
 

 

INFLUENCE OF MORPHOLOGY AND SOLID-STATE 

STRUCTURE ON NON-FULLERENE ORGANIC SOLAR CELL 

PERFORMANCE 

 

A dissertation submitted to the  

College of Graduate and Postdoctoral Studies 

in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy 

in the Department of Chemistry 

University of Saskatchewan 

Saskatoon 

 

 

 

By 

 

CHASE LOGAN RADFORD 

 

 

 

 

© Copyright Chase Logan Radford, April, 2022. All rights reserved. 

Unless otherwise noted, copyright of the material in this thesis belongs to the author.



i 

 

PERMISSION TO USE 

In presenting this dissertation in partial fulfillment of the requirements for a Postgraduate 

degree from the University of Saskatchewan, I agree that the Libraries of this University may make 

it freely available for inspection. I further agree that permission for copying of this dissertation in 

any manner, in whole or in part, for scholarly purposes may be granted by the professor or 

professors who supervised my dissertation work or, in their absence, by the Head of the 

Department or the Dean of the College in which my thesis work was done. It is understood that 

any copying or publication or use of this dissertation or parts thereof for financial gain shall not be 

allowed without my written permission. It is also understood that due recognition shall be given 

to me and to the University of Saskatchewan in any scholarly use which may be made of any 

material in my dissertation. 

 

 

DISCLAIMER 

Reference in this dissertation to any specific commercial products, process, or service by 

trade name, trademark, manufacturer, or otherwise, does not constitute or imply its endorsement, 

recommendation, or favoring by the University of Saskatchewan. The views and opinions of the 

author expressed herein do not state or reflect those of the University of Saskatchewan, and shall 

not be used for advertising or product endorsement purposes. 

 

Requests for permission to copy or to make other uses of materials in this dissertation in 

whole or part should be addressed to: 

 

 Head of the Department of Chemistry 

 110 Science Place 

 University of Saskatchewan 

 Saskatoon, Saskatchewan, S7N5C9, Canada 

 

 OR 

 

 Dean 

 College of Graduate and Postdoctoral Studies 

 University of Saskatchewan 

 116 Thorvaldson Building, 110 Science Place 

 Saskatoon, Saskatchewan, S7N 5C9,  Canada 



ii 

 

Abstract 

 The current trend of rising global energy demand and global temperatures requires action. 

Photovoltaic (solar cell) technologies offer relief on both accords - renewable energy production 

and no greenhouse gas emission during operation. Organic solar cells also offer numerous benefits 

such as flexible form-factors, lightweight modules, tunable colors (for differing applications and 

aesthetics), short energy-payback times, low-cost production, and excellent low-light efficiency.  

While organic solar cells have historically lagged behind other solar technology in terms 

of efficiency, they have recently become competitive with other established solar technologies. 

This rapid development was mostly the product of a better understanding of the morphology of 

the light absorbing (active) layer and the solid-state structure of its constituent parts: donor and 

acceptor semiconducting materials. This better understanding of the active layer has helped to 

shape both material development and processing methods, leading to better solar cells.  

This thesis describes ways in which the solid-state structure and film morphology of the 

active layer in an organic solar cell can be influenced to afford better devices. These methods 

involve making structural changes to the light absorbing molecules and post-deposition processing 

of the active layer. This thesis shows that molecular shape, specifically whether the chromophore 

is linear or x-shaped, can greatly influence the molecular interactions within the active layer. 

Linear chromophores are better able to closely pack together and produce a better morphology 

through improved cross and self interactions of the donor and acceptor. This thesis also 

demonstrates how controlled swelling and solvation of the active layer (solvent vapor annealing) 

can have remarkable changes to the solid-state structure and active layer morphology, drastically 

changing the efficiency of the devices. In particular, solvent vapor exposure below the saturation 

vapor pressure can control the level of acceptor crystallization and phase-separation, contributing 
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to better devices. Lastly, this thesis describes how the conformational freedom of the chromophore 

backbone strongly influences both the self- and cross-interactions of the donor and acceptor. The 

use of a heteroatom, specifically bromine, to reduce conformational disorder can have multiple 

beneficial effects on the morphology of the active layer, leading to better devices in both indoor 

and outdoor applications. The broader implication of these findings will be discussed. 
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Chapter 1: Introduction 

 Global Climate Change and Energy Demand 

An increase in global temperatures as a result of greenhouse gas emissions is now an 

inescapable reality.1 At the same time, global energy demand is expected to rise drastically as 

nations continue to industrialize.2 Currently, however, much of the world’s energy is produced via 

combustion processes and results in large amounts of greenhouse gas emission.1,2 As the major 

contributors of greenhouse gas emissions, humans must shift energy production towards more 

sustainable processes. Photovoltaic (solar cell) technologies can contribute to the world energy 

supply, while producing no greenhouse gas emissions during operation.  

The most dominant photovoltaic technology is the crystalline (poly and single) silicon solar 

cell, with commercial modules available and widely used. These solar cells have the advantage of 

a long production and development history. They are relatively inexpensive to produce (partly due 

to cheap and plentiful raw materials), are highly efficient, and have high market-share and supply-

chain integration. This makes silicon solar cells the most promising technology for large-area and 

solar-farm applications, although they have numerous drawbacks including high module weight, 

brittle and rigid modules, high energy cost for production, poor dim-light efficiency, and an 

inflexible color profile. Emerging photovoltaic technologies promise to supplement the 

shortcomings of silicon solar cells. Metal halide perovskite, kesterite, and organic solar cells are 

all promising replacements and supplements to silicon devices. Organic solar cells (OSCs) in 

particular hold great promise for a wide range of specialized applications, providing the unique 

advantages of being lightweight, flexible, stretchable, color tunable, solution processable, and 

semi-transparent as well as having high dim-light efficiency, and/or a low energy of production. 
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OSCs are therefore well-suited for applications requiring flexible form-factors and integration into 

consumer products.3–6  

 Organic Solar Cell Structure and Working Principles 

Recently, OSCs have had a breakthrough in their development. It took the field 20 years to 

produce cells with power conversion efficiencies (PCEs) of over 10%,7–9 but within the past four 

years laboratory-scale devices with PCEs exceeding 18%10 and large-scale (>1 cm2) modules 

surpassing 10% PCE have been made.11–13 Most of these developments have come from a better 

understanding of the light absorbing (active) layer.  

Organic materials tend to have a low relative permittivity.14 This means that electrons in 

organic materials are easily influenced by other charge-carriers. When a photon is absorbed, an 

electron is excited to a higher energy orbital; this electron-hole pair is called an exciton (Figure 

1.1b). The Coulombic attraction between the electron and the residual positive charge (hole) is 

called the exciton binding energy (Ebinding). Because of the low relative permittivity of organic 

materials, the exciton is generally confined to a single molecule and the exciton binding energy is 

significantly larger than kBT. To overcome the exciton binding energy, another material with 

sufficiently offset frontier orbitals (Figure 1.1c) is added to create an energetic driving force for 

electron transfer from one material, the donor, to the other, the acceptor. Once the electron has 

transferred from donor to acceptor, there is a strong driving force for the system to simply 

recombine (geminate recombination) if no other driving force is present.  
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Figure 1.1. Simplified diagram of the frontier orbital energies of organic semiconductors (a) before 

excitation (b) after excitation, (the red oval depicts an exciton) and (c) in the presence of a donor-

acceptor system of two organic semiconductors. Dashed grey lines represent the former LUMO 

energy before occupation of the excited electron. 

To ensure the charge transfer complex does not recombine, we rely on two methods of 

charge-carrier transport. The first form, diffusion transport, relies on a high concentration of 

charge-separated donor-acceptor pairs generated at the donor-acceptor interface. This high density 

of holes at the donor interface and electrons at the acceptor interface drives transport towards the 

electrodes through a concentration gradient. The second form, drift transport, relies on an electric 

field generated by two electrodes that sandwich the active layer, with different work functions. 

The π-π and other electronic coupling interactions between adjacent donor or acceptor molecules 

contributes to an electronic structure more like a band than that of discrete orbitals. The electric 

field generated across the semiconductor by the electrodes causes a bending of the band-structure, 

repulsing electrons from the negative lead and attracting electrons to the positive lead (Figure 1.2). 

These two forms of transport provide the driving force for the separated charges to not recombine, 

instead collecting at their respective electrodes. 
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Figure 1.2. Simplified energy diagram of solid-state OSC devices. Grey boxes represent 

electrodes, filled colored boxes represent the valence band, empty colored boxes represent the 

conduction band. e- and h+ represent electrons and holes, respectively. Minus (−) and plus (+) signs 

represent a buildup of the respective charge-carrier. HTL and ETL represent the hole transport 

layer and electron transport layer, respectively. 

To maximize the collected current, electrons should exclusively flow in one direction. It is 

called a shunt when the wrong charge-carrier makes it to an electrode, causing recombination of 

separated charge-carriers (non-geminate recombination). To limit shunting and encourage uni-

directional current flow, specific interlayers are placed between the active layer and the electrodes 

(Figure 1.2). These interlayers function by either preventing one charge carrier from passing 

through (hole/electron blocking layer), and/or offering a much higher conduction to a specific 

charge-carrier (hole/electron transport layer, HTL/ETL).  

Overall, the OSC is an active layer sandwiched between two interlayers and two electrodes. 

An OSC functions like a diode, allowing current (JD) to flow in only one direction when a voltage 

is applied; when illuminated, an opposing photocurrent (Jph), is generated. Important parameters 

of an OSC include the open-circuit voltage (Voc), short-circuit current-density (Jsc), fill factor (FF), 
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and PCE. The equivalent circuit diagram of a solar cell is shown in Figure 1.3. The Voc is the 

amount of voltage required to oppose the flow of electrons (bring the net current to zero), defining 

the maximum voltage possible for the solar cell. The Jsc is the current-density produced when there 

is no applied voltage, defining the maximum photocurrent possible for the cell. By plotting the 

current density at each applied voltage, a J-V measurement is obtained (Figure 1.4). The x-intercept 

of a J-V graph is the VOC, and the y-intercept is the JSC of the device. At a voltage proportional to 

that of the bandgap of the active layer, there is a steep drop in photocurrent as the voltage 

approaches the VOC; the “squareness” of the curve is related to the losses due to internal resistances. 

In OSCs, the “squareness” of a J-V curve is measured as the fill factor (Figure 1.4), and is derived 

from Equation 1.1.  

 FF =
JMPP⋅VMPP

Jsc⋅Voc
⋅ 100% (1.1) 

It is important to note that the FF can never be 100%, even in a perfect solar cell, and is a function 

of temperature and voltage. The maximum power point (MPP) defines the maximum power output 

of the cell, and is used to define the efficiency; the PCE is simply the ratio between the output 

power and the incident power, expressed as a percentage. The JMPP and VMPP are simply the 

photocurrent and voltage at the MPP, respectively. Under standard test conditions, 100 mW/cm2 

is used as incident power with a light that simulates the average solar irradiance on earth in the 

contiguous United States (AM1.5G spectrum), defined as 1 sun irradiation. As mentioned, the 

shunt resistance (Rsh) is caused by the wrong charge-carrier making it to an electrode, and is 

approximated as the negative inverse slope at Jsc. The series resistance (Rs) is simply a resistance 

to electron flow, but can be caused by a multitude of different factors and is approximated by the 

negative inverse slope at Voc.  



6 

 

 

Figure 1.3. Simplified equivalent circuit diagram of a typical solar cell. 

 

 

Figure 1.4. Representative J-V curve (green trace) with labels of the figures of merit and pictorial 

representation of the fill factor (filled and empty grey boxes). 

 The Bulk Heterojunction 

When considering organic semiconductor materials, the typical absorption coefficients are 

very high, on the order of 105 cm-1. This means that only ~ 100 nm of material is required to absorb 

nearly all the light from a double pass (assuming reflection from the back electrode).14 

Unfortunately, the low relative permittivity of organic materials means that excitons are tightly 

bound and short lived, only able to travel ~ 5-10 nm before recombining.15 A junction between the 

two materials, a heterojunction, will therefore only be productive in a film ~ 10-20 nm thick, 

leading to significant losses in a 100 nm thick film. To circumvent this, the bulk heterojunction 
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(BHJ) was introduced, where the donor and acceptor are mixed together to form discrete domains 

in a layer thick enough to absorb most of the incident light (Figure 1.5).14,16 

 

Figure 1.5. Schematic representation of a bulk heterojunction. Purple represents donor-rich 

domains and green represents acceptor-rich domains. The ETL and HTL are the electron-transport 

layer and hole-transport layer, respectively. 

The BHJ relies on phase separation of the donor and acceptor. A pathway for charge-

carriers to travel through the film is also required for them to be collected at their respective 

electrodes.14,17,18 The domain boundaries must be within the exciton diffusion radius of the 

material, allowing charge-transfer at the interface, yet the domains must be large enough to allow 

a bicontinuous pathway for charge collection.14 In addition, domains must be fairly phase-pure, or 

else inclusions will lead to trap states and non-geminate recombination.19,20 The interface between 

the donor and acceptor must still be somewhat mixed, or else a high surface-strain energy will 

limit charge-transfer.21 The limitations of the BHJ make it incredibly complex, requiring extensive 

control and optimization.  

 Historical Development of Organic Solar Cells 

The initial reports of OSCs led to the development of some historically significant 

materials,16,22,23 in particular poly(3-hexylthiophene) (P3HT, Figure 1.6a) and 6,6-phenyl-C61 

butyric acid methyl ester (PC61BM, Figure 1.6b). P3HT was a standout for its synthetic simplicity 

and high performance, whereas PC61BM was heralded for its high electron mobility and tendency 
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to not form overly large crystalline domains. The system of P3HT, as the donor, and PC61BM, as 

the acceptor, remained the state-of-the-art for many years. 

 

Figure 1.6. Chemical structures of (a) P3HT and (b) PC61BM. 

The development of new, more synthetically complex, donor polymers then became a 

popular field of study. This was partially due to PC61BM (and its C71 analog, collectively referred 

to as PCBM) being widely applicable as an acceptor in most systems, and the expanding field of 

conjugated polymer synthesis quickly creating new materials. Most early non-fullerene acceptors 

(NFAs) could not compete with PCBM, and PCBM did not work well with small-molecule donors; 

donor polymer design, therefore, became the most popular way to improve device efficiency. As 

a result, the PTB7 family of donor polymers24 became the most widely adopted donors, mainly 

due to their low bandgap and ability to break-up PCBM crystallites to control the domain size. The 

PCE of PCBM-based OSCs stagnated around 10%,24 and it initially appeared that OSCs would 

never be a competitive solar technology.  

A major improvement to OSCs came with the development of “push-pull” (sometimes 

called donor-acceptor, or simply D-A) chromophores. By appending a relatively electron rich 

(high energy frontier orbitals) conjugated unit to a relatively electron poor (low energy frontier 

orbitals) conjugated unit, the resultant molecular orbitals remain somewhat localized on their 

respective sub-units (Figure 1.7). This accomplishes two things: (1) the orbital mixing raises the 

energy of the HOMO and lowers the energy of the LUMO relative to the sub-units, leading to a 
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lower overall HOMO-LUMO gap than either sub-unit, and (2) the localization of the HOMO and 

LUMO provide a large transition dipole moment upon excitation, increasing the probability of the 

transition and thereby increasing the molar absorptivity. The work in the development of donor 

polymers provided a lot of insight into the development of push-pull chromophores, and afforded 

a large library of donor polymers as a result. 

 

Figure 1.7. (a) Simplified orbital mixing diagram and (b) simplified cartoon molecular orbital 

isosurface of push-pull chromophore. 

In an OSC, there are two channels for electron transfer: (1) exciton formation in the donor 

followed by electron transfer from the donor to the acceptor through their conduction bands 

(channel I, Figure 1.1c) and (2) exciton formation in the acceptor followed by electron transfer 

from the donor to the acceptor through their valence bands (channel II). PCBM has a very low 

absorbance in the visible/NIR region, which is where the sun has the highest photon flux (Figure 

1.8). Since one photon can only contribute one electron to the circuit, PCBM’s poor absorptivity 

put the brunt of the light absorption on the donor. In a PCBM OSC there is little contribution from 

channel II electron transfer, and thus the photocurrent of these cells is limited. Since PCBM is 

reliant on a fullerene, any synthetic addition must be through an sp3 hybridized carbon, limiting 

the conjugation pathway (and thus electronic tuning) of PCBM. This means that PCBM is 
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intrinsically limited in its capabilities as an acceptor, and models predict a maximum PCE of less 

than 13%.25,26 

 

Figure 1.8. AM1.5G solar spectrum. 

Around 2015, there were a few reports of small-molecule acceptors that had efficiencies 

rivaling those of PCBM.27–30 These new acceptors conformed to two separate design 

methodologies.31 The first relied on the dimerization of perylene diimide (PDI), leading to a twist 

in the backbone and a three-dimensional structure (Figure 1.9a); this 3D motif helped break up π-

stacking and limited the size of the PDI domains.27,28,32 The other design borrowed from the field 

of liquid crystals; the central portion of the molecule contains sterically bulky groups (generally 

side-chains) to reduce π-stacking at the core. The peripheral portion of the molecule is left free of 

steric bulk to allow packing at the peripheries (Figure 1.9b).29,30,32 This mimics the motif of 

calamitic liquid-crystals, so these compounds are referred to as calamitic (or ladder-type) 

acceptors. These new, non-fullerene acceptors (NFAs) had much higher absorptivity in the visible 

region, and were more synthetically tunable; this allowed them to contribute to channel II electron 

transfer, and created a new era in OSC development. New estimates of OSC efficiency considering 

both channel I and II electron transfer put the PCE limit around 20%.33,34 The long development 

of fullerene acceptors means that most of our knowledge is built upon PCBM’s morphology and 

solid-state structure. Fullerenes are spherical, and thus have a drastically different physical shape 
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from most other chromophores; this limits our ability to apply morphology and solid-state structure 

knowledge from fullerene acceptor systems to NFA systems. The advantages NFAs provided were 

enough to supplant fullerene acceptors, and thus my thesis focuses on these new NFAs and their 

role in OSCs. 

 

Figure 1.9. Chemical structures of a historically significant (a) 3D acceptor and (b) calamitic 

acceptor. R represents an alkyl chain. 

 Thesis Scope and Objectives 

The morphology and solid-state structure of the OSC active layer is crucial to its function. 

Over the course of three major projects, this thesis develops a deeper understanding of the factors 

that influence the morphology and solid-state structure of NFA OSCs, with the ultimate goal of 

improving NFA OSCs.  

The objectives of this thesis are to develop methodologies and principles that will improve 

NFA OSC efficiency, reduce energy losses, and promote commercially viable materials and 

practices. Specifically, I present arguments for the best shape for NFAs, show the mechanism of 

solvent vapor annealing (SVA) on an OSC active layer, and develop a synthetically simple method 

to improve OSC active layers through a bromine rotational blocking group. This work is also 

presented with the goal of directing other technologies that may not necessarily involve 

photovoltaics, but can draw from the results and conclusions herein (i.e. OLEDs, OFETs, sensors).   
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Chapter 3 describes the role of molecular shape of NFAs in relation to the calamitic vs. 3D 

design motifs. The goal of this project was to isolate the optoelectronic properties from the studies 

on the emerging NFA designs; is the 3D or calamitic design motif better for OSC function? To 

answer this question, two NFAs with identical chromophore units were synthesized; the only 

difference being the substituent at a central sp3 hybridized carbon center being either alkyl chains 

(calamitic motif) or a dimer of the chromophore (3D motif). These two materials had similar 

solubility and optoelectronic properties, but had remarkably different interactions in the solid-state. 

The 3D approach leads to very limited aggregation and poor miscibility with donor polymers, 

while the calamitic motif encourages favorable aggregation and favorable domains with donor 

polymers. This study highlights the importance of molecular shape in solid-state interactions, 

answering the research question that the calamitic motif is better for OSC function.  

Chapter 4 elucidates the mechanism for donor and acceptor movement during SVA. The 

goal of this project was to observe and develop a mechanism for the evolution of the active layer 

morphology and solid-state structure during SVA; does SVA proceed through disparate 

mechanisms at different solvent vapor concentrations? To answer this question, a model OSC 

system is used, where the calamitic motif had been established as the state-of-the-art for NFAs. 

Using a controlled SVA setup, we observed the operando SVA of these devices at varying solvent 

vapor ratios. Below a certain threshold of solvent vapor, only local movement of the small 

molecule acceptor is present, allowing only minor local ordering. Above that threshold, the 

polymer is capable of local movement, allowing the small molecule to crystallize in polymer-

confined domains. Above a final threshold, the polymer is capable of large-scale movement, 

allowing the small molecule to form large crystallites, unhindered by the polymer. These results 

demonstrate the first operando mechanism of SVA in an OSC and provide insight into the role 
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polymers play in the active layer, and how precise control is required to properly tune the 

morphology and solid-state structure of the active layer.  

Chapter 5 shows the role of different heteroatomic rotational blocking groups on the 

acceptor, and how they influence the solid-state structure. The goal of this project was to produce 

more synthetically facile blocking groups and observe their effects on OSC performance; does the 

heteroatom and functionality of the blocking group reduce energy losses and system disorder? 

Three different NFAs were synthesized, with either no blocking group, a bromine blocking group, 

or a thioether blocking group. The molecules with rotational blocking groups showed less disorder 

and higher 1 sun PCEs than their un-substituted analog. When illuminated with a dim-light source, 

one of the substitutions, bromine, lead to very impressive efficiencies. In contrast, the thioether 

substitution led to lower dim-light efficiencies relative to its un-substituted analog. This work 

shows that synthetically facile rotational blocking groups are effective in reducing disorder in 

OSCs, but importantly these materials must be optimized for their specific application; dim-light 

OSCs are more sensitive to shunting and recombination than 1 sun devices.  
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Chapter 2: Literature Review 

Reproduced with alterations from:  

Radford, C. L. and Kelly, T. L. Controlling Solid-State Structure and Film Morphology 

in Non-Fullerene Organic Photovoltaic Devices. The Canadian Journal of Chemistry. 

2021. DOI: 10.1139/cjc-2021-0134 

With permission from NRC Research Press. 

Consent was obtained from all co-authors to include this manuscript in the thesis. I wrote the 

first draft of the manuscript. T.L Kelly revised the manuscript. 

 Electronic Considerations for OSC Function 

There has been much work on the energetic factors that contribute to efficient OSCs.1–4 In 

short, the offset between the HOMO of the donor and the LUMO of the acceptor defines the 

maximum Voc of an OSC. One absorbed photon can only contribute one electron to the circuit, so 

absorbing the maximum number of photons provides the highest photocurrent; in the AM1.5G 

spectrum, the peak photon flux is between 480 and 900 nm (Figure 1.8). It is generally accepted 

that a frontier-orbital offset of ca. 0.5 eV between the donor and acceptor (Figure 2.1b) provides a 

sufficient energetic driving force for efficient separation of the electron and hole.5 NFAs tend to 

have long-lived excited states and high fluorescent quantum yields; in these cases there can be less 

(sometimes even negligible) HOMO-HOMO offsets, while still separating excitons generated in 

the acceptor.6–10 To maximize both the Voc and the Jsc, there must be a trade-off between absorbing 

photons and maximizing photon energy. The lower bandgap material should therefore be the 

acceptor to minimize energy losses due to exciton separation. The donor should have a 

complimentary absorption profile (or congruent absorption profile if at peak photon flux),11 and 

https://cdnsciencepub.com/doi/10.1139/cjc-2021-0134
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provide a large enough LUMO-LUMO offset to facilitate electron transfer due to absorption in the 

donor (to overcome the exciton binding energy).  

 

Figure 2.1. Simplified diagram of the ideal energy level alignment between the donor and acceptor. 

 Morphology Effects on OSCs 

Although material design is the easiest way to control the Voc and Jsc, the morphology can 

also significantly affect these parameters.1 If the phase domains are too large, excitons will not be 

able to reach a donor-acceptor interface and will recombine. In this case, fewer excitons will be 

converted into free charge carriers and there will be a loss of photocurrent. This is exemplified by 

the Ade group,12 where larger domain sizes led to lower Jsc values in blends of the same 

chromophore backbones. Conversely, if the domains are too small, most of the excitons will 

separate; however, the resulting charge carriers will be confined to these small domains. This 

increases the probability of recombination which also leads to a decrease in photocurrent. This has 

been demonstrated by our group13 as well as Liang et al.14 where small domain sizes led to lower 

Jsc values. Optimally, there should be a vertical phase separation of donor and acceptor towards 

their respective electrodes; this provides free charge carriers a direct pathway to their respective 

electrodes and decreases the probability of bimolecular (non-geminate) recombination. This has 

been succinctly shown by the Hou group,15 where the vertical phase-separation induced in their 

blend led to a higher FF with the appropriate device architecture.  
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Phase purity is also a consideration. If the domains are too mixed (i.e., they are not purely 

donor or acceptor) then there will be an increase in non-geminate recombination from trapped 

charge carriers. There will also be an increase in geminate recombination events due to poor 

transport pathways (similar to the effect of small domains). In addition, convoluted pathways for 

charge carriers will decrease the charge carrier mobility, further increasing the odds of non-

geminate recombination. This manifests as an increase in the series resistance of the cell, which 

reduces the FF. Conversely, if there is no mixed region and the domains are completely phase-

pure, there will be a high energy interfacial boundary between the two materials; this increases the 

energy required to split an exciton, reducing the Voc. These observations about domain purity are 

a common occurrence in both fullerene16 and non-fullerene17–19 devices.  

 Solid-State Structure Effects on OSCs 

Recently, there has been debate about the role that solid-state (energetic) disorder plays in 

OSCs. Seminal work20–24 has shown that for highly efficient solar cells, the energetic disorder 

should be as low as possible. Energetic disorder arises from distortions in molecular structure, such 

as rotations about a single bond, as well as distortions in the solid-state packing and the donor-

acceptor interface. This disorder leads to an increase in the effective HOMO level of the donor and 

a decrease in the effective LUMO level of the acceptor (Figure 2.2), reducing the Voc. In addition, 

charge carriers move more efficiently through crystalline materials, and more disorder typically 

leads to lower charge carrier mobilities.25 This leads to higher rates of non-geminate 

recombination, resulting in lower fill factors and photocurrents.  
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Figure 2.2. Schematic representation of the Voc losses due to energetic disorder in the donor and 

acceptor. This figure does not consider other sources of Voc loss. 

 Control of Solid-State Structure 

2.4.1 Influence of NFA Molecular Structure 

As mentioned above, the calamitic or ladder-type design for NFAs has been remarkably 

successful. For more in-depth reviews, the reader is directed elsewhere.4,26–30 A problem with the 

formation of large crystalline domains (over-crystallization) was observed in early NFAs, 

particularly those based on perylene diimide. Perylene diimide is a large aromatic polycyclic 

molecule that forms very strong and extensive π-stacks. Calamitic NFAs employ an extended π-

conjugated framework with electron-deficient peripheries flanking an electron-rich core; this 

increases the absorption coefficient by introducing some charge-transfer character to the π-π* 

transition. As a way to discourage over-crystallization, long alkyl chains protrude orthogonally 

from the electron-rich core, but the electron-deficient end-groups are left accessible for π-stacking 

interactions (Figure 1.9b). This allows very strong π-stacking interactions only among the electron-

deficient periphery, and leads to packing motifs that resemble one-dimensional chains. This allows 

a high degree of order in one (or more) dimensions without forming overly large domains. This 

packing motif accomplishes two other things: (1) it allows the LUMO (situated primarily on the 

electron-deficient region of the molecule) to be accessible for electron transfer events, and (2) it 
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ensures that the electron-rich region of one acceptor molecule is not in close contact with the 

electron-deficient portion of another acceptor, which can lead to quenching of the excited state. 

The exact packing mode of calamitic NFAs is influenced by the molecular shape, how far 

away the steric bulk is from the electron-deficient end-group, the amount of steric bulk at the core, 

and the effective size of the end-group. The prototypical example is the molecule ITIC (Figure 

2.3a); it has been derivatized extensively31–33 due to its early success in OSCs. In particular, ITIC 

displays a brick-like packing motif with an end-group above and below each alternate end-group, 

forming a two-dimensional network (Figure 2.4a).34 Fluorination of the end-group (ITIC-4F) 

increases the electron density at the end of the indanedione end-group, leading to stronger π-

stacking interactions and better orbital overlap at wider angles. This results in alternating 

herringbone and linear packing which provides a more inter-penetrating three-dimensional 

network (Figure 2.4b).34 Different functionalizations of the end-group have been extensively 

explored,33 and other directing groups can similarly change the packing modes to encourage more 

three-dimensional packing, particularly halogenation and/or regiospecific functionalization.35,36 

Recently, a new family of materials based on the Y6 scaffold (Figure 2.3b) has set new efficiency 

records for OSCs.29,37,38 These materials have a C-shape, as opposed to the linear or S-shaped 

nature of ITIC derivatives. The resultant packing modes adopted by Y6 derivatives resemble the 

brick-like packing of ITIC, with end-groups above and below each alternate end-group; however, 

due to the curve in the backbone, the Y6 derivatives pack in a three-dimensional inter-penetrating 

structure (Figure 2.5).17 This is further accentuated by the helicene-like twisting of the Y6 

backbone that gives it chirality; this restricts the crystalline coherence lengths to prevent excessive 

crystallization while encouraging electron transport in three dimensions.39  
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Figure 2.3. Chemical structures of (a) ITIC and its tetrafluorinated analog, ITIC-4F, and (b) Y6. 

 

Figure 2.4. Single crystal X-ray diffraction structures of (a) ITIC and (b) ITIC-4F. Adapted with 

permission.34 Copyright 2019 American Chemical Society. 

 

Figure 2.5. Single crystal X-ray diffraction strcuture of Y6 from (a) above and (b) the side. Adapted 

with permission.17 Copyright 2020 American Chemical Society. 
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One important feature of high-performance NFAs is a rigid, planar chromophore 

backbone.22,40,41 Having limited flexibility in the chromophore through ring-fusion, electrostatic 

interactions, and/or steric restrictions reduces disorder in the NFA, and particularly in the solid-

state packing. By reducing crystalline disorder through rigidifying the NFA, electron-transport is 

improved; this results from improved electrostatic interactions of the end-groups and an increase 

in preferential face-on ordering of the NFA relative to the substrate. A good example is IDT-

BOC6, synthesized by the Bo group (Figure 2.6).42 The authors showed that conformationally-

locking the end-group to the core increased the electron mobility, lowered the absorption onset, 

decreased energetic disorder, and significantly improved the PCE.  

 

Figure 2.6. Chemical structures and optimized geometries (B3LYP/6- 31G(d)) of (a) IDT-BC6 

and (b) IDT-BOC6. PCEs of devices made using PBDB-T as the donor polymer are shown in 

green. Adapted with permission.42 Copyright 2017 American Chemical Society. 

In terms of polymer NFAs, the most reliable method of producing high performing 

polymeric NFAs is to take a calamitic NFA and copolymerize it with a short spacer.43–47 At least 

one report has shown that the use of an electron-deficient spacer is beneficial.48 Although this is a 

new field of study, it appears that the features that make calamitic NFAs successful are also 

applicable to polymeric NFAs.  
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2.4.2 Influence of Donor Molecular Structure 

An excellent review on the design of donor polymers can be found elsewhere;49 however, 

aspects pertinent to the control of film morphology and solid-state structure are given below. In a 

typical OSC composed of a polymeric donor and small-molecule NFA, the donor plays multiple 

roles in directing the film morphology and solid-state structure. Foremost, polymers are 

macromolecules and tend to entangle; as such, the polymer typically defines the large-scale 

morphology of the active layer.13,14,18 It is becoming well-established that polymers can confine 

the small-molecule NFA over nanometer to micrometer length scales, preventing the formation of 

large crystallites and defining the domain sizes of both donor and acceptor. For this reason, 

polymer molecular weight18,50 and backbone rigidity51 are two important parameters that influence 

the morphology of the bulk heterojunction. Low molecular weight polymers are notorious for 

producing large domains, having poor hole mobilities, creating disorder, and producing poor 

efficiencies.49,52 This can also be said for polymers with highly flexible backbones, with more 

flexible backbones typically allowing the formation of larger NFA domains.51 Short of ring-fusion, 

the most successful way to create a more rigid polymer backbone is through dipole interactions or 

non-classical hydrogen bonding interactions between adjacent monomer units; notable examples 

include S-O, S-F, or F-H interactions that enforce planarity across single bonds.51,53–55 These 

interactions rigidify the polymer backbone at room temperature in the solid state, but allow for 

bond rotation in solution and/or at elevated temperatures. This strategy has been extremely 

effective for the PBDB-T family of donor polymers. Here the various rigidifying interactions can 

be progressively overcome at different temperatures in solution,56,57 allowing different portions of 

the conformational free energy landscape to be accessed during the deposition process. This 

facilitates the controlled pre-aggregation of polymer segments in solution and leads to a mixture 
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of crystalline and amorphous regions in the film; this in turn helps define the level of phase 

separation in the overall blend.  

2.4.3 Influence of Alkyl Chains 

The alkyl chains of the donor and acceptor materials were historically introduced to 

increase solubility and allow for easier processing. The alkyl chains, however, play a crucial role 

in OSC performance;58 although it is difficult to predict exactly how they will impact device 

performance, there are some general trends in alkyl chain design. The alkyl chain placement affects 

the lamellar packing modes available, and can drastically affect the preferred orientation of the 

molecule or polymer relative to the substrate.59–61 The alkyl chain length will affect the strength of 

the Van der Waals interactions, the distance between adjacent molecules, and the solubility in 

different solvents.15,62 Branched alkyl chains increase the steric bulk and introduce disorder at 

uncontrolled (racemic) stereogenic centers; this reduces the crystalline coherence length.49 The 

position of the branch point will affect where the steric bulk is presented and can drastically change 

packing modes, intermolecular distances, and the solubility of the molecule.61,63  

The side-chains of ITIC are 4-alkylphenyl groups, but when replaced with linear alkyl 

chains (C8-ITIC, Figure 2.7a) the level of disorder is reduced and the strength of the end-group 

interactions increases, leading to more efficient OSCs.64 Similar trends hold for IDIC derivatives65 

and IDTBR derivates66 (Figure 2.7b,c). The newer, high performance Y6 family has branched 

alkyl chains that provide the steric bulk at the electron-rich core. In this system, however, the 

branched chains fold back around one side of the core, something allowed by the twisted core and 

the low inversion barrier of the amine. The length and branch point of this alkyl chain has been 

explored, showing that a further branch point (at the 3 position)67 or a longer alkyl chain (2-

butyloctyl)68,69 improves the solubility, increases the crystallinity, and decreases conformational 

disorder in the crystal. The Y6 family also has alkyl chains at the ends of the core, providing 
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additional solubility to the large π-conjugated system while also acting as a conformational lock 

to decrease the conformational disorder at the end-group.24 This approach was originally 

demonstrated with an ITIC derivative, ITC6-IC (Figure 2.8); it reduced disorder and improved 

efficiencies by increasing the FF and Voc.
70 A recent report by the Yan group71 replaced the 

conformationally locking alkyl chain on a Y6 derivative with an alkyl-substituted phenyl ring 

(Figure 2.9). They showed that the substitution pattern of the phenyl ring (ortho, meta, or para) 

greatly affected the FF of the devices, and in particular they showed that the meta-substituted side-

chain led to the highest FF, longest crystalline coherence length, highest electron mobility, and 

highest device efficiency. The more sterically demanding phenyl ring imparts a greater rotational 

barrier than a linear alkyl chain, and may provide lower conformational disorder in these acceptors. 

In addition, the authors hypothesized that the dihedral angle of the phenyl ring induces tighter 

packing of the indandione end-groups while simultaneously encouraging the three-dimensional 

packing motif known for Y6 derivatives. 

 
Figure 2.7. Chemical structures of (a) ITIC and ITIC-C8, (b) IDIC-PhC6 and IDIC, and (c) EH-

IDTBR and O-IDTBR. PCEs of devices made using (a,b) PBDB-T, or (c) P3HT as the donor 

polymer are shown in green. 
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Figure 2.8. Chemical structures of ITIC and ITC6-IC, highlighting the lack of free rotation in 

ITC6-IC due to the peripheral alkyl chain. Adapted with permission.70 Copyright 2018 John Wiley 

and Sons, Inc. 

 

Figure 2.9. Calculated (B3LYP/6-31G(d,p)) structures of Y6 derivatives, with alkyl-substituted 

phenyl side-chains as conformational locking groups, showing front and side view. Adapted with 

permission.71 Copyright 2021 Royal Society of Chemistry. 

The most popular branched alkyl chain is the 2-ethylhexyl chain, due in part to its 

solubilizing ability, cost effectiveness (commercial availability), and steric bulk. In particular, the 

2-position is generally the most favorable branching position because it provides enough steric 

bulk to reduce over-crystallization, but not so much as to remove intermolecular interactions 

altogether.72,73 Effective locations and branch positions for branched alkyl chains have been well-

established in the design of donor polymers,49,57,58,73 although much of our knowledge comes from 

studies using fullerene acceptors; there is relatively little research on whether branched alkyl 

chains are required for modern NFAs.15,74–76 In general, the larger monomer unit of a donor 
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polymer contains the branched alkyl chain in order to reduce chain aggregation, while the smaller 

monomer unit has either a smaller, linear, or non-existent alkyl chain. But again – these design 

principles were developed in bulk heterojunctions with fullerene acceptors, and have not been 

thoroughly validated with NFAs. 

The presence of branched alkyl chains can change the preferential packing mode of π-

conjugated molecules. A face-on orientation of the π-system relative to the substrate is associated 

with increased charge carrier mobilities77 and can reduce interfacial disorder/resistance.78 Yet 

while a significant amount of research has been done on the effect of varying the alkyl chain, trial 

and error remains the standard method of side-chain optimization.  

 Control of Film Morphology 

2.5.1 Flory-Huggins Interaction Parameter 

The miscibility of a polymer and a small molecule can be described using the Flory-

Huggins (FH) interaction parameter (χ), which describes the enthalpic contributions to the free 

energy of mixing (ΔGmix). The free energy of mixing for such a two-component system is 

described by FH theory (Equation 2.1): 

 
∆Gmix

kBT
=  

ϕp

Np
ln ϕp + ϕs ln ϕs + χpsϕpϕs (2.1) 

where 𝜙p is the volume fraction of polymer, 𝜙s is the volume fraction of the small molecule, Np is 

the number of lattice segments occupied by the average polymer chain (related to the relative 

partial molar volumes), and χps is the FH interaction parameter of the polymer and small molecule. 

If ΔGmix is positive, mixing is non-spontaneous and there will be a two-phase system at 

equilibrium. If ΔGmix is negative, the two components will mix to some degree, although there 

may still be a two-phase system at equilibrium (with one polymer-rich phase and one small-

molecule-rich phase). Beyond thermodynamic considerations, it is also important to consider the 
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slow movement of polymers; it is certainly possible to obtain a polymer blend where the film 

remains kinetically trapped in a non-equilibrium morphology with a relatively low degree of phase 

separation.  

The Ade group has applied FH theory to OSCs, and in a seminal report79 measured χ for 

OSC blends using a combination of SIMS (secondary ion mass spectrometry) and R-SoXS 

(resonant soft X-ray scattering). A simpler differential scanning calorimetry (DSC) method, 

developed by Kyu and coworkers,80 can also be used to determine χ as shown in Equation 2.2: 

 1 −
Tm

Tm
0 =

RTm

ΔHu
χca(1 − ϕp) (2.2) 

where Tm is the melting point of the blend, 𝑇𝑚
0  is the melting point of the pure polymer, 𝛥𝐻𝑢 is the 

enthalpy of melting for the crystalline small molecule, and 𝜒𝑐𝑎 is the interaction parameter for the 

amorphous polymer and crystalline small molecule. The Ade group showed79 that by plotting the 

binodal curve for χ vs. ϕp (Figure 2.10), the relative material fractions can be correlated to the fill 

factor with good precision (Equation 2.3):  

 FF ≈  k√(ϕ0 − ϕ1)(ϕ2 − ϕ0) (2.3) 

where k is a scaling factor, ϕ0 is the initial polymer volume fraction (estimated as the weight 

fraction before deposition), ϕ2 and ϕ1 are the polymer volume fractions of the two phases on the 

binodal curve. ϕ2 and ϕ1 correspond to the volume fractions of the polymer-rich and small-

molecule-rich domains, respectively, after deposition and annealing.  
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Figure 2.10. FH phase diagrams of an OSC active layer showing (a) the binodal curve and (b) FF 

fit based on Equation 2.3. Altered with permission.79 Copyright 2018 Springer Nature. 

2.5.2 Donor-Acceptor Selection 

 Donor-Acceptor Interactions 

The choice of what donor and acceptor to combine depends on more than just electronic 

factors. The two materials will have unique interactions, which means that a donor polymer may 

produce efficient cells with one acceptor and poor cells with another, even though both acceptors 

might perform similarly with a different donor. FH miscibility models (see above) can be used to 

accurately infer the degree of phase separation between two materials. As discussed previously, 

phase-pure domains with sizes on the order of the exciton diffusion length, with vertical phase 

separation and a defined percolation pathway, are ideal for OSCs. If the donor and acceptor are 

completely miscible, no phase separation will occur, resulting in extensive geminate 

recombination.81–83 If the donor and acceptor are completely immiscible, there will be no mixed 

region, increasing non-geminate recombination and lowering the Voc.
76,84,85 The alkyl chains on 
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the donor and acceptor are one of the primary contributors to their miscibility. If the alkyl chains 

are missing from one component, extensive phase separation will occur, whereas a similarly 

soluble alkyl-substituted component will be significantly more miscible.84  

 Molecule Shape/Functionality 

Aside from through the alkyl chains, the miscibility can be controlled by the shape of the 

molecule, the molecular polarity, and the presence of charged functional groups. The molecular 

shape partially controls the way in which two materials can approach one another, affecting the 

possible orbital overlap and the relative strength of self- vs. cross-interactions. In particular, it 

appears that the donor and acceptor are more miscible when the two materials share a similar shape 

or structure (or adopt a similar shape upon crystallization).38,86 Altering the permanent dipole of a 

molecule by changing strongly electron-donating or withdrawing groups can also alter the 

miscibility of two materials. This was demonstrated by Yang et al.,87 where the dicyano functional 

group at the terminus of common indandione-based NFAs increased their miscibility with common 

donor polymers; replacement with a less polar ketone functional group led to more phase 

separation of the donor:acceptor blend. This allowed the authors to obtain more favorable 

morphologies with simpler donor polymers (Figure 2.11). It is important to note that each 

donor:acceptor system is different, and so the effect of altering a functional group will depend on 

the other component of the blend.  
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Figure 2.11. AFM height images of (a) a P3HT:BTP-4Cl blend and (b) a P3HT:ZY-4Cl blend, 

with their chemical structures. Altered with permission.87 Copyright 2020 Royal Society of 

Chemistry. 

2.5.3 Deposition Solvent 

As shown above, the miscibility of the donor and acceptor can drastically change the 

morphology of the active layer. This is further influenced by the choice of deposition solvent. 

Other reviews provide a detailed explanation of solvent:active layer interactions,88 but the 

fundamentals are presented here. As the active layer dries, if the two components have a 

sufficiently high χ, phase separation will occur by either a solid precipitating out of solution (solid-

liquid, S-L, phase separation) or by diffusion away from the mixed system in solution (liquid-

liquid, L-L, phase separation). If χ is not sufficiently high, then phase separation will not occur 

and only one-phase of intimately mixed donor and acceptor will be present.88 The solvent choice 

controls the solubility of both components, and can facilitate miscibility between the donor and 

acceptor, altering the probability of the three outcomes. Because of the requirement for highly 

crystalline, phase-pure domains, S-L phase separation is preferable as it allows for preferential 

crystallization of one component until most or all of the solvent is removed. A small mixed region 

can then be formed around the crystallites to facilitate charge separation.  
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The evaporation rate of the solvent is another key factor that influences the film 

morphology. As polymer motion in the film is relatively slow, fast evaporation can kinetically trap 

the film in a non-equilibrium state. This means that low-boiling solvents spin-cast at high speeds89 

lead to a relatively intermixed active layer with a majority of L-L phase separation, while high 

boiling90 solvents allow more time for S-L demixing and contribute to higher levels of phase 

separation in the film.88 This was demonstrated by Chen et al.90 where chloroform led to small 

domains and chlorobenzene led to large domains, but a mixture of the two produced optimal 

domain sizes. Historically, chlorobenzene has been the solvent of choice as it has a relatively high 

boiling point (132 °C) and preferentially solubilizes most donor polymers, thereby encouraging 

the S-L demixing of the small-molecule acceptor. Attempts to avoid the use of halogenated 

solvents (for environmental and health reasons) has shown that success can also be found with 

toluene, xylene derivatives, and trimethylbenzene derivatives.68,91 Many low-boiling solvents such 

as chloroform and THF require an additional post-deposition annealing step in order to further 

phase-separate the blend, which is discussed in more detail below.  

FH theory can also be extended to include a solvent in addition to the donor and acceptor. 

This can help predict what type of demixing will occur and in turn help select the optimal solvent 

for a given donor-acceptor system. Further reading on the subject can be found elsewhere.88,92,93 

 Solvent Additives 

One important method of optimizing film morphology is the use of a secondary solvent 

additive (usually less than 5% by volume). An extensive review on this subject can be found 

elsewhere.88 The solvent additive, by its nature, should be even higher boiling than the host solvent; 

this allows the additive to remain in the film to encourage the solubilization of one (or both) 

components of the blend. Remaining in the film after the host solvent evaporates allows for 

prolonged S-L demixing, which encourages a higher degree of phase separation in the film. The 
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most used solvent additive, 1,8-diiodooctane (DIO), has a very high boiling point (168 °C) and 

typically encourages the solubilization of the small-molecule acceptor, allowing slow 

crystallization of the polymer component. Solvent additives such as DIO do not leave the active 

layer until they are either exposed to extremely low pressures or are rinsed away with a suitable 

solvent, and thus they can continue to alter the morphology of the cell until they are removed. In 

the context of non-fullerene solar cells, however, very low loadings of solvent additives (< 1%) 

are generally used, and DIO is not always a good choice as it tends to produce overly large 

domains.94,95 In addition, there are concerns that halogenated solvent additives can contribute to 

device degradation.94,96,97 Diphenyl ether98,99 and other non-halogenated additives have 

successfully been used as replacements for DIO; they have been shown to lead to S-L demixing 

and enhanced crystallinity in the NFA. In theory, there should be no need for a solvent additive if 

the correct solvent system is chosen, but in practice solvent additives are simple to add and are 

more broadly applicable than specific solvent blends.  

Popular NFAs tend to have low barriers to crystallization and thus require very little solvent 

additive; however, polymers are semi-crystalline at best and tend to form somewhat amorphous or 

poorly ordered domains as-cast. The use of solvent additives or solvent choice is therefore often 

focused on either increasing the crystallinity of the polymer component or quickly driving the NFA 

component to crystallize so that further post-processing methods can be used.  

2.5.4 Vertical Phase Separation 

Vertical phase separation of the two materials is another important aspect of efficient active 

layers. It is beneficial to have a donor-rich region at the hole transport layer, and an acceptor-rich 

region at the electron transport layer. This facilitates efficient charge transfer to the respective 

transport layers as well as reducing shunting by removing recombination pathways. A consequence 

of good vertical phase separation is higher domain-purity near each electrode, reducing the 
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likelihood of non-geminate recombination events. Li and coworkers15 demonstrated that vertical 

phase separation can arise from a sufficiently high χ; in their study, the denser acceptor diffused 

to the bottom of the active layer, while the donor rose to the top. Therefore, by using an inverse 

device architecture (substrate/electrode/ETL/active layer/HTL/electrode) they were able to 

improve the FF as a result of vertical phase separation. 

The deposition method can also control the degree of vertical phase separation. Most 

devices are deposited from a solution containing both the donor and acceptor; unless χ is unusually 

high, this typically leads to minimal vertical phase separation. In contrast, sequential deposition 

(also called layer-by-layer deposition) provides more control over phase separation in the vertical 

direction.100–103 By depositing the second component on top of the first, the amount of mixing that 

occurs at the interface can be controlled by the solubility of the first layer, the drying time, and the 

miscibility of the donor and the acceptor. This method is effectively a compromise between the 

planar heterojunction and the bulk heterojunction (Figure 2.12). It ensures that the donor and the 

acceptor are segregated at the proper electrodes, and that there is a small amount of limited mixing 

at the interface. Sequential deposition has the added benefit of allowing the polymer ample time 

to crystallize without becoming trapped in an amorphous state by the NFA crystallites; the domains 

formed from sequential deposition tend to be more phase-pure as a result. Noted benefits of the 

sequential deposition method include improved efficiency,100,101 stability,100,103 and 

reproducibility.103  
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Figure 2.12. Schematic representation of (a) an ideal bulk heterojunction and (b) an ideal 

sequential-deposition heterojunction. Purple represents donor-rich domains and green represents 

acceptor-rich domains. 

2.5.5 Post-deposition Annealing 

 Thermal Annealing 

Thermal annealing (TA) is a common post-deposition process used to promote phase 

separation in kinetically-trapped films. By heating the film above the glass-transition temperature 

of the polymer, the two components become more mobile, allowing them to achieve a more 

thermodynamically favorable morphology. In general, NFAs tend to have a low barrier to 

crystallization and thus crystallize readily. Polymer donors, on the other hand, have a much higher 

barrier to crystallization and thus higher temperatures are often required to achieve the necessary 

ordering and alignment.14 TA of NFA solar cells encourages the crystallization of the donor 

polymer and an increase in the mixed region at the donor-acceptor interface. Overcoming the glass-

transition temperature leads to cold-crystallization of the polymer and excludes the NFA from the 

polymer matrix, but does not necessarily crystallize the NFA.14 This makes the boundaries around 

the polymer-rich domains become increasingly mixed and the bulk of the polymer-rich domains 

more phase-pure.17 Since the FH interaction parameter decreases at high temperatures, and the 

entropic contribution to ΔGmix also increases, the two components will also become more miscible 

with each other.  
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If a high boiling solvent or solvent additive is used, and it is not fully removed after 

deposition, the TA process will increase the solubility of the preferentially-solubilized component 

and lead to significant S-L phase separation. TA and the solvent additive work together to drive 

phase separation and polymer crystallization. These steps are therefore often used together to 

promote phase separation and allow the polymer to crystallize without increasing the mixed 

region.104,105 Köntges and coworkers even showed that combining TA and solvent additives can 

facilitate co-crystallization at the interface, imprinting the packing modes of the polymer onto the 

acceptor. This allows for more favorable charge-transfer in the mixed region.104 

 Solvent Vapor Annealing 

Solvent vapor annealing swells the film with solvent vapor to allow the active layer 

components to reorganize. SVA achieves results similar to the use of solvent additives, but with 

more control over the solvent choice and annealing time. SVA is often done using the bell-jar 

method,106 but this technique is poorly reproducible and not industrially viable; in contrast, 

variable pressure SVA (VP-SVA, Figure 2.13) allows for precise control of the solvent partial 

pressure, enabling much lower concentrations of solvent vapor to be used.13,106 Although more 

complex than TA, VP-SVA offers additional levels of control due to the choice of solvent, vapor 

pressure, and exposure time. TA and SVA can also be used together to better fine-tune the 

morphology of the active layer.13 
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Figure 2.13. Schematic representation of a VP-SVA setup. Two mass-flow controllers separate 

solvent-saturated (blue) and dry (red) carrier gas to be mixed in controlled ratios before entering 

an annealing chamber. Altered with permission.13 Copyright 2020 American Chemical Society.  

SVA works by swelling the film with a solvent that is either a poor solvent for both 

materials, a selective solvent for one component, or a good solvent for both; this allows the film 

to be swollen and controls the solvation of neither, one, or both components. Simply swelling the 

film with a poor solvent encourages only local reordering, and the domain size is not drastically 

affected, although the local domain purity is generally increased (if χ is sufficiently high). There 

is not much recent work on SVA of NFAs with poor solvents, since it generally does not improve 

crystallinity or effect a drastic morphology change.107 Most SVA is done with a selective solvent. 

In particular, it is more beneficial to select a solvent that preferentially solubilizes the small-

molecule component, as the polymer will still be allowed to move slightly due to the film-

swelling.88,107,108 The selective solvation of a NFA, with a low barrier for crystallization, will 

encourage crystallization of the NFA while (ideally) leaving the polymer relatively unaffected, 

save for perhaps a higher phase-purity.13,14,38,108 Extreme cases of SVA can lead to extensive phase 

separation, similar to a long exposure to a large amount of solvent additive, so precise control over 

both solvent concentration and annealing time is required.13,82,106,108 If a good solvent for both 

components is used, due to the slow kinetics of the polymer, the effect is often similar to that of a 

solvent that is selective for the small-molecule acceptor. Small amounts of solubilization of the 

polymer, however, generally increase the degree of L-L demixing and do not generally contribute 
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to an increase in the crystallinity of the polymer component. As such it is best to either avoid 

annealing with a solvent that solubilizes both components, or to anneal for only a short period, 

thereby taking advantage of the slow kinetics of the polymer.82,106,108  
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Chapter 3: Effect of Molecular Shape on the Properties of Non-

Fullerene Acceptors: Contrasting Calamitic Versus 3D Design 

Principles 
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revise the manuscript, and T.L.K supervised the study.  

 Introduction 

NFAs becoming competitive with fullerene materials has led to two different types of 

efficient NFA designs. It is therefore imperative to study the relative merits of these two motifs in 

order to better develop new materials. This chapter, therefore, has the goal to separate which design 

is more efficient, and a better focus for future NFA development. These new acceptors are based 

around two main design principles – calamitic and 3D – which both produce soluble materials and 

limit the domain size in bulk heterojunctions, primarily through the partial inhibition of self π-

https://pubs.acs.org/doi/10.1021/acsaem.8b01433
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stacking.1–4 The calamitic design features a rigid electron-push-pull chromophore system, where 

side-chains are appended orthogonally to the chromophore core. This imparts steric bulk to the 

electron-rich molecular core (increasing solubility and limiting over-crystallization), while leaving 

the electron-deficient termini accessible to facilitate π-overlap and electron transfer (Figure 

1.9b).1,3–5 A parallel design strategy, driven mainly by work on perylene diimide,6 is to use non-

planar 3D semiconductors.7–11 The non-planar design disrupts an otherwise rigid chromophore 

backbone by imparting a twist or otherwise enforcing a 3D shape (Figure 1.9a).3,5 This limits over-

crystallization and creates a more isotropic chromophore arrangement. The reduced anisotropy 

leads to less orientation-dependence for π-overlap with neighbouring molecules, and theoretically 

facilitates 3-dimentional electron-transfer in the solid state. At the time of study, both methods 

were able to produce similarly efficient OSCs, and it was unclear what motif is superior for future 

development and why. 

Although these two design principles are at the forefront of NFA design, they are rarely 

compared in the same study,12–14 and never with systems having the same electronic structure and 

solubility. The few comparisons that can be made between electronically similar systems are 

drawn from different reports, and suggest that the 3D NFAs tend to perform better than the 

calamitic analogues. One example is a diketopyrrolopyrrole-based system, where the 3D15 and 

calamitic16 NFAs had PCEs of 5.2% and 3.2%, respectively, when used with the same donor 

polymer. Similarly, in a thiophene-rhodanine based system the 3D analogue had a higher PCE 

(4.5%)17 than the calamitic derivative (3.1%),18 when used with the same donor. These limited 

examples suggest that this trend may be more general, and emphasize the importance of further 

comparing the two design motifs. 
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Alongside the development of new NFA designs, there is tremendous interest in the field 

of side-chain engineering.19 Many reports on the effect of chain length,20–22 branching,23–26 and 

position14,27,28 provide insight into the influence of side-chains on intermolecular interactions and 

solid state morphology. Work has shown that optimizing chain length can improve crystallinity 

and charge carrier mobility, implying side-chains play a substantial role in film packing and 

reorganization.29–32 However, since side-chains are often necessary to solubilize extended π-

systems,20 these reports struggle to separate their effect on lamellar packing and donor/acceptor 

miscibility from simple changes in material solubility. It is also unclear whether side-chains are at 

all desirable, since their electronically insulating nature and steric bulk have historically limited 

charge carrier mobility.21,29,33,34 It is therefore important to examine current design principles in 

systems where structural variables can be isolated (e.g., where side-chains can be removed without 

affecting the solubility). 

This study compares the two main NFA design principles: the calamitic and 3D motifs. 

Two molecules, one with the calamitic design (FBRCN), and one with the 3D design (XFBRCN), 

were synthesized (Figure 3.1a); the goal was to determine the effect of molecular shape on the 

optoelectronic properties of the NFAs and their performance in solid state electronic devices. We 

show that the 3D semiconductor has a higher absorption coefficient, broader absorbance bands, 

and a higher permittivity than the calamitic analogue. The calamitic material has a higher electron 

mobility, is more miscible with polymeric OSC donors, and is more crystalline than the 3D 

material. Additionally, we found that the alkyl chains of the calamitic NFA play a crucial role in 

controlling the bulk heterojunction morphology in OSCs. This work compares the two most 

popular NFA design motifs, and the results help guide the future design of NFAs. 
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Figure 3.1. (a) Chemical structures of the calamitic (FBRCN) and 3D (XFBRCN) NFAs, and 

frontier orbital isosurfaces for (b) FBRCN and (c) XFBRCN. Calculations were performed at the 

B3LYP/6-31G(d,p) level of theory and octyl chains were replaced with methyl groups for 

simplicity 

 Results and Discussion 

Two NFAs (FBRCN and XFBRCN) were synthesized, one with a calamitic (FBRCN) and 

one with a 3D structure (XFBRCN). The calamitic NFA is based on a chromophore first 

popularized by Holliday et al. in 2015,35 and has been reported previously,36 while the 3D analogue 

is new to this work. Identical chromophores were used for both molecules, isolating any observed 

differences in optoelectronic properties or device performance to the variation in molecular shape 

and design (calamitic vs. 3D). The two materials were synthesized from their alkyl-fluorene or 

spirobifluorene precursors via Miyaura borylation, followed by a Suzuki coupling with an 

aldehyde-substituted benzothiadiazole. The final molecules were obtained by either a 2-fold or 4-

fold Knovenagel condensation with dicyanorhodanine (Scheme 3.1). Both molecules had similar 

solubilities in the same common laboratory solvents (e.g., dichloromethane, chloroform, 

tetrahydrofuran, toluene, chlorobenzene, dioxane). The solubilities measured in chlorobenzene 

were roughly the same for both FBRCN (5.7 g/L) and XFBRCN (5.5 g/L), removing solubility as 
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a variable when comparing their properties and performance. The two molecules were then 

characterized and tested in electronic devices to compare the two different NFA design strategies.  

 

Scheme 3.1. Synthetic procedure for making FBRCN and XFBRCN. 

3.2.1 Time-Dependent Density Functional Theory Calculations.  

To evaluate the effects of molecular shape on electronic structure, time-dependant density 

functional theory (TDDFT) calculations were performed at the B3LYP/6-31G(d,p) level of theory. 

DFT geometry optimizations show that the structure of the chromophore is the same in both 

molecules, with the same dihedral angle between the benzothiadiazole and fluorene units (35ᵒ). 

The orbital isosurfaces are shown in Figure 3.1; again, no major differences are seen between the 

calamitic FBRCN and the 3D XFBRCN. The frontier orbitals of XFBRCN closely resemble those 

of FBRCN, with the exception that the orbitals in XFBRCN are all degenerate (Figure 3.2). The 

calculations predict that XFBRCN has a slightly lower energy HOMO (–5.8 eV) than FBRCN (–

5.7 eV). This may be due to hyperconjugation of the fluorene π-system with the alkyl chains of 

FBRCN (which would destabilize the HOMO of FBRCN relative to XFBRCN); alternatively, the 

more inductively electron withdrawing sp2-hybridized carbons of the spirobifluorene core of 

XFBRCN may lower the HOMO relative to FBRCN. 
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Figure 3.2. Calculated orbital isosurfaces and eigenvalues of XFBRCN and FBRCN. 

We also used TDDFT to calculate the electronic transitions of both molecules. Table 3.1 

shows the pertinent TDDFT data for the lowest energy transitions of FBRCN and XFBRCN. The 

oscillator strength of the S1 ← S0 transition of FBRCN (fosc = 1.88) is higher than the same 

transition in XFBRCN (fosc = 1.43); however, XFBRCN also has a degenerate transition to the S2 

state of similar oscillator strength (fosc = 1.40). The net effect is that XFBRCN is expected to have 

an absorbance ~ 1.5 times higher than FBRCN, even though it contains twice as many 

chromophores. The transition dipole moments of the S1 ← S0 and S2 ← S0 transitions in XFBRCN 

are orthogonal to each other (Figure 3.2, Table 3.1), and there appears to be minimal coupling of 
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the transitions between the HOMO / HOMO–1 and LUMO / LUMO+1 orbitals. Since the TDDFT 

calculations predict a 90° angle between the two chromophores in XFBRCN, this lack of electronic 

coupling is expected; however, any torsion of the spiro-linkage would facilitate exciton coupling 

of the two chromophores and broaden and blue-shift the absorbance band.37,38 An analysis of the 

vibrational frequencies in XFBRCN reveals multiple vibrational modes with frequencies in the 

range of 25 to 200 cm–1 that would twist the spirobifluorene core and potentially allow a modest 

degree of exciton coupling at room temperature.  

Table 3.1. TDDFT data for the lowest energy transitions in FBRCN and XFBRCN 

 
XFBRCN FBCRN 

transition S0-S1 S0-S2 S0-S1 

S0 dipole (D)a 10.78 (xz) 14.74 (x) 

transition dipole (D)a 27.90 (μx) 27.16 (μz) 36.68 (μx) 

transition energy (eV) 2.10 2.10 2.08 

Oscillator strength 1.43 1.40 1.88 

Transition Character 

(coefficient) 

HOMO-LUMO (0.66) 

HOMO-1-LUMO+1 (-0.21) 

HOMO-LUMO+1 (0.01) 

HOMO-LUMO+1 (0.66) 

HOMO-1-LUMO (-0.21) 

HOMO-LUMO (-0.01) 

HOMO-LUMO (0.70) 

HOMO-LUMO+1 (-0.11) 

aDipole direction is given in brackets, with the orientation shown in Figure 3.2. 

3.2.2 Optical Properties 

To verify the TDDFT calculations and further probe the optoelectronic properties of the 

two molecules, we analyzed them using UV-Visible spectroscopy. The absorbance and emission 

spectra, both in chloroform solution and as thin films, are shown in Figure 3.3. The corresponding 

data are summarized in Table 3.2. The absorbance spectra in solution (Figure 3.3a) are dominated 

by an intense transition ~ 500 nm, which can be assigned to the S1 ← S0 transition (FBRCN) and 

the degenerate S2 ← S0 and S1 ← S0 transitions (XFBRCN). The molar absorption coefficient (ε) 

of XFBRCN (1.06 × 105 M–1·cm–1) is 1.6 times greater than that of FBRCN (6.8 × 104 M–1·cm–1), 

in good agreement with the ratio of oscillator strengths calculated by TDDFT (1.5 times). 
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Figure 3.3. (a) UV-Vis absorption (solid line) and emission (dashed line) spectra of FBRCN 

(blue) and XFBRCN (red) in chloroform solution. Samples were excited at the absorbance 

maximum of each material, and the emission intensity was corrected for the detector re response. 

(b) UV-Vis absorption spectra of FBRCN (blue) and XFBRCN (red) as thin films spin-coated 

from chloroform solutions onto glass substrates. 

Table 3.2. Optical data of FBRCN and XFBRCN 

NFA λabs max 

(nm) 

FWHM 

(cm–1) 

ε (M–1·cm–1) λem max 

(nm) 

Stokes shift 

(cm–1) 

τ1 (ns) τ2 (ns) Φf 

(%) 

FBRCN 499 (518)a 3968 

(4877)a 

6.8 × 104 588 3033 1.37 

[0.912]b 

2.26 

[0.088]b 

33 

XFBRCN 486 (491)a 4208 

(6048)a 

1.06 × 105 582 3418 1.20 

[0.985]b 

2.37 

[0.015]b 

31 

Data obtained from chloroform solution except where noted. aMeasured on thin films spin-coated 

from chloroform solutions. bPre-exponential factor of the lifetime component.  

There are also more subtle differences between the two spectra. The full-width-at-half-

maximum (FWHM) of the lowest-energy absorbance band in XFBRCN (4206 cm–1) is broader 

than in FBRCN (3968 cm-1). This broadening of the absorption band upon moving from the 

calamitic to the 3D structure is accompanied by a blue-shift of the absorbance maximum (536 cm–

1). This shift is larger than predicted by TDDFT (136 cm–1). The results suggest that in addition to 

the slightly lower HOMO of XFBRCN (which is already considered in the TDDFT), dynamic 

torsion of the spirobifluorene core (a result of several low energy vibrational modes) may lead to 
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a small amount of exciton coupling between the two chromophores.37,38 This would explain both 

the blue-shift and broadening of the absorption band in XFBRCN. A similar blue-shift is also 

observed in the emission maxima, although it is less pronounced (176 cm–1). The smaller blue-

shift in the emission maxima is likely due to the hyperconjugation in FBRCN and the inductive 

effects in XFBRCN discussed previously; these de-stabilize the HOMO of FBRCN and lead to a 

slightly smaller HOMO-LUMO gap for FBRCN than XFBRCN. The relative magnitudes of the 

blue-shifts in the absorbance and emission spectra results in a larger Stokes shift for XFBRCN 

(3418 cm–1) than for FBRCN (3033 cm–1). The data suggests additional structural relaxation 

pathways in the excited state of XFBRCN, likely due to changes in the torsional angle between 

the two chromophore units.  

Figure 3.3b shows the thin film UV-Vis absorption spectra of the two molecules. Both 

spectra are red-shifted relative to solution; this red-shift is indicative of aggregation in the solid-

state. The magnitude of this red-shift at the onset of absorbance is similar for both FBRCN (1154 

cm–1) and XFBRCN (1000 cm–1). This contrasts with the solution-to-film red-shift at the 

absorbance maxima, which is much larger for FBRCN (735 cm–1) than XFBRCN (209 cm–1). This 

implies that the maximum degree of aggregation-induced red-shift is similar for both molecules 

(red-shift of the absorption onset), but that the average amount of aggregation is lower for 

XFBRCN than in FBRCN (red-shift of the absorption maxima). This is likely due to the increased 

steric bulk of the three-dimensional XFBRCN, which would limit the stacking coherence length 

of crystallites.12,17,39 This leads to an overall decrease in the ordering of XFBRCN relative to the 

calamitic FBRCN, which is reinforced by grazing-incidence wide-angle x-ray scattering 

(GIWAXS) (see below). 
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In order to determine the effect of the molecular design on the excited state, we measured 

both the emission quantum yield and the excited state lifetime. Time correlated single photon 

counting (TCSPC) emission spectroscopy was performed on chloroform solutions of both FBRCN 

and XFBRCN (Figure 3.4). Both molecules decay by a two-component exponential decay with 

lifetimes in the nanosecond range. The lifetime of the major decay contribution was longer for 

FBRCN (τ1 = 1.37 ns) than for XFBRCN (τ1 = 1.20 ns). These data are supported by the emission 

quantum yield measurements (Figure 3.5), where FBRCN was found to have a slightly higher 

quantum yield (Φf = 0.33) than XFBRCN (Φf = 0.31) in chloroform solution. The extra relaxation 

pathways of XFBRCN are likely due to the additional vibrational modes associated with the 

spirobifluorene core (see above), but overall the differences in both lifetime and quantum yield are 

small. The data further support the conclusion that differences in the Stokes shift are due to a more 

distorted excited state geometry of XFBRCN, which involves torsion at the spirobifluorene core.  

 

Figure 3.4. TCSPC data for FBRCN (blue) and XFBRCN (red) in chloroform solution. Dots 

indicate the experimental data, and the solid lines are the fit to a two-component exponential decay. 

The sample was excited at 440 nm and data collected at 580 nm. 
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Figure 3.5. (a) Absorbance and (b) fluorescence spectra of FBRCN (blue), XFBRCN (red), and 

rhodamine 6G (black). FBRCN and XFBRCN were measured as chloroform solutions; rhodamine 

6G was dissolved in EtOH. 

3.2.3 Electronic Properties 

To determine the effect of molecule shape on electronic structure, we performed a series 

of voltammetry experiments on FBRCN and XFBRCN, the results of which are summarized in 

Table 3.3. Differential pulse voltammetry (DPV) in dichloromethane solution (Figure 3.6) 

revealed multiple low energy reduction events at nearly identical voltages for FBRCN and 

XFBRCN (–1.19 V vs Fc/Fc+), and a single oxidation event near the solvent window that was at a 

slightly higher potential for XFBRCN (0.85 V vs Fc/Fc+) than for FBRCN (0.77 V vs Fc/Fc+). 

These data are consistent with both the orbital energies predicted by TDDFT (Figure 3.1) and the 

optical band gaps measured by UV-Vis spectroscopy (Table 3.3), and clearly show that the alkyl 

chains of FBRCN reduce the ionization potential of FBRCN relative to XFBRCN. Additionally, 

given the overall similarity between the molecules and their electrochemical responses, we 

normalized the DPV data to correct for slight differences in analyte concentration. Comparing the 

molar current differences (Figure 3.6), we find that the first and second reduction events in 

XFBRCN involve a transfer of twice as many electrons as in FBRCN. The fact that XFBRCN 
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accepts twice as many electrons as FBRCN without changing the reduction potential suggests that 

the orthogonal chromophores of XFBRCN are electronically isolated.  

Table 3.3. Electrical properties of FBRCN and XFBRCN. 

NFA 
E

g,opt 

(eV)
a
 

E
g,elec

 

(eV)
b
 

EHOMO 

(eV)c 

ELUMO 

(eV)d 

Relative 

Permittivitye 

μe (OTFT) 

(cm2 V–1 s–1)f 

VTH 

(V)f 

μe (SCLC) 

(cm2 V–1 s–1)g 

FBRCN 2.07 1.97 –5.84 –3.77 2.7 (3 ± 1)×10–4 44 ± 2 1 × 10–4 

XFBRCN 2.12 2.04 –5.89 –3.77 3.5 (8 ± 3)×10–5 26 ± 8 4 × 10–5 

aMeasured from the absorption onset of thin films spin-coated from chloroform solution on glass 

substrates. bMeasured by DPV in dichloromethane solution. cMeasured from the onset of reduction 

in the cyclic voltammograms of thin films. dEHOMO = ELUMO + Eg,opt. 
eObtained from the impedance 

spectra of ITO/NFA/Ag devices. fObtained from measurements on bottom-gate bottom-contact 

OTFTs. Averages and standard deviations were calculated from measurements on 5 devices. 
gObtained from SCLC measurements on Al/NFA/Al devices, reported at an electric field strength 

of 3 × 105 V·cm–1. 

 

 

Figure 3.6. Differential pulse voltammograms of FBRCN (blue) and XFBRCN (red) in a 

dichloromethane solution of 0.05 M tetrabutylammonium hexafluorophosphate. Data was 

acquired with a 5 mV step size and a 0.5 s interval time. The voltammograms were corrected for 

the concentration of the samples and referenced to the ferrocene/ferrocenium redox couple. 

The cyclic voltammetry (CV) of thin films of FBRCN and XFBRCN (Figure 3.7) shows 

that the reduction events are mostly irreversible, and occur at the same potential in both molecules 

(–1.03 V vs Fc/Fc+ in acetonitrile). The small change in reduction potential from solution to thin 
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film is due to both the electronic effects of aggregation and the change in solvent, so direct 

comparisons can not be made. The thin film voltammetry does, however, give a better 

approximation of the electron affinity. Assuming that the Fc/Fc+ redox couple lies at –4.80 eV 

versus the vacuum level,14,40–42 the LUMO energy of both FBRCN and XFBRCN is calculated to 

be –3.77 eV. This was combined with the optical band gap obtained from the thin film UV-Vis 

data to estimate the energy of the FBRCN (–5.84 eV) and XFBRCN (–5.89 eV) HOMO.  

 

Figure 3.7. Cyclic voltammograms of FBRCN (blue) and XFBRCN (red): as (a) thin films in 

MeCN with 0.05 M Et4NPF6 as the electrolyte, and (b) solutions in CH2Cl2 with 0.05 M Et4NPF6 

as the electrolyte. All voltammograms were referenced to the ferrocene/ferrocenium redox couple 

(black) after the measurements were complete. 

In electronic materials, the relative permittivity is a critical parameter that affects the 

exciton diffusion length,43,44 the charge carrier mobility,45,46 and the charge carrier injection 

barrier.47,48 The relative permittivities of FBRCN and XFBRCN were determined by impedance 

spectroscopy (Figure 3.8, Table 3.4) in the low frequency regime, where the permittivity is 

expected to be frequency independent.49,50 The relative permittivity of XFBRCN (3.5) was found 

to be higher than that of FBRCN (2.7). This may be due to the two orthogonal π-systems in 

XFBRCN providing a more isotropic polarizability, resulting in a higher overall permittivity in 
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thin films. Alternatively, the less-efficient packing of XFBRCN (see below) may allow for 

increased conformational flexibility of the dicyanorhodanine endgroups, increasing dipolar 

contributions to the permittivity. However, it should be noted that the measured permittivites have 

a relatively high uncertainty, owing to both the difficulty in accurately measuring the permittivity 

of conjugated materials and the frequency dependence of the permittivity. 

 

Figure 3.8. Nyquist plots: (a) polystyrene standard, (b) XFBRCN, and (c) FBRCN. Experimental 

data are shown as solid circles, and the fits to a (RQ) circuit are shown as solid lines. The fit of the 

FBRCN data is visually poor, implying that the equivalent circuit is more complex than a simple 

(RQ) circuit. However, we believe the data nonetheless provides a reasonable estimate of the 

relative permittivity. 

Table 3.4. Measured capacitance, film thickness, and relative permittivity for a polystyrene 

standard, XFBRCN, and FBRCN. 

Material C (nF) d (nm) εr Fit (chi2) a 

polystyrene 12.6 90 2.80 0.0042 

XFBRCN 22.9 61 3.46 0.0884 

FBRCN 18.1 60 2.69 0.0802 

afrom the fit of the RQ circuit model to the data. 

Next, we measured the electron mobility of the materials by preparing space-charge limited 

current (SCLC) devices. The cells were fabricated as electron-only devices with an Al/acceptor/Al 

architecture. Electron mobilities were calculated using the Murgatroyd equation to account for the 

electric field dependence of the electron mobility.45 This dependence is commonly observed in 
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organic materials, and arises because the built-up charge in the device changes the effective electric 

field, which in turn changes the electron mobility of the material. Figure 3.9 shows the SCLC plots 

as well as the dependence of the electron mobility on electric field strength. The electron mobilities 

obtained by an analysis of the SCLC data show that both materials have a similar electric field 

dependence, but that FBRCN has a higher electron mobility (1 × 10–4 cm2 V–1 s–1) than XFBRCN 

(4 × 10–5 cm2 V–1 s–1) at a representative electric field strength (3 × 105 V·cm–1). Since the 

electronic structure of both systems is so similar, the mobility data suggests that FBRCN has a 

more favorable molecular packing, leading to better π-overlap in the solid state. 

 

Figure 3.9. SCLC and OTFT data. (a) Current density-voltage curves of electron-only SCLC 

devices (dots) and the numerical fit (solid lines). (b) SCLC-derived electron mobility as a function 

of internal electric field strength. The dotted line denotes a representative field strength of 3 × 105 

V·cm–1. Representative OTFT output and transfer curves for OTFTs based on: (c,e) FBRCN 

annealed at 50 ᵒC, and (d,f) XFBRCN annealed at 200 ᵒC. 
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Organic thin-film transistors (OTFTs) can provide additional information about charge 

carrier mobilities, and the data is highly complementary to that obtained from SCLC devices. We 

therefore fabricated n-channel OTFTs with a bottom-gate, bottom-contact architecture. Although 

the currents were relatively small, with small oscillations due to low frequency interference,51–53 

an analysis of the transfer curves in the saturation regime (Figure 3.9c-f, Table 3.5) revealed the 

same trend in electron mobility that was observed in the SCLC devices (Table 3.3). FBRCN again 

had an electron mobility (3 ± 1 × 10–4 cm2 V–1 s–1) greater than that of XFBRCN (8 ± 3 × 10–5 cm2 

V–1 s–1). The bulkier structure of XFBRCN appears to impede efficient packing in the solid state, 

limiting the charge carrier mobility.30,54,55 In both cases, the electron mobilities obtained from 

OTFT measurements were 2-3 times higher than those obtained from SCLC devices. This may 

indicate some anisotropy in the electron mobilities of the two materials, although GIWAXS 

measurements showed both neat films to be relatively isotropic (see below).  

Table 3.5. OTFT optimization parameters. 

NFA annealing µe (10–4 cm2 V–1 s–1 ) Ion/Ioff Vth (V) 

FBRCN 

30 °C, 20 min 2.1 ± 2 (6.0) 103 (103) 73± 3 (76.1) 

50 °C, 20 min 2.8 ± 1 (4.4) 103 (104) 44 ± 2 (45.0) 

100 °C, 20 min 0.72 ± 0.9 (1.8) 104 (104) 40 ± 10 (40.9) 

150 °C, 20 min De-wetted - - 

XFBRCN 

100 °C, 20 min - - - 

150 °C, 20 min 0.58 ± 0.1 (0.69) 103 (104) 30 ± 11 (39.8) 

200 °C, 20 min 0.81 ± 0.3 (1.4) 104 (104) 26 ± 8 (38.2) 

250 °C, 20 min 0.48 ± 0.3 (0.89) 103 (103) 30 ± 16 (40.4) 

300 °C, 20 min De-wetted - - 

Values in brackets represent the value of the device with the highest electron mobility for each 

condition. 
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3.2.4 Thermal Properties  

The thermal properties of FBRCN and XFBRCN were studied by thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). Both molecules had similar thermal 

stability (Figure 3.10), with the decomposition temperature of XFBRCN (380 ᵒC) being only 

slightly higher than that of FBRCN (373 ᵒC). The DSC thermograms (Figure 3.11) show both 

FBRCN and XFBRCN as they are taken through a heating, cooling, and reheating cycle. The initial 

heating of FBRCN shows an exothermic transition at 173 ᵒC due to cold crystallization of the as-

prepared sample, followed by a minor endothermic transition at 205 ᵒC and a sharp endothermic 

melting transition at 229 ᵒC. There follows a small endothermic phase transition at 247 ᵒC that 

may indicate a mesophase between 229 ᵒC and 247 ᵒC; however, a more in-depth study would be 

required to definitively assign this feature. No distinct features were observed upon cooling; the 

lack of an exothermic crystallization peak indicates that the material remains trapped in a highly 

disordered glass phase. Similar behaviour has been observed previously in a closely related 

molecule.35 Only a small step at 105 °C was observed on cooling; this feature became more distinct 

on the second heating cycle (T = 109 °C), and is assigned as the glass transition temperature. 

Notably, the sharp endothermic melting transition is not observed on the second heating cycle, 

consistent with the material remaining trapped in the glass phase. In the case of XFBRCN, only a 

minor endothermic glass transition at 250 ᵒC is seen on the first heating cycle. The glass transition 

was observed on cooling as a small step at 241 °C, and as a more pronounced glass transition at 

250 °C in the second heating cycle. The very different thermal behavior of the two materials can 

be related back to differences in structure. XFBRCN lacks the long alkyl chains of FBRCN, which 

appear to be critical to lowering the glass transition temperature and facilitating solid state 

reorganization. This lack of alkyl chains, combined with the addition of a second large, rigid 
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chromophore, prevents XFBRCN from packing efficiently, trapping it in a disordered state. This 

likely contributes to the lower electron mobility observed for XFBRCN. Clearly the alkyl chains 

of FBRCN not only play a role in solubilizing the material, but their conformational flexibility 

helps facilitate reorganization in the solid state.  

 

Figure 3.10. Thermogravimetric analysis of FBRCN (blue) and XBRCN (red) heated at a rate of 

10 ᵒC/minute under air. The weight percent (solid lines) and the first derivative (dashed lines) are 

shown; the decomposition temperature was determined from the maximum of the first derivative. 

 

Figure 3.11. DSC thermograms of FBRCN (blue) and XFBRCN (red) taken through heating, 

cooling, and re-heating cycles. The temperature was ramped at 5 ᵒC/min, and samples were 

measured under nitrogen. Endotherms are shown down. 
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3.2.5 Organic Solar Cell Performance 

Since both the calamitic and the 3D designs for NFAs were developed for OSCs, we tested 

FBRCN and XFBRCN in OSCs to compare the effect of molecular shape on device performance. 

OSCs were fabricated using the inverted architecture of ITO/ZnO/PTB7-Th:acceptor/MoO3–x/Ag. 

The donor PTB7-Th (Figure 3.13) was chosen due to its complimentary light absorbance and its 

widespread use.56–59 Active layers were spin coated from chlorobenzene solution, and cell 

parameters were optimized by common pre- and post-deposition methods. Figure 3.12a shows the 

J-V curves of champion devices with no additional processing steps (as cast), after thermal 

annealing (TA), and with the addition of 1,8-diiodooctane (DIO) prior to spin coating. In all cases, 

FBRCN produces substantially higher photocurrents than XFBRCN (Jsc = 8.1 and 4.6 mA/cm2, 

respectively), leading to higher PCEs (PCE = 3.3% and 1.42%, respectively). The absorbance of 

both films was very similar (Figure 3.12b,c), as are the electronics of FBRCN and XFBRCN (Table 

3.3, Figure 3.13). This suggests that the differences in photocurrent must be caused by changes in 

the solid state structure of the films. Cell UV-Vis absorbance and integrated external quantum 

efficiency (EQE) spectra are shown in Figure 3.14 and Figure 3.15, respectively. 

 

Figure 3.12. (a) J-V curves of champion OSCs fabricated using FBRCN (blue) and XFBRCN (red). 

The devices were prepared using different processing conditions: as cast (solid lines), thermally 

annealed (TA, dashed lines) and with the addition of DIO (dashed-dotted lines). (b,c) EQEs of 

champion cells and UV-Vis absorption spectra of thin films processed using the same conditions: 

(b) PTB7-Th:FBRCN and (c) PTB7-Th:XFBRCN. 
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Figure 3.13. Chemical structures and experimental HOMO and LUMO energy levels of PTB7-Th 

(black), XFBRCN (red), and FBRCN (blue). Energy levels of PTB7-Th were measured by Zhang 

et al.56 

 

Figure 3.14. Thin film absorbance spectra. (a) PTB7-Th (black), FBRCN (blue), optimized PTB7-

Th:FBRCN blend (purple dashed line), PTB7-Th:FBRCN blend processed with 2% DIO (dark 

blue dashed line). (b) PTB7-Th (black), XFBRCN (red), optimized PTB7-Th:XFBRCN blend 

(purple dashed line), PTB7-Th:XFBRCN blend thermally annealed at 140 °C (pink dashed line). 
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Figure 3.15. EQE spectra and integrated current densities of champion OSCs made using: (a) 

FBRCN and (b) XFBRCN. 

The data for optimized devices are tabulated in Table 3.6, with the full optimization results 

shown in Table 3.7. FBRCN cells were improved relative to the as cast devices (PCE = 2.1 ± 0.1%) 

by the addition of DIO (PCE = 3.1 ± 0.1%) and TA (PCE = 2.5 ± 0.4%), both of which can help 

organize well-blended mixtures of donor and acceptor into larger and purer crystalline 

domains.60,61 The larger domain size contributes to a reduction in non-geminate recombination and 

higher photocurrents. FBRCN is slightly more amenable to the addition of DIO than to thermal 

annealing, likely due to the improved crystallinity resulting from slow solvent removal, as 

evidenced by GIWAXS (see below). XFBRCN responded differently to both processing 

treatments. Thermal annealing led to higher photocurrents, along with modest increases in the Voc 

and FF. DIO treatment, even at very low loadings, led to a reduction in photocurrent; this was 

coupled with a loss of Voc, FF, and PCE. To help determine the cause of the low photocurrents in 

XFBRCN, we measured the EQE of both FBRCN and XFBRCN-based cells. The overall spectral 

coverage is very similar for both sets of devices (Figure 3.12b and c), with the only notable 

difference being the lower overall EQE of XFBRCN as compared to FBRCN. The results suggest 
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that the morphological differences may be responsible for the very different performance of the 

two NFAs. 

Table 3.6. OSC performance of FBRCN and XFBRCN devices with PTB7-Th donor. 

NFA 
Processing 

Conditions 

Jsc 

(mA/cm2) 
Voc (V) FF (%) PCE (%) 

Rs 

(Ω cm2) 

Rsh 

(Ω cm2) 

μe  (SCLC) 

(cm2 V–1 s–1)a 

FBRCN 2% DIO 
7.8 ± 0.2 

(8.1) 

0.998 ± 0.006 

(1.001) 

39.5 ± 0.7 

(40.2) 

3.1 ± 0.1 

(3.3) 

15 ± 3 

(14) 

310 ± 10 

(310) 
9 × 10–6 

XFBRCN 140 ᵒC TA 
4.4 ± 0.2 

(4.6) 

0.910 ± 0.003 

(0.910) 

33.3 ± 0.4 

(33.7) 

1.32 ± 0.08 

(1.42) 

3.0 ± 0.9 

(3.2) 

333 ± 9 

(325) 
3 × 10–6 

Data for champion devices shown in parentheses. Averages and standard deviations are based on 

measurements of at least 8 devices. aObtained from SCLC measurements on Al/NFA/Al devices, 

reported at an electric field strength of 3 × 105 V·cm–1. 

Table 3.7. Best OSC conditions for FBRCN and XFBRCN cells, including P3HT:PC61BM 

statistics as a standard reference. 

Cell Processing 
Jsc 

(mA/cm2) 
Voc  

(V) 

FF  

(%) 
PCE (%) 

Rs 

 (Ω 

cm2) 

Rsh 

 (Ω cm2) 

μe  (cm2 

 V–1 s–1)a 

Jsc 

(mA/cm
2)b 

PTB7-Th/ 

XFBRCN 

140ᵒC TA 4.4 ± 0.2 

(4.6) 

0.910 ± 
0.003 

(0.910) 

33.3 ± 

0.4 (33.7) 

1.32 ± 0.08 

(1.42) 

3.0 ± 0.9 

(3.2) 

333 ± 9 

(325) 
3 × 10–6 (3.7) 

As Cast 
3.6 ± 0.2 

(3.8) 
0.9 ± 0.1 

(0.9) 
31.5 ± 

0.6 (33.1) 
1.0 ± 0.2 

(1.1) 
5 ± 2  
(4) 

370 ± 60 

(370) 
- - 

0.5% DIO 
3.0 ± 0.2 

(3.3) 

0.852 ± 

0.004 
(0.851) 

32.9 ± 

0.4 (33.4) 

0.83 ± 0.08 

(0.94) 

3.6 ± 0.9 

(3.5) 

420 ± 30 

(390) 
- - 

PTB7-Th/ 

FBRCN 

2% DIO 
7.8 ± 0.2 

(8.1) 

0.998 ± 

0.006 
(1.001) 

39.5 ± 

0.7 (40.2) 

3.1 ± 0.1 

(3.3) 

15 ± 3 

(14) 

310 ± 10 

(310) 
9 × 10–6 (9.4) 

As Cast 
5.9 ± 0.2 

(6.2) 

0.99 ± 

0.01 
(1.00) 

37 ± 1 

(37) 

2.1 ± 0.1 

(2.3) 

23 ± 3 

(20) 

320 ± 20 

(310) 
- - 

110ᵒC TA 
7.0 ± 0.5 

(7.7) 
1.0 ± 0.1 

(1.0) 

37 ± 2 

(38) 

2.5 ± 0.4 

(3.0) 

19 ± 3 

(19) 

280 ± 50 

(270) 
- - 

P3HT/ 

PC61BM 
140ᵒC TA 

8.1 ± 0.2 

(8.5) 

0.626 ± 

0.009 

(0.629) 

65 ± 1 
(64) 

3.3 ± 0.1 
(3.4) 

2.7 ± 0.8 

(1.5) 

900 ± 200 

(1100) 
2 × 10–5 - 

Numbers in brackets represent the best preforming device. aElectron mobility determined from 

SCLC devices and reported at representative electric field strength of 3 × 105 V cm–1. bJsc was 

calculated from the integrated EQE spectrum.  

Next, we carried out SCLC measurements on the donor:acceptor blends (Figure 3.16). The 

same trend of XFBRCN having a lower electron mobility (3 × 10–6 cm2 V–1 s–1) than FBRCN (9 

× 10–6 cm2 V–1 s–1) was observed (values reported at an electric field strength of 3 × 105 V cm–1). 

The electric field dependence of the mobility in the XFBRCN blend was also higher than FBRCN, 



71 

 

exacerbating the effect of the already-low mobility. Both blends had lower electron mobilities than 

films of the pure NFAs, implying that neither blend formed an ideal morphology with the donor; 

this is expected, as PTB7-Th is poorly ordered and may limit the overall degree of crystallinity 

within the blend.62,63  

 

Figure 3.16. SCLC data for electron-only devices made using optimized OSC processing 

conditions: P3HT:PC61BM (black), PTB7-Th:FBRCN (blue), and PTB7-Th/XFBRCN (red). (a) 

Current density vs internal voltage; experimental data (solid circles) and a fit to the Murgatroyd 

equation (solid line). (b) Electron mobility as a function of electric field strength for each blend. 

The dotted line denotes a representative field strength of 3 × 105 V·cm–1. 

GIWAXS experiments were performed to probe the crystallinity and orientation of the 

donor:acceptor materials in thin films. Figure 3.17 shows the scattering patterns of both the pure 

NFAs and their blends with PTB7-Th; the GIWAXS pattern of pure PTB7-Th64,65 is shown in 

Figure 3.18 for comparison. The GIWAXS pattern of pure PTB7-Th is similar to that of many π-

conjugated polymers; it shows a (100) peak at q ≈ 0.28 - 0.3 Å–1 (where q is the scattering vector) 

owing to the lamellar organization of the polymer, and a (010) peak at q ≈ 1.6 Å–1 owing to the π-

stacking of polymer chains.64,65 The orientation of the (010) peak along the qz axis is consistent 

with predominantly face-on PTB7-Th in both neat and blend films (Figure 3.17 and Figure 3.18), 

while the arc-like scattering pattern of the (010) peak reveals that the blend films have a broader 
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distribution of crystallite orientations as compared to neat PTB7-Th (Figure 3.18). Both the as cast 

FBRCN and XFBRCN films show diffuse, isotropic scattering and appear relatively amorphous 

(Figure 3.17a, e, i). In particular, XFBRCN had a very weak lamellar stacking signal (q ~ 0.24 Å–

1) with respect to FBRCN (Figure 3.17i). When processed with DIO, neat FBRCN shows a 

remarkably high degree of crystallinity (Figure 3.17c) and strong preferred orientation. In contrast, 

the XFBRCN films remained amorphous even after thermal annealing (Figure 3.17g). These 

results are consistent with the DSC data, where cold crystallization was observed for FBRCN, 

whereas XFBRCN remained amorphous throughout the heat-cool-heat cycle (Figure 3.11). The 

GIWAXS patterns of the as cast blends (Figure 3.17b and f) show the scattering peaks expected 

for predominantly face-on PTB7-Th, similar to that for the neat PTB7-Th (Figure 3.18). When the 

blend films were either processed using DIO or thermally annealed (as optimized in Table 3.6), 

there was relatively little change in either of the GIWAXS patterns (Figure 3.17d and h) compared 

to those of the as cast films (Figure 3.17b and f). The PTB7-Th remained weakly ordered, while 

there was no evidence of distinct scattering peaks arising from either of the NFAs. This contrasts 

with the behavior of pure FBRCN, which strongly crystallized in thin films cast from solvent 

containing DIO. In this case, the PTB7-Th appears to disrupt the crystallization of FBRCN, 

suggesting some degree of mixing of the two materials. Overall, however, the GIWAXS patterns 

of the two PTB7-Th:NFA blends are quite similar; any small differences are unlikely to result in 

changes in device performance. 



73 

 

 

Figure 3.17. GIWAXS patterns of (a-d) FBRCN and (e-h) XFBRCN thin films, both pure (neat) 

and as PTB7-Th:NFA blends (blend). Films were either as cast (AC), thermally annealed for 30 

minutes (TA), or cast from a solvent containing DIO (DIO). (i-l) Azimuthally-integrated intensities 

from the GIWAXS patterns in (a-h). 

 

Figure 3.18. GIWAXS pattern of (a) neat PTB7-Th and (b) the corresponding azimuthally 

integrated linecut. 

We performed atomic force microscopy (AFM) on thin films of the donor:acceptor blends 

in order to determine whether changes in film morphology could explain the trend in device 
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performance. Figure 3.19 shows the AFM height images of films of PTB7-Th:FBRCN and PTB7-

Th:XFBRCN. The PTB7-Th:FBRCN blends appear to form a mixture of the PTB7-Th and 

FBRCN, with relatively small feature sizes visible in the height image. The root-mean-square 

roughness (Rq) of the as cast PTB7-Th:FBRCN film is relatively low (Rq = 5.1 nm), and increases 

slightly when the film is cast using DIO (Rq = 5.4 nm). This fine-tuning of the bulk heterojunction 

morphology may explain the increase in PCE observed when the FBRCN devices were prepared 

using DIO as a solvent additive. The XFBRCN blends show an entirely different morphology. 

Pronounced droplet-shaped features are visible in the AFM image; these features are caused by 

liquid-liquid phase separation, and are found in many bulk heterojunction films66 where the donor 

and acceptor are immiscible. These droplets are quite large (d ~ 200 nm), leading to a very high 

surface roughness (Rq = 33.1 nm). The extensive phase separation observed in the AFM image 

helps explain the poor performance of XFBRCN in OSCs, as the large domains lead to extensive 

exciton recombination and correspondingly low photocurrents. The droplets shrink somewhat after 

thermal annealing (Rq = 31.9 nm), consistent with the improved performance observed for 

thermally annealed devices (Table 3.7). When combined with the GIWAXS data, the results 

suggest that there is extensive phase separation of PTB7-Th and XFBRCN; however, this is not 

driven by the over-crystallization of either of the two materials, as is commonly observed in other 

NFAs (e.g., perylene diimide).4 Rather, the lack of alkyl chains on XFBRCN appears to lead to a 

more endothermic enthalpy of mixing with PTB7-Th, resulting in their phase separation into either 

amorphous or weakly ordered domains. 
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Figure 3.19. AFM height images of thin films of PTB7-Th blends with (a, b) FBRCN and (c, d) 

XFBRCN. (a,c) As cast; (b) processed using DIO; (d) thermally annealed. All images are 2 μm × 

2 μm. 

Based on our results, the alkyl chains (or lack thereof) play an important role in the 

morphology of FBRCN and XFBRCN thin films. The conformational flexibility of the alkyl chains 

significantly reduces the glass transition temperature of the materials (Figure 3.11), facilitating 

their packing in the solid state. Under certain conditions, this allows for the crystallization of the 

acceptor (Figure 3.17c); the higher crystalline order likely explains the higher electron mobility of 

FBRCN. A lack of alkyl chains on XFBRCN leads to a strongly endothermic enthalpy of mixing 

with the donor polymer in bulk heterojunctions, causing extensive phase separation. The work 

shows that alkyl chains are important for ensuring the proper mixing of the donor and acceptor. It 

helps to elucidate the role that alkyl chains play in dictating solid state film morphology, not just 

in controlling the solubility. 

 Conclusion 

In this work, we compare the calamitic and 3D design motifs for NFAs. We synthesized 

two NFAs with the same chromophore system, one with the calamitic design and one with a 3D 

structure. We show that the introduction of an orthogonal chromophore at a spirobifluorene center 
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leads to two largely independent chromophores, but that dynamic torsion of the spirobifluorene 

core leads to a small amount of excitonic coupling. As a result of this second chromophore, the 

3D material had promising optical properties: a higher absorption coefficient, broader absorbance 

bands, and a higher relative permittivity. In contrast, the alkyl chains of the calamitic material 

facilitate better packing in the solid state, significantly reducing the glass transition temperature 

and leading to both improved electronic properties (e.g., a higher electron mobility) and better 

performance with polymer donors in OSCs. The alkyl chains are important for donor-acceptor 

interactions, and the 3D motif is inferior to the calamitic motif for OSC performance. Since the 

time of this study, the calamitic design has emerged as the optimal motif for NFA and is now the 

acceptor motif in all efficient OSCs. This work helps to place the development of NFAs in context, 

and shows why the current high-performance NFAs are all based on the calamitic design.  

 Experimental 

3.4.1 Methods 

NMR spectra were obtained using a Bruker Avance 500 MHz spectrometer. UV-Vis 

spectroscopy was performed on thin films deposited on ZnO-coated glass substrates40 or on 

solutions in a 1 cm quartz cuvette. Spectra were acquired using a Cary 6000i UV-Vis 

spectrophotometer. Fluorescence measurements were carried out on a PTI QuantaMaster 

spectrofluorometer using a 1 cm quartz cuvette and corrected for detector sensitivity. AFM 

measurements were performed using a Dimensions Hybrid Nanoscope system (Veeco Metrology 

Group). Film thicknesses were measured using a KLA Tencor profilometer with 5 mg of force; 

multiple scans were averaged in order to obtain film thicknesses. Voltammetry measurements were 

carried out on an Autolab PGSTAT302N potentiostat in 0.05 M tetrabutylammonium 

hexafluorophosphate dissolved in dry, degassed acetonitrile (films) or dichloromethane 
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(solutions). The working electrode was glassy carbon, the counter electrode was a Pt wire, and the 

reference electrode was a Ag wire; thin films were drop cast from dichloromethane solution onto 

the working electrode. Voltammograms were referenced to a Fc/Fc+ standard; Fc/Fc+ was assumed 

to be –4.8 V vs. vacuum.14,40–42 Mass spectra were acquired on a JEOL AccuToF 4G GCv mass 

spectrometer with an EiFi field desorption ionization source. Fourier-transform infrared (FTIR) 

spectroscopy was carried out on a Bruker Alpha Platinum-ATR spectrometer. Thermogravimetric 

analysis was carried out on a TA Q5000 TGA. Differential scanning calorimetry was carried out 

on a TA Q20 DSC. 

3.4.2 Materials 

Solvents denoted “dry” were dried over activated 3 Å molecular sieves and stored under 

argon. All reactions were performed under an argon atmosphere. 2-(3-Ethyl-4-oxothiazolidin-2-

ylidene)malononitrile was synthesized according to literature procedures.67 Pd(PPh3)4 and 

Pd(dppf)Cl2·CH2Cl2 were purchased from Strem Chemicals and stored under argon. 7-

Bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde and PTB7-Th (MW = 50 kg/mol) were 

purchased from Luminescence Technology Corporation (Lumtec) and stored in the dark in a fridge 

and an inert atmosphere glovebox, respectively. P3HT (MW = 57 kg/mol, Đ = 2.4, 97% 

regioregularity) was purchased from Rieke Metals; PC61BM was purchased from Nano-C. Both 

P3HT and PC61BM were stored in the dark in an inert atmosphere glovebox. All other reagents 

were purchased from either Millipore-Sigma, Fisher Scientific, or Matrix Scientific and used as 

received. 

3.4.3 Synthetic Procedures 

 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (1L) 

Using a method adapted from Yi et al.,57 dry 1,4-dioxane (65 mL) was degassed by 

sparging with argon in a flame-dried two-neck flask. Bis(pinacolato)diboron (2.084g, 8.205 
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mmol), 2,7-dibromo-9,9-dioctyl-9H-fluorene (1.500 g, 2.735 mmol), and potassium acetate (1.611 

g, 16.410 mmol) were added to the flask. The mixture was stirred and Pd(dppf)Cl2·CH2Cl2 (0.2011 

g, 0.2462 mmol) was added. The reaction mixture was brought to reflux for 18 hours. The mixture 

was then cooled, quenched with water, and extracted with dichloromethane. The organic layer was 

washed with brine (2×) and water, then dried with MgSO4 and filtered through a pad of silica gel. 

The solvent was removed under reduced pressure and the crude product was triturated in methanol. 

The product was collected as an off-white powder (1.409 g, 2.193 mmol, 80% yield). 1H NMR 

(500 MHz, CDCl3, δ): 7.80 (d, J = 7.55 Hz, 1 H), 7.74 (s,1 H), 7.71 (d, J = 7.55 Hz, 1 H), 2.02-

1.97 (m, 2 H), 1.38 (s, 12 H), 1.21-1.14 (m, 2 H), 1.13-0.97 (m, 8 H), 0.80 (t, J = 7.20 Hz, 3 H), 

0.57-0.51 (m, 2 H). 

 2,2',7,7'-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9'-spirobi[fluorene] (1X) 

1X was synthesized by the same method used to prepare 1L. 2,2',7,7'-Tetrabromo-9,9'-

spirobifluorene (1.000 g, 1.582 mmol), bis(pinacolato)diboron (2.411 g, 9.494 mmol), potassium 

acetate (1.864 g, 18.99 mmol) and Pd(dppf)Cl2·CH2Cl2 (0.1938 g, 0.2373 mmol) were used. After 

washing and removing the solvent (as above), the crude product was recrystallized from 

dichloromethane by the addition of methanol, and the product was collected as an off-white 

powder (1.125 g, 1.372 mmol, 87% yield). 1H NMR (500 MHz, CDCl3, δ): 7.86 (d, J = 7.6 Hz, 1 

H), 7.83 (d, J = 7.8 Hz, 1 H), 7.08 (s, 1 H), 1.24 (s, 12 H). 

 7,7'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde) 

(2L) 

Using a method adapted from Holliday et al.,35 dioxane (40 mL) and 1 M aqueous 

potassium carbonate (4.02 mL) were degassed by sparging with argon in a two-neck flask. 1L 

(0.6450 g, 1.004 mmol) and 7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde (0.5368 g, 2.208 

mmol) were added. The mixture was stirred, Pd(PPh3)4 (0.1392 g, 0.1205 mmol) was added, and 
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the mixture was refluxed for 18 hours. The mixture was cooled, quenched with 10% v/v HCl and 

extracted with dichloromethane. The organic fractions were dried with MgSO4, the solvent was 

removed under reduced pressure, and the crude product was purified by silica gel chromatography 

(eluent: dichloromethane) to yield the product as an orange powder (0.4690 g, 0.6560 mmol, 65% 

yield). 1H NMR (500 MHz, CDCl3, δ): 10.81 (s, 1 H), 8.34 (d, J = 7.30 Hz, 1 H), 8.07 (dd, J = 7.9 

Hz, 1.6 Hz, 1 H), 8.05 (d, J = 0.95 Hz, 1 H), 7.98-7.94 (m, 2 H), 2.15-2.09 (m, 2 H), 1.18-1.08 (m, 

10 H), 0.85-0.83 (m, 2 H), 0.75 (t, J = 6.98 Hz, 3 H). HRMS calculated for C43H46N4O2S2: M
+: 

714.30622, found: 714.30587. 

 7,7',7'',7'''-(9,9'-spirobi[fluorene]-2,2',7,7'-tetrayl)tetrakis(benzo[c][1,2,5]thiadiazole-4-

carbaldehyde) (2X) 

2X was synthesized by the same method used to prepare 2L. 1X (0.6000 g, 0.7315 mmol), 

7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde (0.7824 g, 3.219 mmol), and Pd(PPh3)4 

(0.0846 g, 0.0732 mmol) were used. After washing and removing the solvent (as above), the crude 

product was purified by filtering through a pad of silica gel, eluting with a 85/15 mixture of 

dichloromethane/ethyl acetate. The eluent was collected, solvent removed, and the product 

recrystallized from boiling ethyl acetate to yield the product as an orange powder (0.2259 g, 0.2341 

mmol, 32% yield). 1H NMR (500 MHz, CDCl3, δ): 10.71 (s, 1 H), 8.31 (dd, J = 8.1 Hz, 1.5 Hz, 1 

H), 8.19 (d, J = 8.0 Hz, 1 H), 8.16 (d, J = 7.4 Hz, 1 H), 7.73 (d, J = 7.4 Hz, 1 H), 7.41 (d, J = 1.2 

Hz, 1 H). 13C NMR (126 MHz, CDCl3, δ): 189.0, 153.9, 153.8, 149.5, 142.5, 139.8, 137.1, 132.4, 

130.8, 127.3, 126.5, 125.1, 121.2. HRMS calculated for C53H24N8O4S4: M
+: 964.08033, found: 

964.08137. 

 FBRCN  

Using a method adapted from Zhang et. al.,56 in a flame dried two-neck flask, dry 

chloroform (30 mL) was degassed by sparging with argon. To the flask 2L (0.2383 g, 0.3333 
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mmol) and 2-(3-ethyl-4-oxothiazolidin-2-ylidene)malononitrile (0.2576 g, 1.333 mmol) were 

added. The mixture was stirred, ~ 4 drops of piperidine were added, and the mixture was heated 

to 40 ᵒC for 20 hours. The reaction mixture was quenched with water and extracted with 

dichloromethane. The organic layer was diluted with methanol, concentrated under reduced 

pressure, and the crude product precipitated by the addition of additional methanol. The crude 

product was purified by silica gel chromatography (eluent: 99:1 dichloromethane/ethyl acetate), 

and recrystallized from dichloromethane by the addition of methanol. This yielded the product as 

a dark red powder (0.2344 g, 0.2200 mmol, 66% yield). 1H NMR (500 MHz, CDCl3, δ): 8.69 (s, 

1 H), 8.10 (dd, J = 8.0 Hz, 1.6 Hz, 1 H), 8.06 (d, J = 1.3 Hz, 1 H), 7.99 (d, J = 7.6 Hz, 1 H), 7.97 

(d, J = 8.0 Hz, 1H), 7.93 (d, J = 7.9 Hz, 1 H), 4.40 (q, J = 7.19 Hz, 2 H), 2.16-2.08 (m, 2 H), 1.47 

(t, J = 7.18 Hz, 3 H), 1.19-1.08 (m, 10 H), 0.90-0.82 (m, 2 H), 0.76 (t, J = 6.98 Hz, 3 H). 13C NMR 

(126 MHz, CDCl3, δ): 166.4, 166.2, 154.3, 153.7, 152.2, 141.9, 138.2, 135.7, 132.5, 131.6, 128.9, 

127.6, 124.7, 124.4, 120.7, 119.3, 113.1, 112.2, 56.5, 55.8, 40.9, 40.3, 31.9, 30.1, 29.3, 24.1, 22.7, 

14.3, 14.2. HRMS calculated for C59H56N10O2S4: M
+: 1064.34705, found: 1064.35056. 

 XFBRCN 

XFBRCN was synthesized by the same method used to prepare FBRCN. 2X (0.1000 g, 

0.1036 mmol), 2-(3-ethyl-4-oxothiazolidin-2-ylidene)malononitrile (0.1600 g, 0.8280 mmol), and 

~ 2 drops of piperidine were used. After washing and precipitation (as above), the crude product 

was purified by silica gel chromatography (eluent: 97:3 dichloromethane/ethyl acetate → 95:5 

dichloromethane/ethyl acetate) and recrystallized from dichloromethane by the addition of 

methanol. The product was collected by suction filtration and washed with diethyl ether, yielding 

XFBRCN as a dark red powder (0.0602 g, 0.0361 mmol, 35% yield). 1H NMR (500 MHz, CDCl3, 

δ): 8.57 (s,1 H), 8.32 (dd, J = 8.1 Hz, 1.7 Hz, 1 H), 8.18 (d, J = 8.1 Hz, 1 H), 7.76-7.70 (m, 2 H), 

7.42 (d, J = 1.3 Hz, 1 H), 4.34 (q, J = 7.1 Hz, 2 H), 1.41 (t, J = 7.1 Hz, 3 H). 13C NMR (126 MHz, 
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CDCl3, δ): 166.2, 166.0, 154.0, 153.3, 149.6, 142.5, 137.0, 136.9, 132.1, 131.2, 130.7, 127.8, 

125.0, 124.9, 121.2, 119.6, 113.0, 112.1, 56.6, 40.9, 14.3. HRMS calculated for C85H44N20O4S8: 

M+: 1664.16200, found: 1664.17019; M2+: 832.08100, found: 832.08319. 
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3.4.4 NMR and FTIR Spectra 

 FBRCN 

  

 

Figure 3.20. 1H (top) and 13C (bottom) NMR spectra of FBRCN in CDCl3 solution. 
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Figure 3.21. ATR FTIR spectrum of FBRCN. 
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 2X 

 

 

Figure 3.22. 1H (top) and 13C (bottom) NMR spectra of 2X in CDCl3 solution. *Residual ethyl 

acetate. 
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 XFBRCN 

 

 

Figure 3.23. 1H (top) and 13C (bottom) NMR spectra for XFBRCN in CDCl3 solution. *Residual 

diethyl ether. 
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Figure 3.24. ATR FTIR spectrum of XFBRCN. 

3.4.5 Time-Dependent Density Functional Theory 

DFT calculations were performed using the Gaussian 09/Gaussview software suites.68 

Calculations were performed using the B3LYP exchange-correlation functional with the 6-

31G(d,p) basis set. To reduce calculation times, alkyl chains were replaced with methyl groups. 

Geometry optimizations were first performed on all structures and frequency analyses carried out 

to ensure that the optimizations had converged to a potential energy minimum. TDDFT 

calculations were performed using a solvent continuum model with a dielectric constant equal to 

that of chloroform. The orbital isosurfaces, eigenvalues, and simulated UV-Visible spectra were 

obtained from the time-dependant energy calculations. 
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3.4.6 Time Correlated Single Photon Counting 

The time correlated single photon counting were acquired using a SPC-830 acquisition 

board (Becker and Hickl, Germany). The stop pulse was delayed to satisfy the requirements of the 

reverse stop pulse approach. The excitation source was a Coherent MIRA 900D titanium sapphire 

laser (880 nm, 76 MHz) working in femtosecond mode. We used the second harmonic of the laser 

light (440 nm) at a pulse repetition rate of 4.75 MHz, as controlled by a Coherent pulse picker 

model 9200. The observation wavelength (580 nm) was selected by a prism monochromator (Carl 

Zeiss M4 QIId). A cooled microchannel plate photomultiplier (Hamamatsu R3809-50U) was used 

to detect the fluorescent photons passing through the monochromator. Data fitting was performed 

using the DecayFit suite of programs; the instrument response function was simulated by a 

gaussian function. 

3.4.7 Fluorescence Quantum Yield 

Emission quantum yields were determined by reference to a standard emitter (rhodamine 

6G in ethanol, which has a known emission quantum yield of 0.9569). Samples for analysis had an 

absorbance ~ 0.1 at the wavelength of excitation (480 nm) in order to minimize re-absorption 

effects. Samples were excited at 480 nm and the emission intensity was corrected for detector 

sensitivity. FBRCN and XFBRCN were measured as chloroform solutions. Quantum yields were 

calculated according to Equation 3.1:69 

 Φ𝑓 =  Φref
η2

ηref
2

I

Iref

Aref

A
 (3.1) 

Where Φf is the quantum yield, Φref is the quantum yield of the rhodamine standard, η is the 

refractive index of the solvent (chloroform = 1.4459, ethanol = 1.3611), I and Iref are the integrated 

emission intensities of the sample and standard, respectively, and A and Aref are the absorbance of 

the sample and standard at 480 nm, respectively.  
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3.4.8 Impedance Spectroscopy 

Impedance spectroscopy was carried out at room temperature in the range of 500-100000 

Hz at zero applied voltage, in air, on an Autolab PGSTAT302N equipped with a FRA32M module. 

The data were fit to a (RQ) circuit over this frequency range. The device architecture was: 

ITO/material/Ag. In a method similar to that used for OSC fabrication, patterned ITO was cleaned 

and brought into a nitrogen-filled glovebox. Solutions of the material to be analyzed (10 mg/mL, 

12 mg/mL, and 14 mg/mL for polystyrene, XFBRCN with 1% w/w polystyrene, and FBRCN with 

1% w/w polystyrene, respectively) in chloroform were stirred overnight, and filtered prior to spin-

coating (substrates were pre-coated with 100 μL of solution and spun at 1000 r.p.m. for 60 s). 

Without the addition of polystyrene, the resulting films were too thin and contained pinholes that 

were not suitable for impedance spectroscopy. Ag (100 nm) was then thermally evaporated (0.1-

0.3 Å/s) at a base pressure of 3 × 10–6 mbar onto the substrates. The bottom electrode area was 

2.25 cm2 and the top electrode was 0.557 cm2, creating an effective plate area (A1×A2/[A1+A2]) of 

0.456 cm2 for the parallel plate capacitor.  

The fitted RQ circuit was used to determine the capacitance of the cell. The dielectric 

constant was then approximated using Equation 3.2:  

 εr =
Cd

Aeε0
  (3.2) 

where C is the capacitance of the cell, d is the thickness of the film, Ae is the effective plate area, 

and ε0 is the vacuum permittivity.  

3.4.9 Space Charge Limited Current Devices 

Electron-only devices were made using an Al/active layer/Al device architecture. Glass 

slides were cleaned in the same manner as ITO slides, patterned by masking with Scotch™ tape, 

and then transferred to a nitrogen-filled glovebox. Al (100 nm) was thermally evaporated onto the 
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substrates (0.1-0.3 Å/s) at a base pressure of 3 × 10–6 mbar, and the tape was removed. The active 

layers were then spin-coated using the same conditions as for the impedance measurements and 

OSC fabrication. Al (100 nm) was again thermally evaporated (0.1-0.3 Å/s) at a base pressure of 

3 × 10–6 mbar to create a device area of 0.085 cm2.  

Current-voltage measurements were performed inside a nitrogen-filled glovebox using a 

Keithley 2400 source-measure unit. The cells were shielded from light during the measurements. 

The voltage was swept from 0 to 6 V and 0 to –6 V, and the sweep giving the highest current was 

used. The data were analyzed according to the procedures outlined by Blakesley et al.;70,71 the data 

were fit to the Murgatroyd equation45 to account for the electric field-dependence of the charge-

carrier mobility. The relative permittivity was assumed to be 3.5 for the bulk heterojunction 

devices, and the relative permittivites measured by impedance spectroscopy (Table 3.4) were used 

for pure FBRCN and XFBRCN.  

3.4.10 Organic Thin Film Transistors 

A bottom-gate bottom-contact configuration was used for all of the OTFT devices. A 

heavily n+-doped SiO2/Si wafer with a 300 nm thick SiO2 dielectric layer was patterned with gold 

source and drain pairs by conventional photolithography and thermal deposition techniques. The 

wafers were cleaned via oxygen plasma treatment with C18H37SH for 2 min, followed by sonication 

in acetone and isopropanol. Subsequently, the wafers were treated with acid (aq.) and submerged 

in 20 mL of toluene with 7 drops of dodectyltrichlorosilane for 20 min, rinsed thoroughly with 

toluene and dried with nitrogen. The prepared wafers were then dried on a hotplate at 120 °C for 

30 min before spin-coating chloroform solutions of organic semiconductors (6 mg/mL) at 2000 

r.p.m. for 60 s), forming uniform thin-films. All devices were dried on a hotplate at 30 °C for 20 

min before being brought into an argon-filled glovebox for testing in the dark using an Agilent 

B2912A source-measure unit. Devices were tested “as-cast”, and annealed at 50 °C, 100 °C, 150 
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°C, 200 °C and 250 °C for 20 min at each temperature. All the OTFT devices have a channel length 

(L) of 30 m and a channel width (W) of 1000 m. Five devices were tested per substrate, allowing 

for the calculation of an “average” and “best” mobility for each compound.  

3.4.11 Organic Solar Cells 

Devices were prepared with the following architecture: ITO/ZnO/Active layer/MoO3–x/Ag. 

Patterned ITO (Rs = 20 Ω/sq., Xin Yan Technology Ltd.) was cleaned by sequential sonication for 

20 minutes in each of 10% Extran® solution, Millipore water, acetone, and isopropanol, and stored 

in isopropanol until use. Substrates were blown dry with filtered nitrogen (0.45 μm PTFE syringe 

filter), dried at 200 ᵒC for 30 min, and UV-ozone cleaned for 15 minutes. A ZnO sol-gel solution40 

(50 μL) was spin-coated onto the substrate (5000 r.p.m. for 60 s, with a 2 s ramp time). The films 

were then annealed at 200 ᵒC for 20 min and transferred into a nitrogen-filled glovebox. Active 

layer solutions (15 mg/mL) were prepared in chlorobenzene and stirred overnight, then heated to 

60 ᵒC for at least 2 h, before being cooled for 15 min and syringe filtered (0.45 μm PTFE). 

P3HT:PC61BM reference cells were made using 1.7:1 w/w P3HT:PC61BM in chlorobenzene (20 

mg/mL); devices were thermally annealed for 30 min at 140 ᵒC.  Active layers (100 μL) were 

deposited onto the substrate and spun at 1000 r.p.m. for 60 s with a 3 s ramp time. MoO3–x (6 nm, 

0.1 Å/s) and Ag (100 nm) were then thermally evaporated (0.1-0.3 Å/s) at a base pressure of 3 × 

10–6 mbar.  

Current-voltage measurements were performed inside a nitrogen-filled glovebox using a 

Keithley 2400 source-measure unit. The cells were illuminated by a 450 W Class AAA solar 

simulator equipped with an AM1.5G filter (Sol3A, Oriel instruments) at a calibrated intensity of 

100 mW cm–2, as determined by a standard silicon reference cell (91150V, Oriel Instruments). The 

cell area was defined by a non-reflective anodized aluminium mask to be 0.0708 cm2. Eight 
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devices were tested per substrate, allowing for the calculation of an “average” and “best” values 

for each condition.  

External quantum efficiency measurements were performed in air on the best-performing 

devices using a QE-PV-SI system (Oriel Instruments) consisting of a 300 W Xe arc lamp, 

monochromator, chopper, lock-in amplifier and certified silicon reference cell, operating at a 30 

Hz beam-chopping frequency. 

Table 3.8. OSC optimization of FBRCN:PTB7-Th cells. 

D/A ratio 
Mass conc. 

(mg/mL) 

Processing 

condition 
Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

1:1.4 15 - 5.9 ± 0.2 0.98 ± 0.05 37 ± 1 2.1 ± 0.2 

1:1.2 15 - 5.7 ± 0.3 0.98 ± 0.01 34.2 ± 0.9 1.9 ± 0.1 

1:1 15 - 5.6 ± 0.4 0.98 ± 0.01 32.7 ± 0.5 1.8 ± 0.1 

1:0.8 15 - 4.9 ± 0.3 0.96 ± 0.02 30.2 ± 0.3 1.4 ± 0.1 

1:1.5 15 1% DIO 7.5 ± 0.4 1.00 ± 0.01 39.0 ± 0.8 2.9 ± 0.2 

1:1.5 15 2% DIO 7.8 ± 0.2 0.997 ± 0.006 39.5 ± 0.7 3.1 ± 0.1 

1:1.5 15 3% DIO 7.4 ± 0.2 1.008 ± 0.001 39.9 ± 0.4 3.0 ± 0.1 

1:1.5 20 2% DIO 6.0 ± 0.6 0.990 ± 0.006 34.9 ± 0.6 2.1 ± 0.2 

1:1.5 17.5 2% DIO 6.4 ± 0.2 0.97 ± 0.06 34.7 ± 0.5 2.2 ± 0.1 

1:1.5 15 
2% DIO, rest 

overnight 
3.2 ± 0.2 0.8 ± 0.1 30 ± 1 0.8 ± 0.1 

1:1.5 15 110 ᵒC TA 7.0 ± 0.5 1.0 ± 0.1 37 ± 2 2.5 ± 0.4 
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Table 3.9. OSC optimization of XFBRCN:PTB7-Th cells. 

D/A ratio 
Mass conc. 

(mg/mL) 

Processing 

condition 
Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

1:1.4 20 - 3.1 ± 0.1 0.42 ± 0.05 36.1 ± 0.5 0.46 ± 0.06 

1:1 20 - 3.1 ± 0.1 0.52 ± 0.05 36.9 ± 0.5 0.59 ± 0.07 

1:0.6 20 - 2.8 ± 0.1 0.852 ± 0.005 33.6 ± 0.6 0.83 ± 0.04 

1:0.5 8 
100% 

chloroform 
3.8 ± 0.3 0.8 ± 0.2 32 ± 2 1.0 ± 0.3 

1:0.5 10 
50% 

chloroform 
3.2 ± 0.2 0.82 ± 0.02 34 ± 2 0.9 ± 0.1 

1:0.5 15 - 3.6 ± 0.2 0.9 ± 0.1 32.5 ± 0.6 1.0 ± 0.2 

1:0.5 15 110 ᵒC TA 4.3 ± 0.1 0.916 ± 0.003 33.2 ± 0.4 1.32 ± 0.06 

1:0.5 15 140 ᵒC TA 4.4 ± 0.2 0.910 ± 0.003 33.3 ± 0.4 1.32 ± 0.08 

1:0.5 15 180 ᵒC TA 4.0 ± 0.2 0.871 ± 0.005 34.1 ± 0.4 1.18 ± 0.09 

1:0.5 15 0.5% DIO 3.0 ± 0.2 0.852 ± 0.004 32.9 ± 0.4 0.83 ± 0.08 

 

3.4.12 GIWAXS 

Grazing-Incidence Wide-Angle X-ray Scattering measurements were performed at the 

Stanford Synchrotron Radiation Lightsouce (SSRL) beamline 11-3 in a helium-filled chamber. An 

X-ray beam with a wavelength of 0.9752 Å and a beam size of 50 µm vertical and 150 µm 

horizontal dimensions was used.  GIWAXS images were recorded using a Rayonix MX225 X-ray 

detector at a sample to detector distance of 29.84 cm. Data processing was performed using the 

Nika software package for Wavemetrics Igor,72 in combination with WAXStools,73 with a custom 

written Igor script.  
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Chapter 4: Watching Paint Dry: Operando Solvent Vapor Annealing 

of Organic Solar Cells 

Reproduced with alterations from:  

Radford, C. L.; Pettipas, R. D.; Kelly, T. L. Watching Paint Dry: Operando Solvent 

Vapor Annealing of Organic Solar Cells. Journal of Physical Chemistry Letters. 2020, 11, 

6450–6455. DOI: 10.1021/acs.jpclett.0c01934 

With permission from American Chemical Society. 

Consent was obtained from all co-authors to include this manuscript in the thesis. Unless 

otherwise specified, I collected all the experimental data and wrote the first draft of the manuscript. 

R.D.P. aided in the collection of GIWAXS data, as well as providing support for the project and 

developing a software code that allowed the collection of the operando data. All co-authors helped 

revise the manuscript, and T.L.K supervised the study.  

 Introduction 

As mentioned previously, the control of the bulk heterojunction is crucial to OSC function. 

Chapter 31 showed that the calamitic motif was superior; it is therefore important to understand 

how to influence the film morphology and solid state structure of these calamitic NFAs. As 

mentioned in Chapter 2, the degree of phase separation,1,2 domain purity,3 domain size,4,5 and 

percolation pathways6,7 are all critical parameters to OSC function. Normal deposition methods, 

however, rarely provide the optimal conditions for OSC function, and post-deposition processing 

is often required to optimize the solid-state structure and film morphology. Our group had 

previously developed8 a VP-SVA setup to control the precise amount of solvent vapor present 

during SVA of cells. This VP-SVA method is amenable to industrial scale-up, and provides a much 

finer control over the SVA process.  

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01934
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The VP-SVA setup also provides the possibility of exploring operando SVA of OSCs. It is 

important to understand the mechanism of SVA, and the influence of various solvent vapor 

concentrations, as industrialization becomes more realistic for NFA OSCs. Knowing the 

mechanism for SVA of NFAs can provide information on the role each component plays in the 

solid-state structure and film morphology; this helps with material development as well as 

engineering controls.  

Herein, we follow the VP-SVA process by way of operando measurements on OSCs. 

Operando studies provide crucial insight into the effect of morphological changes on device 

efficiency; rather than being limited to before and after snapshots, we can directly correlate, in 

real-time, observed changes in structure to changes in performance. Here we took a ubiquitous and 

efficient model system,9–12 PBDB-T (donor) and ITIC (acceptor, Figure 4.1b), and subjected it to 

VP-SVA with THF. This system provides the benefit of being well studied, with key features being 

two main packing motifs of ITIC,13,14 temperature-dependent crystallization of PBDB-T including 

strong pre-aggregation in solution,9,11,15 and a tendency to phase separate into small fibrous 

domains.9,10 We measured changes in the various device parameters and correlated them with the 

results of in situ GIWAXS studies. Under optimal annealing conditions (achieved for partial 

pressures below the saturation vapor pressure of the solvent), we observe a subtle improvement in 

the percolation network and an increase in the crystallinity of the acceptor; this is accomplished 

without damaging the donor polymer network and contributes to a large increase in OSC 

performance. The results show that controlling both the crystallinity of the materials and the 

percolation pathways through the OSC is crucial to the fabrication of high efficiency OSCs. 
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Figure 4.1. (a) Schematic of the operando VP-SVA apparatus; (b) structures and frontier molecular 

orbital energies10 for the donor/acceptor system used in this study. 

 Results and Discussion 

We initially fabricated OSCs with a ITO/ZnO/PBDB-T:ITIC/MoO3-x/Ag structure, with a 

starting efficiency of 8.0 ± 0.7% (Table 4.1). The operando studies were performed in a custom-

built gas-tight chamber (Figure 4.1a) that had both electrical and optical feed-throughs. The 

chamber was constantly flushed with helium (5 SLPM); the partial pressure of solvent vapor in 

the carrier gas was adjusted by diluting the flow of THF-saturated helium (p = psat). We report the 

THF concentration as a percentage of the saturation vapor pressure (%p = p/psat × 100%).  

Table 4.1. Means and standard deviationsa for OSC device performance parameters before SVA. 

Voc (V) Jsc (mA cm–2) FF (%) PCE (%) 

0.80 ± 0.03 19 ± 2 53 ± 2 8.0 ± 0.7 

a The data are averaged over 115 cells from 9 substrates. 

4.2.1 Operando Device Results 

We carried out measurements using four different THF concentrations (%p): 0%, 50%, 

75%, and 95%. I-V measurements were taken during the annealing process to monitor the 

performance metrics of each cell (Figure 4.2a-d). Results are normalized to account for small cell-

to-cell variations, where the general trend of these results are reproducible (Figure 4.3). Both the 

control (0%) and the 50%-annealed devices showed similar small improvements in PCE (Figure 
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4.2a), which are attributed to photothermal heating of the cell from the repeated measurements. 

The 50% solvent concentration was clearly too low to have any additional annealing effect. In 

contrast, annealing with a moderate amount of THF (75%) leads to a large, sustained improvement 

(22% relative increase in PCE). Higher concentrations (95%) result in over-annealing, as 

evidenced by the sharp decline in PCE that follows the initial rise. These changes are closely 

correlated with changes in the Voc (Figure 4.2b). The 0% and 50% samples show modest 

improvements in Voc (5 and 12%, respectively), while the 75% and 95% samples both exhibit a 

rapid increase (22 and 20%, respectively), followed by a sharp decline in the case of the 95% 

sample. The Voc is related to the energetic order of the system, where small, phase pure, and 

crystalline domains with a small mixed region lead to the lowest Voc losses.16–18 As we will show 

below, higher concentrations of THF vapor lead to more ordered ITIC domains; however, the 95% 

concentration does so at the expense of the ordering and connectivity of the polymer network. The 

FF (Figure 4.2c) shows similar trends, albeit less pronounced. The FF of the 0%, 50%, and 75% 

samples increased by 3%, 5%, and 6%, respectively, while the 95% sample again showed a large 

initial rise (12%), followed by a sharp return to its initial value. The FF is heavily dependent on 

the film morphology, again suggesting that substantial structural rearrangement occurs in the film 

during annealing; however, many factors can influence the FF, and the trends are discussed in 

more detail below. Finally, the Jsc (Figure 4.2d) is negatively affected by SVA, presumably due to 

film swelling; in all devices, the Jsc drops slightly when solvent vapor is introduced and recovers 

upon drying. Importantly, annealing at 75% produces higher Jsc values than annealing at 50%, 

despite a higher solvent vapor concentration (and presumably a greater degree of film swelling); 

this suggests that the same morphological improvements that lead to increases in Voc and FF may 

also mitigate the loss of photocurrent. These experiments show that the SVA-induced structural 
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rearrangements lead to improvements in Voc and FF, but that the Jsc is reduced while the film is 

swollen with solvent. Importantly, the highest solvent concentration appears to rapidly overshoot 

the optimum film morphology; only the 75% solvent concentration led to a significant increase (> 

20% relative) in PCE. Figure 4.4 shows the cell resistances over the course of annealing.  

 

Figure 4.2. Operando data for: (a-d) OSCs and (e) hole-only and (f) electron-only SCLC devices. 

The blue shaded region indicates the time during which solvent vapor was present in the sample 

chamber. Error bars represent one standard deviation from the mean μh/e (minimum 44 cells over 

4 substrates; SCLC data processing is discussed in Figure 4.20). 
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Figure 4.3. Normalized device PCE over the course of annealing taken on two separate days. Run 

1 (solid lines) was performed at the Canadian light-source at the time of the GIWAXS 

measurements (main data). Run 2 (dashed lines) was performed in our laboratory with nitrogen as 

a carrier gas. The blue region represents the time solvent vapor was introduced into the annealing 

chamber. 

 

Figure 4.4. (a) Normalized series resistances of cells annealed at various THF concentrations. The 

series resistance was estimated as the negative inverse of the slope of the J-V curve around the Voc. 

(b) Normalized shunt resistances of cells annealed at various THF concentrations. The shunt 

resistance was estimated as the negative inverse of the slope of the J-V curve around the Jsc. 
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We next fabricated and tested both hole-only and electron-only SCLC devices (Figure 

4.2e,f). The hole mobilities all decrease slightly during annealing; however, the decrease is most 

pronounced at 95%, where µh drops by over an order of magnitude. The trends in electron mobility 

are slightly better; annealing initially results in a modest increase in µe, although it ultimately 

declines, most significantly for the 95% sample. The fact that the mobilities recover somewhat 

upon drying shows that film swelling contributes to the significant declines; however, the 

mobilities do not fully recover, suggesting changes in either the film crystallinity or the percolation 

network. ITIC is preferentially crystallized by THF vapor,10 which may explain the early increase 

in µe (but not µh). The significant decrease in hole mobility observed at high solvent concentrations 

is consistent with extensive crystallization of the ITIC, most likely from the growth of smaller 

crystallites, destroying the percolation network (particularly for holes). The hole-to-electron 

mobility ratio (Figure 4.5) also shows fluctuations during the annealing process, hinting at different 

film restructuring regimes. Ultimately the 75% devices have the most balanced μh/μe ratio (1.13), 

an important characteristic of high performance OSCs.19–22  
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Figure 4.5. Ratio of the corrected hole and electron mobilities for cells annealed at the specified 

THF concentrations. The blue shaded region indicates the time during which solvent vapor was 

present in the sample chamber. 

4.2.2 In Situ and Ex Situ Results 

Next, we analyzed the GIWAXS patterns of the active layers obtained during annealing 

(Figure 4.6). Figure 4.7a shows the azimuthally-integrated line cuts in the out-of-plane direction 

at representative times during the annealing process: t = 1 min (before annealing), t = 11 min 

(during annealing), and t = 21 min (after drying). The patterns acquired during annealing (t = 11 

min) all have significantly higher baselines, the result of isotropic scattering from the additional 

THF in the chamber. Pure ITIC films (Figure 4.8) show a strong ordering upon annealing; new 

out-of-plane peaks emerge at q ~ 0.33 and 0.40 Å-1, consistent with diffraction from the (001) and 

(011) planes of ITIC,14 respectively. Pure PBDB-T (Figure 4.8) is unresponsive to THF SVA, 

except for a slight decrease in crystallinity as indicated by a decrease in the intensity of the lamellar 
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(100) diffraction peak23 at q ~ 0.25 Å-1. Comparing the data for the active layers, the 50% sample 

shows only a decrease in the intensity of the PBDB-T lamellar peak (q ~ 0.29 Å-1) upon annealing. 

The 75% annealed film shows a similar decrease in the out-of-plane PBDB-T lamellar peak 

intensity, but this is accompanied by the growth of an ITIC shoulder at q ~ 0.34 Å-1. The 75% 

sample also shows an increase in the in-plane (Figure 4.9) lamellar peak intensity (q ~ 0.27 Å-1), 

presumably from crystallization of the ITIC, and a slight increase in the face-on π-stacking mode 

of ITIC14 at q ~ 1.7 Å-1; this stacking mode enables a polymer-like string of ITIC which contributes 

to improved percolation pathways.13,14,24 Finally, the intensity of the PBDB-T lamellar peak is 

significantly reduced in the 95% sample, indicating substantially more disorder in the polymer; 

the GIWAXS pattern of the 95% annealed film resembles that of crystalline ITIC (Figure 4.10). 

Annealing these active layers appears to crystallize the ITIC at the expense of the PBDB-T 

crystallinity; the 75%-annealed sample appears to best balance the ordering of the ITIC acceptor 

and the disorder induced in the polymer. This is consistent with the large reduction in hole mobility 

(Figure 4.2e) relative to the small variation in electron mobility (Figure 4.2f) upon annealing; the 

Voc decline at 95% is also consistent with the increased disorder of PBDB-T. The UV-Vis of these 

films (Figure 4.11) supports the increase in crystallinity of ITIC relative to PBDB-T. 
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Figure 4.6. GIWAXS patterns of films of ITIC, PBDB-T, and active layer blends at representative 

times during the VP-SVA process: (a) before annealing (t = 1 min), (b) during annealing (t = 11 

min), and (c) after annealing (t = 21 min). Intensities are shown on a log scale. ITIC and PBDB-T 

were annealed at a THF concentration of p/psat = 95%. 

 

Figure 4.7. (a) Out-of-plane line cuts of the GIWAXS patterns at representative times before (t = 

1 min), during (t = 11 min) and after (t = 21 min) annealing the films at the noted solvent 

concentration. Features arising from PBDB-T (magenta, 0.29 Å-1) and ITIC (blue, 0.33 and 0.40 

Å-1) are marked. (b) Radial power spectrum density of the AFM height images. (c) AFM height 

images of PBDB-T:ITIC active layers after annealing at the noted solvent concentrations.  
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Figure 4.8. Representative out-of-plane (−15° ≤ χ ≤ 15°) line cuts of the films before (t = 1 min), 

during (t = 11 min), and after (t = 21 min) annealing. 

 

Figure 4.9. Representative in-plane(70° ≤ χ ≤ 85°) line cuts of the films before (t = 1 min), during 

(t = 11 min), and after (t = 21 min) annealing. 

0.0 0.5 1.0 1.5 2.0

100

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

100

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

100

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

100

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

100

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

ITIC

50% 75%

PBDB-T

95%

0.0 0.5 1.0 1.5 2.0

40

80

120

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

40

80

120

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

40

80

120

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

40

80

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1 min

 t=11 min

 t=21 min

0.0 0.5 1.0 1.5 2.0

40

80

120

 
 

In
te

n
s
it

y
 (

a
.u

.)

q (Å
-1
)

 t=1min

 t=11 min

 t=21 min

ITIC PBDB-T

50% 75% 95%



110 

 

 

Figure 4.10. GIWAXS patterns of pure ITIC (left) and a PBDB-T:ITIC active layer (right) after 

annealing at p/psat = 95% (t = 21 min). Intensities are shown on a log scale. 

 

Figure 4.11. (a) UV-Vis spectra of OSCs after annealing at the specified THF concentrations; (b) 

expanded view of the peak maxima in (a); (c) relative change in the intensity of the absorption 

maxima relative to the sample annealed without THF (0%). The peak at 627 nm is primarily due 

to PBDB-T and the peak at 694 nm is entirely due to ITIC. 

Figure 4.12 and Figure 4.13 shows the out-of-plane and in-plane line cuts as a function of 

annealing time, respectively; they reveal important information about the kinetics of the VP-SVA 

process. Figure 4.14 and Figure 4.15 show the expanded region at low q values. Film swelling is 

fast (on the timescale of this experiment), with changes in the peak position quickly stabilizing 

after the introduction of solvent vapor; however, film restructuring is kinetically limited by the 

degree of film swelling (which in turn is controlled by the solvent concentration). At low THF 

concentrations, this allows us to overcome the kinetic barriers associated with the movement of 
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small molecules, but not those associated with polymer chains. We can therefore optimize the VP-

SVA conditions to locally crystallize the ITIC, without destroying the polymer network.  

 

Figure 4.12. Heatmaps of the out-of- plane (−15° ≤ χ ≤ 15°) line cuts over the course of VP-SVA. 

Intensities are shown on a log scale. 

 

Figure 4.13. Heatmaps of the in-plane (70° ≤ χ ≤ 85°) line cuts over the course of VP-SVA. 

Intensities are shown on a log scale.  
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Figure 4.14. (a-e) Expanded view (q = 0.1 – 0.5 Å) of the out-of-plane (−15° ≤ χ ≤ 15°) line cuts 

over the course of VP-SVA. The position of the lamellar peak(s) is marked by black symbols as a 

guide to the eye. Intensities are shown on a log scale. (f) Position of the lamellar peak(s) as a 

function of time. The blue shaded region indicates the time during which solvent vapor was present 

in the sample chamber. 

 

Figure 4.15. (a-e) Expanded view (q = 0.1 – 0.5 Å) of the in-plane (70° ≤ χ ≤ 85°) line cuts over 

the course of VP-SVA. The position of the lamellar peak(s) is marked by black symbols as a guide 

to the eye. Intensities are shown on a log scale. (c) Position of the lamellar peak(s) as a function 

of time. The blue shaded region indicates the time during which solvent vapor was present in the 

sample chamber. 
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AFM was used to compare film morphologies before and after annealing (Figure 4.7c). To 

better quantify these differences, the radial power spectral density (PSD) functions of the AFM 

images25,26 were used (Figure 4.7b). Before annealing, the mode domain size is small (6.4 nm, 

calculated as half the long period)27 and the domains have a broad size distribution (FWHM = 0.78 

nm-1). Annealing simultaneously increases the mode size and decreases the distribution width, up 

to 12.7 nm and 0.36 nm–1, respectively, in the 95%-annealed sample. The modes of the 50% and 

75% cells are intermediate in size and indistinguishable from each other (10.7 nm). The similarity 

in the morphologies of the 50% and 75%-annealed cells corroborates the polymer-mediated 

confinement of small-molecule acceptors, as seen in other studies.6,10,28 We postulate that at 75% 

THF concentration, film swelling has reduced the kinetic barrier for ITIC movement and local 

polymer rearrangement (but not polymer movement over longer length scales). This allows the 

crystalline ITIC domains to grow, improving the percolation pathways through the device without 

destroying the polymer network. 

4.2.3 SVA Mechanistic Insights 

By correlating the structural data with the operando solar cell data, we begin to develop a 

picture of how SVA affects cell performance. We attribute the increases in Voc to the local ordering 

of ITIC and a reduction in energetic disorder;18,29 the more regular packing modes of ITIC narrows 

the energy distribution width of the bands associated with the frontier orbitals.  Over-annealing 

(95%) reduces the Voc, in part due to the expanding domains of ITIC disrupting hole transport 

through the PBDB-T network, as-evidenced by an increase in PBDB-T disorder and a significant 

drop in hole mobility (Figure 4.2e). The reduction in Jsc during annealing is consistent with film 

swelling reducing the probability of intermolecular charge transfer; the Jsc recovers slowly during 

the drying process. Finally, the improvements in fill factor can be partially attributed to better 

balancing of the electron and hole mobilities (Figure 4.5), the result of preferentially ordering the 
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ITIC domains.19,20 The Ade group has also shown how the percolation network and degree of phase 

separation contribute to high FFs;6,7,30 we find that the THF concentration controls the degree of 

phase separation near the percolation threshold, as shown by the large increase in domain size and 

the large reduction in hole mobility found for the 95% SCLC devices.6 Ordering the ITIC without 

disrupting the polymer percolation network is key to achieving improvements in FF, and occurs 

only for the 50% and 75%-annealed samples. One final question is what distinguishes the cells 

annealed at 50% and 75%: both have similar morphologies and electron mobilities, but the 75%-

annealed cell has a higher PCE. The GIWAXS data show that the higher solvent concentration 

leads to higher ITIC crystallinity, while the AFM data show that it also has a slightly broader 

distribution of domain sizes. These factors imply that the 75% devices have less energetic disorder 

and a higher degree of phase separation, but that they maintain good percolation pathways above 

the percolation threshold. This is also consistent with the higher relative Jsc of the 75%-annealed 

cell as compared to the cell annealed at 50%. Critically, many of these structure-function 

relationships would have been missed without the ability to both tune the solvent concentration 

during annealing and track the evolution of device parameters in operando. 

 Conclusion 

Here we have used operando measurements on OSCs to show how film morphology 

evolves during the VP-SVA process, how those morphological changes impact device 

performance, and how the entire process depends on solvent vapor concentration. The high solvent 

concentrations typical of most SVA processes in the literature (i.e., close to 100% p/psat) allow for 

structural rearrangement of both the polymer donor and non-fullerene acceptor over long length 

scales, leading to over-annealing and sub-optimal film morphologies. Furthermore, relatively 

subtle variations in microstructure and morphology separate good OSCs from champion devices, 
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highlighting the need to balance the creation of a percolation network with the crystallinity and 

phase purity of donor and acceptor domains. We anticipate that similar operando and in situ 

measurements with these techniques could be equally as beneficial to the fields of block-

copolymers and organic field-effect transistors. Operando measurements were critical to these 

insights, allowing us to gain a living picture of the dynamic processes at play during annealing.  

 Experimental 

4.4.1 Materials 

All materials were used as received unless otherwise stated. PBDB-T (sold as PCE-12, Mw 

= 114 kg/mol, Đ = 2.0) and ITIC were purchased from Brilliant Matters. Silver pellets (99.99%) 

were purchased from Kurt J. Lesker. Silicon wafers (boron doped, (100)-oriented, single side 

polished) were purchased from University Wafer. All other chemicals were purchased from either 

Millipore-Sigma, Fisher Scientific, or Strem chemicals.  

4.4.2 Characterization 

UV-Vis spectroscopy was performed on OSCs using an area not covered by the back 

electrode. Spectra were acquired using a Cary 6000i UV-Vis spectrophotometer. AFM 

measurements were performed using a Dimensions Hybrid Nanoscope system (Veeco Metrology 

Group). The PSD functions of the AFM height images were obtained using the Gwyddion31 

software package. Using an approach developed by Ade and coworkers, the PSD function was 

multiplied by q2 in order to make it directly comparable to state-of-the-art resonant soft X-ray 

scattering (R-SoXS) measurements.25,26,32 The data were fit to Lorentzian functions as a guide to 

the eye. Film thicknesses were measured using a KLA Tencor profilometer with 5 mg of applied 

force; multiple scans were averaged in order to obtain film thicknesses. 
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Figure 4.16. Radial power spectral density functions calculated from the AFM height images and 

corrected by q2.25,26,32 The raw data (symbols) are shown alongside Lorentzian fits (solid lines) as 

a guide to the eye.  

4.4.3 OSC Fabrication 

Devices were prepared with the following architecture: ITO/ZnO/active layer/MoO3–x/Ag. 

Optimal deposition conditions for the solar cells before SVA were determined using the machine 

learning code reported by Cao et al.33 Patterned ITO (Rs = 20 Ω/sq., Xin Yan Technology Ltd., 25 

mm x 25 mm substrate) was cleaned by sequential sonication for 20 minutes in each of 10% 

Extran® solution, Millipore water, acetone, and isopropanol, and stored in isopropanol until use. 

Substrates were blown dry with filtered nitrogen (0.45 μm PTFE syringe filter), dried at 150 ᵒC 

for 30 min, and UV-ozone cleaned for 15 minutes. A ZnO sol-gel solution34 (60 μL) was spin-

coated onto the static substrate (3000 r.p.m. for 60 s, with a 1 s ramp time). The films were then 

annealed at 200 ᵒC for 30 min and immediately transferred into a nitrogen-filled glovebox. Active 

layer solutions of 1:1 PBDB-T:ITIC by weight (20 mg/mL) were prepared in dry, distilled 

chlorobenzene and stirred overnight at 40 °C. The solution was cooled to room temperature before 
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being spin coated (30 μL) onto moving substrates (6000 r.p.m.) for 40 s. The devices were 

thermally annealed for 10 min at 150 ᵒC. Active layers were measured to be ca. 100 nm thick. 

MoO3–x (6 nm, 0.1 Å/s) and then Ag (100 nm) were thermally evaporated (0.1-0.3 Å/s) at a base 

pressure of 1 × 10–6 mbar. Cells were allowed to “rest” overnight in a nitrogen atmosphere before 

testing or annealing. 

4.4.4 OSC Characterization 

Current-voltage measurements were performed inside a nitrogen-filled glovebox using a 

Keithley 2400 source-measure unit. The cells were illuminated by a 450 W Class AAA solar 

simulator equipped with an AM1.5G filter (Sol3A, Oriel instruments) at a calibrated intensity of 

100 mW cm–2, as determined by a standard silicon reference cell (91150V, Oriel Instruments). The 

cell area was defined by the area of Ag-ITO overlap (0.012 cm2).  
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Figure 4.17. Operando J-V curves of OSCs measured during VP-SVA. The J-V curve at t = 0 min 

is shown in black; the final J-V curve at t = 22 min is shown in yellow. Current densities for each 

device were scaled such that the initial Jsc is equal to that of the same device measured inside the 

glovebox (~25% reduction); this was done to account for the additional indirect illumination 

caused by reflections in the annealing chamber.  
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Figure 4.18. Non-normalized device performance parameters for OSCs over the course of VP-

SVA. The blue shaded area indicates the time during which solvent vapor was present in the 

chamber. 

4.4.5 Fabrication of SCLC Devices 

Hole-only devices were prepared in a similar fashion to the OSCs, with the following 

architecture: ITO/NiOx/active layer/MoO3–x/Ag. The nickel oxide layer was prepared via the sol-

gel method35 using a solution of Ni(OAc)2·4H2O (24.9 mg, 0.100 mmol), and ethanolamine (8 μL) 

in absolute ethanol (1 mL). The solution was stirred overnight at room temperature, then at 70 °C 

for ca. 2-3 h, then cooled to room temperature and filtered (0.45 μm PTFE syringe filter). The 

solution was then spin coated onto static substrates (100 μL, 4000 r.p.m., 1 s ramp speed, 60 s). 
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The film was annealed at 275 °C for 45 minutes, then cooled to 125 °C before transferring to a 

nitrogen filled glovebox.  

Electron-only devices were prepared similarly, using the following architecture: 

ITO/ZnO/active layer/BCP/Ag. Bathocuproine (7 nm, 0.1 - 0.3 Å/s) was thermally evaporated at 

a base pressure of 1 × 10–6 mbar. 

4.4.6 SCLC Device Characterization 

Current-voltage measurements were performed inside a nitrogen-filled glovebox using a 

Keithley 2400 source-measure unit. The cells were protected from light during the measurements. 

The cell area was defined by the area of Ag-ITO overlap (0.012 cm2).  

SCLC devices were analyzed using the Mott-Gurney equation36 in the space-charge-

limited region of hole-only or electron-only devices. The devices were not corrected for the 

internal built-in voltage, and the film thickness was assumed to be ca. 100 nm throughout the entire 

study.  

4.4.7 Operando Measurements 

Operando current-voltage measurements were performed in a custom-built gas-tight 

sample chamber (Figure 4.1). Helium* carrier gas was connected to a series of mass flow 

controllers (Alicat MC-5SLPM-D) and THF-filled bubblers, and the output of this system 

connected to the sample chamber (Figure 4.1a). The ratio of solvent-saturated helium to diluent 

gas was controlled by varying the relative flow rates of dry and solvent-saturated helium. To 

prevent evaporative cooling, the bubblers were immersed in a large water bath at T = 21 °C. All 

devices were exposed to solvent vapor for 15 min followed by 5 min of drying. A Keithley 2634B 

source-measure unit was used to acquire I-V curves at 60 s intervals throughout the annealing 

process. 
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*Helium was used to facilitate GIWAXS measurements, as heavier atoms increase the 

background scattering of the x-ray beam. It should be noted that nitrogen was used in similar lab-

tests with similar results (Figure 4.3).  

OSC Measurements. The solar cells were illuminated from below by reflecting light from 

a 100 W Class ABB solar simulator equipped with an AM1.5G filter (LCS-100, Oriel instruments) 

off of a 45° silver mirror (BBSO1-E02, Thor Labs). The direct illumination intensity was set to 

100 mW cm–2, as-determined by a portable power meter (Newport 843-R) calibrated against a 

standard silicon reference cell (91150V, Oriel Instruments). Device metrics (Figure 4.2a-d) were 

all normalized to their initial value.  

SCLC Measurements. The SCLC devices were measured in the dark. The data were fit 

to the Mott-Gurney equation36 (as described above) to determine the carrier mobilities. The 

mobilities were first normalized to their initial value. To facilitate comparisons between the hole 

and electron mobilities (and analyze trends in the mobility ratio, μh/μe), the normalized data were 

then multiplied by either the average hole (2.8 ± 0.9 × 10−4 cm2 V−1s−1) or electron (1.8 ± 0.5 × 

10−4 cm2 V−1s−1) mobility, as-determined from measurements before annealing on a minimum of 

44 cells spread over 4 substrates (Figure 4.19). This was done to better account for statistical 

variations in the charge carrier mobilities. 
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Figure 4.19. Operando J-V curves of SCLC devices measured during VP-SVA. Black is initial 

time and yellow is final time. 
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Figure 4.20. Charge carrier mobilities calculated from the data in Figure 4.19. The data were 

normalized to their initial values and multiplied by the average charge carrier mobility before 

annealing (as measured in the dark in a glovebox) to produce the data shown in Figure 4.2e and f. 

The blue shaded region indicates the time during which solvent vapor was present in the sample 

chamber. 
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4.4.8 In Situ GIWAXS Measurements 

GIWAXS measurements were performed at the Hard X-ray MicroAnalysis (HXMA) 

beamline of the Canadian Light Source. An energy of 12.688 keV (λ = 0.0977 nm) was selected 

using a Si(111) monochromator. The diffraction patterns were collected on a SX165 CCD camera 

(Rayonix); data were acquired at 60 s intervals (a 30 s acquisition time, followed by a 30 s rest). 

The angle of incidence of was set to 0.10°. The sample-to-detector distance (237 mm) was 

calibrated using a silver behenate powder standard.  

Active layer blends were spin coated onto Si (100) substrates and were mounted in the 

same gas-tight chamber used for the operando measurements (without visible illumination or 

electrical leads). The annealing chamber was affixed to the X-ray flight tube, isolated with Kapton 

films on either end, and purged with helium gas (5 SLPM). The chamber was flushed with dry 

helium for 2 min, at which time solvent vapor was introduced, maintaining a constant flow rate. 

After 15 min of annealing (17 min total time), the chamber was flushed with dry helium for 5 min 

to dry the film (22 min total experiment time). Thin films of pure donor and acceptor (PBDB-T 

and ITIC) were annealed at a THF concentration of p/psat = 95%. 

The GIWAXS data were processed using the GIXSGUI37 and Datasqueeze software 

packages. 2D diffraction data were reshaped to account for the missing wedge along qz and 

polarization and solid-angle corrections were applied using GIXSGUI. Azimuthally-integrated 

line cuts were calculated using Datasqueeze. Out-of-plane line cuts were averaged over −15° ≤ χ 

≤ 15° (where χ is the angle between q and the qz axis). Due to shadowing of the detector for −90° 

≤ χ ≤ −50°, only one half of the data was averaged for the in-plane line cuts (70° ≤ χ ≤ 85°). 
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Chapter 5: Heteroatoms as Rotational Blocking Groups for Non-

Fullerene Acceptors in Indoor Organic Solar Cells 

This work is currently being submitted for peer review. Some aspects of this work may be altered 

according to reviewer recommendations. 

Consent was obtained from all co-authors to include this manuscript in the thesis. Unless otherwise 

specified, I collected all the experimental data and wrote the first draft of the manuscript. P.D.M. 

and A.L.S. collected and analyzed the TCSPC measurements. All co-authors helped revise the 

manuscript, and T.L.K supervised the study. 

 Introduction 

As noted above, OSCs have become very efficient recently,1–3 bringing commercialization 

into focus. Through the previous two chapters, insight into the best molecular shape, and 

mechanism of morphology evolution have been gained. These insights should therefore be used to 

further developments to commercial applications. This chapter is therefore focused on using the 

lessons learned from previous studies to develop low-cost and application-specific NFAs, with an 

emphasis on reducing disorder. The excellent low-light efficiency, low toxicity, and form-factor 

tolerance4–7 of OSCs means they are well-suited to indoor and low-current applications. The 

proliferation of consumer electronics has created a growing demand for low-current charging and 

represents an important potential market for OSCs.  

Although OSCs are ideally suited for indoor applications, until recently, very little work 

went into optimizing OSCs for low-light conditions.4,5,8,9 This becomes readily apparent when 

considering the low bandgaps of the best donor:acceptor systems; a low bandgap is important for 

absorbing near-infrared light from the AM1.5G spectrum, but is largely irrelevant for indoor 

applications.4 Unfortunately, low-current illumination of typical indoor environments also require 
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different design considerations; with so few photons available, cells must be extremely efficient 

in creating and separating excitons, as well as collecting photogenerated charge carriers.  

With low photocurrents, trap states are harder to fill and leakage current is much more 

detrimental.5 Throughout this thesis, the role of energetic disorder is apparent in reducing OSC 

efficiency. To reduce energetic disorder and help limit losses, the newest generation of acceptors 

(e.g., Y6) include a rotational blocking group (RBG, also called a conformational locking group) 

which restricts the rotation about the single bonds in the conjugation pathway (Figure 5.1a).10,11 

While RBGs can lead to improved FFs,12–14 the most common RBG is an alkyl chain11,14; these 

can be arduous to install (Scheme 5.1),15,16 and have little influence on the electronic structure of 

the acceptor.17 This is a significant drawback from the perspective of scalability and commercial 

production.6,18  

 

Scheme 5.1. Typical synthesis of alkyl chain installation on thiophene at the 3 position. 

 



131 

 

 

Figure 5.1. (a) Chemical structures of the three acceptors. (b) Relative energy as a function of 

torsional angle along the four atoms highlighted in red; calculations were performed at the ω-

B97XD/6-31G(d,p) level of theory. (c) UV-Vis absorption spectra of the acceptors in chloroform 

solution (solid lines) and as thin films (dashed lines). (d) Frontier orbital energies, as determined 

from electrochemical measurements (EHOMO, Fc/Fc+ assumed to be –4.8 eV relative to vacuum)24 

and the optical bandgap (ELUMO = EHOMO + Eg, opt). 

One of the most promising acceptors for indoor applications is the calamitic IDIC. IDIC 

has an ideal bandgap for indoor applications (ca. 1.6 eV) and can achieve very high EQEs in the 

range of 500-700 nm.19–21 It is attractive for its relatively low-cost synthesis,20 thickness 

insensitivity,19,22 and compatibility with low-cost donor polymers;19,20 however, it lacks any RBGs. 

Here we report the addition of heteroatom-based RBGs to IDIC. We synthesized three non-

fullerene acceptors (NFAs) based on the IDIC framework (Figure 5.1a): one with bromine as the 

RBG (IDIC-Br), one with a thiohexyl RBG (IDIC-S), and a control with no RBG (IDIC). These 

heteroatom RBGs are synthetically easy to install and can help fine-tune the electronics of the π 

system (bromine is electron withdrawing, while thioethers are electron donating). Although 

bromination is often seen as an intermediate synthetic step, bromine is a relatively large atom that 

can restrict rotation; it is also quite polarizable and can facilitate inter-molecular interactions. The 
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corresponding thioether can be formed from the aryl bromide in one additional step and can 

provide additional control over the film morphology through the solid-state packing of the alkyl 

chain. We hypothesized that these easy-to-install substituents would serve as efficient RBGs. 

 Results and Discussion 

Typically, when alkyl chains are used as RBGs, they are installed early in the synthesis and 

require multiple steps. For example, alkylating the 3-position of thiophene requires a two-step 

halogenation/reduction to selectively brominate the 3-position;16 this is followed by a metal-

catalyzed sp2-sp3 cross-coupling,15 which is often difficult and can be poorly reproducible (Scheme 

5.1). In contrast, our approach (Scheme 5.2) selectively brominates the 2-position of thiophene 

with N-bromosuccinimide and then exploits the halogen dance rearrangement23 to formylate and 

shift the bromine to the 3-position. Since formylation is required regardless, this adds only one 

additional, high-yielding, synthetic step. Bromine is a versatile synthetic handle and can readily 

be replaced by a thioether group. The late-stage functionalization limits the possible side-reactions 

with these heteroatom RBGs, which are rare in literature.4,14 The simplicity of this approach meant 

that, in our hands, IDIC-Br and IDIC-S were prepared with a higher overall yield (66% and 63%, 

respectively) than the unsubstituted IDIC (44%), even with the addition of 1-2 extra synthetic 

steps. 
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Scheme 5.2. Synthetic scheme of IDIC, IDIC-Br, and IDIC-S for comparison. 

Density functional theory (ω-B97xD/6-31G(d,p)) was used to calculate the rotational 

barrier associated with each RBG (Figure 5.1b, Figure 5.2). While all acceptors have a fairly large 

rotational barrier, only IDIC has deep local minima (28.2 kJ/mol) at 50° and 310°. Especially in 

the solid state, IDIC could become kinetically trapped in this local minimum, subsequently 

increasing the degree of energetic disorder in an OSC. IDIC-Br and IDIC-S lack the deep local 

minima present in IDIC (10.2 and 7.2 kJ/mol, respectively); this means that we can expect 

primarily one rotamer in both solution and in the solid state for IDIC-Br and IDIC-S. 
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Figure 5.2. Calculated energy of rotation, in (a) linear and (b) exponential scales, of the three 

acceptors around the (c) highlighted bond (purple). 

The UV-Vis spectra (Figure 5.1b, Figure 5.3a) show that the RBGs electronically affect 

the chromophore. Table 5.1 summarized the optoelectronic properties of the acceptors. The 

electron-withdrawing bromine (IDIC-Br) blue-shifts the spectrum, reducing the molar absorptivity 

relative to IDIC. The opposite effect is observed with the electron-donating thiohexyl group (IDIC-

S). This is consistent with the RBG being located on the electron-rich core; electron-withdrawing 

and electron-donating substituents should make the push-pull system weaker or stronger, 

respectively. In the solid state, all acceptors have almost identical spectra (Figure 5.4a); this 

implies that IDIC-Br has stronger intermolecular interactions (106 meV solution-to-film red-shift), 

while IDIC-S has weaker intermolecular interactions (55 meV solution-to-film red-shift) relative 

to IDIC (90 meV solution-to-film red-shift). An analysis of the Urbach tails (Figure 5.4b)25 of the 

UV-Vis spectra shows that IDIC-S has a very low Urbach energy (29 meV) relative to either IDIC 

(56 meV) or IDIC-Br (59 meV). This suggests that, although IDIC-Br has stronger intermolecular 

interactions, IDIC-S forms a more ordered solid-state structure, with very little energetic disorder.  
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Figure 5.3. (a) Absorbance and (b) emission of the acceptors in chloroform solutions. 

Table 5.1. Optoelectronic properties of acceptors. 

NFA λmax, sol’n 

(nm) 

λonset
a 

(nm) 

Δλmax, abs
b 

(meV) 

λmax, em 

(nm) 

Stokes shift 

(meV)  

Vred
d  

(V) 

Vox
d  

(V) 

IDIC 668 756 90 700 84 -1.32 0.53 

IDIC-Br 657 747 106 693 90 -0.87 1.10 

IDIC-S 679 752 55 715 87 -1.25 0.61 

aFilm onset. bSolution to film absorption maxima difference. cElectron mobility measured by 

SCLC devices. dOxidation and reduction from DPV peak maxima, relative to Fc/Fc+. 

 

Figure 5.4. (a) Absorbance of acceptors as thin films and (b) analysis of the Urbach tail. 

The fluorescence lifetimes of the three acceptors were measured (Table 5.2, Figure 5.5). 

IDIC-Br had the longest lifetime (27.5 ps) followed by IDIC-S (26.3 ps), with IDIC having the 

shortest lifetime (25.7 ps). Although the differences are small, the two acceptors with RBGs have 
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the longest lifetimes. It is hypothesized that this is due to the reduced rotational freedom around 

the single bond in the chromophore. All three acceptors have low fluorescence quantum yields 

(Table 5.2, Figure 5.6).  

Table 5.2. Fluorescence quantum yield and lifetime analysis of acceptors. 

 IDIC IDIC-Br IDIC-S 

Quantum yield (%) 0.8 0.6 1.1 

Lifetime (ps) 25.7 27.5 26.3 

 

Figure 5.5. TCSPC lifetime analysis of acceptors. The instrument response function is noted as the 

red trace.  
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Figure 5.6. (a) Absorbance and (b) emission of acceptors and fluorescence standard in toluene 

solution. 

Differential pulse voltammetry (Figure 5.7a) shows that the RBGs have a significant 

impact on the energies of the frontier molecular orbitals. The frontier orbitals of IDIC-S are slightly 

lower in energy than those of IDIC; however, with IDIC-Br, both HOMO and LUMO are lowered 

by more than 450 meV relative to IDIC. Cyclic voltammetry (Figure 5.7b) shows that the first 

reduction event of IDIC is irreversible, whereas it is pseudo-reversible in both IDIC-Br and IDIC-

S. The lower HOMO of IDIC-Br may be beneficial, as recent work26 shows that a HOMO-HOMO 

offset of at least 0.3 eV is required for efficient electron transfer following exciton generation in 

the acceptor. The data suggest that charge transfer may be most favorable for IDIC-Br, followed 

by IDIC-S. 
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Figure 5.7. (a) DPV and (b) CV of acceptors in DCM solution. Elecrolyte was N(Bu)4PF6 (0.05 

M) and ca. 3 mg of acceptor was dissolved in ca. 10 mL of solution. All values are referenced to 

the Fc/Fc+ redox couple. The DPV scans were corrected by background subtraction of the 

electrolyte solution before addition of acceptor. 

Differential scanning calorimetry (Figure 5.8) reveals endothermic phase transitions upon 

heating in both IDIC and IDIC-Br (at 139 °C and 119 °C, respectively), but not in IDIC-S. This, 

along with the low Urbach energy of IDIC-S and the significant barrier to rotation (Figure 5.1b), 

suggests that IDIC-S adopts an ordered solid-state structure at room temperature. The initial 

heating of each sample (Figure 5.9) also shows small re-organization events; there are three 

reorganization events for IDIC between 60 °C and 120 °C, whereas IDIC-Br and IDIC-S only have 

one (at 100°C and 89 °C, respectively). This implies that the acceptors with RBGs have less 

conformational disorder than IDIC, as hypothesized. The TGA of the acceptors is shown in Figure 

5.10. 
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Figure 5.8. DSC of (a) IDIC, (b) IDIC-Br, and (c) IDIC-S over the experimental range 

heat/cool/heat cycle. Endotherm is down. 

 

Figure 5.9. DSC of the acceptors' first heat cycle expanded to show the reorganization events. 

Endotherm is down. 
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Figure 5.10. TGA scan of acceptors under nitrogen (5 °C/min, 60 mL/min flow rate). Broken line 

at 5% mass loss defines decomposition temperature.  

The GIWAXS patterns of the neat acceptors (Figure 5.11, Figure 5.12) show a similar 

trend. As-cast, IDIC is weakly ordered with a weak tendency for face-on packing, as evidenced by 

the broad features and subtle π-stacking peak (ca. 1.79 Å–1). As-cast, IDIC-Br is more ordered with 

a more dominant face-on packing, as shown by the sharper lamellar and π-stacking features (ca. 

0.39 and 1.79 Å–1, respectively). IDIC-S shows the most order as-cast, and the scattering pattern 

contains sharp, highly textured features. The ordering of the as-cast IDIC-S film is consistent with 

both the low Urbach energy and the lack of transition events in the DSC. Upon thermal annealing 

at 100 °C, the samples all show an increase in their long-range order. The GIWAXS pattern of 

IDIC shows distinct spots, indicative of very highly textured crystallites; the pattern of IDIC-Br is 

similar, but with broader arcs, as opposed to spots, indicating more variation in orientation. IDIC-

S shows additional scattering features upon annealing, with a more isotropic orientation, 

suggesting the evolution of a second crystalline phase. 
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Figure 5.11. GIWAXS patterns (a-c, e-g, i-k) and AFM (d, h, l) of the neat acceptors (a, b, e, f, i, 

j) and active layer blends (c, d, g, h, k, l). TA is thermally annealed for 5 minutes at 100 °C; 

processed is the optimized processing conditions for the specific blend. Reflection from the Si 

(100) substrate is labeled as Si. The acceptors are separated into rows (IDIC = top, IDIC-Br = 

middle, IDIC-S = bottom). 
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Figure 5.12. GIWAXS patterns of the neat acceptor films as cast, TA, or SVA. 

The electron mobilities (Table 5.3, Figure 5.13) of the neat acceptors were determined 

using SCLC devices (ITO/ZnO/acceptor/BCP/Ag). For as-cast films, IDIC-S had the highest 

electron mobility ((4 ± 1) × 10–4 cm2 V–1 s–1), followed by IDIC ((2.2 ± 0.6) × 10–4 cm2 V–1 s–1), 

and IDIC-Br ((1.7 ± 0.3) × 10–4 cm2 V–1 s–1). These results show how the additional long-range 

order of IDIC-S leads to improved electron transport. Similar trends are observed after thermal 

annealing, although the differences are smaller; this is consistent with the three acceptors all 

forming crystalline films after annealing (Figure 5.11).  
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Table 5.3. Electron only SCLC device results of neat acceptors.a 

NFA 

As cast TA 

Electron mobility  

(x 10-4 cm2 V-1 s-1)  

thickness  

(nm) 

Electron mobility 

 (10-4 cm2 V-1 s-1)  

thickness 

(nm) 

IDIC 2.2 ± 0.6  56 6 ± 2  77 

IDIC-Br 1.7 ± 0.3  55 5 ± 1 80 

IDIC-S 4 ± 1  78 6.5 ± 0.9 74 

aNumbers averaged over a minimum of 10 devices. 

 

Figure 5.13. Electron only SCLC device measurements of neat acceptors. Solid line is as-cast, and 

broken line is after TA. 

Solar cells were fabricated with an ITO/ZnO/PTQ10:NFA/MoO3–x/Ag architecture using 

the cost-effective PTQ1019 as the donor polymer (Table 5.4). Devices were deliberately fabricated 

without solvent additives, as they have been shown to cause device degradation.27–29 The J-V 

curves of optimized devices are shown in Figure 5.14a. IDIC-Br produced devices with the best 

efficiencies, primarily due to high Jsc (16.3 ± 0.8 mA/cm2) and FF (65 ± 2%). Given that IDIC-Br 

has the largest bandgap of the three acceptors, the high Jsc must be due to more efficient electron 

transfer from donor to acceptor (whether through better interfacial contacts or a better energy 

alignment with the donor). The high FF of the IDIC-Br devices is attributed to a much lower series 
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resistance than the other two acceptors, implying a more ideal percolation pathway for charge 

carriers. IDIC and IDIC-S have similar PCEs: although IDIC produces a higher Voc, this is offset 

by a higher FF and marginal improvement in Jsc for IDIC-S. 

Table 5.4. Photovoltaic parameters under 1 Sun (AM1.5G) illumination and charge-carrier 

mobilities for PTQ10:NFA devices. 

NFA Voc
a  Jsc

a FFa PCEa Best PCE  μh
b μe

b μh/μe
 

 (V) (mA/cm2) (%) (%) (%) (10−4 cm2 V–1 s–1)  

IDIC 1.00 ±  0.01 14 ± 1 59 ± 3 8.3 ± 0.7 9.9 2.8 ± 0.4 2.5 ± 0.3 1.12 

IDIC-Br 0.92 ± 0.02 16.3 ± 0.8 65 ± 2 9.8 ± 0.5 10.8 5.7 ± 0.7 5.9 ± 0.2 0.97 

IDIC-S 0.92 ± 0.02 14.5 ± 0.7 64 ± 2 8.5 ± 0.5 9.2 8 ± 1 7.0 ± 0.7 1.14 

aData are the average of a minimum of 35 devices. bAs-determined from measurements on SCLC 

devices; data are the average of a minimum of 10 devices. 

 

Figure 5.14. (a) J-V curves for ITO/ZnO/PTQ10:NFA/MoO3–x/Ag OSCs under 1 Sun (AM1.5G) 

illumination. (b) EQE spectra. (c) Spectral irradiance and integrated power at 1900 lux of the LED 

used for indoor measurements. (d-f) J-V curves for OSCs measured under indoor conditions at 

different illuminances: (d) 1900 lux, (e) 1200 lux, and (f) 600 lux. 

Differences in film morphology can explain many of the trends in device performance. The 

GIWAXS pattern of the PTQ10:IDIC blend (Figure 5.11, Figure 5.15) only shows features from 

the polymer donor, implying that the polymer disrupts the long-range order of the acceptor. In 
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contrast, the pattern of the PTQ10:IDIC-Br blend clearly shows intense features from the 

crystallized acceptor, implying a high degree of phase separation and purity. The same is true for 

IDIC-S, but to a somewhat lesser degree, and with the more isotropic features observed in neat 

IDIC-S films (Figure 5.11). The results are consistent with SCLC measurements of the blends, 

showing that the acceptors with RBGs had the highest electron mobilities (Figure 5.17 ,Table 5.4). 

These conclusions are further supported by AFM (Figure 5.11, Figure 5.16). The PTQ10:IDIC 

film has a low surface roughness (Rq = 0.07 nm), suggesting a more intermixed and poorly phase-

separated morphology. This contrasts with IDIC-Br and IDIC-S, which produce rougher films (Rq 

= 0.19 and 0.18 nm, respectively) with more visibly distinct domains. A radial power spectral 

density analysis of the films (Figure 5.18) gives further insight, revealing many different feature 

sizes in the PTQ10:IDIC films, but with a mode of 5.0 nm (calculated as half the long period30). 

In contrast, the features in the PTQ10:IDIC-Br and PTQ10:IDIC-S films are larger and more well-

defined (mode = 6.4 and 5.5 nm, respectively), with IDIC-Br producing the narrowest distribution 

of feature sizes (FWHM = 0.30 Å−1 vs. 0.62 Å−1 for IDIC-S). Along with the GIWAXS data, this 

suggests that IDIC-Br forms well-ordered domains of a regular, consistent size. We speculate that 

this may be due to the large, polarizable bromine substituents of IDIC-Br, which facilitate strong 

intermolecular attraction through a broad range of angles. Combined with the lower HOMO energy 

of IDIC-Br, which would be expected to facilitate efficient channel II electron transfer (HOMO-

HOMO), there is less recombination and a higher Jsc in comparison to the other acceptors.  
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Figure 5.15. GIWAXS patterns of active layer blends (and neat donor PTQ10) as cast, thermal 

annealed (TA), or solvent vapor annealed (SVA) with chloroform (CF). 

 

Figure 5.16. AFM height images of the active layer blends as cast and after processing. 



147 

 

 

 

Figure 5.17. (a) Electron only and (b) hole only SCLC device measurements of active layer blends 

after processing. 

 

Figure 5.18. Radial power spectral density graphs of the AFM images (a) before and (b) after 

processing. Graphs are corrected by I×q2 in order to approximate R-SOXS patterns. Results were 

fit to Lorentzian peaks as a guide to the eye.  

These results show that both the bromine and thiohexyl RBGs can improve OSC 

performance under standard AM1.5G conditions; however, these conclusions may not extend to 

indoor applications, where the low light intensity introduces different constraints. Cells were 

therefore also tested under various illuminances typical of indoor lighting (Figure 5.14c-f, Table 

5.5). IDIC-Br again showed the best performance under all lighting conditions, which is 

unsurprising given its high performance under 1 Sun AM1.5G illumination. Surprisingly, although 
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IDIC and IDIC-S produced similar PCEs under 1 Sun illumination, IDIC-S provided poorer power 

output under all indoor lighting conditions. IDIC-S also showed the largest drop (ca. 19%) in 

efficiency when the illuminance was lowered from 1900 to 600 lux. 

Table 5.5. Photovoltaic parameters under LED illumination. 

NFA Incident Power Illuminance Voc
a Jsc

a FFa PCEa 

 (mW/cm2) (lux) (V) (mA/cm2) (%) (%) 

IDIC 

0.50 1900 0.85 ± 0.02 0.19 ± 0.01 60 ± 3 19 ± 2 

0.31 1200 0.84 ± 0.01 0.12 ± 0.01 56 ± 3 18 ± 2 

0.15 600 0.79 ± 0.01 0.053 ± 0.005 57 ± 4 16 ± 2 

IDIC-Br 

0.50 1900 0.76 ± 0.01 0.24 ± 0.02 64 ± 2 23 ± 1 

0.31 1200 0.73 ± 0.01 0.15 ± 0.01 64 ± 2 22 ± 1 

0.15 600 0.70 ± 0.01 0.064 ± 0.003 62 ± 2 19.0 ± 0.9 

IDIC-S 

0.50 1900 0.77 ± 0.03 0.17 ± 0.01 65 ± 3 17 ± 1 

0.31 1200 0.76 ± 0.03 0.104 ± 0.007 59 ± 4 15 ± 2 

0.15 600 0.73 ± 0.03 0.046 ± 0.003 61 ± 3 14 ± 1 

aData are the average of a minimum of 12 devices. 

Measurements of the dark current (Figure 5.19) give further insight into the indoor 

performance of the acceptors. The low-voltage region is dominated by the shunt resistance, where 

a steep slope implies a lower shunt resistance (i.e., a higher leakage current). IDIC has the lowest 

leakage current, followed by IDIC-Br and then IDIC-S; when photocurrents are low under indoor 

conditions, more is lost to leakage in IDIC-S. Similar behavior was observed by the Yan group,8 

where shunting was inconsequential under 1 Sun illumination but severely compromised the low-

light performance. The middle voltage region is dominated by recombination events, where a 

steeper slope implies less recombination. IDIC-Br has the steepest slope, followed by IDIC and 

IDIC-S. This is in agreement with IDIC-Br producing the highest Jsc under all lighting conditions 

and IDIC-S producing unexpectedly low Jsc, despite the red-shifted absorption spectrum of IDIC-

S. This was recently observed by the Kim group,31 where high recombination severely reduced the 

dim-light efficiency of their devices. These results help explain why IDIC-Br OSCs retain their 
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high performance under indoor lighting, whereas IDIC-S suffers from both shunting and 

recombination.  

 
Figure 5.19. Dark current J-V curves of representative solar cells. Rs represents the series 

resistance-dominated regime, rec. represents the recombination-dominated regime, and Rsh 

represents the shunt resistance-dominated regime.  

 Conclusion 

Our results clearly show that RBGs can have a significant impact on the performance of 

NFAs. Our heteroatom-based approach is synthetically facile, making it easy to prepare bromine 

and thioether derivatives of IDIC in good yield. These RBGs had the desired effect of reducing 

rotational freedom around the acceptor endgroup, but also positively influenced both the 

electronics and the solid-state packing of the acceptor. Bromination of IDIC was found to be 

particularly effective, lowering the energies of the frontier orbitals and improving both acceptor 
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crystallinity and bulk heterojunction morphology. This work also highlights the importance of 

testing acceptors under conditions typical of indoor environments; IDIC-S performed better than 

IDIC under 1 Sun illumination, but worse when the devices were tested at lower illuminances. 

Ultimately, we believe that there are still significant gains to be made in tailoring NFAs for indoor 

applications and that bromine-based RBGs are a step forward in this regard. 

 Experimental 

5.4.1 Materials 

Solvents denoted “dry” were dried over activated 3 Å molecular sieves and stored under 

argon. All reactions were performed under an argon atmosphere. IDIC was synthesized according 

to literature procedures. PTQ10 (MW = 58 kg/mol, Ð = 2.6) was purchased from Brilliant Matters 

and stored in the dark in a nitrogen-filled glovebox. Silver pellets (99.99%) were purchased from 

Kurt J. Lesker. Silicon wafers (boron doped, (100)-oriented, single side polished) were purchased 

from University Wafer. All other chemicals were purchased from either Millipore-Sigma, Fisher 

Scientific, or Strem chemicals. 

5.4.2 Synthesis 

 

Scheme 5.3. Synthesis of 5 

5.1.1.1 2,7-dibromo-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene (4): 

The synthesis of 4 was adapted from Zhang et al.32 In a flame-dried Schlenk flask, 4,4,9,9-

tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene (0.7912 g, 1.1062 mmol) was 

dissolved in dry THF (20 mL) and dry DMF (10 mL). The flask was shielded from light, then 

added N-bromosuccinimide (0.4331 g, 2.4337 mmol) and stirred at room temperature for 16 hours. 
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The product was then precipitated with water and filtered, washing with water. The aqueous 

washings were extracted with hexanes, then removed the hexanes under reduced pressure and 

combined with the precipitate. The product was then purified by silica gel column chromatography 

(hexanes) to collect (4) as a pale yellow powder (0.9114 g, 1.0440 mmol, 94% yield). 1H NMR 

(500 MHz, CDCl3, δ): 7.17 (s, 2H), 6.96 (s, 2H), 1.92 (dt, J=12.64, 4.63 Hz, 4H), 1.81 (dt, J=12.58, 

4.55 Hz, 4H), 1.24-1.04 (m, 40H), 0.87-0.79 (m, 16H), 0.78-0.69 (m, 4H).  

5.1.1.2 3,8-dibromo-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-2,7-

dicarbaldehyde (5): 

The synthesis of 5 was adapted from Fei et al.33 In a flame-dried Schlenk flask, 4 (0.8500 

g, 0.9736 mmol) was dried under high-vacuum, then dissolved in dry THF (25 mL) and cooled to 

-10 °C. In a separate flame-dried Schlenk flask, LDA was prepared by dissolving diisopropyl 

amine (1.37 mL, 9.74 mmol) in dry THF (20 mL) and cooling to -10 °C. To the mixture was added 

n-butyl lithium (2.2 M, 2.66 mL, 5.84 mmol) dropwise, stirring at -10 °C for ca. 0.5 hours. The 

LDA solution was then added to 4 dropwise, stirring at -10 °C for 2 hours. Dry DMF (1.51 mL, 

19.5 mmol) was then added and the mix was stirred for an additional hour. The reaction was then 

quenched with water and extracted with ethyl acetate, washing with water. The organic layer was 

dried with MgSO4 and solvent removed under reduced pressure. The crude product was purified 

by silica gel column chromatography (2:1 DCM:hexanes) to obtain 5 as a bright orange powder 

(0.7109g, 0.7652 mmol, 79% yield). 1H NMR (500 MHz, CDCl3, δ): 10.01 (s, 2H), 7.43 (s, 2H), 

2.42 (dt, J=12.79, 4.65 Hz, 4H), 1.99 (dt, J=12.71, 4.53 Hz, 4H), 1.21-1.03 (m, 40H), 0.79 (t, 

J=7.11 Hz, 3H), 0.70-0.60 (m, 4H), 0.58-0.48 (m, 4H).  
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Scheme 5.4. Synthesis of IDIC-Br. 

5.1.1.3 2,2'-((2Z,2'Z)-((3,8-dibromo-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b']dithiophene-2,7-diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (IDIC-Br): 

In a flame dried 2-neck round-bottom flask fitted with a reflux condenser, 5 (0.1015 g, 

0.1076 mmol) and 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (0.1044 g, 0.5382 

mmol) were dissolved in dry CHCl3 (15 mL). The mixture was warmed to 50 °C, then added 

pyridine (0.8 mL). The mixture was then refluxed for 16 hours. The solvent was then removed 

under reduced pressure and the product was purified by silica gel column chromatography (2:3 

hexanes:DCM) to obtain IDIC-Br as a deep blue/black powder (0.1239 g, 0.0967 mmol, 90% 

yield). 1H NMR (500 MHz, CDCl3, δ): 9.15 (s, 2H), 8.75 (d, J=7.42 Hz, 2H), 7.96 (dd, J=6.23, 

1.18 Hz, 2H), 7.83-7.75 (m, 4H), 7.60 (s, 2H), 2.48 (dt, J=12.89, 4.62 Hz, 4H), 2.01 (dt, J=12.78, 

4.42  Hz, 4H), 1.21-1.01 (m, 40H), 0.78 (t, J=7.07 Hz, 12H), 0.74-0.63 (m, 4H), 0.61-0.52 (m, 

4H). 13C NMR (126 MHz, CDCl3, δ): 188.54, 160.84, 157.83, 156.74, 154.10, 140.16, 138.13, 

137.06, 136.13, 135.51, 134.71, 134.66, 125.53, 124.98, 124.02, 123.26, 115.61, 114.89, 114.74, 

70.16, 56.62, 37.29, 31.86, 29.76, 29.27, 29.25, 24.06, 22.70, 14.18. HRMS calculated for 

C74H80Br2N4O2S2: M+: 1278.40894, found: 1278.40904. 
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Scheme 5.5. Synthesis of IDIC-S 

5.1.1.4 3,8-bis(hexylthio)-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-

2,7-dicarbaldehyde (6): 

In a flame dried 2-neck round bottom flask affixed with a reflux condenser, 5 (0.1004 g, 

0.1076 mmol), potassium carbonate (0.2975 g, 2.1528 mmol), and hexanethiol (0.034 mL, 0.24 

mmol) were dissolved in dry DMF (4 mL). The mixture was heated to 65 °C and stirred for 40 

hours. The mixture was then cooled and precipitated with water, filtering and washing with water, 

then ethanol to obtain 6 as an orange powder (0.1024 g, 0.1020 mmol, 94% yield). 1H NMR (500 

MHz, CDCl3, δ): 10.22 (s, 2H), 7.40 (s, 2H), 2.88 (t, J=7.64 Hz, 4H), 2.46 (dt, J=12.67, 4.69 Hz, 

4H), 2.02 (dt, J=12.65, 4.53 Hz, 4H), 1.65 (p, J=6.05 Hz, 4H), 1.38 (p, J=5.88 Hz, 4H), 1.33-0.97 

(m, 48H), 0.87 (t, J=6.91 Hz, 6H), 0.78 (t, J=7.12 Hz, 12H), 0.56 (m, J=9.16 Hz, 8H). 13C NMR 

(126 MHz, CDCl3, δ): 184.11, 157.04, 155.27, 150.98, 145.32, 137.26, 136.89, 114.56, 56.38, 

39.34, 38.53, 31.90, 31.57, 31.50, 30.11, 29.89, 29.43, 29.31, 28.73, 28.35, 24.04, 22.71, 22.67, 

14.18, 14.11. HRMS calculated for C62H98O2S4: M+: 1002.64496, found: 1002.64015. 

5.1.1.5 2,2'-((2Z,2'Z)-((3,8-bis(hexylthio)-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b']dithiophene-2,7-diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (IDIC-S): 

In a flame dried 2-neck round-bottom flask fitted with a reflux condenser, 6 (0.0900 g, 

0.0987 mmol) and 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (0.0870 g, 0.4483 

mmol) were dissolved in dry CHCl3 (15 mL). The mixture was warmed to 50 °C, then added 
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pyridine (0.8 mL). The mixture was then refluxed for 16 hours. The solvent was then removed 

under reduced pressure and the product was purified by silica gel column chromatography (3:2 

DCM:hexanes) to obtain IDIC-S as a deep blue/black powder (0.1239 g, 0.0967 mmol, 90% yield). 

1H NMR (500 MHz, CDCl3, δ): 9.46 (s, 2H), 8.73 (d, J=7.2 Hz, 2H), 7.97-7.92 (m, 2H), 7.81-7.73 

(m, 4H), 7.58 (s, 2H), 2.90 (t, J=7.74 Hz, 4H), 2.54 (dt, J = 12.8, 4.6 Hz , 4H), 2.05 (dt, J=12.8, 

4.4 Hz, 4H), 1.69 (p, J =7.6 Hz, 4H), 1.39 (p, J=7.4 Hz, 4H), 1.33-0.96 (m, 48H), 0.87 (t, J=6.96 

Hz, 6H), 0.77 (t, J=7.07 Hz, 12H), 0.69-0.49 (m, 8H). 13C NMR (126 MHz, CDCl3, δ): 188.61,  

161.26, 158.45, 157.81, 156.83, 144.41, 141.52, 140.21, 138.25, 137.15, 137.11, 135.30, 134.50, 

125.41, 123.90, 122.60, 115.55, 115.16, 114.65, 69.52, 56.48, 40.01, 38.46, 31.89, 31.58, 30.01, 

29.97, 29.47, 29.36, 28.92, 24.28, 22.72, 14.19, 14.14.  HRMS calculated for C86H106N4O2S4: M+: 

1354.71986, found: 1354.72025. 
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Figure 5.20. 1H NMR spectrum of IDIC-Br in CDCl3. *residual DCM. 

 
Figure 5.21. 13C NMR spectrum of IDIC-Br in CDCl3. 
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Figure 5.22. 1H NMR spectrum of 6 in CDCl3. *residual DCM. 

 
Figure 5.23. 13C NMR spectrum of 6 in CDCl3. 
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Figure 5.24. 1H NMR spectrum of IDIC-S in CDCl3. *residual DCM. 

 
Figure 5.25. 13C NMR spectrum of IDIC-S in CDCl3. 
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5.1.2 Density Functional Theory Calculations 

DFT calculations were performed using the Gaussian 16/Gaussview software suites.34 

Calculations were performed by first optimizing the geometry at B3LYP/6-31g(d,p), then at ω-

B97xD/6-31G(d,p). Alkyl chains were truncated to ethyl chains. Frequency calculations were also 

performed to confirm no imaginary frequencies were present. Energy calculations were performed 

using a solvent continuum model with a dielectric constant equal to that of chloroform, at ω-

BX97xD/6-31G(d,p). Energy calculations were performed with rotation of the marked bond angle 

changed, but no other structural changes (i.e. not re-optimized) were present; the energy difference 

is referenced to the bond angle at 180°.  

5.1.3 Characterization 

NMR spectra were obtained using a Bruker Avance 500 MHz spectrometer. UV-Vis 

spectroscopy was performed on thin films deposited on glass substrates, solutions in a 1 cm quartz 

cuvette, or finished devices (Glass/ITO/ZnO/active layer/MoO3). Spectra were acquired using a 

Cary 6000i UV-Vis spectrophotometer. Fluorescence measurements were carried out on a PTI 

QuantaMaster spectrofluorometer using a 1 cm quartz cuvette and corrected for detector 

sensitivity. AFM measurements were performed using a Dimensions Hybrid Nanoscope system 

(Veeco Metrology Group). Film thicknesses were measured using a KLA Tencor profilometer 

with 5 mg of force; multiple scans were averaged in order to obtain film thicknesses. Voltammetry 

measurements were carried out on an Autolab PGSTAT302N potentiostat in 0.05 M 

tetrabutylammonium hexafluorophosphate dissolved in dry, degassed dichloromethane. The 

working electrode was glassy carbon, the counter electrode was a Pt wire, and the reference 

electrode was a Ag wire. Voltammograms were referenced to a Fc/Fc+ standard; Fc/Fc+ was 

assumed to be –4.8 V vs. vacuum.19,35–37 Mass spectra were acquired on a JEOL AccuToF 4G GCv 
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mass spectrometer with an EiFi field desorption ionization source. Thermogravimetric analysis 

was carried out on a TA Q5000 TGA under nitrogen (5 °C/min, 60 mL/min flow rate). Differential 

scanning calorimetry was carried out on a TA Q20 DSC (5 °C/min). 

5.1.4 Fluorescence Quantum Yield 

Emission quantum yields were determined by reference to a standard emitter (Mg 

phthalocyanine in isopropanol, which has a known emission quantum yield of 0.7638). Samples for 

analysis had an absorbance > 0.1 at the wavelength of excitation (635 nm) in order to minimize 

re-absorption effects. Samples were excited at 635 nm and the emission intensity was corrected 

for detector sensitivity. IDIC, IDIC-Br and IDIC-S were measured as toluene solutions. Quantum 

yields were calculated according to the following equation:39 

 𝛷𝑓 =  𝛷𝑟𝑒𝑓
𝜂2

𝜂𝑟𝑒𝑓
2

𝐼

𝐼𝑟𝑒𝑓

𝐴𝑟𝑒𝑓

𝐴
 (5.1) 

Where Φf is the quantum yield, Φref is the quantum yield of the Mg phthalocyanine standard, η is 

the refractive index of the solvent (toluene = 1.4969, isopropanol = 1.3772), I and Iref are the 

integrated emission intensities of the sample and standard, respectively, and A and Aref are the 

absorbance of the sample and standard at 635 nm, respectively.  

5.1.5 Fluorescence Lifetime Measurements 

The time-correlated single-photon counting technique was used to measure the lifetimes of 

the samples. The 800 nm output from a regenerative amplifier (RegA 9000, Coherent) was tuned 

to 610 nm, at 100 kHz, via an optical parametric amplifier (OPA 9400, Coherent) and used to 

excite the samples. This wavelength was close to the peak of the samples’ absorption spectra. The 

samples, in 10 x 10 mm cuvettes, were illuminated in a front-face geometry through a dichroic 

filter. The dichroic filter, along with a combination of bandpass filters, determined the fluorescence 

emission detection range of 660 to 700 nm. Additional scatter from the laser was avoided by using 
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long laser beam tubes between the sample chamber and the detector. By adjusting the excitation 

intensity via a polarization cube, the peak count rate was limited to ≤5% of the repetition to 

eliminate photon counting artifacts in the detection electronics. No monochromator was used so 

that the instrument response function (IRF) was as short as possible. The IRF was measured using 

scatter from the laser, and a 580 nm bandpass filter, with a 4:100 dilute Ludox solution. The 

FWHM of the IRF was 22 ± 0.2 ps.  

The TCSPC decay curves were fitted using mono-exponential functions by deconvolution 

of the observed decay from the IRF to obtain the fluorescence decay lifetimes. The mono-

exponential fitting function is represented as: 

 𝐼(𝑡) = 𝑎 exp (−
𝑡

𝜏
) (5.2) 

where I(t) is the fluorescence intensity at time t, a is the amplitude, and τ is the lifetime. 

The mono-exponential fitting functions were convoluted with the IRF to yield the fits in the graph. 

These were calculated using MatLab and the function: 

 𝑤(𝑘) =  ∑ 𝑢(𝑗)𝑗 𝑣(𝑘 − 𝑗 + 1) (5.3) 

where the overlap is determined at each point k, as a vector v slides across another vector u. 

5.1.6 GIWAXS 

GIWAXS measurements were performed at the Brockhouse X-ray Diffraction Sector’s low 

energy wiggler (BXDS-WLE) beamline of the Canadian Light Source. An energy of 15 keV (λ = 

0.8211 Å) was selected using a Si(111) monochromator. Probed material were spin coated onto Si 

(100) substrates and were mounted in air. The diffraction patterns were collected on a MX300 

CCD camera (Rayonix); data were acquired as 10 images with 10 s acquisition time, and averaging 

the images. The angle of incidence of was set to 0.10°. The sample-to-detector distance (499.9 

mm) was calibrated using a silver behenate powder standard.  



161 

 

The GIWAXS data were processed using the GIXSGUI40 and Datasqueeze software 

packages. 2D diffraction data were reshaped to account for the missing wedge along qz and 

polarization and solid-angle corrections were applied using GIXSGUI.  

5.1.7 Device Fabrication 

5.1.7.1 OSC Fabrication 

Devices were prepared with the following architecture: ITO/ZnO/active layer/MoO3–x/Ag.  

Patterned ITO (Rs = 20 Ω/sq., Xin Yan Technology Ltd., 25 mm x 25 mm substrate) was cleaned 

by sequential sonication for 20 minutes in each of 10% Extran® solution, Millipore water, acetone, 

and isopropanol, and stored in isopropanol until use. Substrates were blown dry with filtered 

nitrogen (0.45 μm PTFE syringe filter), dried at 150 ᵒC for 30 min, and UV-ozone cleaned for 15 

minutes. A ZnO sol-gel solution19 (60 μL) was spin-coated onto the static substrate (3000 r.p.m. 

for 60 s, with a 1 s ramp time). The films were then annealed at 200 ᵒC for 30 min and immediately 

transferred into a nitrogen-filled glovebox. Active layer solutions of 1:1.5 PTQ10:acceptor by 

weight (27.5 mg/mL) were prepared in dry, distilled chloroform and stirred overnight. Additional 

~80 μL of chloroform were added to account for overnight losses of the solvent (determined by 

mass difference).  The solution was cooled to room temperature before being spin coated (25 μL) 

onto moving substrates (6000 r.p.m.) for 40 s. Active layers were measured to be ca. 130 nm thick. 

MoO3–x (6 nm, 0.1 Å/s) and then Ag (100 nm) were thermally evaporated (0.1-0.3 Å/s) at a base 

pressure of 1 × 10–6 mbar. Cells were allowed to “rest” overnight in a nitrogen atmosphere before 

testing. If processed, the devices were thermally annealed for 5 min at 100 ᵒC. IDIC-S were also 

then SVA (30 s) with chloroform (1 mL) solvent vapor in a covered petri-dish (10.5 cm diameter, 

1.5 cm height) upon an upturned watch-glass to elevate the substrate.  
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5.1.7.2 OSC Characterization 

Current-voltage measurements were performed inside a nitrogen-filled glovebox using a 

Keithley 2400 source-measure unit. The 1 sun cells were illuminated by a 450 W Class AAA solar 

simulator equipped with an AM1.5G filter (Sol3A, Oriel instruments) at a calibrated intensity of 

100 mW cm–2, as determined by a standard silicon reference cell (91150V, Oriel Instruments). The 

cell area was defined by the area of Ag-ITO overlap (0.0115 cm2).  

Indoor measurements were illuminated by a commercial (Feit electric) 10 W (60 W 

replacement) warm light (3000 K) LED A19 bulb. The LED spectrum was measured using an 

ocean optics USB2000+ UV-Vis spectrometer. The light intensity was attenuated using fused-

silica neutral density light filters (Newport) to achieve the desired light power. The power was 

determined by a portable laser power-meter (Newport 843-R) calibrated to 600 nm light; the power 

was converted to bulk photon flux, which was then scaled by the integrated photon flux of the 

lamp and distributed across the measured lamp emission spectrum. The Lux was calculated 

according to the procedure outlined by Ma et. al.8  
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Table 5.6. Initial optimization results of 1 Sun (AM1.5G) OSCs with various processing 

conditions. Results are from a minimum of 12 devices.  

NFA treatment Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

IDIC 

none 1.01±0.01 11.4±0.3 46±1 5.3±0.2 

TAa 1.004±0.005 13.8±0.3 59±1 8.2±0.2 

SVAb 0.997±0.003 11.3±0.7 57.8±0.7 6.5±0.4 

TA + SVAc 0.984±0.003 11.9±0.5 62.9±0.9 7.4±2 

IDIC-Br 

none 0.953±0.002 11.9±0.4 63±2 7.2±0.4 

TAa 0.940±0.005 16.2±0.7 68±1 10.3±0.3 

SVAb 0.920±0.003 12.8±0.5 72±2 8.5±0.3 

TA + SVAc 0.941±0.002 12.6±0.5 68±1 8.1±0.2 

IDIC-S 

 

none 0.997±0.005 11.5±0.4 50±1 5.7±0.2 

TAa 0.88±0.01 13.3±0.2 59±2 6.9±0.3 

SVAb 0.955±0.004 11.8±0.2 58±1 6.5±0.2 

TA + SVAc 0.900±0.009 15±1 60±1 8.1±0.4 

aThermally annealed at 100 °C for 5 minutes. bSVA with chloroform vapor for 30 seconds. 
cThermally annealed first, then SVA. The bolded entry is the processing condition chosen for the 

rest of the study. 

 

Figure 5.26. (a-c) Integrated power density and (d-f) integrated illuminance of the LED at the 

respective attenuations.  
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5.1.7.3 Fabrication of SCLC Devices 

Hole-only devices were prepared in a similar fashion to the OSCs, with the following 

architecture: ITO/NiOx/active layer/MoO3–x/Ag. The nickel oxide layer was prepared via the sol-

gel method41 using a solution of Ni(OAc)2·4H2O (24.9 mg, 0.100 mmol), and ethanolamine (8 μL) 

in absolute ethanol (1 mL). The solution was stirred overnight at room temperature, then at 70 °C 

for ca. 2-3 h, then cooled to room temperature and filtered (0.45 μm PTFE syringe filter). The 

solution was then spin coated onto static substrates (100 μL, 4000 r.p.m., 1 s ramp speed, 60 s). 

The film was annealed at 275 °C for 45 minutes, then cooled to 125 °C before transferring to a 

nitrogen filled glovebox.  

Electron-only devices were prepared similarly, using the following architecture: 

ITO/ZnO/active layer/BCP/Ag. Bathocuproine (BCP, 7 nm, 0.1 - 0.3 Å/s) was thermally 

evaporated at a base pressure of 1 × 10–6 mbar. 

5.1.7.4 SCLC Device Characterization 

Current-voltage measurements were performed inside a nitrogen-filled glovebox using a 

Keithley 2400 source-measure unit. The cells were protected from light during the measurements. 

The cell area was defined by the area of Ag-ITO overlap (0.0115 cm2).  

SCLC devices were analyzed using the Mott-Gurney equation42 in the space-charge-

limited region of hole-only or electron-only devices. The devices were not corrected for the 

internal built-in voltage.  

5.1.8 EQE measurements 

External quantum efficiency measurements were performed in air on representative (i.e. 

near the average for all figures of merit) devices using a QE-PV-SI system (Oriel Instruments) 

consisting of a 300 W Xe arc lamp, monochromator, chopper, lock-in amplifier and certified 

silicon reference cell, operating at a 30 Hz beam-chopping frequency. 
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Chapter 6: Conclusions and Future Directions 

 Conclusions 

The goal of this thesis was to develop a deeper understanding of the factors that influence 

the morphology and solid-state structure of NFA OSCs. This was accomplished through three main 

projects: (1) determining the properties of 3D vs calamitic NFAs, where calamitic NFAs were 

shown to have superior solid-state characteristics; (2) uncovering the mechanism of SVA on the 

OSC active layer; and (3) evaluating the role that heteroatomic rotational blocking groups play in 

reducing energetic disorder and increasing the strength of self-interactions in NFA OSCs. The 

individual impact of these three projects will be described, followed by a holistic look at their 

greater implications.  

Chapter 3 described how molecular shape, specifically calamitic vs 3D design motifs, 

affected the properties and performance of NFA OSCs. It was found that there are some interesting 

optical effects of the 3D design that may be beneficial, but that ultimately the poor packing and 

high disorder inherent to the 3D design limits its performance and increases losses. The calamitic 

design efficiently organizes in the solid-state and has better interactions with donor polymers, 

enabling higher efficiencies and lower energy losses. These findings were critical at the time, as 

3D and calamitic designs reported similarly high efficiencies; this study provided crucial insight 

as to where the field should concentrate their effort. After this study was published, the field 

focused on calamitic designs, which have since reached over 18% efficiencies1–4 that can rival 

other emerging photovoltaic technologies.  This study provided crucial insight into NFA design, 

and was a key contribution to NFA development.  

Chapter 4 described how operando GIWAXS was used to determine of the mechanism of 

SVA in a NFA OSC. A key finding of this study was that sub-saturation vapor-pressures are ideal 
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for SVA, and that control over vapor-pressure is necessary to achieve optimal active layer 

morphology. This finding is important for the industrial scale-up and optimization of leading OSC 

systems; our operando flow-through SVA setup provides a simple and adaptable method of fine-

tuneing the OSC efficiency. OSC production is still in early stages, and roll-to-roll production is 

not yet a commercial standard; this work provides key insights into timescales and vapor-pressures 

that would be required for roll-to-roll production. Aside from these findings, we developed 

important insights into how polymer-NFA morphology evolves, which has since been expanded 

upon by other research groups.5–7 This has been crucial to our understanding of post-processing 

conditions, and will be a key step to industrial optimization of market-ready donor-acceptor 

systems.  

Chapter 5 described the impacts of heteroatomic RBGs on the solid-state structure and 

morphology of NFA OSC active layers, designed for indoor applications.  This study showed that  

bromine,  which is often seen as just a synthetic intermediate, is a simple and efficient RBG. The 

RBG reduces energetic disorder and strengthens self-interactions which in turn reduce 

recombination and increases the FF. A heteroatomic RBG can also significantly influence the 

electronics of the NFA to allow better electron transfer from a donor. These results are important, 

as they show that a synthetically-simple addition can improve multiple aspects of a NFA. A 

bromine RBG lowers the HOMO and LUMO energy, facilitates better inter-molecular interactions, 

and reduces energetic disorder. This approach highlights the need to think about a holistic approach 

to NFA design, and try to combine functionalities in simple and scalable ways. By combining 

multiple functionalities, NFAs can be both simpler to make and more efficient. This study also 

showed that we need to test design principles in their intended application. This chapter is 
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important for the addition of bromine RBGs to the synthetic toolbox of NFAs, but more 

importantly it serves as a template for simple approaches to combine functionalities.  

This research has broad implications; the NFA shape, chemical and physical interactions, 

and commercialization are all important to the field of OSCs. The active layer morphology and 

solid-state structure must be controlled to a fine degree, and both chemical and engineering 

controls are required to produce the optimal active layer. The role of disorder, namely its 

detrimental influence on Voc, FF, and recombination, is a common theme of this thesis. Methods 

to reduce the disorder are powerful methods to improve OSCs, such as calamitic design, 

controlling size and purity of domain phases, and the use of RBGs. The considerations of 

scalability and commercialization are important themes of this thesis; highly controllable 

processing methods with effective optimization techniques, and application-specific development 

and testing are the next steps for OSC development. This thesis highlights powerful ways to 

approach the complex problems of OSC morphology and solid-state structure control.  

 Future Directions 

OSC development is nearing maturity, with many problems in active-layer control having 

been solved; as a result, PCEs are now approaching a commercially-viable level.1–4 Further 

research, therefore, should focus less on marginal PCE increases and instead on improving other 

factors. These factors need to align with a real-world view of OSC applications; cost-per-Watt, for 

example, is a much more realistic metric for solar cells than PCE.8,9 Reducing synthetic complexity 

and improving material scale-up needs to be a bigger focus.10–12 The stability of OSCs is a great 

consumer concern; high cost-per-Watt and excessive material waste is expected if OSC burn-in 

and degradation is not improved.8,11,13 The environmental concerns of OSC module production are 

also of high importance; low-energy and green-solvent production methods must be developed.14,15 
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Lastly, the development of roll-to-roll production for OSCs will be required to produce large-area 

modules.9,16  

While meeting all challenges is a daunting task, the OSC community is already adapting 

to this new landscape. One big research question is: can we adapt the chemical structure of the 

highly efficient Y6 family of NFAs to a more synthetically scalable method? The Y6 family of 

acceptors is the current state-of-the-art for both indoor17 and outdoor4 OSC materials, and is even 

highly efficient with synthetically simple donor polymers.18,19 There are many reasons the Y6 

family is so efficient, notably its C shape and chiral backbone.20 The detriment to this design, 

however, is the sheer complexity embedded in the structure; its synthesis requires eight linear steps 

from 1,2-phenylenediamine (Scheme 6.1).21 These steps are also relatively dangerous, requiring 

SOCl2, triflic acid, elemental bromine, and organotin reagents. In addition, for indoor applications, 

its low bandgap reduces the theoretical Voc possible from an ideal indoor OSC. Simpler synthetic 

designs with slightly larger bandgaps would be ideal for indoor applications.  

Two simpler methods to produce Y6 derivatives are proposed in Scheme 6.2 and Scheme 

6.3. Scheme 6.2 uses a commodity feedstock, ethyl phthalate, as the starting material, and simple 

imine condensation with hydrazine to cyclize the intermediate. The imine can act as a coordinating 

site for boron, which facilitates the ring-fusion and installation of the core alkyl-chains required of 

the calamitic NFA motif.22 This boron-containing Y6 derivate would still contain the A-DA’D-A 

motif of Y6 derivatives, where the B-N bonds would be a much weaker A’ than that of 

benzothiadiazole (BTD). This should increase the bandgap relative to Y6, which would increase 

the theoretical Voc of the boron-Y6. In contrast, Scheme 6.3 would use the same starting material 

as Y6, and use a Buchwald-Hartwig amination to install the thienothiophene group. The 

cyclization could be completed with a palladium-catalyzed dehydrogenation,23 followed by 
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alkylation of the nitrogen. By removing any electron-withdrawing group from the core, this 

strategy would further increase the bandgap of the Y6 derivative. Both of these strategies would 

reduce the synthetic complexity of Y6 derivatives (maximum five steps from starting material), in 

addition to removing the dangerous steps required of Y6 and increasing the bandgap of the system 

for indoor applications. These proposed synthetic routes present new methodology to approach Y6 

derivatives, with shorter and safer synthetic pathways.  

 

Scheme 6.1. Common synthetic pathway to Y6 derivatives. R and R’ are typically alkyl chains.  

 

Scheme 6.2. Proposed synthesis of a simpler B-N derivative of Y6. R and R' are alkyl chains, X is 

oxygen or malononitrile, and Y is any functionalization of the indanedione endgroup.  

 

Scheme 6.3. Proposed synthesis of a simpler larger-bandgap derivative of Y6. R and R' are alkyl 

chains, X is oxygen or malononitrile, and Y is any functionalization of the indanedione endgroup. 
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