorophenyl pendant group HTMs, carbazole core HTMs had higher 

conductivities likely due to the additional electron density from the 9-positon nitrogen. 

Carbazole and fluorene pendant groups exhibited higher conductivities than phenyl based 

pendant groups due to increased aromaticity. Between phenyl based pendant groups, 4-

methoxyphenyl increased conductivity and 4-fluorophenyl decreased conductivity relative to 

aniline. This is due to the levels of conformational disorder, which reduce hole mobility, with the 

methoxy group of AnO limiting conformational changes relative to the hydrogen of aniline, and 

the highly polar fluorine promoting electrostatic disorder.50  

 

 

Figure 4.1: (A) Cross sectional micrograph showing the PSC p-i-n device architecture used. (B) 

Contact angle measurements of the LHP precursor ink on ITO, PTAA, and HTM substrates. 

HTMs were classified into three categories based on the visible amount of LHP deposition 

achieved without the use of a PFN-Br wetting layer. 

 

A commonly used p-i-n PSC architecture was selected to test the suitability of the 

synthesized polymers as HTMs, featuring a triple cation active layer (bandgap of ~1.60 eV) 

formed from a precursor solution with a (FA0.79MA0.16Cs0.5)Pb(I0.84Br0.16)3 stoichiometry. Figure 

4.1A shows a cross sectional micrograph of a typical device stack with color added to better 
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distinguish layers. HTMs were deposited on ITO to a previous optimized thickness of ~12 nm,35 

while PTAA control devices utilized slightly thinner optimized layers (~8 nm).22 Poly(9, 9-

bis(3ô-(N, N-dimethyl)-N-ethylammonium-propyl-2, 7-fluorene)-alt-2, 7-(9, 9-

dioctylfluorene))dibromide (PFN-Br) was used as a wetting interfacial layer, while C60/BCP and 

silver were used as the electron transport material (ETM) and metal electrode, respectively. PFN-

Br has previously been used to improve LHP precursor wetting in order to improve the 

interfacial and morphological quality of the LHP film.29, 32, 51ï53 Typically, the thickness of this 

layer is reported as <5 nm due to low concentration of the deposition solution. However, PFN-Br 

is highly soluble in LHP precursor solvents, indicating this layer is likely removed from the 

device stack or incorporated into the resulting LHP film as reported by Dong et al.54 

The use of PFN-Br was necessary to deposit a pinhole-free LHP film from solution onto 

HTM films, due to the high hydrophobicity of the materials. The LHP precursor contact angle 

was measured for the HTMs, PTAA, and ITO, to further evaluate how the chemical structure of 

the HTMs impacts LHP deposition without PFN-Br (Figure 4.1B). Precursor contact angle 

varied for the synthesized HTMs from 46-54 , which produced a large variation in LHP 

deposition ranging from no film formation (red region), to some areas of film formation (yellow 

region), to large areas of film formation (green green). Control materials, PTAA (41 ) and ITO 

(40 ), both showed good pinhole free film formation suitable for use in devices. In tandem, these 

results illustrate how a small variation in precursor contact angle can heavily influence the ability 

to deposit pinhole free LHP films. HTMs that featured a carbazole core had improved precursor 

wettability compared to those with a fluorene core, likely due to the additional alkyl chain 

present in fluorene based HTMs. Between pendant groups, carbazole and fluorene groups 

improved wettability compared to phenyl-based groups, likely due to the increased solubilizing 

effect of the added alkyl groups. Within phenyl pendant groups methylthio and methoxy 

functionalization improved wettability while fluoro functionalization decreased wettability, due 

to the respective groups promotion or reduction in intermolecular forces between the HTM and 

the relatively polar ink.55, 56 It is interesting to note that the visible trend in LHP film formation 

was not comparable to the water contact angle of the HTM films (supporting information S9), 

suggesting that precursor contact angle is a more accurate measurement compared to water 

contact angle when evaluating LHP film formation from solution deposition. 
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Figure 4.2: (A) Device characteristics of the twelve HTMs and PTAA controls. Two materials, 

CzFl and FlAnS, showed PCE comparable to or greater than PTAA. JSC was comparable between 

all HTMs. Generally, fluorene core materials exhibited higher VOC and carbazole core materials 

exhibited higher FF. (B) Devices under illumination exhibited improved performance with the 

best materials (FlAnS and CzFl) outperforming PTAA. Averages were obtained from 15-35 

devices for each material and error bars represent standard deviation. Data presented was 

measured in reverse bias.  

 

Average devices characteristics (reverse bias) for all twelve HTMs and PTAA control 

devices are presented in Figure 4.2A. The synthesized HTMs generally performed well, with 

nine HTMs producing devices with average PCE above 16%. Devices prepared from the best 

performing HTMs, FlAnS and CzFl, had average PCEs of 17.12 ± 0.29% and 17.56 ± 0.19%, 

respectively, values that were comparable to PTAA control devices (17.55 ± 0.50%). Slight 

hysteresis was exhibited in all devices including PTAA controls, typical of the device 

architecture and active layer (supporting information S10). Short-circuit current (JSC) was similar 

throughout all synthesized HTMs, but slightly lower than PTAA controls. VOC for all materials 

ranged from 0.940-1.068 V with most materials above 1.020 V and generally fluorene core 

materials outperforming carbazole core materials. Values for fill factor (FF) were typically 

between 0.76 and 0.80 with the exception FlAnF that possessed significantly lower FF (0.571 ± 

0.10). Carbazole core materials generally out performed fluorene core materials in this 

parameter. It is interesting to note values of PCE for PTAA control devices were relatively low 

compared to other studies using a similar PSC stack due to a lower VOC. While this may be 

indicative of some recombination initially present within the LHP active film, prolonged 
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illumination (>24 hrs) of PSCs with PTAA and the four best synthesized HTMs increased VOC 

and PCE to the expected literature values for this device stack (Figure 4.2B, Appendix C.10, 

C11). For example, average PCE for PTAA, FlAnS, and CzFl improved to 17.93 ± 0.45%, 18.21 

± 0.37%, 18.10 ± 0.37%, respectively, with a champion FlAnS device reaching 18.79%. 

 

Figure 4.3: (A) EBG, HOMO, and LUMO of the twelve HTMs and PTAA grouped by the 

chemical identity of the core group and further arranged by the electron withdrawing/donating 

strength of the pendant group. (B) VOC as a function of HOMO energy revealed two distinct 

regions. In, the red region, device VOC was limited by the HOMO/VB overlap, as indicated by 

the linear trend. In the blue region, a separate recombination bottleneck limits VOC. Error bars in 

(B) represent standard deviation.  
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The optical and electronic properties of the HTMs had a significant impact on the device 

characteristics. Figure 4.3A presents the optical bandgap energy (EBG) determined via UV-

Visible absorption onset (Appendix C.3), HOMO energy from photoelectron spectroscopy in air 

(PESA) (Appendix C.12), and the lowest unoccupied molecular orbital (LUMO) found as the 

difference between HOMO and EBG. The HTMs possessed a slightly smaller EBG (2.81-2.94 eV) 

compared to PTAA (3.07 eV). The difference in EBG between the twelve synthesized HTMs and 

PTAA likely contributes to the slightly higher JSC observed in PTAA control devices. This 

difference was supported by a lower external quantum efficiency for devices with the 

synthesized HTMs at those wavelengths (Appendix C.13).  

HOMO energy levels are important to consider when evaluating differences in VOC 

between devices with different HTMs. Specifically, an energetic offset between the valance band 

(VB) of the LHP and the HTM HOMO can significantly inhibit VOC.19, 30 The synthesized HTMs 

had a wide range of HOMO energy levels between -4.87 and -5.36 eV. Fluorene core materials 

possessed deeper HOMO energy levels than carbazole core materials due to the non-bonding 

lone pair electrons on the nitrogen atom at the carbazole 9-position making it more 

electronegative. Within both fluorene and carbazole core HTM groups, deeper HOMO energy 

levels were correlated to more electron withdrawing functional groups. The impact of the 

HOMO energy level on PSC VOC was explored in Figure 4.3B where two distinct trends were 

observed. For HOMO energy levels below -4.97 eV (red region), the relationship is linear 

relative to VOC, suggesting VOC is heavily impacted by the HOMO/VB alignment. Above -4.97 

eV (blue region) the VOC flattens in relation to HOMO energy level, remaining level between 

1.02-1.07 V. Neher et al recently observed optimal HOMO/VB alignment between LHP of this 

composition and PTAA, but non-optimal alignment in shallower HOMO HTMs that was 

consistent with the observed trend.19 In addition to the HOMO/VB alignment, other HTM factors 

can impact PSC VOC such as interfacial recombination, the rate of charge injection, and HTM 

hole conductivity. Within the blue region of Figure 4.3B, materials possessing a 4-fluorophenyl 

pendant group have lower relative VOC, which may be due to the relatively lower conductivity 

exhibited by these materials compared to other synthesized HTMs. Overall, the wide range of 

HOMO energy levels observed in the twelve HTMs provides a platform to use a similar 

synthetic strategy to produce materials for a wide variety of LHP compositions. In narrower EBG 

tin based LHPs, VB energies are shallower and may be better suited for HTMs in the red region 
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of Figure 4.3B. HTMs like FlAnF, with significantly deeper HOMOs than PTAA, may provide 

better HOMO/VB overlap to wide EBG LHP compositions. In particular, this HTM may be well 

suited for Br/I mixed halide species that have deeper VB edges from the contributions of Br p-

orbitals.6, 57  

 

 

Figure 4.4: (A) Cross-sectional micrographs of (i) FlAnF, (ii) FlAn, and (ii) CzAnS. Large void 

formation at the HTM/LHP interface likely contributed to the low FF exhibited in devices that 

used FlAnF. (B) Precursor contact angle on HTM substrates as a function of PSC FF showed 

lower contact angles correlated to higher PSC FF. Error bars in (B) represent standard deviation.  

 

PSCs that used the synthesized HTMs exhibited FF values between 0.76 and 0.80 with 

the exception of FlAnF (0.57). Devices with FlAnF as the HTM had JSC and VOC similar to other 

HTM materials with a significantly higher series resistance, suggesting FF was low due to 

physical defects increasing resistance (Appendix C.14). To investigate if major LHP 

morphological differences were contributing to the lower observed FF of FlAnF, top down and 

cross-sectional scanning electron microscopy (SEM) was employed on three materials, (i) FlAnF 

(FF=0.57), (ii) FlAn (FF=0.76), and (iii) CzAnS (FF=0.80). Top down SEM showed similar 

grain sizes in LHP films deposited on the different HTMs and pinhole free films with no obvious 

morphological differences (Appendix C.15). However, cross-sectional SEM revealed LHP films 

deposited on FlAnF and to a lesser extent FlAn had void formation at the HTM/LHP interface, 

suggesting the cause of increased series resistance and low FF for PSCs with FlAnF was due to 

poor HTM/LHP interfacial morphology (Figure 4.4A). 
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There were two potential reasons for the poor LHP morphology contact in devices that 

used FlAnF and FlAn that may also apply to the entire HTM series. First, the Tg of FlAnF (109 

) and FlAn (116 ) were the lowest of all the HTMs and close to the annealing temperature of 

the LHP film. In fact, a strong trend was observed between PSC FF and HTM Tg, with HTMs 

possessing Tg <130  producing devices with lower FF. To test this hypothesis, a set of PSCs 

were assembled using a 110  annealing temperature on fluorene core HTMs with varied Tg. FF 

did not significantly change for devices using HTMs with Tg close to 110 , suggesting that 

HTM Tg was not related to the lower FF observed in FlAnF and FlAn devices (supporting 

information S16). Second, FF trended closely with precursor ink contact angle with higher 

contact angles resulting in lower FF (Figure 4.4B). PFN-Br was found to be highly soluble in 

LHP precursor solvents, and likely dissolves upon deposition of the LHP ink after providing 

initial wetting of the HTM substrate. As the precursor film formed during the spin coating 

process, the poor innate DMF:DMSO wetting of the HTMs may have impacted film formation, 

resulting in HTM/LHP interfacial voids upon crystallization. In p-i-n LHP solar cells, the 

wettability of the HTM substrate has been shown to play a significant role in LHP film 

formation. Hydrophilic substrates, such as PEDOT:PSS, result in small LHP grain sizes, while 

hydrophobic substrates result in large grain sizes but can lead to discontinuous films.31 These 

results are consistent with the deposition challenges associated with hydrophobic HTMs, and 

suggests that there are limitations to the effectiveness of interfacial wetting layers such as PFN-

Br when assisting solution based LHP deposition on hydrophobic substrates. The sharp drop in 

FF between FlAn and FlAnF suggests a critical ink contact angle where the LHP is no longer 

able to form a void-free film, leading to increased defects at the interface, and therefore poor 

interface quality.  
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Figure 4.5: Illuminated stability over 1000 hrs at 35°C of four HTMs and PTAA controls. Six to 

fourteen devices were used per material to evaluate performance. Error bars represent standard 

error. 

 

After identifying suitable HTMs for the used LHP architecture and composition, stability 

of the PSCs using CzAn, CzFl, FlCz, and FlAnS were compared to PTAA controls. These HTMs 

were selected based upon PCE and chemical functional group diversity. Illuminated stability was 

assessed by subjecting devices to ~1 sun illumination under ambient conditions at VOC. In order 

to focus on stability differences from the identity of the HTM, gold contacts were used in place 

of silver and devices were encapsulated to limit degradation effects from electrode corrosion and 

environmentally driven degradation of the bulk LHP, respectively. After 1000 hours of 

illumination significant differences in retained PCE was observed between PTAA and the four 

selected HTMs (Figure 4.5). Two HTMs, CzAn and FlCz, retained PCE close to 80% of the PCE 

maximum, significantly higher than FlAnS (70%), PTAA (63%), and CzFl (56%). There were no 

obvious trends connecting HTM properties or chemical functionality to retained PCE with the 

exception of HTM conductivity, which showed higher conductivities resulted in higher retained 

PCE. This trend may indicate that HTMs with higher conductivity can diminish charge 

accumulation at the LHP/HTM interface that would otherwise result in interfacial degradation. 
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Figure 4.6: ToF-SIMS signal (intensity normalized to total counts) for degradation products in 

(A) PTAA and (B) CzAn (representative material) at 60s sputter time (BCP/C60 layer) and 600s 

(LHP layer) for common products of LHP degradation and In. PTAA had significantly more 

products indicative of LHP degradation diffused into the BCP/C60 layer compared to the 

synthesized HTMs, while the HTMs had In present in the LHP and BCP/C60 layers indicative of 

reactions between LHP and ITO.  

 

To further assess degradation, time of flight secondary mass spectroscopy (ToF-SIMs) 

was used to collect information on how components in the device stack migrate before (solid 

circles) and after (hollow triangles) 1000 hrs illumination (Figure 4.6). CzAn is presented as a 

representative HTM material with PTAA, while the ToF-SIMS data for the other HTMs is 

available in Appendix C.17. Two interesting material migrations that indicate device degradation 

occurred during illumination. First, products consistent with LHP degradation (Pb+, CH5N2
+, 

Cs4I3) were found within the BCP/C60 layer (~0-300 s sputter time), with significantly higher 

relative concentrations observed in PTAA (10-5 Pb+, 10-4 CH5N2
+, 10-4 Cs4I3) based devices 

compared to the synthesized HTMs (10-6 Pb+, 10-5 CH5N2
+, 10-6 Cs4I3) with the exception of 

FlAnS, which remarkably showed no increase in these species relative to the control. Second, 

indium (In) indicative of ITO corrosion was observed within the BCP/C60 layer as well as the 

LHP layer (~400-800 s sputter time) within all synthesized HTMs, while minimal In migration 

was found in PTAA devices. LHP reactivity with ITO has recently been observed and 

electrochemically investigated by Kerner et al, where LHP was able to etch ITO under relatively 

low voltages at room temperature.58ï60 In migration has previously been shown to reduce device 

stability and performance in both light emitting diodes and photovoltaics.58, 59 The absence of 

observable In migration in PTAA devices suggests that PTAA is significantly more impervious 
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to reactant migration relative to the synthesized HTMs. Within the synthesized HTMs, FlCz 

appeared to be more vulnerable to In migration potentially due to a higher Mn and PDI creating a 

more porous HTM layer. It is important to note that the relative amounts of degradation products 

did not line up with the observed average device stability and should be taken as primarily 

diagnostic. Thus the observed material migrations indicate two potential pathways of device 

degradation with PTAA devices suffering mostly from LHP degradation, while the synthesized 

HTMs appeared to have generally less LHP degradation but also had evidence ITO corrosion. 

Future improvement in synthesized HTM Mn and PDI may reduce LHP/ITO reactions by 

providing a more robust barrier between perovskite and ITO.  

4.4 Conclusion 

In summary, twelve polymer HTMs of similar structure but varied chemical functionality 

were synthesized through a simple Buchwald-Hartwig amination coupling reaction followed by 

purification. When incorporated into p-i-n PSCs, the synthesized HTMs performed well relative 

to control devices fabricated using PTAA. Two interesting trends related HTM properties to 

device characteristics. First, HOMO/VB overlap impacted device VOC at HOMO energy levels 

below -5.00 eV, which was dictated by the electron donating and withdrawing nature of the 

functional groups present in each HTM. Understanding how to control polymer energy levels, 

particularly the HOMO, is imperative for designing HTMs for targeted use in the wide variety of 

LHP and other LHP species (low, medium, high bandgap) currently under investigation. The 

relative LHP precursor wettability of the HTMs heavily impacted fabricated LHP film 

morphology and consequently device FF. The large HTM library showed how small differences 

in LHP precursor contact angle can significantly impact film formation, and serves as a better 

indicator than water contact angle. The large variation in LHP film quality despite the use of a 

PFN-Br wetting layer shows potential limitations of using wetting layers to assist in LHP film 

formation on hydrophobic substrates. Finally, several of the highest performing synthesized 

HTMs showed significantly improved stability relative to PTAA, which when coupled with the 

strong PCE exhibited by the best HTMs showcased the promise of this family of materials in 

PSCs.  
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CHAPTER 5 

IMPROVING POLYMER HOLE TRANSPORT MATERIAL PROPERTIES BY SIDE CHAIN 

MANIPULATION FOR EFFICIENT METHYLAMMONIUM-FREE 

PEROVSKITE SOLAR CELLS 

 

Daniel D. Astridge,1,2 Tobias Abzieher,5 Connor Hook,4 David T. Moore,5 Alan Sellinger2,3,6 

5.1 Introduction 

 Perovskite solar cells (PSCs) are promising light-harvesting devices due to their high 

efficiencies,1,2 facile integration into tandem devices,3-5 and high potential for low-cost 

manufacturing due to simple processing techniques such as roll-to-roll printing.6 The HTM 

layers of these devices play a vital role in both stability and efficiency by assisting in charge 

separation and conduction of holes to the cathode. The current benchmark materials for both 

ótraditionalô n-i-p and óinvertedô p-i-n devices are poly[bis(4-phenyl)-(2,4,6-

trimethylphenyl)amine] (PTAA), 2,2ô,7,7ô-tetrakis(N,N-di-p-methoxyphenylamine)-9,9ô-

spirobiflurorene (spiro-OMeTAD), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) and [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz). Each of these 

materials, whilst highly efficient, present their own problems. For example, PTAA, spiro-

OMeTAD and 2PACz are prohibitively expensive for commercial applications, while 

PEDOT:PSS is highly acidic and hydrophilic which is problematic for long term device 

stability.7-10 Spiro-OMeTAD and other organic small molecules require doping for high 

efficiencies,11-13 and cannot be incorporated into p-i-n architectures as the HTM layer is then 

destroyed due to its solubility in the perovskite precursor. Self-assembled monolayers (SAMs) of 

phosphonic acids like 2PACz are only useful for p-i-n type devices. PTAA cannot be modified, 

so it has a narrow range of usability with perovskites before its highest occupied molecular 

orbital (HOMO) energy is an energetic mismatch with the valence band of the absorber. 

Furthermore, PTAA is highly phobic to the perovskite ink precursors, which typically means an 

interfacial layer or post-deposition modification with UV and ozone is required to deposit a  

1 Primary researcher and author 
2 Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO 
3 Affiliated with Colorado School of Mines, Department of Materials Science, Golden CO 
4 Affiliated with Colorado School of Mines, Department of Chemical Engineering, Golden CO 
5 Affiliated with National Renewable Energy Laboratory (NREL), Golden CO 
6 Corresponding author and thesis advisor 
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satisfactory absorber layer. 

Recently, we demonstrated a family of polymer HTMs synthesized by the Buchwald-

Hartwig cross coupling reaction.14,15 These polymers had highly tunable HOMO energies 

through the incorporation of electron withdrawing and donating groups in the backbone and on 

pendant phenyl groups. The polymer CzAn was incorporated into a methylammonium free Sn-

Pb p-i-n perovskite device, outperforming PEDOT:PSS in both efficiency and stability.16 

Furthermore, we demonstrated the improved performance of FAMACs devices incorporating 

these HTMs both for peak efficiency and longer-term stability over PTAA. In particular, the 

FlAnS polymer was of interest due to its exceptional PCE and stability. These materials however 

still required an interfacial layer, namely poly[9,9-bis(3ô-(N,N-dimethyl)-N-ethylammonium-

propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) for effective deposition of 

an absorber layer. Additionally we noted that the glass transition temperature (Tg) of the 

materials were lower for the fluorene variants than for the carbazole variants, despite the 

generally better performance of these materials overall in wide band-gap perovskite devices. As 

there are potential high temperature applications of these materials, a solution to this is desirable. 

 In this chapter, we describe random copolymer variants of FlAnS, where the 9,9-

dihexylfluorene unit has been replaced with dimethylfluorene in various ratios to provide a 

controllable Tg with no loss of performance or obvious changes in electronic properties. We 

further describe a high Tg random terpolymer which incorporates a small percentage of a third 

fluorene based monomer for improved wettability of the deposited HTM and allows for direct 

deposition of the active perovskite layer. We incorporate these materials into devices containing 

the methylammonium free perovskite CsFAPbI3, which is stable at higher temperatures, as proof 

of concept for use in higher temperature applications. 

5.2 Experimental 

5.2.1 Synthesis 

Synthesis of 3,3ô-(2,7-dibromo-9H-fluorene-9,9-diyl)bis(N,N-dimethylpropan-1-amine) 

monomer. A 250 mL round bottom flask was charged with 2,7-dibromo-9H-fluorene (3.9977 g, 

12.34 mmol) and 3-dimethylaminopropyl chloride (5.40 g, 44.4 mmol). Tetrabutylammonium 

bromide (0.0911 g, 0.283 mmol) was added, and the flask was purged with vacuum and refilled 

with nitrogen three times. The solids were dissolved in DMSO (50 mL) with stirring at room 

temperature followed by the addition of 8 mL of sodium hydroxide solution, 50% w/w in 
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deionized water. Upon addition, the mixture was observed to turn cherry red and gelatinous. The 

temperature was increased to 60 °C and allowed to stir for 1 hour while monitored by thin layer 

chromatography, whereupon the reaction was cooled to room temperature and quenched by 

pouring into iced water. The mixture was extracted three times with diethyl ether. The organic 

layer was washed three times with 10% NaOH solution and three times with saturated sodium 

chloride solution, followed by drying over MgSO4. The organic solvents were removed by rotary 

evaporation to afford a pink oil. The crude product was then purified by column chromatography 

(4:1 hexanes:ethyl acetate on silica) followed by recrystallization in hexanes to obtain a fine 

white powder, 4.45 g, 73%. Purity was confirmed by GCMS and 1H-NMR spectroscopy. 

Polymer synthesis. All polymers followed the same general procedure, outlined herein. 

To an oven dried Schlenk flask sodium tert-butoxide (3 equivalents) and appropriate 

dibromofluorenes (varying) were added, followed by evacuation by vacuum and nitrogen refills 

three times. Anhydrous toluene was added to the flask via syringe with stirring. 4-

(methylthio)aniline (1 equivalent relative to fluorenes) was added to flask via autopipette with 

positive N2 flow. The palladium catalyst (0.04 equivalents) was added to the flask with positive 

N2 flow. The reaction was heated to 80 °C and allowed to proceed for 24 hrs, when 

diphenylamine (0.05 equivalents) was added with positive N2 flow. After another hour, 

bromobenzene (0.1 equivalent) was added to the mixture and allowed to react for another hour, 

after which the reaction was cooled to room temperature. The reaction mixture was diluted with 

THF (50% volume relative to toluene) and stirred for a further 15 minutes. This mixture was 

then precipitated into stirring methanol and the crude polymer was recovered via vacuum 

filtration. The crude was then dissolved in THF and refluxed overnight with diethylammonium 

diethyldithiocarbamate (0.3 equivalents, relative to combined fluorenes) acting as a palladium 

scavenger. The mixture was cooled to room temperature and again precipitated in stirring 

methanol. The final polymer was recovered by vacuum filtration and dried in a vacuum oven 

overnight at 55 °C to afford polymers in various shades of yellow, with yields in excess of 90% 

5.2.2 Device Fabrication 

Glass substrates coated with (pre-patterned) indium tin oxide (ITO) were cleaned in 

acetone and isopropanol in an ultrasonic bath for 15 min each, followed by an additional 

cleaning step in ozone for 15 min immediately before the deposition of the hole transport 

polymer. The hole transport polymer was dissolved with a concentration of 1.5 mg/ml in 
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chlorobenzene. The deposition on top of the ITO front electrode was performed by spin coating 

at 5,000 rpm for 30 s followed by an annealing step at 100 °C for 10 min in inert atmosphere. 

The perovskite absorber employed in this work had the composition Cs0.18FA0.82PbI3 and was 

deposited by spin coating. For the perovskite ink, 551.9 mg PbI2, 33.3 mg CsCl, and 191.1 mg 

FAI were dissolved in a 1 ml mixture of DMF and DMSO (4:1 volume ratio). After all 

compounds have been complete dissolved, 33 ɛl of a bulk passivation solution were added to the 

perovskite ink. For the bulk passivation solution, 68 mg PbCl2 and 20 mg phenethylammonium 

chloride (PEACl) were dissolved in 1 ml DMSO. Finally, the ink was filtered by using a 0.45 ɛm 

PVDF filter. The deposition of the perovskite absorber was performed in a two-step spin-coating 

approach. After pipetting 150 ɛl of the perovskite ink and manually spreading it over the 

substrate, the ink was spun at 1,000 rpm for 10 s, followed by a faster spinning at 5,000 rpm for 

30 s. 10 s before the end of the second spin-coating step, 150 ɛl CB were dropped onto the 

absorber to initiate nucleation. In order to improve wetting of the perovskite ink on the hole 

transport material, poly(9,9-bis(3ô-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-

2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) was dynamically spin coated right before the 

absorber deposition at 5,000 rpm for 20 s without further annealing. The absorber was annealed 

at a temperature of 135 °C for 30 min. Right after the annealing, a surface passivation solution 

(1.5 mg/ml of PEACl in IPA) was dynamically spun on top of the absorber at 5,000 rpm for 30 s, 

followed by an annealing at 100 °C for 5 min. All absorber preparation steps were performed in 

inert environment. To get a working solar cell, 25 nm of C60 and 6 nm of bathocuproine (BCP) 

were thermal evaporated on top of the absorber and the device equipped with a 100 nm thick 

silver back electrode that was also thermally evaporated. 

5.2.3 Characterization Methods 

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q500, 

with a heating rate of 10 °C min-1 to a final temperature of 800 °C. Differential scanning 

calorimetry (DSC) was performed using a TA Instruments DSC Q2000 at a scan rate of 10 °C 

min-1 under nitrogen flow from -20 °C to 200 °C, with glass transition temperatures obtained 

from the second cycle. UV-Vis absorption spectra were obtained on a Beckman Coulter DU 800 

spectrophotometer using THF as solvent. Emission spectra were obtained using a Horiba Jovin 

Yvon Nanolog spectrofluorometer with THF as solvent. 1H-NMR was acquired using a JEOL 

ECA-500, using DMSO-D6 as solvent for 2,7-dibromo-9-(2-ethylhexyl)-9H-carbazole and 
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benzene-D6 for all polymers. Gel permeation chromatography (GPC) was performed on a 

Malvern Viscotek GPCmax with refractive index, intrinsic viscosity, and light scattering 

detectors, and calibrated using polystyrene standards, using THF as eluent and a 1 mL min-1 flow 

rate at 35 °C. Gas chromatography mass spectrometry (GCMS) was performed on an Agilent 

Technologies 7890 GC system with 5977B MSD. All spectra for compounds are available in the 

supporting information. Photoelectron spectroscopy in air (PESA) data was obtained using an 

AC-2 from Riken Instruments at the Stanford University Nano Shared Facility on HTM samples 

spin-coated from chlorobenzene at a concentration of 4 mg mL-1 onto glass microscope slides. 

JV curve measurements were done using a Newport Oriel Sol3A solar simulator with a xenon 

lamp. The lamp intensity was calibrated using a KG2 filtered mono-silicon reference cell to 100 

mW/cm2, AM 1.5G. Scans were taken in both forward to reverse and reverse to forward bias 

directions at a step size of 10 mV and a step delay time of 12 ms. Devices were 0.1 cm2 and were 

masked to define a 0.059 cm2 active area.  

5.3 Results and Discussion 

5.3.1 Synthesis and characterization 

 The polymer FlAnS was synthesized at a 3 g scale according to previously reported 

procedures. An attempt to make a FlAnS variant with 100% dimethylfluorene content in place of 

the dihexylfluorene was unsuccessful as the polymer precipitated out of solution after only one 

hour, leading to oligomeric material that was insoluble in commonly used organic solvents like 

THF, toluene, benzene, and chlorobenzene. The resulting polymer was exceptionally thermally 

stable, as described in Figure 1A, however was of no use for the intended application due to its 

lack of solubility. It is also likely that the conductivity of this polymer would be lower than 

expected, due to low molecular weight.17 

 To overcome this solubility issue, a copolymerization strategy was employed. For the 

copolymers the following ratios of dihexylfluorene to dimethylfluorene were used; 80:20, 60:40, 

50:50, and 40:60 with the synthetic procedure outlined in Scheme 1, and yields are shown in 

Table 1. These ratios were determined to be accurate in the final polymers by 1H-NMR analysis. 

The methyl peak for the methylthio group in the original FlAnS polymer is a distinct singlet at 

2.05 ppm. As the dimethylfluorene monomer is introduced splitting of this peak is observed, 

culminating in a pseudo triplet for the 50:50 ratio as the 4-(methylthio)phenyl pendant is 

observed in 3 distinct environments ï between 2 dihexyl units (2.05 ppm), between 2 dimethyl 
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units (2.01 ppm) and between both dimethyl and dihexyl units (2.03 ppm). Integration of these 

peaks vs the crowded aliphatic region allows for confirmation of the incorporated ratios. 

 

 

Scheme 5.1: Synthesis of the copolymer variants of FlAnS. Values for x equal 0.8, 0.6, 0.5 and 

0.4. Total value for x + y = 1 

 

 The thermal properties of the copolymers were obtained via TGA and differential 

scanning calorimetry (DSC), with the individual spectra for these available in the Supporting 

Information. The decomposition temperatures (Td) are based on 5% mass loss and for each 

material exceed 400 °C (Table 1), which suggests excellent ability to withstand high operating 

temperatures. The initial mass loss in each of these materials can be attributed to decomposition 

of the alkyl side chains, which is confirmed by the higher Td values for the copolymers 

containing a higher proportion of dimethylfluorene units, which can be clearly observed in 

Figure 1A. This trend is also observed for the Tg of the copolymers, with a linear increase 

observed as dimethyl replaces dihexyl as shown in Figure 1B. This improvement in Tg is 

important for the HTM layer to withstand higher temperatures, for example during the 

manufacture of devices containing all inorganic perovskites like CsPbI3, or for devices that 

operate in high temperature environments, such as space applications. 
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Figure 5.1: (A) Overlay of TGA spectra for copolymers and FlAnS polymer, demonstrating 

reduced mass loss as alkyl content decreases and (B) plot of % alkyl content vs Tg demonstrating 

linearly increasing Tg as alkyl content decreases. 

 

 Polymer properties such as molecular weight and polydispersity are also known to affect 

the thermal properties of materials. To ensure that this was not the influencing factor in these 

polymers, gel permeation chromatography (GPC) was performed to determine these properties, 

which can be seen in Table 1. These materials all demonstrated similar values for weight average 

molecular weight (Mw), number average molecular weight (Mn), and polydispersity, with the 

exceptions of the 80:20 copolymer where the GPC chromatogram was bimodal, and the 40:60 

polymer which lacked sufficient solubility in the GPC solvent. Nevertheless, these polymers 

followed the trend for thermal properties and indicated 80:20 and 40:60 incorporation of the 

fluorene monomers by NMR spectroscopy as planned. This further showed that the primary 

factor in improving the Tg of the copolymers was by decreasing the alkyl side chain mass 

percentage. The comparison of Mn, Mw, and PDI is provided in Appendix D.14. In addition to 

this the degree of polymerization was calculated for each polymer using the average monomer 

mass and number average molecular weight. Based on this polystyrene equivalent molecular 

weight approach determined via GPC, the range for the polymers was 17 to 20 repeat units, 

discarding the number for the bimodal 80:20 polymer, which demonstrates a consistent, 

repeatable polymerization protocol, and should lead to polymers with similar conductivities. 

 To ensure that the copolymerization strategy did not affect optical or electronic 

properties, ultraviolet-visible spectroscopy (UV-Vis) of the copolymers in THF solution was 
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conducted. The UV-Vis spectra, which are available in the Supporting Information, suggest that 

the copolymers have similar properties as the original FlAnS polymer, as no significant shifting 

of the absorption maxima or UV cut off was observed. Indeed, on calculating the optical 

bandgap of these materials, no change was observed. 

 

Table 5.1: Thermal, optical, and electronic properties of the synthesized polymers. a Td calculated 

at 5% mass loss, b measurements taken in THF solution 

Polymer 

a Td 
(°C) 

a Tg 
(°C) 

b 
m˂ax Abs 
(nm) 

b EOBG 
(eV) 

Mn 
(g mol-1) 

Mw 

(g mol-1) 
Yield 
(%) PDI 

       
 

 

FlAnS 408 120 411 2.90 8660 42800 87 4.94 

80:20 404 146 412 2.90 10800 181000 94 16.8 

60:40 406 165 411 2.90 7250 23600 96 3.25 

50:50 411 178 411 2.90 8110 37700 96 4.65 

40:60 401 194 410 2.90 - - 93 - 

100% Dimethyl 413 - - - - - 99 - 

  

 

The synthesized polymers were incorporated into p-i-n devices containing the CsMAPbI3 

perovskite, the results of which are discussed later in this chapter. An immediate finding was that 

these materials still required some form of post-deposition modification to allow deposition of 

the perovskite. This was a disappointing result, as our previous work had shown that 

incorporation of the dimethylfluorene moiety, albeit as a pendant group, had improved ink 

affinity.15 To overcome this challenge, we incorporated a third fluorene based monomer, with 

dimethylaminopropyl groups at the 9-position, in place of alkyl chains. The use of functionalized 

alkyl side chains has been described in literature as a method to passivate metal 2+ ions through 

Lewis basicity,18 and these groups should also provide improved ink affinity through hydrogen 

bonding. The synthesis of this material was slightly modified from a previously described 

method,19 with the synthesis shown in Scheme 2A. Due to the gelation of the reaction mixture, 

the additional heating step was required as this liquified the mixture and allowed the reaction to 

proceed to completion, which was verified by thin layer chromatography in hexanes and ethyl 

acetate (4:1 v/v). 

 The resulting monomer was incorporated into random terpolymers at 5% and 10% ratios, 

while holding the dimethylfluorene incorporation at 50% as shown in Scheme 2B. The resulting 
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yields were 96% and 98% respectively, indicating that incorporation of these monomers was 

successful. This was verified by 1H-NMR spectroscopy, and integration of the newly introduced 

N-methyl peaks confirmed that we had achieved the desired products. The terpolymers were 

further characterized in the same manner as the copolymers, with all relevant spectra available in 

the Supporting Information. We expected some loss of thermal properties due to the increased 

branching of the dimethylaminopropyl moiety compared to the dihexyl moiety which it replaced, 

but interestingly this wasnôt the case, as the Tg value for both materials was recorded at 183 °C, 

an increase of 5 °C over the 50:50 copolymer. We hypothesize that this is due to the increased 

strength of the intermolecular forces between the polymer chains, as the introduced tertiary 

amine allows for increased hydrogen bonding to occur. 

 

Scheme 5.2: (A) Synthesis of the monomer 3,3ô-(2,7-dibromo-9H-fluorene-9,9-diyl)bis(N,N-

dimethylpropan-1-amine) and (B) general polymerization strategy for wettable terpolymers. 

Values for x, y and z can be found in Table 2 
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 Analysis of the terpolymers was performed to confirm the newly introduced hydrophilic 

moieties did not affect the electronic properties. From the analysis of UV-Vis spectroscopy, the 

electronic band gap was determined to be the same as the FlAnS copolymers, with a calculated 

value of 2.90 eV.  

 

 

Figure 5.2: UV-Vis absorption spectra of the 5% and 10% terpolymers, with comparative spectra 

from the 100% dihexyl polymer and 50:50 polymer. 

 

 Wettability was still a concern for these materials, as the 5% dimethylaminopropyl HTM 

still required a PFN-Br layer for perovskite deposition, and the 10% terpolymer showed batch-to-

batch inconsistencies with wettability which were negated by PFN-Br. To overcome this, 

additional wettable terpolymers were prepared, with the compositions of 40:40:20, 1/3:1/3:1/3, 

and 25:25:50, of dihexylfluorene, dimethylfluorene and bis dimethylaminopropylfluorene 

monomers respectively. 
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Table 5.2: Terpolymer ratios with electronic properties and contact angle measurements. 

*Contact angles taken from literature. 1 Electronic band gap calculated from UV-Vis. 

Measurement taken in THF solution. 2 HOMO energies calculated using photoelectron 

spectroscopy in air. 3 ELUMO = EHOMO + EBG.  

Polymer 1EBG 2EHOMO 3ELUMO H2O Precursor 
Monomer ratio x y Z (eV) (eV) (eV) Contact Angle Contact Angle 

         
100:0:0* 100 0 0 2.90 -5.17 -2.27 95.38° 52.43° 
80:0:20 80 0 20 2.90 -5.19 -2.29 96.7° ± 0.8° 37.3° ± 0.2° 
50:0:50 50 0 50 2.90 -5.19 -2.29 93.5° ± 0.1° 32.1° ± 0.1° 
45:5:50 45 5 50 2.90 -5.16 -2.26 97.3° ± 0.6° 27.9° ± 1.7° 
40:50:10 40 50 10 2.90 -5.16 -2.26 91.7° ± 1.4° 26.5° ± 0.9° 
40:20:40 40 20 40 2.90 -5.16 -2.26 99.2° ± 0.3° 24.4° ± 0.9° 
1/3:1/3:1/3 1/3 1/3 1/3 2.90 -5.28 -2.38 98.1° ± 0.3° 34.4° ± 0.1° 
25:50:25 25 50 25 2.90 -5.17 -2.27 93.6° ± 1.3° 21.0° ± 0.5° 

  

Photoelectron spectroscopy in air (PESA) was performed on the polymers created in this 

study to determine highest occupied molecular orbital (HOMO) energies. To ensure consistency 

in the measurements, a sample of the original 100% dihexyl FlAnS polymer was also tested. This 

polymer had already been measured at -5.18 eV,15 and the newly measured value of -5.17 eV is 

in good agreement with this result. As expected, the incorporation of fluorene monomers with 

different alkyl side chains led to copolymers and terpolymers with similar HOMO energies, as 

shown in Table 2, with the curious exception of the terpolymer consisting of equal amounts of 

dimethyl, dihexyl, and bis(dimethylaminopropyl)fluorenes. It was expected that this polymer 

would have a similar HOMO energy to the other copolymers, and the deeper HOMO energy 

could indicate contamination of the material, either through the synthetic process, during film 

preparation, or during transit for PESA testing. 

 Contact angle testing confirmed our hypothesis that we could maintain hydrophobicity 

while improving the precursor affinity of the polymer thin films. Each synthesized polymer 

maintained a water contact angle in excess of 90°, which is excellent for perovskite protection 

from water ingress. Contact angle measurements were also performed using dimethylformamide 

(DMF), the solvent used in perovskite processing. As is shown in Table 2, reducing the amount 

of dihexylfluorene in favor of dimethyl fluorene leads to improved DMF affinity, and additional 

incorporation of the wettable fluorene monomer leads to further improvement in contact angle as 

the wettable monomer increases in percentage of total polymer, again with the notable exception 
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of the terpolymer with equal monomer ratios of all three fluorenes. This, coupled with the oddity 

in PESA data would suggest that this polymer has some contaminant, and needs increased 

investigation.   

5.3.2 Device Performance 

 The polymers were incorporated into p-i-n devices with the following structure: ITO 

coated glass/polymer HTM/PFN-Br (optional)/CsFAPbI/C60/BCP/Ag. Initial tests for all HTM 

materials, including PTAA displayed poor performance, so a bulk passivation step with 

phenylethylammonium chloride (PEACl) was incorporated, which led to improved performance 

of the devices. The device performance for all the random copolymers was improved over the 

performance of both PTAA and the original FlAnS polymer, largely due to improved fill factor 

(FF) and short circuit current density (JSC). The J-V curves for champion devices for PTAA, 

FlAnS, 50:50, and 80:20 copolymers can be seen in Figure 3. 

 

 

Figure 5.3: J-V curves for champion devices. All devices incorporate a PFN-Br layer between 

the HTM and the perovskite 

 

 The devices containing the 80:20 and 50:50 copolymers demonstrated greatly enhanced 

JSC with respect to the original FlAnS polymer, with a gain of 1.3 mA cm-2. This value is linked 

to the minority carrier lifetime of a material, and while it is unlikely that this value has improved 
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for the copolymers, it is proposed that there is improved intermolecular and intramolecular 

charge transfer within the HTM due to improved ˊ-ˊ stacking as the alkyl side-chain steric 

interference is reduced. This should lead to greater conductivity and improved conveyance of 

charge to the cathode from the perovskite, reducing energy loss pathways.20, 21 

 These improvements from the HTM were still reliant on the PFN-Br interfacial layer for 

perovskite deposition. The wettable terpolymers allowed direct deposition of the absorber layer, 

intermittently with the 10% wettable monomer incorporation, and with good consistency at 20% 

incorporation and higher. The resulting devices were able to retain relatively high efficiencies 

despite a reduction in open circuit voltage (VOC) which was partially offset by improved JSC. The 

HTMs containing 5% and 10% wettable monomer were also incorporated into devices 

containing PFN-Br, which greatly improved the performance of the 5% polymer, and allowed 

slight improvement with the 10% polymer, largely due to improved VOC. This would suggest that 

the interfacial layer is vital for controlling the thickness of the absorber layer when used with 

these materials, and that more optimization of the perovskite deposition process is required when 

PFN-Br is not needed with the fully wettable terpolymers. 

 While the fully wettable terpolymers demonstrate good efficiencies under backward 

scanning parameters, there is notable hysteresis and an oddly shaped J-V curve for the forward 

scan (Appendix D.6). There are a number of reasons for the reduced performance exhibited here. 

Firstly, the increased wettability of these materials could be leading to actual solubility in the 

perovskite precursor ink, causing damage to the HTM layer and therefore reducing overall 

device performance. Evidence of this is that the 10% wettable HTM does not exhibit the same 

odd curve shape either with or without PFN-Br, yet all incorporations higher than this do so. 

Additionally, after the contact angle testing there was notable damage observed with these more 

wettable polymers, particularly the 50% wettable polymer. Secondly, there could be an increased 

number of trap states and defects due to the wettable groups. As the nitrogen in the 

dimethylaminopropyl group can also act as an electron donor, holes may get trapped at these 

sites as the alkyl chain will not allow for conduction. Further optimization of these materials is 

required for high quality devices, with a wettable monomer incorporation between 10% and 20% 

likely required for wettability and low hysteresis. Additional improvement to the deposition of 

the absorber layer should offset the reduced VOC from the PFN-Br free devices. 
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5.4 Conclusion 

 The polymer FlAnS was modified by side chain engineering to improve the material 

properties of the HTM. It was shown that the Tg value for the polymer was linearly dependent on 

the mass percentage of the alkyl side chain, with incorporation of a monomer containing a 

dimethylaminopropyl side chain improving perovskite precursor wettability and improving Tg 

due to the increased strength of intermolecular forces. The modified HTM polymers 

demonstrated excellent performance, with improved efficiency over the original FlAnS polymer 

and PTAA. The wettable polymers show promise, but optimization of these materials and 

devices is still required for anything more than proof of concept. 
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CHAPTER 6 SUMMARY AND FUTURE OPPORTUNITIES 
 

6.1 Introduction 

 Semiconducting polymers have been used by many researchers for a range of 

applications, including in the solar energy field, where they have been popular for organic and 

perovskite photovoltaics.1-3 The structure of these polymers is key to material properties, 

including thermal stability, electronic properties, and processibility, and each of these in turn 

influences device performance and stability. Understanding how these properties arise and can 

be altered will lead to vastly improved semiconducting polymers and devices, and it is with this 

in mind that this dissertation investigates and develops those areas of understanding. 

 

Questions 1 & 2: 

¶ How do polymer synthesis, structure, and properties affect device performance? 

¶ Can we refine a pre-existing method to make highly reproducible, efficient, and low cost 

HTM polymers? 

 

Physical properties greatly impact the performance of polymer hole-transport materials 

(HTM) in perovskite solar cells. Chapter 2 investigates existing polymeric materials used for this 

purpose, and the synthetic methods behind them. While the HTM is a relatively small part of the 

device, for example in a p-i-n device comprising less than 5% of the total processed thickness, it 

is vital for efficient charge separation/extraction and can be used as a protective layer for the 

absorber layer. Typically, the most effective polymeric HTMs are made via a palladium 

catalyzed synthesis which comes at the end of a multi-step monomer synthesis. In Chapter 3 the 

Buchwald-Hartwig amination reaction is investigated as a potential route to high efficiency 

polymeric HTMs. We found that we could control the molecular weight of the polymers with 

good consistency at scale, easily remove oligomeric material through a rapid precipitation step, 

and that the resulting polymers performed well when compared with PTAA.4 The effects of 

polydispersity and number average molecular weight were demonstrated, with minor efficiency 

increases for lower polydispersity and higher number average molecular weight observed. 

 

Question 3: Can we fine tune the optoelectronic properties of the HTM for use with a wide range 

of perovskite absorbers? 
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 There exists a wide array of perovskite absorbers with different bandgaps, which is a 

property that researchers are seeking to exploit for tandem devices. The range of polymer HTM 

materials that can be used is extremely limited, with PTAA being the clear top performer for 

wide and medium bandgap perovskites, and PEDOT:PSS the preferred material for narrow 

bandgap perovskites. This is due to these materials having the best highest occupied molecular 

orbital (HOMO) energetic alignment with the valence band energy of these absorbers.5-7 In 

Chapter 4, we demonstrate the ability to tune the HOMO energy of HTM polymers through 

functionalization of both the pendant group and the main chain of the polymer, leading to a 

family of polymers with a range of HOMO energies. We demonstrate that these polymers 

perform comparatively well with PTAA in devices containing the medium bandgap FAMACs 

perovskite absorber, though a few perform less well due to poor energetic alignment due to the 

shallow nature of their HOMO energy, or their extreme phobicity to the perovskite precursor 

ink.8 

 

Questions 4 & 5: 

¶ Can we improve thermal stability without sacrificing other polymer properties and device 

performance? 

¶ Can we use side-chain engineering to improve perovskite processibility? 

 

Solar devices operate under constantly changing conditions, and potentially in extremely 

harsh conditions. Additionally, the requirement for commercial production of these devices 

requires long-term stability and facile processing of the devices. In Chapter 5, we demonstrate 

the ability to tune polymer HTM glass transition temperature (Tg) by using a dimethylfluorene 

co-monomer in place of the portions of the dihexylfluorene monomer which leads to a linear 

improvement of Tg based on alkyl side-chain mass percentage. An unexpected bonus of these 

materials is improved efficiency of the devices, which is likely due to improved conductivity of 

the polymers due to increased ˊ-ˊ stacking. We also introduce a third ówettableô monomer to 

improve the processibility of the absorber layer on top of the HTM. These materials demonstrate 

promise, though much optimization is required to work through some device issues such as 

hysteresis. 
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6.2 Future Work 

 An Edisonian approach has typically been the prevailing method when it comes to 

developing materials and testing in devices, generally due to the short-term nature of funding for 

these types of projects and the rush to publish in this highly competitive field. As good 

custodians of the planet, we should favor a rational design-based approach and design devices 

and materials based on computational studies, preferably using as green a route as possible. We 

should also move away from the constant need to push the limits of efficiency without regard to 

long-term stability, as many materials used in these devices are either unstable in a relatively 

short period of time, or extremely expensive to produce, which in either case makes the uptake of 

this technology highly unlikely. 

 The research in this dissertation has raised several interesting questions. For example, in 

Chapter 3 we investigate the links between molecular weight, polydispersity, and efficiency, and 

we show slight improvement in the devices based on lower PDI and higher Mn. This finding is 

not conclusive, and would benefit from greater exploration, particularly in terms of what these 

parameters mean for device stability over time. In Chapter 4 we describe the ability to tune the 

HOMO energy of the polymers by functionalization, however there are many opportunities to 

explore here. We can make the HOMO energy deeper by incorporating stronger withdrawing 

groups such as cyano or pyridines, but these lead to polymers with high solubility in precursor 

inks. While this precludes the ability to fully solution process a device with these materials, they 

may have great potential for wide bandgap perovskites, especially as the pyridine moiety has 

been shown to have a passivating effect on the metal 2+ ions in the absorber layer.9 The 

possibility of copolymers with different aniline derivatives should also be explored, as this may 

be a way to fine tune the HOMO energy of the resultant polymers, as well as improve ink 

affinity without becoming soluble, a concept we explored in Chapter 5 using different fluorene 

monomers. 

 The ability to control the Tg of the polymers is useful, but more work needs to be done to 

determine if this property is useful for device stability. Further, by using this technique with one 

of the higher Tg polymers outlined in Chapter 4, we may be able to produce polymers that can 

survive the high temperature processing that all inorganic perovskites such as CsPbI3 require, 

and this should be investigated. Additional optimization of the wettable terpolymers is also an 

opportunity, as the ability to remove an interfacial layer may be a vital step in the 
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commercialization of these devices. Further work on this concept may be the inclusion of 

monomers with reactive groups, such as phosphonic or carboxylic acids which can passivate the 

conductive electrode, as shown by hole selective self-assembled monolayers.10-12 

 These materials may also have applications in other technologies.  For example, future 

avenues that can be explored are the detection of ionizing radiation in thin film devices and 

perovskite light emitting diodes (LEDs). A PTAA based thermal neutron detector was 

demonstrated by Chatzipyroglou et al in 2020, where semiconducting polymer was doped with 

boron nanoparticles.13 The polymers presented in this dissertation have demonstrated the ability 

to tolerate thicker layers, and the ability to create boron-10 rich small organic molecules for 

thermal neutron detection has been demonstrated.14 These materials may present an interesting 

low-cost combination for the detection of thermal neutrons in large scale devices. 

 Perovskite LEDs are an interesting future opportunity for the materials presented herein 

as their tunable nature enables high color purity.15 An additional draw towards this area of 

research is the remarkable improvement in efficiencies, with external quantum efficiencies 

improving from 1% in 2014 to in excess of 20% in 2022, mirroring the rapid development of 

perovskite solar cells.16, 17 These devices are still reliant on semiconducting polymers for 

HTMs.15-19 The opportunity exists to explore what characteristics of the polymer lead to high 

efficiency. For example, as current increases through a device, the temperature will increase. The 

relationship between Tg, device stability, and device efficiency should be explored. 
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APPENDIX B  

SPECTRA, TABLES, ADDITIONAL FIGURES AND PERMISSIONS FOR CHAPTER 3 

B.1 1H-NMR 

 
Figure B.1: 1H-NMR spectrum of FlAn 

 

 
Figure B.2: 1H-NMR spectrum of FlAnF 
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Figure B.3: 1H-NMR spectrum of FlCz 

 
Figure B.4: 1H-NMR spectrum of CzAn 
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Figure B.5: 1H-NMR spectrum of CzAnF 

 
Figure B.6: 1H-NMR spectrum of CzCz 
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B.2 Thermogravimetric Analysis 

 

 
Figure B.7: Thermogravimetric analysis of FlAn 

 

 
Figure B.8: Thermogravimetric analysis of FlAnF 
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Figure B.9: Thermogravimetric analysis of FlCz 

 

 
Figure B.10: Thermogravimetric analysis of CzAn 
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Figure B.11: Thermogravimetric analysis of CzAnF 

 

 

 
Figure B.12: Thermogravimetric analysis of CzCz 
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B.3 Differential Scanning Calorimetry 

 

 
 

Figure B.13: Differential scanning calorimetry of FlAn 

 

 
 

Figure B.14: Differential scanning calorimetry of FlAnF 

 




























































































































