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Glass-forming ternary blends: towards stable Polymer Solar Cells 
 

AMAIA DIAZ DE ZERIO 
Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 
Gothenburg, Sweden 

ABSTRACT 

The globally increasing use of electricity goes hand in hand with climate change and the 

gradual depletion of fossil sources of fuel. To address these challenges renewable sources 

of energy are in high demand. Solution-processable organic solar cells receive particular 

attention because they promise to combine a set of highly attractive features including low 

manufacturing cost through large-area and continuous printing, as well as low weight, 

flexibility and semitransparency. The stability of the light-harvesting organic photovoltaic 

materials, which typically consist of a finely mixed blend of an electron donor and acceptor, 

plays a key role in the development of efficient and durable organic solar cells. One 

essential condition for both high-yield production and a long lifetime is excellent thermal 

stability. The organic photovoltaic material must be able to withstand high fabrication and 

operation temperatures. 

The aim of this thesis is to explore the use of ternary blends as a tool to improve the 

often insufficient thermal stability of organic photovoltaic materials. Ternary blends 

are a relatively new concept within the field of organic photovoltaics. This thesis 

focuses on blends of a donor polymer and a mixture of the two most common neat 

fullerenes, C60 and C70. Processing of the neat fullerene alloy is facilitated through a 

highly advantageous increase in solubility, which is found to correlate with the 

increase in entropy upon mixing. As a result, solar cells with a power conversion 

efficiency of 6 % are realized, a record for devices based on neat fullerenes. A high 

tendency for glass formation of polymer:C60:C70 ternary blends is found to induce a 

high degree of thermal stability due to a glass transition temperature in excess of 

200C. Vitrification of ternary blends is discussed in terms of the entropy of mixing, 

which reduces the rate of both crystal nucleation and growth. Finally, this thesis 

provides an overview of the current state-of-the-art, discussing both fullerene as well 

as fullerene-free ternary blends. 

Keywords: organic photovoltaics, ternary blends, thermal stability, fullerenes, 

glass formation.  



II 
 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

AM1.5 Air Mass 1.5 

AFM Atomic Force Microscopy 

BHJ Bulk-Heterojunction 

Cp Heat Capacity 

CT Charge Transfer 

D:A Donor:Acceptor 

DCB o-Dichlorobencene 

DSC Differential Scanning Calorimetry 

EQE External Quantum Efficiency 

FET Field-Effect Transistors 

FF  Fill Factor 

GIWAXS Grazing-Incidence Wide-Angle X-ray Scattering  

HOMO Highest Occupied Molecular Orbital 

ITO Indium Tin Oxide 

Jsc Short Circuit Current Density 

LSPR Localized Surface Plasmon Resonance 

LUMO Lowest Unoccupied Molecular Orbital 

MPP Maximum Power Point 

NIR Near Infrared 

OPV Organic Photovoltaic 

PCE Power Conversion Efficiency 

POM Polarised Optical Microscope 

PSC Polymer Solar Cell 

SAED Selected Area Electron Diffraction 

Tg Glass Transition Temperature 

TEM Transmission Electron Microscopy 



III 
 

TTT Time-Temperature-Transformation 

UV-vis Ultraviolet-visible 

Voc Open Circuit Voltage 

XRD X-Ray Diffraction 

 

 

  



IV 
 

LIST OF PUBLICATIONS 

This thesis is based on the work contained in the following scientific papers, referred to by 

their Roman numerals in the text. The papers are appended at the end of the thesis. 

Paper I.  Neat C60:C70 buckminsterfullerene mixtures enhance polymer solar cell 

performance 

Amaia Diaz De Zerio, Jonas Bergqvist, Olof Bäcke, Camilla Lindqvist, Renee 

Kroon, Feng Gao, Mats R. Andersson, Eva Olsson, Olle Inganäs and 

Christian Müller 

J. Mater. Chem. A, 2014, I (2), 14354-14359 

Paper II. High-entropy mixtures of pristine fullerenes for solution-processed 

transistors and solar cells 

Amaia Diaz De Zerio, Armantas Melianas, Stephan Rossbauer, Olof Bäcke, 

Lars Nordstierna, Paul Erhart, Eva Olsson, Thomas Anthopoulos, Olle 

Inganäs & Christian Müller 

Adv. Mater. 2015, I (45), 7325–7331 

Paper III. Plasmonic Nanospectroscopy Sheds Light on the Thermal Stability of 

Polymer Solar Cell Blends 

Ferry A. A. Nugroho, Amaia Diaz De Zerio, Camilla Lindqvist, Christian 

Müller, Christoph Langhammer 

Analytical Chemistry. 2017, 89 (4), 2575–2582 

Paper IV. A fullerene alloy based photovoltaic blend with a glass transition above 

200 °C 

Amaia Diaz De Zerio, Armantas Melianas, Ferry A. A. Nugroho, Olof Bäcke, 

Eva Olsson, Christoph Langhammer, Olle Inganäs and Christian Müller 

J. Mater. Chem. A. 2017, 5, 4156-4162  

Paper V. Glass Forming Acceptor Alloys for Highly Efficient and Thermally 

Stable Organic Solar Cells (review) 

Amaia Diaz De Zerio and Christian Müller 

Manuscript 

  



V 
 

CONTRIBUTION REPORT 

 

Paper I.  Main author and responsible for data analysis. TEM was carried out by Olof 

Bäcke (Chalmers). Solar cells characterization was performed together with 

Jonas Bergqvist and Feng Gao (LiU). Wrote the manuscript together with co-

authors. 

Paper II. Main author and responsible for data analysis. FETs characterization was 

performed together with Stephan Rossbauer. Solar cells characterization was 

performed together with Armantas Melianas (LiU). TEM was carried out by 

Olof Bäcke (Chalmers). Wrote the manuscript together with co-authors. 

Paper III. Co-author. Significant contribution in the sample preparation and 

interpretation of the results. 

Paper IV. Main author and responsible for data analysis. Solar cells characterization was 

performed together with Armantas Melianas (LiU). TEM was carried out by 

Olof Bäcke (Chalmers). Plasmonic nanospectroscopy was carried out by 

Ferry A. A. Nugroho (Chalmers). Wrote the manuscript together with co-

authors. 

Paper V. Planning and designing the review together with co-authors. Wrote the 

manuscript together with co-authors. 

  



VI 
 

PUBLICATIONS NOT INCLUDED IN THE THESIS 

 

Paper VI. A new tetracyclic lactam building block for thick, broad-bandgap 

photovoltaic 

Renee Kroon, Amaia Diaz De Zerio, Scott Himmelberger, Jonas Bergqvist, 

Olof Bäcke, Gregório Couto Faria, Feng Gao, Abdulmalik Obaid, Wenliu 

Zhuang, Desta Gedefaw, Eva Olsson, Olle Inganäs, Alberto Salleo, Christian 

Müller, Mats R. Andersson 

J. Am. Chem. Soc. 2014, 136 (33), 11578–11581 

Paper VII. Molecular Weight Determination by Counting Molecules 

Yuxi Tian, Marina V. Kuzimenkova, Johannes Halle, Michal Wojdyr, Amaia 

Diaz De Zerio, Per Olof. Larsson, Christian Müller, Ivan G. Scheblykin 

J. Phys. Chem. Lett. 2015, 6 (6), 923–927 

Paper VIII. Mapping fullerene crystallization in a photovoltaic blend: an electron 

tomography study 

Olof Bäcke, Camilla Lindqvist, Amaia Diaz De Zerio, Stefan Gustafsson, 

Ergang Wang, Mats R. Andersson, Christian Müller and Eva Olsson 

Nanoscale. 2015, 7, 8451-8456 

Paper IX. Comparison of selenophene and thienothiophene incorporation into 

pentacyclic lactam-based conjugated polymers for organic solar cells 

Renee Kroon, Armantas Melianas, Wenliu Zhuang, Jonas Bergqvist, Amaia 

Diaz De Zerio, Timothy T. Steckler, Liyang Yu, Siobhan J. Bradley, Chiara 

Musumeci, Desta Gedefaw, Thomas Nanna, Aram Amassian, Christian 

Müller, Olle Inganäs and Mats R. Andersson 

Polymer Chemistry. 2015, 6, 7402-7409 

Paper X. Nano-pathways: Bridging the Divide between Water-Processable 

Nanoparticulate and Bulk Heterojunction Organic Photovoltaics 

Natalie P. Holmes, Melissa Marks, Pankaj Kumara, Renee Kroon, Matthew 

G. Barra, Nicolas Nicolaidis, Krishna Ferona, Almantas Pivrikase, Adam 

Fahya, Amaia Diaz De Zerio, A.L.David Kilcoyneh, Christian Müller, 

Xiaojing Zhoua, Mats R. Andersson, Paul C. Dastoor, Warwick J. Belcher 

Nano Energy. 2015, 19, 495–510 

  



VII 
 

Paper XI. On the effect of prevalent carbazole homocoupling defects on the 

photovoltaic performance of PCDTBT:PC71BM solar cells 

Florian Lombeck, Hartmut Komber, Daniele Fazzi, Diego Nava, Jochen 

Kuhlmann, Dominik Stegerer, Karen Strassel, Joseph Brandt, Amaia Diaz De 

Zerio, Christian Müller, Walter Thiel, Mario Caironi, Richard Friend, Michael 

Sommer 

Adv. Energy Mater. 2016, 6, 1601232  

Paper XII. Enhanced Thermal Stability of Polymer Solar Cell Blends Induced by 

Electron Beam Irradiation 

Olof Bäcke, Camilla Lindqvist, Amaia Diaz De Zerio, Stefan Gustafsson, 

Ergan Wang, Per M. Kristiansen, Mats R. Andersson, Christian Müller, Eva 

Olsson 

Ultramicroscopy 2017, 173, 16-23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VIII 
 

  



IX 
 

TABLE OF CONTENT 

ABSTRACT .......................................................................................................................... I 

LIST OF SYMBOLS AND ABBREVIATIONS ............................................................... II 

LIST OF PUBLICATIONS ............................................................................................... IV 

CONTRIBUTION REPORT .............................................................................................. V 

PUBLICATIONS NOT INCLUDED IN THE THESIS ................................................... VI 

TABLE OF CONTENT ..................................................................................................... IX 

1 INTRODUCTION ............................................................................................................ 1 

2 POLYMER SOLAR CELLS ............................................................................................ 5 

2.1 Solar Energy .............................................................................................................................................. 5 

2.2 Conjugated polymers ................................................................................................................................ 6 

2.3 Fullerene acceptors .................................................................................................................................. 10 

2.3.1 Types of fullerenes............................................................................................................................ 11 

2.3.2 Pristine vs. substituted fullerenes ..................................................................................................... 13 

2.4 Photovoltaic device operation ................................................................................................................. 15 

2.4.1 Organic bulk-heterojunction ............................................................................................................. 15 

2.4.2 OPV device architectures ................................................................................................................. 17 

2.4.3 Working principle ............................................................................................................................. 18 

2.4.4 Photovoltaic characteristics .............................................................................................................. 19 

2.5 Life time and stability of OPVs .............................................................................................................. 21 

3 GLASS FORMATION BY ORGANIC SEMICONDUCTORS AND BLENDS ......... 23 

3.1 Origin and kinetic aspects of the glass transition ................................................................................... 24 

3.2 Measurement of the glass transition temperature ................................................................................... 25 

3.2.1 Differential scanning calorimetry (DSC) ......................................................................................... 26 

3.2.2 Plasmonic nanospectroscopy ............................................................................................................ 27 

3.3 Crystallization kinetics and vitrification ................................................................................................. 30 

4 ORGANIC SOLAR CELLS BASED ON NEAT FULLERENE ALLOYS .................. 33 

4.1 Solubility and processing of pristine fullerenes and fullerene mixtures ................................................ 34 

4.1.1 Configurational entropy of neat fullerene mixtures ......................................................................... 37 

4.2 TQ1:C60:C70 ternaries .............................................................................................................................. 39 

4.2.1 PTB7:C60:C70 ternaries ..................................................................................................................... 41 

5 THERMAL STABILITY OF TERNARY BLENDS ..................................................... 45 

5.1 Relevance of the glass transition temperature ........................................................................................ 45 

5.2 Glass transition temperature of ternary blends based on neat fullerene alloys ...................................... 47 



X 
 

5.3 Evolution of the nanostructure above the glass transition temperature ................................................. 49 

5.4 Impact of thermal annealing on the photovoltaic performance of PTB7:C60:C70 .................................. 50 

6 FULLERENE-FREE TERNARY BLENDS .................................................................. 53 

6.1 Solubility of fullerene and non-fullerene mixtures ................................................................................. 56 

6.2 PTB7:PDI-1:PDI-2 case study ................................................................................................................ 59 

7 CONCLUDING REMARKS .......................................................................................... 63 

8 OUTLOOK ..................................................................................................................... 65 

ACKNOWLEDGEMENTS ............................................................................................... 67 

REFERENCES .................................................................................................................. 69 

 

 

  

 



Introduction 

1 

1 
1 Introduction 
The global economy is likely to consume more and more energy in the years to come. 

The world energy consumption will grow 48% by 2040, especially in the non-OECD 

(Organization for Economic Cooperation and Development) countries, which are 

driven by strong economic growth.1,2 The U.S. Energy Information Administration 

(EIA)1 has predicted that fossil fuels will continue to supply more than three quarters 

of the world energy use in 2040. Therefore, even with current policies and 

regulations, worldwide energy-related carbon dioxide emissions will rise from 

approximately 36 billion metric tons in 2020 to 43 billion metric tons in 2040.1 

Climate change associated with the use of fossil fuels and the looming worldwide 

energy crisis has spurred the global community into action. A global agreement 

(“Bridge Scenario”) intends to put the world economy on a more sustainable path by 

the end of the century.3 Some of the targets are: 

 Increasing energy efficiency in the manufacturing industry, building and 

transport sectors. 

 Progressive reduction in the use of the least-efficient coal-fired power plants 

and ban of their construction. 

 Increasing investment in renewable energy technologies in the power sector 

from $270 billion in 2014 to $400 billion in 2030. 

 Gradual phasing out of fossil-fuel subsidies to end-users by 2030. 

 Reduction in methane emissions from oil and gas production. 

In the World Energy Outlook of 2016 the EIA has predicted how the energy sector 

would look like in 2040 if the nations that have ratified the Paris Agreement4 remain 

on target with regard to the commitments outlined above: 

 37% of power generation from renewables, compared with 23% today. 

 150M electric vehicles on the road, compared with 1.3M today. 

 50% growth in demand for natural gas, overtaking coal in the global energy 

mix. 

 103.5 million barrels per day (mb/d) oil consumption with 92.5 mb/d in 2015. 
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 0.5% average annual growth in energy sector carbon emissions. 

The predictions show that CO2 emissions from the energy sector are not on track to 

achieve the targeted carbon-neutral economy by 2100.5 For that reason, significant 

additional efforts must be made to tackle both global warming and the future world 

energy demand. The development of new energy technologies based on CO2-neutral 

renewable energy sources is a necessity. 

Among all renewable energy sources, the sun is the most abundant and unlimited 

one. "The amount of solar radiation striking the earth over a three-day period is 

equivalent to the energy stored in all fossil energy sources."6 Thus, there is a huge 

potential in using the sun’s radiation as a sustainable source of energy. In 1767, the 

Swiss scientist Horace de Saussure built the first solar thermal collector. Almost one 

century later, in 1839, the French physicist Edmund Becquerel demonstrated for the 

first time that electricity can be generated directly from solar energy. In 1883 the 

first working solar cell was created by the American inventor Charles Fritts, 

achieving 1% efficiency.7 In 1946 the Bell laboratories patented the first junction 

semiconductor solar cell,8 and a decade later the first photovoltaic cell was realised 

using a silicon p-n junction, with an efficiency up to 6%.9 Since then solar cell 

technologies have developed tremendously.  

One way of classifying solar cells is based on their active, light-harvesting material, 

which can be divided into three generations according to their state of development 

and maturity:10  

 1st generation. The oldest and most popular type due to its high efficiency of 

up to 27.6 % (lab based efficiency)11 and long lifetime of more than 20 years. 

This class comprises mainly silicon based photovoltaic cells, including single 

crystal and multicrystalline solar cells.   

 2nd generation. Thin film solar cells, based on materials such as copper indium 

gallium selenide (CIGS), CdTe and amorphous Si. They are cost effective but 

offer lower efficiencies compared with 1st generation solar cells (23.3 % lab 

based efficiency).11 They can be flexible and light weight. 

 3rd generation. These solar cells include: i) nanocrystal based, ii) organic 

semiconductor based, iii) dye sensitized, iv) concentrated, and v) perovskite 

solar cells. These technologies are currently under development, and some of 
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them are now being up-scaled. Efficiencies have improved substantially 

during the last few years (22.1% on lab scale)11 making 3rd generation solar 

cells now competitive compared with conventional solar cells. 

Organic photovoltaics are particularly intriguing due to the low cost of producing 

organic semiconductors compared with inorganic semiconductors, such as 

silicon. The ability to manufacture organic solar cells in a continuous printing 

process, i.e., large-area through rapid coating, makes this technology extremely 

promising. Moreover, this technology has many other attractive characteristics 

such as the potential to be flexible and semi-transparent as well as ease of 

integration in a wide variety of device configurations. 

Besides the high efficiencies that crystalline silicon solar cells offer, the price to 

manufacture them is continuously decreasing, which puts additional demands on 

2nd and 3rd generation technologies. The so-called “price per watt”, is the number 

of dollars needed to buy, install, service and recycle a module that can produce 

one watt of electricity. Today, the price per watt to produce a high efficiency 

multi-Si cell (efficiency of >18.4%) is $0.207 per watt, which is lower compared 

with the price three years ago ($0.31 per watt).12 Ultimately, 2nd and 3rd 

generation solar cells are projected to be as competitive as silicon-based 

photovoltaics. 

The aim of this thesis is to address a key challenge for organic photovoltaic 

materials: the poor thermal stability of the active layer donor:acceptor (D:A) 

blend. Ternary blends are shown to be a unique tool that can be used to induce 

vitrification of the nanostructure, which represent a new strategy to lower the 

production cost and improve the thermal stability of such a device. The first two 

chapters cover a brief overview of polymer solar cells and glass formation in 

organic solids. The next two chapters describe the use of neat fullerene based 

ternary blends. Finally, the current state-of-the-art is reviewed, and fullerene as 

well as fullerene-free D:A1:A2 ternary blends which increasingly attract 

attention, are discussed. 
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2 
2 Polymer Solar Cells 
2.1 Solar Energy 

Earth is constantly hit by solar radiation and the energy of most photons within the solar 

irradiance spans the range of 400-1050 nm.  A portion of this is absorbed by the atmosphere 

and the rest reaches the earth´s surface. Solar radiance is defined as the power per unit area 

incident from the sun at the ground of the earth. For example, the average annual solar 

radiance in Sweden is 1000-1200 kWh m-2, while in the Sahara the average value can reach 

2200 kWh m-2.13 To compare the performance of different photovoltaic technologies, the 

AM1.5 standard solar illumination spectrum is used for device characterization (cf. Figure 

2.1). It corresponds a specific inclination of the module between the sun’s position and the 

zenith (48.2˚). This thesis will focus on solar cells with organics as active materials. 

 

Figure 2.1.  Standardized ASTM G-173-0.3 1.5AM solar irradiation spectrum (black line). 

EQE spectra of optimized PTNT:PC71BM device (red line, reproduced from ref.15) for an 

active layer thickness of 400 nm. Shockley-Queisser maximum efficiency limit for a single 

junction solar cell (blue line). The background colour approximately illustrates the visible 

color part of the spectrum. 
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For the choice of semiconductors used in organic solar cells, the electronic structure defines 

the lower limit of photon energy within the solar radiation, which a device can convert into 

electricity. The Shockley Queisser Efficiency Limit (SQ limit) refers to the maximum 

theoretical efficiency of a solar cell using a single p-n junction to collect power at a given 

absorption edge. The highest possible power output for a single layer solar cell is given by 

the Shockley-Queisser limit (SQL blue line Figure 2.1).14 The short-circuit current density 

(Jsc) is the photocurrent that the photovoltaic device generates at short-circuit. Jsc is 

predominately given by the number of photons absorbed. The Jsc is limited by factors, such 

as the nanostructure of the device, the active layer thickness and the charge-carrier mobility 

and lifetime. The reduction of the lower absorption limit increases the number of utilized 

photons and hence, contributes to the rise of the SQL in the visible range. On the other 

hand, the bell-shaped SQL suggest a reduction when more lower energy photons are 

absorbed. This reduction of power output is a result of the reduction of the so called open 

circuit voltage (Voc). The Voc is the voltage output of a solar cell at open circuit condition 

and is mainly determined by the difference in the highest occupied molecular orbital 

(HOMO) level of the donor material and the lowest unoccupied molecular orbital (LUMO) 

level of the acceptor material. 

The thickness of the active layer can also affect the performance of an organic solar cell. 

Thicker active layers have the advantage of increased light absorption, and reduce the risk 

of pinholes during solution processing. For instance, in Figure 2.1 the External Quantum 

Efficiency (EQE) of a PTNT:fullerene blend makes use of over 60% of photons with energy 

over 2.3 eV when the active layer thickness is ∼400 nm, regardless of variations in blend 

stoichiometry and nanostructure.15 However, the optimal active layer thickness in most 

organic solar cells is typically found in the range of 100 nm,16 due to the limited charge-

carrier mobility of organic semiconductors. 

2.2 Conjugated polymers 

The majority of conjugated polymers, such as polyolefins are insulators and have been used 

in a large variety of applications ranging from packaging to shopping bags. A breakthrough 

in the field came in 1977 when Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa 

reported a tremendous increase in conductivity in polyacetylene (Figure 2.2). By doping 

the polymer with iodine, the conductivity increase by 7 orders of magnitude (up to 38 S 

cm-1);17for this achievement they were awarded the 2000 Nobel Prize in Chemistry. Since 
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then the field of conjugated polymers has grown considerably, and now encompasses a 

wide range of electrical and electronic applications including organic solar cells. 

 

Figure 2.2 a) Molecular orbitals of a double bond between two carbon atoms, b) chemical 

structure of cis-polyacetylene, polythiophene and poly(p-phenylene vinylene), c) energy 

band diagram for conductors, semiconductors and insulators. 

Carbon has four valence electrons that are located in the 2s and 2p orbitals. Orbitals of 

carbon atoms that form double bonds can be described as sp2 hybridized, which means that 

three electrons in the sp2 orbitals forms a single, or σ-bond and one electron in the p orbital 

forms a double, or π-bond (Figure 2.2a). Alternation of single and double bonds forms an 

extended π-conjugated system over which the electrons in the π-bonds will be delocalized, 

allowing them to undergo electronic transitions while the σ-bond preserve the chemical 

structure of the organic material. The backbone of a conjugated polymer contains a 

continuous chain of alternating single and double bonds, giving rise to their semiconductor 

properties. The simplest examples of conjugated polymers are polyacetylene (PA), 

polythiophene (PT) and poly(p-phenylene vinylene) (PPV), among others (see Figure 

2.2b). 

Increasing the degree of conjugation progressively splits the energy levels, resulting in a 

valence band and a conduction band that are bordered by the HOMO and the LUMO, 

respectively. The energy difference between the HOMO and LUMO determines the band-

gap, which is the minimum energy needed to excite an electron from the HOMO to the 

LUMO. A higher number of conjugated bonds results in a smaller HOMO-LUMO bandgap 

of the system, leading to increased semiconducting behavior (Figure 2.2c).  

A large variety of conjugated polymers exist that have been used as semiconductors with 

excellent charge carrier mobility and photonic properties for different optoelectronic 
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applications. In this thesis, benzodithiophene-based (BDT),18,19 thiophene-quinoxaline-

based (TQ),20 and polythiophene-based (PT) materials21,22 are discussed. 

During the last two decades, enormous efforts have been dedicated to the design of donor 

materials for organic solar cells. The ideal case would be to have a donor material that can 

be readily synthesized in a few steps. Moreover, the donor material should feature a broad 

spectral coverage paired with a high absorption coefficient, the right molecular orbital 

energies to match those of the acceptor and facilitate energy transfer, processability from 

solution and adequate rheological properties, a sufficiently high hole mobility, and long 

term stability.   

Many donor polymers in organic solar cells are based on aromatic units, which allows 

introduction of chemical modification for instance via substitution reactions. The stability 

of aromatic polymers is superior compared to the linear carbon chains found in 

polyacetylene. In order to increase the absorption spectrum range of a material, a low band-

gap is desirable. To achieve a low band-gap material, donor:acceptor (D:A) alternating 

monomers can be used to increase the double bond character between the aromatic units, 

thus increasing the delocalization on the polymer and lowering the band-gap.23 

There are a few aspects that are important to keep in mind when designing a polymer as a 

potential donor material for organic solar cells: 

1. Constitution: 

 Chemical structure of the repeat unit: most conjugated polymers consist of two 

components: backbone and side-chains. The conjugated backbone is very important 

since it determines the electronic behavior of the polymer such as the band-gap and 

the energy levels. The side-chains influence solubility, reduce thermal transition 

temperatures and reduce the tendency for aggregation. Through the chemical 

structure other aspects can be tuned such as: 

 Energy levels and band-gap: Low band-gap polymers harvest more photons 

from light. However, the open circuit voltage (Voc) can be affected 

negatively upon lowering the band-gap. Since the Voc is determined by the 

difference between the HOMO of the donor and the LUMO of the acceptor, 

the Voc will be reduced by increasing the energy of the HOMO of the donor 

(see Figure 2.11). 
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 Solubility: long alkyl side-chains and/or branched side-chains improve 

solubility in common organic solvents. On the other hand, the introduction 

of long alkyl or alkoxy side-chains can decrease the glass transition 

temperature (Tg) of the material,24 which can be detrimental for the device 

stability.25,26 

 Molecular weight: the degree of polymerization influences the solubility, the 

rheological and mechanical properties, as well as the electronic performance of 

conjugated polymers. A high molecular weight can improve the photovoltaic 

performance.27,28 However, a high chain length reduces the polymers solubility, 

which complicates synthesis and processing. 

2. Conformation and configuration: 

 Conjugation length: directly depends on the conjugated backbone. The longer the 

conjugated length, the smaller the band-gap.29 The change in bandgap saturates as 

the degree of polymerization increases due to torsion of the polymer backbone.28  

 Regio-regularity: a high regio-regularity can enhance the ability of the polymer to 

order, and hence, is considered as a factor that improves the photovoltaic 

performance in some cases.30 

3. Supramolecular structure: 

 Crystallinity: molecular order in the solid state can be described by crystallinity – 

the volume fraction of crystals. Most polymers are either fully amorphous or semi 

crystalline in nature. Some materials persist in the liquid crystalline phase once 

melted. One of the most widely studies semi-crystalline donor polymers is poly(3-

hexylthiophene) (P3HT), which gives rise to solar cell efficiencies up to 4% when 

paired with PC61BM as the acceptor material.31  

The effect of crystallinity on the OPV efficiency continues to be a matter of debate. 

On the one hand, it is well established that higher crystallinity improves hole 

mobility, and therefore the power conversion efficiency of OPV devices.32 On the 

other hand, many non-crystalline conjugated polymers nevertheless are competitive 

donor materials. 

Qualitative and quantitative analysis of crystallinity can be carried out by a number 

of characterization methods such as electron diffraction (TEM), X-ray diffraction 

(XRD), differential scanning calorimetry (DSC), UV-vis spectroscopy or polarized 

optical microscopy (POM) in some cases. Note that the crystallinity determined by 
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various methods does not necessarily agree with each other. Intriguingly, X-ray 

diffraction was not able to show strong order within the polymer poly[(4,4′-bis(2-

ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-

diyl] (PSBTBT) but a crossed-chain structure was observed via high resolution 

TEM. This polymer yields a high device performance.33 

Several approaches for improving crystallinity are reported to provide improvement 

in efficiency. Some of the major techniques are thermal annealing,34 solvent vapor 

annealing,35 and introducing of additives.36  

One notable approach to taking advantage of the highly-ordered liquid-crystalline 

structure that some polymers feature, is to anneal at temperatures were the liquid-

crystalline phase develops followed by rapid cooling. Poly(2,3-bis-(3-

octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl) (TQ1) is an example 

of a donor material that features a liquid-crystalline phase.20 

In this thesis, the quinoxaline-thiophene based polymer TQ1 and the widely studied 

narrow-band-gap fluorothieno-benzodithiophene polymer PTB7 are used (see Figure 2.3). 

Both materials give rise to a promising photovoltaic performance of up to 6-7 % and 9 %, 

respectively.18,20,37 One of the biggest advantages (in particular TQ1) is that the polymer 

can be easily synthetized (in a few steps) and with high molecular weight (up to 100 kg 

mol-1), which is desirable for up-scaling.  

 

Figure 2.3. Chemical structure of TQ1 and PTB7. 

2.3 Fullerene acceptors 

The highest power conversion efficiencies in organic photovoltaics are commonly achieved 

with electron-donating conjugated polymers that are blended with one or more fullerenes, 

which are the most widely used acceptor materials in OPV. They are also known for being 

good electron conductors. The next sub-chapter will provide general information about 

fullerenes and their use as acceptor materials for organic solar cells. 

TQ1
PTB7
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2.3.1 Types of fullerenes 

Fullerenes are an interesting class of organic semiconductors that display a high electron 

affinity (~2.6 eV) and charge carrier mobility (> 1 cm2 V-1 s-1).25,26,38–40 Three decades after 

fullerenes were discovered,41 their chemistry is now well established,42 and many 

derivatives have been explored for different medical and energy applications such as: in-

vivo antioxidants,43 nanocreams,44 additives for power cable insulators45 and 

polymer:fullerene solar cells,46 among others. With regard to OPV, many compounds have 

been tested but only a very small selection of fullerene derivatives are found to be 

promising.  

The most commonly investigated un-substituted and substituted fullerenes can be seen in 

Figure 2.4. From left, to right: [5,6]-fullerene-C60 (C60)47 is the smallest, most abundant 

fullerene and has the shape of a soccer ball; [5,6]-fullerene-C70 (C70)48–50
 has a more rugby-

like shape; [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM)51 and [6,6]-phenyl-C71-

butyric acid methyl ester (PC71BM)52 are the most frequently used acceptors in OPV, 

together with indine-C60 bisadduct (ICBA) and bis-PCBM (PC61BM bisadduct), which has 

a LUMO energy level higher than PC61BM.53  

 

Figure 2.4. Chemical structure of neat fullerenes a) C60, b) C70, and fullerene derivatives 

c) PC61BM, d) PC71BM, e) ICBA and f) bis-PCBM. 

Pyrolysis and plasma synthesis are among the most used types of fullerene production 

methods. The former is often viewed as a greener option since it does not produce direct 

gaseous emissions during the production compared with the plasma technique. The 

process-flow of fullerene production can be divided into four stages (see Figure 2.5):54 

 Synthesis: macroscopic quantities of fullerenes are generated by constant heating 

and finally evaporation of the carbon source. The raw material obtained from the 

evaporation is mostly soot and slag. Next to soluble fullerenes, the soot and slag 

a) b) c) d) e) f)
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also contains different types of closed-cage carbon structures. The total amount of 

fullerenes that can be extracted from the carbon soot is less than 30%. 

 

 Separation and Purification: The methods for preparation of fullerenes always lead 

to the formation of a mixture, which consists of C60, C70, C76, C78, C84, and larger 

close-cage carbon spheres. Their derivatives such as PC84BM have been reported 

to negatively affect organic photovoltaic performance.55 In these mixtures, C60 is 

the most abundant, followed by C70. The so-called larger/higher fullerenes, such as 

C76, C78, C84 are present in only small amounts. Separation and purification of C60 

and C70 from the mixture is relatively straightforward and can be done on a large 

scale. 

 

 Functionalization: for OPV applications, fullerenes are normally modified by 

cycloaddition reactions.42 This last additional synthesis step is needed to attach a 

hexahedral substituent (one or two methyl ester functional groups) to the fullerene 

cage, leading to PC61BM, PC71BM, bis-PC61BM, bis-PC71BM or ICBA. These 

compounds have a higher solubility, which is advantageous for solution processing. 

Compounds with a high degree of purity are also necessary to avoid impurity trap 

states. The functionalization of the bucky balls with butyric acid methyl ester, leads 

to changes in energy levels. The LUMO level increases, and thus the Voc increases 

by 0.1 V compared with neat fullerenes when using the same donor polymer.25 

 

 

Figure 2.5. Overview of the process flow to produce modified fullerene compounds 

(reproduced from ref. 54). 

 

Carbon
source

Carbon
soot

Fullerene
mix

C60

C70

C60 99.5%

C70 95%

C60 99.9%

C70 98%

C60 PCBM

C60 bisPCBM

C70 bisPCBM

C70 PCBM

Synthesis Separation Purification Functionalization
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2.3.2 Pristine vs. substituted fullerenes 

A number of neat fullerenes exist but for most applications only the fullerenes C60 and C70 

are of interest. Both can be easily obtained in large quantities. However, their low solubility 

in organic solvents and their strong tendency to crystallize complicates processing with 

common coating and printing technologies.56,57 Both, C60 and C70 show a bell shaped 

solubility behavior (where solubility peaks at a certain temperature) with a maximum 

solubility of about 27 g L-1 at 37 ˚C for C60 and 38 g L-1 at 55 ˚C for C70 in o-DCB (see 

Figure 2.6).58,59  

The first study that used fullerenes as an acceptor material was reported in 1995 by Yu et 

al., who studied a BHJ blend of the polymer MEH-PPV with C60 and its functionalized 

derivatives ([5,6]-PCBM and [6,6]-PCBM).47 PCBMs are a preferred acceptor material due 

to the higher solubility, and the absence of crystallization during film formation. 

 

 

Figure 2.6 Solubility of C60 (circles) and C70 (diamonds) in o-DCB as function of 

temperature. (adapted from Paper I) 

During derivatization, chemical reactions take place on one of the double bonds of the 

fullerene. In C60, all the conjugated bonds are equal, which means that in most reactions a 

single reaction product is formed. Reactions on C70 lead to the formation of a mixture of 

structural isomers because the 35 double bonds in C70 are not all equal due to the lower 

symmetry of the fullerene cage.42 
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Table 1. Embodied energy and current cost to purchase 1 g of various fullerenes [source 

Solenne BV and ref.54]. *1 € = 1.1 $ 

 

 

 

 

 

 

 

One disadvantage of using fullerene derivatives is the high embodied energy needed for 

production (see Figure 2.7). The as-synthesized C60:C70 mixture entails only about 8 GJ 

kg-1 of embodied energy, which increases to 25 GJ kg-1 for C60 and 38 GJ kg-1 for C70 after 

separation and purification. Instead, fullerene derivatives i.e. PC61BM and PC71BM 

consume as much as 65 and 90 GJ kg-1, respectively (Table 1). A higher embodied energy 

leads to an increase in material cost,54 which is associated with the additional synthesis step 

for further functionalization. As result, PC61BM and PC71BM are considerably more 

expensive materials compared with the neat fullerenes (see Table 1). Hence, selection of 

the electron acceptor material requires a compromise between solubility and material cost. 

This thesis demonstrates that a mixture of C60:C70 can be successfully employed in organic 

optoelectronic devices, thereby reducing both the embodied energy and, ultimately, cost. 

 

Figure 2.7 Embodied energy for C60 and C70 products as a function of production stage. 

(reproduced from ref.54)  

Fullerene cost  

(€ g-1) 

Embodied energy 

(GJ kg-1) 

C60 15 25 

C70 150 38 

PC61BM 150 65 

PC71BM 780 90 
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2.4 Photovoltaic device operation 

2.4.1 Organic bulk-heterojunction 

The first observation of photoconductivity in solid anthracene was reported in 1965.60 In 

the 1980s, polymers such as poly(sulphur nitride) and polyacetylene were used for the first 

time as a single layer in photovoltaic cells.17 However, this type of architecture limited 

PCEs to values below 0.1%. Due to the low dielectric constant of organic semiconductors, 

the possibility of forming free charge carriers upon light absorption is low. 

In 1986, Tang reported a two-layer organic photovoltaic device, bringing together an 

electron donor material (phthalocyanine dye) and an electron acceptor material (perylene 

tetracarboxylic derivative) in a bilayer cell to dissociate excitons, resulting in a PCE of 1%, 

which marks the starting point for modern organic photovoltaics.61 One challenge with this 

kind of architecture is that the exciton diffusion length in organic materials is typically 1-

10 nm.62 Therefore, excitons must be generated in close proximity to the donor:acceptor 

interface where dissociation can take place. As result, only material within a few 

nanometers of the bilayer interface generates photo-induced charges.  

To overcome this problem, Heeger and Friend independently introduced the so-called bulk 

heterojunction (BHJ) architecture (see Figure 2.8c), which consists of two finely 

intermixed materials (electron donor and acceptor) deposited as a thin film. The BHJ 

contains a large number of donor:acceptor interfaces distributed throughout the bulk of the 

active layer. 

The work on BHJs was enabled by the discovery of fullerenes in 1985, for which the Nobel 

prize in Chemistry was awarded to Robert F. Curl., Harold W. Kroto and Richard E. 

Smalley.41 Due to their high electron mobility, and arguably, symmetry, fullerenes are the 

most widely used electron acceptors in bulk-heterojunction devices.  

 

Figure 2.8 Schematics of different solar cell architectures: a) single layer, b) bilayer and 

c) bulk heterojunction. 

a b c
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The resulting film of inter-mixed donor and acceptor materials is said to form an 

interpenetrating network of the donor and acceptor material. Initial attempts to describe the 

nanostructure of BHJs only considered pure domains of the donor and acceptor (Figure 

2.9).47 Although this picture is useful for conceptual understanding, it is now established 

that many donor:acceptor blends give rise to a mixed phase. Co-existence of a mixed and 

a pure phase, creates an energy cascade which aids charge separation and therefore 

improves the free charge carrier collection efficiency.63 

 

 

Figure 2.9 Schematic of a BHJ with acceptor rich (blue) and donor rich (orange) phases. 

Note that neither phase is necessarily pure but may dissolve a certain amount of the second 

(donor or acceptor) moiety.  

From a thermodynamic point of view, it is important to consider the miscibility of the 

individual components to identify the different phases upon solidification. Figure 2.10 

represents the schematic of the different nanostructures that can be encountered when two 

components (D:A) are blended together. Immiscible components can form a largely 

separated binary system of pure phases of each component. This is not desirable due to the 

limited exciton diffusion length and the limited amount of donor:acceptor interface. On the 

other hand, completely miscible components lead to a one phase system but may also 

promote recombination (due to the large number of charge transfer (CT) states) and hinder 

charge transport. Most likely, the best-case scenario is where a two or three phase system 

is encountered (intermixed regions and pure phases of the components), offering the 

advantages of both, phase purity and miscibility. Although the discussion with regard to 

pure versus mixed phases is ongoing, it is generally assumed that at least three phases 
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(intermixed regions co-exist alongside relatively phase-pure domains of the individual 

components) exist in most high-performance organic solar cells.64,65  

 

Figure 2.10 Schematics of the different nanostructures that can be encountered for a two 

component system (D:A). 

Nanostructure formation in BHJ blends depends on: (i) the chemical structure of the donor 

and acceptor materials and (ii) the processing conditions during device fabrication, which 

strongly influence the solidification kinetics.  The former impacts the solubility, miscibility 

with other components, photochemical stability, etc. Processing parameters such as the 

choice of solvent,66 the use of processing additives67 or annealing,32,68 can also affect the 

nanostructure (e.g. the degree of order, phase separation, and presence of finely intermixed 

phases). For instance, even a D:A combination that is thermodynamically immiscible in the 

solid state, can lead to a (kinetically trapped) one phase nanostructure if the mixture 

solidifies sufficiently rapidly from a homogeneous solution. One emerging tool that permits 

to gain additional control over the solidification kinetics is the use of ternary blends. This 

approach will be further explored in Chapters 4 to 6.  

2.4.2 OPV device architectures 

In OPV devices, the active layer is sandwiched between two electrodes. Typically, a 

transparent semiconducting substrate (patterned indium tin oxide (ITO) on glass as in paper 

I, II and IV) is used as one of the electrodes, whereas the other electrode is typically a metal 

(in paper I, II and IV aluminium was used due to low cost and ease of evaporation; see 

Figure 2.11). Different interlayers are introduced to adjust the work function of the 

partially miscible:

miscible:

immiscible:

mixed

fullerene
polymer-rich

fullerene-rich

polymer
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electrodes between the active layer and the electrodes (in paper I, II and IV a thin layer of 

water dispersed poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) 

and lithium fluoride (LiF) were used as interlayers). 

 

Figure 2.11 Schematic of a standard structure for single-junction organic bulk-

heterojunction solar cells with the respective electrodes (cathode and anode) and 

interlayers (electrons transfer layer ETL and holes transfer layer HTL). 

More recently, alternative approaches are being explored, including tandem and ternary 

OPVs, which have enabled breakthrough efficiencies of 11%.69 This will be discussed in 

more detail in the following chapters.  

2.4.3 Working principle 

The phenomenon of converting light into electric current within an organic solar cell can 

be divided into six different steps (see Figure 2.9 and 2.12): (a) upon absorption of a 

photon by the active layer (mostly the donor material as in paper I, II and IV), an electron 

is photoexcited from the HOMO to the LUMO, leading to the formation of a tightly bound 

electron-hole pair, or so-called exciton. (b) The exciton can diffuse towards the 

donor:acceptor interface, then (c) the exciton dissociates first into a weakly bound charge-

transfer state at the interface, and (d) finally into free charge carriers. The exciton diffusion 

length in organic semiconductors before recombination occurs is typically 1-10 nm,62 

which means that the donor:acceptor interface should ideally be very close to the molecule 

where the photo-excitation occurs. (e) The free charge carriers then drift toward the 

electrodes, driven by the built-in bias, originating from the different work functions of the 

substrate

HTL
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electrodes. (f) Photo-generated holes and electrons are extracted at the respective electrodes 

generating an electrical current. 

 

Figure 2.12 Illustration of the working principle of charge generation in a donor:acceptor 

bulk heterojunction solar cell. 

The driving force for exciton separation in the bulk-heterojunction is the result of the 

difference between the respective donor and acceptor LUMO levels, which normally is 

required to be ~ 0.2-0.3 eV (cf. Fig. 2.12c). However, some BHJs with no driving force 

have been reported, such as, for instance blends of low band-gap isoindigo polymers and 

fullerenes.70  

The LUMO of the acceptor and the HOMO of the donor are particularly important, as they 

define the maximum attainable energy for a given D:A combination. The HOMOdonor - 

LUMOacceptor difference is referred to as the energy of the charge transfer state and defines 

the open-circuit voltage:  ECT ~e Voc + 0.6 eV.71   

2.4.4 Photovoltaic characteristics 

To evaluate (organic) solar cells the power output is normally measured under a solar 

simulator lamp with a standardized AM1.5 solar irradiance spectrum. Under that condition, 

one sun is defined as equal to 100 mW/cm2 of irradiance and it corresponds to the intensity 

of the sunlight during a cloudless day. Once the light is absorbed by the cell, a photocurrent 

is recorded and normalized with respect to the device area. Upon plotting the photocurrent 
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density versus voltage, the IV-curve is produced (see Figure 2.13). Different parameters 

can be extracted from the IV-curve for further evaluation of the device. 

 

Figure 2.13 Schematic of current density-voltage (IV) curve of a photovoltaic cell under 

illumination (red dashed line) and in the dark (black dashed line). 

The short-circuit current density (Jsc) is the photocurrent that the photovoltaic device 

generates at short circuit, giving information about the charge separation and transport 

efficiency within the cell. It can be quantified by directly connecting the two electrodes, 

and illuminating the cell. There are different loss mechanisms that can limit the Jsc such as 

incomplete light absorption, poor charge generation and transport. 

The open circuit voltage (Voc) is determined by the difference in the HOMO level of the 

donor and the LUMO level of the acceptor, typically around Voc ~ 0.5-1.2 V for 

polymer:fullerene blends.63,71 It can also be directly related to the energy of the CT-state.72 

The fill factor (FF) is calculated by the ratio between the maximum power point (MPP) 

and the product of Jsc and Voc: 

ܨܨ ൌ 	 ೌೣ

ೞൈ	
                                                                                                         (eq.1) 

The power conversion efficiency (PCE) or the MPP is defined as the ratio of the electric 

power (Pmax) that is generated, and the power of the incident light Pin. The PCE is 

characterized by three parameters: Jsc, Voc and FF: 
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Another way to evaluate the photovoltaic performance is to measure the EQE. The EQE 

measures the ratio between the number of charge carriers collected by the solar cell and the 

incident photons as a function of their energy. 

2.5 Life time and stability of OPVs 

The stability is one of the most critical aspects from a commercialization perspective. The 

lifetime of OPVs can be limited by different factors over the service of the module. For 

instance, water, oxygen, irradiation, and heating are some of the main factors that limit the 

stability of a solar cell. Those factors directly affect the nanostructure of the active layer, 

the decay of electrode materials and buffer layers and introduce mechanical stress between 

these layers. Thermal stability is here discussed in terms of changes in nanostructure. 

Thermal degradation, which is only pronounced if organic semiconductors are heated under 

illumination and in contact with air, is not considered. In terms of thermal stability of the 

nanostructure of the active layer BHJ several strategies have been advanced and some of 

them are summarized below: 

 material design: strategies like the use of cross-linkable side chains,73–75 

rigidity/flexibility of polymer chains,24 high Tg materials,24 decreased fullerene 

crystallinity or glass formation,76 improve the thermal stability. 

 

 Processing methods: No use of high boiling point solvents, which can get trapped 

in the deposited films and increase the molecular mobility of PC61BM within the 

polymer matrix and promote the growth of large PC61BM crystals.77 Illumination 

of the active layer induces the oligomerization of PC61BM, which can suppress 

aggregation and crystallization of PC61BM.78  

 

 Device engineering within the active layer: adding a third light absorbing 

component to the blend can vitrify the nanostructure, which improves the thermal 

stability.79,80  

 

The aim of this thesis is to use ternary blends based on fullerene mixtures to produce 

thermally stable organic solar cells, the discussion is then expanded to fullerene-free ternary 

blends. The use of molecular glasses as a tool to control the nanostructure of ternary BHJ 

is highlighted in chapter 3, 4, 5 and 6.
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3 

3 Glass formation by organic semiconductors and blends 
Solution processing of organic semiconductors is a principal paradigm of organic 

electronics. Coating and printing techniques are thought to enable the cost-effective 

manufacture of large-area devices, such as electronic circuitry and solar cells, ideally on 

flexible substrates. Solidification of an organic semiconductor occurs through removal 

(evaporation) of the processing solvent, which should occur rapidly to facilitate high-

throughput printing. The resulting solid-state nanostructure tends to be located far away 

from thermal equilibrium because the individual components of the semiconductor material 

did not have sufficient time to fully crystallize or adopt a relaxed conformation in case of 

disordered phases.  

A prime example is solution-casting of the widely studied donor:acceptor binary 

P3HT:PCBM, which initially results in a largely disordered material. Thermal annealing of 

P3HT:PCBM solar cells is critical for optimizing their photovoltaic performance, which 

results in crystallization of the blend components.32,81 Crystallization of in particular the 

polymer occurs above 50 C, which corresponds to the glass transition temperature Tg of 

the initially homogeneous blend.24,82 Hence, the Tg represents a critical parameter that 

indicates the minimum temperature required for thermal annealing.  

Another typical system, which will be discussed further in this thesis, is represented by a 

blend of the thiophene-quinoxaline copolymer TQ1 (see Figure 2.3 chapter 2) and 

PC61BM. Solar cells based on an as-cast active layer of TQ1 and PC61BM display a PCE 

of about 4%, which however decreases as soon as the Tg of the blend is reached.83 Since 

TQ1 does not feature a crystalline phase,84 the TQ1:PC61BM blend undergoes phase-

separation through liquid-liquid demixing, which has a detrimental effect on the 

photovoltaic performance. In addition, the fullerene material forms micrometer sized 

crystals. Evidently, for blends based on non-crystalline donor polymers the Tg represents 

the upper limit for thermal stability.  

Detailed knowledge about the glass transition of organic semiconductor blends is therefore 

critical for both the selection of optimal processing schemes (e.g. thermal annealing), as 



Glass formation by organic semiconductors and blends 

24 
 

well as the thermal stability of the nanostructure during processing and operation (cf. 

Chapter 6). This chapter discusses the solidification kinetics and vitrification (glass 

formation) of one- as well as multi-component systems. Two techniques are introduced that 

are used in this thesis to determine the glass transition temperature: differential scanning 

calorimetry (DSC) and plasmonic nanospectroscopy.  

3.1 Origin and kinetic aspects of the glass transition 

Any chemical system attempts to reach thermodynamic equilibrium, which changes with 

temperature and pressure. “If a system is disturbed from its state of equilibrium it relaxes 

to that state, and the process is referred to as relaxation.” (IUPAC Gold Book on 

relaxation) In case of macromolecules, relaxation requires reorganization of the polymer 

chain through translational and, in particular, rotational motion. These relaxation processes 

are thermally activated, and therefore occur more frequently the higher the temperature. 

There exists a temperature, the so-called glass transition temperature Tg, where the time 

needed for relaxation becomes comparable to the experimentally available timescale. For 

instance, the duration of a thermal annealing experiment at a temperature Tanneal represents 

the time that is available for relaxation to occur at this particular temperature. The further 

the polymer is cooled below Tg, the more time is required for relaxation. Ultimately the 

existing chain conformation is said to be frozen in, since relaxation will only occur very 

slowly. Here, it should be noted that relaxation nevertheless occurs over a sufficiently long 

period of time, which in practice may far exceed the shelf life of a polymer. 

The glass transition of a polymeric material can be intuitively understood when considering 

the viscoelastic response at different temperatures. Consider a periodic (sinusoidal) 

deformation experiment with a low strain amplitude, which is carried out at different 

temperatures. The inverse of the rate of deformation is proportional to the experimental 

timescale that is available for relaxation. Far below the Tg, where main chain relaxation 

only occurs at an exceedingly long timescale, the polymer is said to be glassy. The material 

displays a high elastic modulus, and would fail in a brittle manner if the strain was increased 

further. Instead, sufficiently above Tg, the polymer is rubbery (provided the polymer is 

entangled), i.e. the material displays a much lower elastic modulus, since now the main 

chain is able to rapidly adopt a more extended conformation to accommodate the additional 

strain. Here, it should be noted that the glass transition temperature depends on the 

deformation rate: the more rapidly a polymer is deformed the shorter the timescale that is 

available for relaxation and, hence, the higher the Tg. 
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The time required for main chain relaxation ߬ఈ is given by the empirical Vogel-Fulcher-

Tamann (VFT) equation, which holds for amorphous polymers in the temperature range 

ܶ ൏ ܶ ൏ 100	Ԩ: 

߬ఈሺܶሻ ൌ ߬ ∙ ݔ݁ ൬
ܤ

ܶ െ ܶ
൰    (eq. 3) 

where ߬, ܤ and ܶ are constants. Hence, the relaxation time exponentially increases as the 

temperature is lowered. For instance, the constants reported for the polyfluorene F2/6 in 

Ref. 85 correspond to a value of, e.g.,	߬  1 s at 70 C and ߬  100 s at 56 C. The 

operational glass transition temperature Tg, which is often quoted as a fixed parameter but 

should be considered as rate-dependent, is commonly defined as the temperature for which 

߬ఈ = 100 s (i.e. Tg = 56 C for F2/6). The Tg values reported in this thesis were measured at 

a rate of 5 or 10 C min-1, which is a range that is typically found to correspond to a 

relaxation time of about 100 s. 

3.2 Measurement of the glass transition temperature 

A number of experimental techniques can be used to measure the glass transition 

temperature. The most advanced techniques such as dynamic mechanical analysis (DMA), 

rheology and broadband dielectric spectroscopy (BDS) provide information about the rate-

dependence of the Tg, but tend to require too much material to be readily applicable to 

organic semiconductors. Here, it is interesting to note that two recent reports demonstrate 

highly reliable DMA and rheology measurements of a range of conjugated polymers with 

only 10-20 mg of material.86,87 DSC, for which the rate is more limited unless more 

specialized rapid heat/cool calorimeters are used, is the most readily accessible technique 

but in case of many conjugated polymers such as TQ1 and PTB7 fails to reveal the Tg. Here, 

a recent theoretical study by Root et al. is interesting to consider, which used molecular 

dynamics simulations to predict the glass transition temperature of these two polymers to 

be Tg  102 C and 127 C, respectively.88 

Techniques that permit to study the thermal behavior of thin films of organic 

semiconductors are of high interest since the results are directly applicable to the active 

layer thickness of organic electronic devices. This is because the thermal behavior of thin 

films can strongly deviate from that of the bulk because of interface and/or confinement 

effects. Variable-temperature ellipsometry has been most widely explored for this 

purpose,24,89,90 and in case of TQ1 yields a value of Tg  100 C.91 Ellipsometry allows to 
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extract the change in film thickness d with temperature, and therefore can be used similar 

to classical dilatometry to detect phase transitions. The glass transition is a second order 

phase transition, meaning that variables such as the volume V change continuously, 

whereas the first derivative, i.e. the thermal expansion coefficient , shows a step change 

(Figure 3.1): 

ߙ ൌ
1
ܸ
൬
ܸ݀
݀ܶ
൰

 (eq. 4) 

In case of ellipsometry the film thickness and volume are considered to be proportional, 

݀ ∝ ܸ. 

In this thesis, DSC is correlated with a for organic semiconductors new technique, 

plasmonic nanospectroscopy, which is a highly attractive technique due to its exceptional 

sensitivity to small changes in refractive index, as discussed below. 

 

Figure 3.1 Illustration of the glass transition temperature measurement by dilatometry and 

DSC. 

3.2.1 Differential scanning calorimetry (DSC) 

DSC records the difference in heat flow to/from a sample during heating/cooling as 

compared to a reference, and thus allows to monitor the additional heat required or released 

by the sample during melting or crystallization. The glass transition manifests itself as a 

step change in the heat capacity ܥ (Figure 3.1), i.e. the heat required to increase the 

temperature of the sample by a certain degree: 

ܥ ൌ ൬
ܪ݀
݀ܶ

൰

 (eq. 5) 

specific volume

temperature

dilatometry

αൌ ଵ


ሺௗ
ௗ்
ሻ

Tg

specific heat capacity

temperature

DSC

Tg

ܥ ൌ ሺௗு
ௗ்
ሻ
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where ܪ is the enthalpy. For some materials such as rigid rod conjugated polymers the step 

change in heat capacity is minute, possibly because of the presence of local order, and thus 

can only be observed with great difficulty. 

3.2.2 Plasmonic nanospectroscopy 

In this thesis plasmonic nanosprectroscopy is utilized as a technique to monitor thermal 

transitions in thin films of conjugated polymers. The same technique has been used 

previously by Langhammer et al. to measure the size-dependent glass transition 

temperature of polystyrene (PS) nanoparticles and poly(methyl methacrylate) (PMMA) 

thin films.92 The fabrication of the sensor platform and all measurements were carried out 

by Ferry Nugroho at the Department of Applied Physics of Chalmers University of 

Technology. The sensor platform consists of quasi-random arrays of silver or gold disks 

(radius = 170 nm; height = 20 nm. silver in Paper III, gold in paper IV) on a glass substrate 

and coated with a 10 nm thin silicon nitride support layer (Figure 3.2). The nano-disks 

sustain localized surface plasmon resonance (LSPR), which gives rise to a locally enhanced 

electric field that depends on the refractive index of the local environment surrounding 

them. When covered with a polymer film the position of the LSPR extinction peak is thus 

sensitive to the precise refractive index of the polymer. By following the optical readout 

one is able to monitor any changes occurring in the polymer. Heating of the polymer film 

gives rise to thermal expansion and hence an increase in film thickness (cf. eq. 4), which 

decreases the density and hence refractive index. As a result, the position of the LSPR 

extinction peak ߣ߂ ൌ 	 ሺܶሻ	ߣ െ  ሺܴܶሻ changes with temperature, where	ߣ

 ,ሺܴܶሻ are the peak wavelength at temperature ܶ and room temperature	ߣ ሺܶሻ and	ߣ

respectively. A change in slope of the LSPR extinction peak, ݀൫∆ߣ൯/݀ܶ, indicates that 

the material undergoes a phase transition, and can be used to detect for instance the ܶ of 

different conjugated polymers. The technique is described in more detail in Paper III and 

IV. 
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Figure 3.2 a) Schematic of the operation principle of plasmonic nanospectroscopy. 

(adapted from Paper III). b) Schematic of Tg measurement with plasmonic 

nanospectroscopy.  

Since plasmonic nanospectroscopy is a new technique, a range of samples from amorphous 

PMMA, to liquid-crystalline APFO3 and F8BT, semi-crystalline P3HT and a P3HT:PCBM 

blend were compared with DSC measurements (Table 2). Results for polymer:fullerene 

alloy ternary blends are discussed in Chapter 5. For each material but P3HT the glass 

transition could be readily detected with plasmonic nanospectroscopy as a distinct change 

in slope of ∆ߣሺܶሻ. Generally, the two techniques are in good agreement. In case of 

F8BT and APFO3 the obtained Tg is higher when measured with either DSC or plasmonic 

nanospectrosocopy, respectively. This observation underlines that thermal transitions of 

thin films and bulk materials can deviate from each other. For the materials based on TQ1 

the Tg  113 C could only be detected with plasmonic nanospectroscopy, which is similar 

to values obtained with ellipsometry and molecular dynamics simulations.91,93 

Interestingly, in case of melting transitions only a temperature range can be identified, 

which corresponds to the onset and endset measured with DSC, and not the peak melting 

temperature.  
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3.3 Crystallization kinetics and vitrification 

This section will explain why mixing of several components can reduce the rate of 

crystallization and hence increases the tendency for glass formation, provided that the 

resulting miscible liquid is cooled sufficiently fast.  

The rate of crystallization is determined by two processes, nucleation and growth. Classical 

nucleation theory describes the rate of homogeneous nucleation of a single-component 

system according to: 96 

rate	of	nucleation ∝ ሺܶሻܦ ∙ ݔ݁ ൬െ
∗ܩ∆

݇ܶ
൰ (eq. 6) 

Where ܦሺܶሻ is the diffusion coefficient and ∆ܩ∗ is the change in Gibbs free energy upon 

formation of a critical nucleus. The diffusion coefficient ܦ describes the ability of 

molecules to diffuse towards the growing crystal and, according to the Stokes-Einstein 

relation, is inversely related to the viscosity ߟ, which is proportional to the relaxation rate 

as given by the VFT equation (cf. eq. 3). The free energy needed for nucleation represents 

an energy barrier and is given by: 

∗ܩ∆ ∝  ଶ (eq.7)ܩ∆/1

where ∆ܩ is the difference in free energy between the crystalline and liquid (glassy) state. 

The free energy of crystallization can be related to the undercooling below the melting 

temperature ܶ: 

ܩ∆ ൌ ܪ∆ ∙
∆ܶ

ܶ
 

(eq.8) 

where ∆ܶ ൌ ܶ െ ܶ is the degree of undercooling. 

The rate of crystal growth can be expressed as: 96 

rate	of	growth ∝ ሺܶሻܦ ∙ 1 െ ݔ݁ ൬െ
ܩ∆
݇ܶ

൰൨ (eq. 9)  

Both the rate of nucleation and growth have a kinetic component, the diffusion term, which 

increases exponentially above the glass transition temperature ܶ according to the VFT 

equation (cf. eq. 3), as well as a thermodynamic component, which increases with the 

degree of undercooling below ܶ. The rate of nucleation and growth typically peak close 

to ܶ and ܶ, respectively (Figure 3.3a). Overall, crystallization can only occur if both 
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nucleation and growth occur at a final rate. Therefore, the rate of crystallization peaks at an 

intermediate temperature between ܶ and ܶ. 

Information about the rate of crystallization can be used to construct so-called time-

temperature-transformation (TTT) diagrams, which provide insight into the degree of 

crystallization that will be reached through a particular choice of solidification protocol, as 

well as the likely prominence of either nucleation or growth (Figure 3.3b). Moreover, the 

rate of solidification can be estimated that is needed to quench the material to a glassy state 

where no, or very few crystalline domains are present. Also, it is evident that a reduction 

in the rate of crystallization (equivalent to a shift of the isenthalpic lines to the right in 

Figure 3.3b) will result in a material that is more likely to form a glass. 

Figure 3.3 a) Schematic of rate of nucleation and growth b) Schematic of a time-

temperature-transformation (TTT) diagram. The red and blue lines represent a constant 

cooling rate that leads to glass formation and a semi-crystalline solid, respectively. 

The crystallization rate of a multi-component system is –just like that of a single-

component system– determined by the rate of nucleation and growth. If the components 

are miscible then mixing decreases the free energy of the liquid relative to that of the 

individual components. 
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nanostructure
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For an ideal solution where the enthalpy of mixing Δܪ௫ ൌ 0, the free energy change of 

mixing Δܩ௫ ൌ Δܪ௫ െ ܶΔܵ௫ of n components only depends on the entropy of 

mixing: 

Δܵ௫ ൌ െܰ݇ܤ߶ ln߶



ୀଵ

 (eq. 10) 

where ߶ is the volume fraction of component i, and N is the total number of molecules. 

For a non-ideal solution, the free energy of mixing can decrease even more if  Δܪ௫ ൏ 0, 

which can arise due attractive molecular interactions such as -stacking or hydrogen 

bonding between the components.  

For an ideal solution, the highest entropy of mixing is obtained if the volume fraction of 

each component is equivalent. The same concept is prevalent in the field of high entropy 

alloys, where typically five or more components are mixed at a (close to) equimolar ratio.97 

Chapter 4 will discuss how the increase in the entropy of a mixture of molecules (C60 and 

C70) gives rise to a higher solubility in a common solvent, which reaches a maximum at a 

1:1 stoichiometry.  

Since the free energy of an ideal multi-component liquid is lower than the sum of the free 

energies of the single-component liquids by Δܩ௫ ൌ െܶΔܵ௫, the difference in the free 

energy change of crystallization ∆ܩ is likewise reduced.98 Inspection of equations 6 and 9 

indicates that a lower ∆ܩ decreases both the nucleation and growth rate. It can be 

concluded that mixing of two or more components reduces the overall crystallization rate, 

which increases the likelihood for glass formation. The highest tendency for glass 

formation of an ideal multi-component system should occur for a 1:1 stoichiometry, where 

also the highest solubility in a common solvent can be expected.  

Here it is interesting to note that the concept of multi-component mixtures is widespread in 

the field of pharmacy, where amorphous drugs are preferred because of their higher rate of 

dissolution.99 Likewise, in metallurgy the field of metallic glasses utilizes mixtures of 

different elements to influence the rate of crystallization.100  
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4 

4 Organic solar cells based on neat fullerene alloys 
Ternary blends permit to achieve both, high solar cell efficiencies and a high degree of 

thermal stability. For PC61BM:PC71BM based devices a performance of up to PCE ~11% 

has been reported, which is comparable to the highest values reached with binary and/or 

tandem solar cells.69  

Generally, the active layer of ternary solar cells consist of three components, the 

predominant donor:acceptor (D:A) system and a third component, which can be a polymer, 

small molecule, a dye or a nanoparticle.101–103 Ternary organic solar cells can be classified 

into three categories: 

 two donors and one acceptor (D1:D2:A).104–107 

 one donor and two acceptors (D:A1:A2).79,108–111  

 one donor, one nonvolatile additive and one acceptor (D:NA:A).112–115 

The use of three-component mixtures can result in different types of phase behavior, which 

strongly influences how the Voc evolves with composition. There are two main types of 

ternary systems: (i) binary or pseudo-binary systems that results from alloy formation of 

synergistic components, and (ii) true ternary systems, which arise as a result of the 

immiscibility of the three components.76,116,117 For the former type of system, Street et al. 

reported for a D1:D2:A and D:A1:A2 systems that the Voc displays a linear dependence with 

the amount of the third component, which allows to tune the device performance.118 Instead, 

for phase-separated ternaries, which feature no alloy formation, the resulting Voc 

corresponds to the low-Voc binary.119  

This chapter discusses the solubility and solution processing of neat fullerenes and neat 

fullerene mixtures, which are used as an acceptor material for organic photovoltaics. The 

use of ternary blends as a more cost-effective yet efficient alternative is introduced. This 

chapter will focus on the second ternary solar cell category (D/A1/A2) and the results 

presented in paper I and paper II, where different donor polymers have been used to explore 

this strategy.  
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4.1 Solubility and processing of pristine fullerenes and fullerene mixtures 

The solubility of polymer and small molecule semiconductors is a prerequisite for solution-

processed organic photovoltaics, influencing processability and solid state nanostructure 

formation, which in turn affects the opto-electronic behavior.120 Prior to evaporation of the 

processing solvent, the solubility of the different compounds within the solvent determines 

the onset of phase separation and the presence of aggregates that form at a given 

temperature and concentration. Therefore, control of the solubility can be regarded as a tool 

to guide formation of the bulk-heterojunction nanostructure. 

The most common strategy to enhance the solubility of organic semiconductors in organic 

solvents is the decoration with flexible pendant groups (side chains in case of polymers) 

that reduce the tendency for π-stacking and increase the entropy of the solubilized state. 

For instance, highly soluble fullerene derivatives such as PCBMs carry butyric acid methyl 

ester groups. Ideally, the amount of solubilizing pendant groups is minimized since they 

introduce defects and energetic disorder that can negatively affect charge transport. 

However, they are necessary to enable solution processing, which can result in a trade-off 

for organic photovoltaics.  

With the aim to establish a route towards high-performance and cost-effective organic solar 

cells, two materials systems were explored based on polymer:fullerene D/A1/A2 ternary 

blends. Neat fullerene mixtures of C60 and C70 were used as an electron acceptor material. 

The motivation for using neat fullerenes instead of fullerene derivatives such as PC61BM 

and PC71BM is the reduced cost of the material (see Table 1 in chapter 2), as well as their 

tendency to vitrify upon mixing, as discussed in this chapter. 

C60 appears purple in solution whereas C70 displays a more ruby-like color due to the 

stronger absorption in the 400-600 nm range (Figure 4.1). The color of dissolved C60:C70 

is dominated by the C70 absorption and hence also appears ruby-red. UV-vis absorption 

spectra of C60:C70 are linear superpositions of the spectra of the individual components 

(note the isosbestic point at 360 nm), which indicates that C60 and C70 do not interact in 

solution. 
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Figure 4.1 a) solutions of C60, C70 and a 1:1 CC60:C70 mixture in o-DCB. b) UV-vis 

absorbance spectra of fullerene solutions in o-DCB with varying C70 fraction. (adapted 

from paper I) 

In order to investigate the solubility behavior of neat fullerenes in more detail, the solubility 

was determined as a function of C60:C70 ratio with o-DCB as the solvent (commonly used 

for lab-scale device processing). The solubility was determined by adding an excess of 

fullerene material to the solvent, followed by the dissolution of the soluble fraction and 

careful determination of the concentration after removal of the insoluble fraction by 

centrifugation. Figure 4.2a shows the solubility of C60 and C70 in o-DCB at 27 ˚C as a 

function of C60:C70 weight ratio (molar ratio), reaching a broad maximum at 54 g L-1 for a 

1:1 weight ratio. Neat C60 and C70 feature a lower solubility of 22 and 26 g L-1, respectively. 

This enhanced solubility can be explained with a higher configurational entropy of the 

mixture that is obtained upon dissolution compared to neat C60 and C70.  
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Figure 4.2 a) Solubility of C60 and C70 in o-DCB at 27 ˚C as a function of CC60:C70 weight 

ratio (molar ratio). b) Ternary phase diagram of C60:C70:o-DCB at 27 ˚C. (A) represents 

a single-phase region (blue-shaded area) and (B) a two-phase region; transmission optical 

images of a 35 g L-1solution of 1:1 C60:C70 (top left) and a 60 g L-1 solution of 3:1 C60:C70 

(top right), sandwiched between glass slides (scale bar 300 µm). (adapted from paper II) 

The ternary diagram in Figure 4.2b summarizes the solubility-composition dependence of 

the C60:C70:o-DCB system. A single-phase region is observed at concentrations above the 

liquidus line (homogeneous solutions). Instead, a two-phase region exists at high fullerene 

concentrations, which corresponds to saturated solutions with aggregates of excess C60 

and/or C70. 

The enhanced entropy of C60:C70 mixtures as compared to the entropy of either single 

fullerene sufficiently reduces the tendency to crystallize (cf. chapter 3), which facilitates 

film formation during spin coating (9 wt% UHMW-PS was added as a binder material to 

adjust the viscosity). As can be seen in Figure 4.3 reference films of neat C60 and C70 dewet 

during spin-coating the active layer of field-effect transistors (FETs), whereas C60:C70 

forms a homogeneous film. 76,79,121 
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Figure 4.3 Optical images of neat fullerene films on transistor test substrates. 9 wt% 

UHMW-PS were added as a binder. (reproduced from paper II) 

4.1.1 Configurational entropy of neat fullerene mixtures 

The difference in configurational entropy upon dissolving mixtures of two molecules 

instead of single components can be derived by using an approach that is similar to the one 

encountered as part of the Flory-Huggins theory for polymer solutions. Consider a lattice 

where (1) ௦ܰ௩௧ solvent molecules occupy one lattice site each, whereas (2) ௦ܰ௨௧ 

solute molecules occupy the equivalent of ݎ௦௨௧ lattice sites each. The van der Waals 

molecular volume of an o-DCB molecule is ܸ ௩ௗௐ ~111 Å3, which is smaller than the volume 

௩ܸௗௐ ~549 and 646 Å3 of C60 and C70, respectively. Therefore, C60 and C70 occupy the 

equivalent of ݎ௦௨௧	~5 and 6 lattice sites, whereas o-DCB occupies one site. The total number 

of sites is given by: 

ܰ ൌ ௦ܰ௩௧  ௦௨௧ݎ ௦ܰ௨௧ 

The configurational entropy of mixing is then given by: 

∆ܵ௫ ൌ െ݇ܤ ∙  ௦ܰ௩௧ ln
௦ܰ௩௧

ܰ
 ௦ܰ௨௧ ln

௦௨௧ݎ ∙ ௦ܰ௨௧

ܰ
൨ 

where ݇ is the Boltzmann constant. 

The volume fractions of the solvent and solute are:  

߶௦௩௧ ൌ
௦ܰ௩௧

ܰ
 

߶௦௨௧ ൌ
௦௨௧ݎ ∙ ௦ܰ௨௧

ܰ
 

where 1 ൌ ߶௦௩௧  ߶௦௨௧. 

Now consider binary solutions of either C60 or C70 in a given amount of solvent: 
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െ∆ܵ௫
లబ

ܤ݇
ൌ ܰలబ ln߶లబ  ௦ܰ௩௧ ln ߶௦௩௧

ൌ ܰలబ ln ߶లబ  ܰ ∙ ሺ1 െ ߶లబሻ ∙ lnሺ1 െ ߶లబሻ 

െ∆ܵ௫
ళబ

ܤ݇
ൌ ܰళబ ln߶ళబ  ௦ܰ௩௧ ln ߶௦௩௧

ൌ ܰళబ ln ߶ళబ  ܰ ∙ ሺ1 െ ߶ళబሻ ∙ lnሺ1 െ ߶ళబሻ 

and a ternary solution of C60 + C70 in the same amount of solvent: 

െ∆ܵ௫
௧௬

ܤ݇
ൌ ܰలబ ln ߶లబ  ܰళబ ln ߶ళబ 	 ௦ܰ௩௧ ln ߶௦௩௧

ൌ ܰలబ ln ߶లబ  ܰళబ ln ߶ళబ  ܰ ∙ ሺ1 െ ߶లబ െ ߶ళబሻ

∙ lnሺ1 െ ߶లబ െ ߶ళబሻ 

One thus obtains the difference in the entropy of mixing between the ternary solution and 

the two binary solutions as: 

∆S ൌ ∆ܵ௫
௧௬ െ ∆ܵ௫

లబ െ ∆ܵ௫
ళబ  

െ∆ܵ
ܰ݇

ൌ ቀ1 െ 60ܥ߶ െ 70ቁܥ߶ ∙ lnሺ1 െ 60ܥ߶ െ 70ሻܥ߶ െ ሺ1 െ 60ሻܥ߶ ∙ lnሺ1 െ 60ሻܥ߶ െ ሺ1 െ 70ሻܥ߶

∙ lnሺ1 െ  70ሻܥ߶

In the dilute solution limit where ߶లబ, ߶ళబ ൎ 0 we can use the relation lnሺ1 െ ሻݔ ൎ െݔ 

for small ݔ to obtain a simple relation for the entropy gain upon co-dissolving C60 + C70 in 

a common solvent: 

െ∆ܵ
ܤ݇ܰ

ൌ 2 ∙ ߶లబ ∙ ߶ళబ 

∆ܵ ∝ ߶లబ ∙ ߶ళబ  

Which implies that ∆ܵ is maximized if: 

߶ ൌ  ૠ߶

In summary, the maximum entropy gain and hence the highest increase in solubility is 

achieved if a 1:1 C60:C70 volume ratio is co-dissolved. 

This result suggests that the observed increase in solubility, which occurs at a 1:1 C60:C70 

ratio, correlates with the highest configurational entropy of ternary solutions (cf. discussion 
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about entropy of mixing in chapter 3 and 6). C-NMR spectroscopy was used to exclude 

interactions between C60 and C70 (cf. Paper II). 

4.2 TQ1:C60:C70 ternaries 

In this study, the thiophene-quinoxaline copolymer TQ1 (see the inset of Figure 4.4b for 

chemical structure of TQ1) was used as the electron donor material. TQ1 is an attractive 

polymer that combines several desirable features such as ease of synthesis,20 excellent 

solubility in organic solvents, a narrow bandgap ܧ ~ 1.78 nm, a high ܶ ~ 100-110 

°C,91,paper III good photo-stability,122 and a good photovoltaic performance with a PCE of up 

to 6-7%.20,37 

To analyze the nanostructure of spin-coated thin films, atomic force microscopy (AFM), 

transmission electron microscopy (TEM) and selected area electron diffraction (SAED) 

were used. TEM was carried out by Olof Bäcke (Dept. of Physics, Chalmers). Tapping 

mode AFM images suggest a homogeneous surface texture with root mean square (RMS) 

roughness of only 0.5 nm. In the corresponding TEM bright field images no distinct, phase-

separated domains can be seen and SAED patterns reveal only an amorphous halo, 

indicating that no fullerene crystals have formed (see Figure 4.4a). Photoluminescence 

(PL) measurements indicate that in TQ1:C60:C70 films the polymer emission is strongly 

quenched as evidenced by a large PL quenching ratio Φ ~ 125 (see Figure 4.4b). These 

measurements conclude that TQ1:C60:C70 blends are finely mixed. 
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Figure 4.4 a) AFM height image and TEM bright field image of a 2:1:1 TQ1:C60:C70 film; 

inset: SAED pattern, b) photoluminescence (PL) spectra of a neat TQ1 film (black, signal 

reduced 50 times), 1:1 C60:C70 (grey) and 2:1:1 TQ1:C60:C70 (red), inset: chemical 

structure of TQ1. (reproduced from paper I) 

Table 3: Performance of optimized solar cells (average of 3-4 devices on the same 

substrate, best performance in brackets). (adapted from paper I) 

 

The photovoltaic performance of TQ1:C60 and TQ1:C70 binary blends is lower compared 

to the ternary blends (see figure 4.5a and Table 3). The use of neat fullerenes slightly 

reduces the Voc by 0.1-0.15 V compared to devices based on PC61BM.123 Square-wave 

voltammetry measurements revealed that PC61BM and C60 have similar LUMO levels of 

4.3 eV. The slightly different Voc may arise due to the formation of neat fullerene 

aggregates, which are too small to be detected with TEM. 

Blend thickness 

(nm) 

Jsc 

(mA cm-2) 

Voc 

(mV) 

FF 

(-) 

PCE 

(%) 

1:1 TQ1:PC61BM 95 ± 5 7.5 ± 0.1 910 ± 3 0.48 ± 0.01 3.4 ± 0.1 (3.5) 

1:1 TQ1:C60 97± 6 6.6 ± 0.2 810 ± 10 0.48 ± 0.01 2.5 ± 0.1 (2.6) 

5:4:1 TQ1:C60:C70 131 ± 2 7.2 ± 0.2 770 ± 20 0.46 ± 0.03 2.6 ± 0.2 (2.8) 

2:1:1 TQ1:C60:C70 96 ± 2 8.4 ± 0.1 780 ± 4 0.54 ± 0.01 3.6 ± 0.1 (3.7) 

1:1 TQ1:C70 120 ± 2 8.2 ± 0.2 760 ± 3 0.45 ± 0.03 2.9 ± 0.2 (3.1) 
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A number of previous studies report that the FF of ternary blends is composition dependent, 

and that the addition of a small amount of a third component to a binary BHJ blend can 

cause a significant decrease in FF.124,125 However for the case of 2:1:1 TQ1:C60:C70 ternary 

blends the opposite trend is observed, the FF increases by ~0.1. At the same time the Jsc 

increases by 1.8 mA cm-2 when compared with TQ1:C60 solar cells. Besides, the EQE 

increases by more than 40% at the absorption peak around 580 nm (see Figure 4.5b). It 

should be noted that using a fullerene ratio of 4:1 C60:C70, which is typically obtained from 

fullerene synthesis,126,127 gives rise to a lower FF in comparison with the 1:1 C60:C70 ratio.  

Figure 4.5 a) IV characteristics and b) EQE spectra of optimized devices based on TQ1:C60 

(blue), TQ1:C70 (red) and 2:1:1 TQ1:C60:C70 (black). Note that the EQE of TQ1:C60 is 

much lower due to the device was aged (reproduced from paper I) 

From this study, it can be concluded that the use of neat fullerene mixtures in ternary blends 

can improve the FF, Jsc and hence PCE provided that the right fullerene ratio is selected.  

4.2.1 PTB7:C60:C70 ternaries 

The use of neat fullerene mixtures as an electron acceptor material was further investigated 

by replacing the donor material. The widely studied narrow-bandgap fluorothieno-

benzodithiophene copolymer PTB7 was selected due to its strong absorption and good 

photovoltaic performance (see chemical structure in the inset of Figure 4.6b).18,128,129 
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Figure 4.6 a) IV curves (inset: solar cell device structure) and b) EQE (inset: chemical 

structure of PTB7) of devices based on PTB7:C60 (black), PTB7:C70 (red) and 2:1:1 

PTB7:C60:C70 (blue). c) device reproducibility based on 36 PTB7:C60:C70 solar cell 

devices; the solid line is a Gaussian fit. (reproduced from paper II) 

The ratio of polymer to fullerene mixture was chosen to be 1:1 by weight because for 

TQ1:C60:C70 ternaries equal amounts of donor and acceptor material resulted in the highest 

power conversion efficiency. PTB7:fullerene photovoltaic devices show a comparable FF 

and Voc for binary and ternary blends (see Figure 4.6a and Table 4). Instead, the Jsc is more 

affected by the C60:C70 ratio. PTB7:C60 binary blends show a lower photocurrent than C70-

containing ternary blends, which can be explained by the weaker absorption of C60 as 

compared to C70 (see Figure 4.1b). This finding was supported by the corresponding EQE 

spectra (see Figure 4.6b), which confirm that the replacement of C60 by C70 leads to higher 

photocurrent generation. A Jsc as high as 14.9 mA cm-2 is obtained for a 2:1:1 PTB7:C60:C70 

ternary blend, which is comparable to the Jsc of PTB7:PC71BM.128,129 Although PTB7:C70 

binary devices display a similar PCE, ternary blends are more cost-effective (see Table 1 

in chapter 2), accomplishing the same photovoltaic performance at lower cost. 

Similar to the TQ1:fullerene case, the Voc is independent of the fullerene ratio (see Table 

4). Again, a 0.1 V reduction is observed compared to PCBM-based devices.128 Overall, the 

solar cell efficiency of all PTB7:fullerene devices reaches on average 6%, which is the 

highest value reported to date for devices using pristine fullerenes as the acceptor. 

Moreover, excellent reproducibility of the photovoltaic performance was observed. A 

comparison of all 2:1:1 PTB7:C60:C70 devices that were fabricated for this study reveal a 

narrow standard deviation of ΔPCE ~ ± 0.6 % (Figure 4.6c). This is despite the fact that 

for some devices the concentration of the processing solution and the spin coating speed 
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were varied. Moreover, some active layers were annealed for 10 min at 100 ˚C (see Table 

4). The thermal stability of PTB7:C60:C70 ternaries is further discussed in chapter 5. 

Table 4: Performance of optimized solar cells (best performance in brackets; *annealed 

for 10 min at 100 ˚C). (adapted from paper II) 

Blend Total conc. 

 

/ g L-1 

No. of 

devices 

 

Thickness 

 

/ nm 

Jsc 

 

/ mA cm-2 

Voc 

 

/ mV 

FF 

 

/ - 

PCE 

 

/ % 

1:1 PTB7:C60 40 6 ~ 90 11.9±1.2 668±1 0.61±0.03 4.9±0.6 (5.7) 

1:1 PTB7:C70 40 6 ~ 90 14.6±0.6 664±1 0.62±0.01 6.0±0.3 (6.4) 

5:4:1 PTB7:C60:C70  40 6 ~ 120 14.3±0.6 663±1 0.53±0.01 5.1±0.3 (5.4) 

2:1:1 PTB7:C60:C70 40 6 ~ 150 14.4±0.7 663±1 0.62±0.01 6.0±0.3 (6.5) 

2:1:1 PTB7:C60:C70 30 24 ~ 120 14.9±0.8 660±1 0.60±0.03 5.9±0.6 (6.5) 

2:1:1 PTB7:C60:C70
* 30 6 ~ 120 14.1±0.1 663±1 0.62±0.01 5.9±0.3 (6.2) 
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5 

5 Thermal stability of ternary blends 
5.1 Relevance of the glass transition temperature 

To enable commercialization, it is critical to ensure the long-term stability of organic solar 

cells. Degradation of organic solar cells can have many causes, such as chemical or 

structural changes of the electrodes, interlayers and/or active layer that occur due to 

exposure to (UV) light, oxygen, water and elevated temperature, but also delamination and 

cracking of layers. One important aspect is the thermal stability of the BHJ nanostructure 

of the active layer during fabrication and operation. 

With regard to the manufacture of organic solar cells, the coating speed is limited by the 

rate of solvent removal, which can be accelerated by heating. The choice of substrate 

restricts the highest processing temperature. For instance, when PET foil is used as the 

substrate, the processing temperature is limited to 140 ˚C.130,131 Instead, substrates made of 

e.g. poly(ethylene naphthalate) (PEN) can endure temperatures up to 180 ˚C.132 However, 

PET is a cheaper alternative, and is therefore the most commonly used substrate. Thermal 

stability of the active layer is also essential for a long lifetime of the solar cells. Industry 

standards require cycling between -40 ˚C to +85 ˚C, which the active layer must be able to 

endure.133   

The nanostructure is not in thermal equilibrium after deposition. Hence, upon annealing 

during fabrication changes in nanostructure may occur. This can be detrimental for the 

device performance.83,134,135 It is therefore recommended to select donor:acceptor blends 

with a high glass transition temperature in order to prevent reorganization of the 

nanostructure upon heating.136 Finely mixed blends usually exhibit a single Tg where the 

nanostructure stays frozen-in. it is important to note that relaxation of the donor polymer 

and diffusion of the fullerene acceptor are slowed down but can nevertheless occur on a 

sufficiently long timescale. 

The use of fullerene alloys is a promising approach that permits to enhance the thermal 

stability below and around the Tg of the blend. Cheng et al. have demonstrated that 

PC61BM:PC71BM based solar cells can display a high photovoltaic performance with a PCE 
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above 10% and high thermal stability up to 130 ˚C.137 Lindqvist et al. have studied the 

thermal stability of a ternary blend based on PC61BM:PC71BM and TQ1, and found that the 

power conversion efficiency deteriorated above 100 ˚C (see Figure 5.1).79 In Paper III the 

Tg of this ternary blend was determined with plasmonic nanospectroscopy (cf. chapter 3). 

A Tg ~120 ˚C is in agreement with the reported influence of the annealing temperature on 

the photovoltaic performance of 2:1:1 TQ1:PC61BM:PC71BM. 

 

Figure 5.1 a) Optical absorption of a 5:4:1 TQ1:PC61BM:PC71BM thin film (blue) and the 

localized surface plasmon resonance (LSPR) of the Ag nanodisk sensor (red). b) First 

plasmonic nanospectroscopy heating scan of 5:4:1 TQ1:PC61BM:PC71BM from 60 to 

180˚C (red circles) and PCEs from Ref. 79 (blue circles) of 2:1:1 TQ1:PC61BM:PC71BM. 

The intersection of the straight lines indicates the glass transition temperature. 

(reproduced from Paper IV, measurements were carried out by Ferry A.A. Nugroho, Dept. 

of Physics, Chalmers)  

The remainder of this chapter describes the thermal stability of ternary blends based on neat 

fullerene mixtures. The use of neat fullerene mixtures is cost effective because several steps 

associated with the synthesis of PCBMs can be avoided (cf. chapter 2). To measure the Tg,  

plasmonic nanospectroscopy was used. Furthermore, the impact of changes in 

nanostructure (above Tg) on photovoltaic device performance are discussed (summary of 

paper IV). 
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5.2 Glass transition temperature of ternary blends based on neat fullerene alloys 

No information about the thermal stability of ternary systems based on neat fullerenes is 

available in the literature. Therefore, a series of plasmonic nanospectroscopy experiments 

was carried out. Measurements of C60:C70 thin films were not conclusive, likely because of 

the high transition temperatures that can be anticipated for unsubstituted fullerenes. In 

contrast, plasmonic nanospectroscopy of ternary blends showed a distinct change in 

d(Δλpeak)/dT, which can be associated with the glass transition (cf. chapter 3). 

Thin films of 2:1:1 TQ1:C60:C70 show a glass transition temperature around 140 ˚C (see 

Figure 5.2), which is higher than the glass transition temperature of neat TQ1,91 1:1 

TQ1:PC61BM,138 and 2:1:1 TQ1:PC61BM:PC71BM. Table 5 summarizes the glass 

transition temperatures and PCEs of different TQ1:fullerene blends. 

Table 5. Summary of the glass transition temperatures and PCE of TQ1:fullerene blends. 

n.m. = not measured. Note that two Tgs have been reported for TQ1:PC71BM. The strong 

tendency of this blend to phase-separate during spin-coating leads to a TQ1-rich and 

PC71BM-rich phase that both display a distinct Tg.139 

Blend Tg (˚C) PCE (%) Ref. 

TQ1:PC61BM 110 4.9 138 

TQ1:PC71BM 110/160 7 139, 86, 37 

TQ1:PC61BM: PC71BM 123 4.5 Paper III 

TQ1:PC61BM:C60 n.m. 3.6 140 

TQ1:C60:C70 141 3.6 Paper IV 
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Figure 5.2 a) Optical absorption of a 2:1:1 TQ1:C60:C70 thin film (blue) and the localized 

surface plasmon resonance (LSPR) of the Au nanodisk sensor (red). b) First plasmonic 

nanospectroscopy heating scan of 2:1:1 TQ1:C60:C70 from 60 to 300˚C. Note that the Tg 

shifts to 182 ˚C during subsequent heating scans. The intersection of the straight lines 

indicates the glass transition temperature. (reproduced from Paper IV, measurements were 

carried out by Ferry A.A. Nugroho, Dept. of Physics, Chalmers)  

A second system based on PTB7 and neat fullerenes was studied (paper IV). A 100 nm thin 

film of a 2:1:1 PTB7:C60:C70 blend was deposited on top of a nanoplasmonic sensor array 

of Au nanodisks (covered with Si3N4 support layer), which have a plasmon resonance at 

λpeak ~920 nm. The NIR resonance was chosen to avoid any overlap with the absorption of 

the ternary blend (see Figure 5.3a). 

When heating from 60 to 250 ˚C, there is a continuous blue shift of the plasmon resonance 

peak Δλpeak with a change in the slope d(Δλpeak)/dT around 224±1 ˚C, which is attributed to 

the glass transition temperature of the ternary blend (see Figure 5.2b and chapter 3). The 

onset of change in the slope is located at about 180 ˚C, which indicates that changes in the 

nanostructure of the blend occur at lower temperatures than the nominal Tg. The high glass 

transition of the 2:1:1 PTB7:C60:C70 ternary blend lies considerably above both, the likely 

range of processing and operating temperatures. 

While such a high Tg is not necessary to render the active layer blend inert when tested on 

a short timescale, it may nevertheless be of advantage for complete long-term stability. 

Changes in nanostructure can occur below Tg, provided that the material is given a 

sufficient amount of time. For instance, Bergqvist et al. observed that local changes in 
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nanostructure occur in TQ1:PC61BM when annealed as much as 70 ˚C below the Tg of the 

blend.83 The further below Tg a material is annealed, the slower any sub-Tg annealing 

process will be. 

 

Figure 5.3 a) Optical absorption of a 2:1:1 PTB7:C60:C70 thin film (blue) and the localized 

surface plasmon resonance (LSPR) of the Au nanodisk sensor (red). b) First plasmonic 

nanospectroscopy heating scan to monitor the shift in the LSPR peak Δλpeak during heating 

from 60 to 250 ˚C (red); the intersection of the straight dashed lines indicates the glass 

transition temperature. Note that the Tg shifts to ~230 ˚C during subsequent heating scans 

(reproduced from Paper IV, measurements were carried out by Ferry A.A. Nugroho Dept. 

of Physics, Chalmers)  

5.3 Evolution of the nanostructure above the glass transition temperature 

Annealing of a bulk heterojunction blend above its glass transition temperature can lead to 

coarsening through liquid-liquid phase-separation and/or crystallization of one or several 

blend components.24,136,138 Fullerenes tend to be disordered after solution processing but 

when annealed form crystals that can reach many micrometers in size. In order to inspect 

the nanostructure evolution after annealing, transmission electron microscopy (TEM), 

selected area electron diffraction (SAED) and photoluminescence (PL) spectroscopy were 

carried out. 

Figure 5.4 shows TEM bright field images after heating up to 240 ˚C. Evidently, a fine-

grained homogeneous nanostructure is preserved up to an annealing temperature of 180 ˚C, 

which is supported by the corresponding SAED pattern, showing an amorphous halo. Upon 

increasing the annealing temperature to 190 ˚C, micrometer-sized, single-crystal-like 
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entities are seen in the TEM images surrounded by a bright halo. This depletion region 

originates from the diffusion of fullerene material towards the growing crystals. The lower 

electron density of the remaining PTB7-rich phase gives rise to bright regions that surround 

the crystals. The depletion region, which manifests itself as a bright halo, has been observed 

previously around fullerene crystals that have grown in polymer:fullerene BHJ 

blends.134,138,141,142  

 

Figure 5.4 TEM images and electron diffraction patterns (bottom right) of 2:1:1 

PTB7:C60:C70 thin films after annealing for 10 min at 180 ˚C (left), 190 ˚C (middle) and 

240 ˚C (right). (reproduced from Paper IV, measurements were carried out by Olof Bäcke, 

Dept. of Physics, Chalmers)  

PL measurements reveal that the emission of neat PTB7 is strongly quenched by a factor 

of 130 when the fullerene alloy is added (see supporting information of paper IV). The 

emission remains strongly quenched upon annealing the blend up to 300 ˚C, which 

indicates that no pure polymer domains have developed. 

5.4 Impact of thermal annealing on the photovoltaic performance of PTB7:C60:C70  

A series of solar cells was prepared to study the impact of annealing on the photovoltaic 

performance of 2:1:1 PTB7:C60:C70 ternary blends. A 100-110 nm thick active layer was 

deposited onto PEDOT:PSS/ITO coated glass (see chapter 2.4.2 for device architecture). 

The active layer was annealed, before top electrode deposition, in the dark for 10 min at 

Tanneal ranging from room temperature to 300 ˚C. For Tanneal ≤ 180 ˚C, the photovoltaic 

performance is unaffected (no statistically significant change is observed; see Figure 5.5). 

Upon annealing above this temperature both Jsc and FF start to decrease, first slowly up to 

Tanneal ~220 ˚C, which is in agreement with the onset of the glass transition temperature at 

~180 ˚C as observed with plasmonic nanospectroscopy (cf. Figure 5.3b). The rapid 
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deterioration of the solar cell performance at higher temperatures coincides with the Tg 

~224 ˚C. 

 

Figure 5.5 a) current-voltage J-V characteristics of 2:1:1 PTB7:C60:C70 devices, with 

active layers thermally treated at Tanneal, dark current of an as-cast device (dashes), b) Jsc 

and FF, c) Voc and PCE of 2:1:1 PTB7:C60:C70 devices as function of annealing 

temperature. Each data point corresponds to a measured device, error bars reflect the 

standard deviation of 3-5 devices on the same substrate (solid lines are a guide to the eye). 

(reproduced from Paper IV) 

In summary, the investigated PTB7:C60:C70 ternary blend displays a high glass transition 

temperature, Tg ~224 ˚C. TEM images confirmed the tendency of the ternary blend to form 

glassy, amorphous thin films with a homogeneous nanostructure. PCEs remained unaltered 

at temperatures up to 180 ˚C, which agrees with the onset of the blend Tg. 
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6 

6 Fullerene-free ternary blends  
The replacement of fullerenes with alternative acceptors materials currently receives 

considerable attention. Candidates that offer a more cost-effective synthesis paired with a 

higher degree of stability are particularly attractive. Solar cell efficiencies of up to 11% 

have been reported for fullerene-free D:A binary blends,143 as well as D:A1:A2 ternary 

blends.69,116,144–146  

Table 6 summarizes the makeup and photovoltaic performance of selected fullerene-free 

ternary blends. Baran et al. studied ternary blends of several donor polymers including 

P3HT and PTB7-Th that were combined with mixtures of two acceptor materials: IDTBR 

and IDFBR (an indacenodithiophene and indenofluorene core with benzothiadiazole and 

rhodamine groups, respectively). For the P3HT:IDTBR:IDFBR system a detailed analysis 

of the nanostructure was carried out. The 1:1 P3HT:IDTBR binary blend is characterized 

by a high degree of order. X-ray scattering reveals both crystalline polymer and acceptor 

domains. The crystallinity of IDTBR is gradually reduced as an increasing fraction of 

IDTBR is replaced with IDFBR. For a stoichiometry of 1:0.7:0.3 only few IDTBR crystals 

remain. At higher IDFBR content the acceptor mixture is vitrified and forms an amorphous 

phase. At a stoichiometry of 1:0.7:0.3 P3HT:IDTBR:IDFBR a PCE ~ 7.7% was obtained, 

which is a considerable improvement to P3HT:fullerene systems with a PCE of typically 

around 4%. Ternary blends of PTB7-Th:IDTBR:IDFBR gave rise to a PCE as high as 11% 

(see Figure 6.1).69 Yu and coworkers carried out another promising study with a record 

efficiency of 11%.144 The combination of a wide-bandgap donor polymer (J52),147 a 

medium bandgap acceptor (IT-M),148 and a low-bandgap acceptor,149 resulted in a broad 

absorption spectrum that covered the entire visible and near-infrared region from 750 nm 

to 1200 nm (see Figure 6.1).   
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 Table 6: Summary of photovoltaic performance of selected D:A1:A2 ternary blends. 

 

Perylene diimides (PDIs) are an interesting class of materials that feature a high electron 

mobility of 10-1-10-3 cm2 V-1 s-1, similar to that of many fullerene derivatives. In addition, 

PDIs offer a large optical extinction coefficient (which for fullerenes is smaller in the 

visible range), as well as superior photochemical and thermal stability, which makes them 

a promising alternative to fullerene based acceptors.152–155 However, planar PDIs have a 

strong tendency to π-stack in the solid state, which gives rise to micrometer-scale ordered 

domains that lead to incomplete exciton dissociation.156 Different approaches have been 

employed to reduce the π-aggregation, such as the synthesis of dimers or trimers.157–159 

During the last two years, several studies have reported PDI based ternary solar cells, with 

device efficiencies of up to 10% (see Table 6 and Figure 6.1).146,150,151 These studies 

conclude that a finely phase-separated blend nanostructure with greatly reduced PDI 

domain size can be achieved upon mixing of all three components. It can be anticipated 

that the PDI-based acceptors discussed in Refs. 146 and 151 can only crystallize with great 

difficulty. It is striking that the neat PDI derivative used in Ref. 150, which on its own 

readily crystallizes (cf. Figure 6.5), inhibits PDI aggreagtion when blended with PTB7-Th 

and ITIC. Evidently, ternary blends are well suited to induce an amorphous (and possibly 

glassy) nanostructure. 

Ternary blends Ratio Jsc 

[mA cm
-2

] 

Voc 

[V] 

FF 

[-] 

PCE 

[%] 

 

Ref. 

PC10:IDTBR:IDFBR 1:0.5:0.5 17 1.03 0.6 11 69 

PTB7-Th:SF-4PDI:TPE-4PDI 1:0.9:0.1 15 0.86 0.48 6.2 146 

PTB7-Th:ITIC:PDI 1:0.3:0.7 18 0.84 0.56 7.1 150 

PDBT-T1:SdiPBI-Se:ITIC-Th 1:0.5:0.5 15 0.93 0.7 10.1 151 

J52:IT-M:IEICO 1:0.8:0.2 20 0.85 0.67 11.1  144 
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Figure 6.1. Chemical structure of the donor and acceptor materials used in refs. 69, 146, 

150, 151, 144. 
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6.1 Solubility of fullerene and non-fullerene mixtures 

In chapter 4 the solubility of C60:C70 fullerene mixtures was correlated with the composition 

that is associated with the highest configurational entropy.  

The solubility of C60:C70 in o-DCB and PC61BM:PC71BM in CB are compared in Figure 

6.2a,b. Also in case of PC61BM:PC71BM, the maximum is located approximately at a 1:1 

weight ratio. As discussed in chapter 4, the increase in solubility of mixtures can be 

explained by the higher configurational entropy of the ternary systems 

(PC61BM:PC71BM:o-DCB and C60:C70:o-DCB), as compared to the corresponding 

fullerene:solvent binaries.  

To explore if the increase in solubility also applies to non-fullerene materials, two 

additional ternary systems were studied. Rubrene:9,10-diphenylanthracene (DPA) 

mixtures show the highest solubility at a 1:2 weight ratio, which coincides with the range 

of compositions that display the highest tendency to vitrify. Vitrification of this mixture 

was exploited by Stingelin et al. to control crystallization in the channel of field effect 

transistors.160 Compared with C60:C70 mixtures, the maximum solubility of rubrene:DPA is 

not located at a 1:1 weight ratio, which suggest that besides the configurational entropy of 

mixing, conformational entropy, and possibly molecular interactions must be taken into 

account. In the case of PDI-1:PDI-2, which was selected as a potential acceptor mixture, 

the maximum solubility is located at a 1:1 weight ratio, indicating that the configurational 

entropy is the most important factor that influences the solubility. The solubility increased 

upon mixing both PDIs, which suggests that the conclusions drawn in paper I and II also 

apply to other acceptor mixtures. Similar to C60:C70 the solubility increases from about 20 

to 50 g L-1 in o-DCB for a close to equimolar PDI-1:PDI-2 mixture.  

Since C60:C70, PC61BM:PC71BM and PDI-1:PDI-2 display the highest solubility at a 1:1 

stoichiometry it is reasonable to treat these systems as ideal mixtures (cf. eq. 10 and 

derivation in chapter 4.1.1). It can be anticipated that the entropy of mixing also reduces 

the crystallization kinetics most strongly for a 1:1 stoichiometry (cf. chapter 3.3). In case 

of fullerene mixtures complete vitrification is observed. The PDI system, which still 

crystallizes to some extent, is discussed below.  The rubrene:DPA system does not display 

the highest solubility at a 1:1 stoichiometry and must therefore be treated as a non-ideal 

solution. However, according to Ref. 160 the highest solubility and tendency for 

vitrification coincide. The correlation between the increase in solubility and decrease in the 
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rate of crystallization opens up the possibility to use the solubility as a metric to identify 

potential glass forming mixtures.  
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6.2 PTB7:PDI-1:PDI-2 case study 

One strategy to reduce the strong tendency for π-stacking of planar PDIs is to use mixtures 

that aggregate to a lesser extent. In this thesis, a ternary mixture of PTB7, PDI-1 and PDI-

2 was studied. PDI-1 and PDI-2 carry different solubilizing branched alkyl substituents that 

help to reduce aggregation (see Figure 6.3) and increase solubility.  

 

Figure 6.3 Chemical structures of PTB7, PDI-1 and PDI-2. 

Polarized optical microscopy and AFM images reveal that upon mixing of PTB7 with the 

two planar PDIs the crystal size is significantly reduced (see Figure 6.4). PTB7:PDI-1 and 

PTB7:PDI-2 show up to ~20 µm and ~5 µm sized crystals, respectively. When adding a 

second PDI molecule up to ~ 500 nm large crystals form. Organic solar cells were 

fabricated using PTB7:PDI-1:PDI-2 blends but displayed a too erratic photocurrent to 

permit any conclusions. The crystal size remains too large for OPV applications.  
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Figure 6.4 a) Polarized optical microscopy images (POM) of PTB7:PDI-1, PTB7:PDI-2 

and PTB7:PDI-1:PDI-2 spin-coated samples on a glass substrate (100×magnification). b) 

AFM images of spin-coated films of PTB7:PDI-1, PTB7-PDI-2 and PTB7:PDI-1:PDI-2. 

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) was used to further 

investigate the influence of blending on the microstructure of PTB7:PDIs thin films. Thin 

films (thickness ~ 100 nm) of PDIs and blends with PTB7 were measured at the D1 beam 

line of the Cornell High Energy Synchrotron Source (CHESS). Both, PDI-1 and PDI-2 

crystallize strongly on their own as indicated by the high diffraction intensities and distinct 

secondary diffractions (see Figure 6.5a and b). Upon mixing the PDIs with PTB7, the 

intensities of the primary diffraction peaks decrease significantly. We note that such 

reduction is more significant for the PTB7:PDI2 blend (see Figure 6.5d and e). The ternary 

blend of PTB7, PDI-1 and PDI-2 (see Figure 6.5f) displays a strongly reduced degree of 

order, which suggests that the use of PDI mixtures is a potential alternative for solution 

processed solar cells.  

 

 



Fullerene-free ternary blends  
 

61 
 

 

Figure 6.5 (a-f) Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) 

diffractograms of (a) PDI-1, (b) PDI-2, (c) PTB7, (d) binary blends 1:1 PTB7:PDI-1, (e) 

1:1 PTB7:PDI-2 and (f) ternary blend 2:1:1 PTB7:PDI-1:PDI-2. (g) Out-of-plane 

diffractions based on a-f.  
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7 

7 Concluding remarks  
Organic solar cells are a promising alternative to established solar cell technologies due to 

their cost-effective production techniques such as large-area printing. High-throughput 

manufacturing requires thermally stable materials because such a process involves several 

heating steps during the production. Further, solar cells experience elevated temperatures 

when exposed to sun light. The use of ternary blends has been the main subject of this 

thesis. Ternary blends feature a more controlled nanostructure and superior thermal 

stability of the active layer as compared to binary systems. Most of the work presented in 

this thesis focuses on bulk-heterojunction blends of the thiophene-quinoxaline polymer 

TQ1 or the fluorothieno-benzodithiophene polymer PTB7 as the electron donor material 

and neat fullerene mixtures of C60 and C70 as the electron acceptor material.  

In this thesis, ternary blends were chosen to improve the thermal stability. Neat fullerene 

mixtures (C60 and C70) were used as an acceptor material due to their cost-effectiveness as 

compared with fullerene derivatives. Solubility studies of C60:C70 mixtures revealed 

enhanced solubility, which was attributed to the higher configurational entropy of 

C60:C70:solvent ternary solutions, as compared to the Cx:solvent binary solutions. The 

photovoltaic performance of TQ1:C60:C70 and PTB7:C60:C70 ternary blends indicates that 

the use of neat fullerene mixtures is a promising alternative to bulk-heterojunction blends 

based on PCBMs. Ternary blends of PTB7:C60:C70 displayed a highly reproducible power 

conversion efficiency of 6%, which is a record for devices based on neat fullerenes. 

Moreover, a high glass transition temperature of 224 ˚C imparts a high degree of thermal 

stability up to 180 ˚C. 

The highly stable glassy nanostructure arises due to alloy formation of C60 and C70. Similar 

to the enhanced solubility in organic solvents, alloy formation benefits from the entropy of 

mixing. Comparison with other systems, i.e. rubrene:diphenylanthracene, 

PC61BM:PC71BM, and two perylene diimide derivatives suggests that the increase in 

solubility is a common feature. The stoichiometry that displays the highest solubility is 

thought to also give rise to the highest tendency for glass formation. Finally, recent work 

on ternary blends based on non-fullerene mixtures was discussed in light of the findings 

presented in this thesis. 
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8 

8 Outlook 
The use of ternary blends, which promises to close the gap between the efficiency, lifetime, 

and cost requirements needed for commercialization, revives the potential of organic 

photovoltaics. The findings presented in this thesis are applicable to other donor:acceptor 

systems and therefore are anticipated to aid the further development of organic 

photovoltaics. During the last decade, the performance of organic solar cells has strongly 

increased thanks to advances in synthesis strategies, which together with improved thermal 

stability of the blend nanostructure may accelerate progress towards large-scale production. 

However, the results presented here also open up a number of questions that may serve as 

motivation for further studies: 

 When mixing different molecules to produce ternary solar cells, the interaction 

between these molecules must be considered to fully understand the solubility 

enhancement. Further diffusion NMR studies may help to investigate and 

understand the type of interactions taking place in each system. 

 Perylene diimide (PDI) mixtures are a cost-effective material. However, 

crystallization must be more strongly supressed in order to enable efficient solar 

cells with these blends. One strategy could be to use a mixture of more than two 

PDI molecules. In this way, each PDI molecule will act as an impurity for the other 

components, which increases the entropy of mixing and hence tendency for glass 

formation, leading to an amorphous nanostructure. 

 Long-term stability studies of ternary blends will help to understand in more detail 

how glass formation impacts and extends the lifetime of corresponding solar cells.  

 This thesis has introduced the use of neat fullerene alloys to the field of organic 

photovoltaics. It would be interesting to explore the use of neat fullerene alloys for 

other applications. For instance, neat fullerenes are of interest for thermoelectrics, 

due to the very low thermal conductivity that these materials display.155 Further, 

recent work has shown the potential of neat fullerene alloys as an interlayer material 

for perovskite solar cells.161,162 Finally, as already indicated in paper II, C60:C70 

alloys permit the fabrication of field-effect transistors with an electron mobility of 

~1 cm2 V-1 s-1. This opens up the possibility to fabricate more advanced circuit 

compounds based on neat fullerene mixtures. 
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