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ABSTRACT 

There is a large amount of interest towards the commercialisation of flexible solar cells, with 

several types that have gained traction, one such being organic photovoltaics (OPVs). Improving 

solar cell efficiency has dominated the OPV research field for several years, however, there has 

been less research aimed towards device stability, resulting majority of devices having poor 

lifetime under ambient and operating conditions. There has been even less research focused on 

the shift from research on lab-based spin-coated OPVs fabricated under protective nitrogen 

conditions to scalable and large-scale devices fabricated via coating/printing techniques under 

ambient conditions. This has led to the majority of OPV stability research to focus on reducing the 

degradation of bulk heterojunction (BHJ) of the active layer, with strategies for improving stability 

previously aimed at small-scale solar cells fabricated under nitrogen environment. 

This thesis work has aimed at understanding the major thermal degradation pathways associated 

with slot-die polymer:fullerene-based OPV, with two temperatures being investigated, 85 °C and 

120 °C. 85 °C is a thermal aging temperature that is accepted by the International Summit on OPV 

Stability (ISOS) community used for thermal degradation studies under dark storage conditions. 

Whereas 120 °C is one of several “accelerated” thermal aging temperatures that have been 

implemented in in previous literature to increase the degradation rate. From our work, however, it 

was found that the two temperatures led to completely different degradation pathways, with 85 °C 

resulting in significant phase changes in the active layer, while 120 °C resulted in fullerene 

crystallisation and migration. 

With this important observation in degradation pathway, a range of solid-based additives were 

extensively investigated, from neat fullerenes, cyclic-based small molecules and an insulating 

polymer, all having either been speculated to, or shown in previous literature to decrease thermal 

aging of the active layer. Though additives such as Piperazine (PP), 4,4’-Bipiperidine (BP) and 

Polyacenaphthylene (PAN) were observed to reduce the crystallisation rate at 120 °C, the 

additives had a negative impact on degradation at 85 °C as they allowed for the formation of 

fullerene crystals that would otherwise have been observed at the lower temperature. Whereas for 

neat C70, it was found to improve thermal stability at 120 °C and 85 °C, due to its ability to influence 

the thermal behaviour of the active layer itself. 

Lastly, the thesis work aimed at demonstrating the scalability and translatability of the previously 

conducted work, using a device structure that has been demonstrated in roll-to-roll fabrication. For 

the additives that have been investigated in the thesis, they were found to have a negative impact 

on thermal degradation of the OPV devices, where it is was suspected that by influencing the 

thermal behaviour and morphology of the active layer had led to increased interfacial degradation. 



 

vii 

The work conducted in the thesis demonstrates a strategy, by implementing several spectroscopy, 

microscopy, and material analysis methods together, for investigating morphological changes 

associated with thermal degradation of the active layer of OPVs. The work has also shown the 

importance of investigating thermal degradation at appropriate annealing temperatures of OPVs, 

as well as further challenges associated with scalability and translatability between scalable and 

large-scale OPV fabrication. 
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CHAPTER 1 – INTRODUCTION 

In recent years, there has been increased interest towards the fabrication of printed and coated 

photovoltaics solar cells, allowing for the production of inexpensive and green energy. One 

promising type of solar cell is known as organic photovoltaics (OPVs) due to its cheap fabrication 

potential, flexibility, and increased performance; recently reaching beyond 19% efficiency [1, 2]. 

High performance has been achieved via lab-based small-scale fabrication, with some issues still 

associated with the lifetime of OPVs. This short lifespan can be associated with sources of PV 

degradation, including exposure to irradiance, mechanical, oxygen, moisture, and heating. 

1.1. Global energy usage 

Within the past century, energy security has been one of the most significant issues facing modern 

society. Currently, non-renewable energy sources, including coal and gas, have been the dominant 

energy sources as they are able to provide constant electricity to a large section of the population 

(as seen in Figure 1.1). As of 2022, fossil fuels make up the majority of the global energy market, 

with the three major energy sources being Oil, Coal, and Gas [3]. 

 

Figure 1.1: Relative percentage of energy production type in 2019 [3]. 

The issue with fossil fuels is that there are limited reserves that have been showing signs of 

depletions, while at the same time, have also been shown to have severe environmental impacts. 

As energy demands and the usage of fossil fuels increase, so too does the increase in greenhouse 

gas emissions [4]. With these increases in emissions, the frequency and severity of environmental 

issues such as climate change, smog, acid rain and human influenced natural disasters have 

increased [5]. 
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1.2. Alternative energy sources 

With the push towards environmentally friendly electricity production, there has been an increased 

interest towards the research and development of renewable energy sources. The goal for future 

energy sources is to provide indefinite power while minimising the environmental impact [6, 7]. 

Renewable energy is defined as an energy generated from sources that can be replenished on a 

human timescale [8].  

Unlike fossil fuels; these sources have a low environmental impact, with renewables having 

minimal contribution towards the net increase of greenhouse gases [9]. Renewable energy can 

consist of a variety of types including wind, solar, geothermal and bioenergy. An issue with the use 

of renewable energy resources is consistency, mostly relying on external factors that are difficult to 

control (sun intensity, wind intensity). These effects can be reduced with the implementation of 

energy storage (battery, hydro-potential, solar thermal, solar fuels) and a combination of energy 

sources [10]. With the advancements in renewable energy technology, especially in relation to an 

increase in performance and their reduction in cost, there has been an overall increase in 

renewable energy generation. 

In 2018, renewables made up 26.2% of the global electricity generation, with this number predicted 

to increase up to 45% by 2040 [11]. As for 2022, the projection is still fairly accurate, where the 

current percentage of renewable energy electricity production globally had reached 28.9% [3]. This 

current trajectory may not be sufficient, however, as international agencies and organisations, 

including the International Energy Agency, have goals of reaching net zero emissions by 2050. To 

reach this goal, theorised that 70% of electricity generation needs to be produced by renewable 

energy sources (including nuclear) [12]. For this transition to occur, it requires global cooperation to 

reduce energy demand and the improvement of energy production efficiency. It also requires a 

shift toward the production of renewable energy sources, carbon capture technology and nuclear 

energy, over sources such as coal and gas generators [13-16]. 

1.3. Photovoltaics 

One such promising energy source, photovoltaic (PV) cells, utilises solar energy by directly 

converting the energy from sunlight into electricity. For nations with high average sun intensity 

such as Australia, converting solar energy into power with PV devices would allow for cheap and 

renewable energy to sustain many households. In the past ten years, there had been an average 

growth of 34% in solar energy consumption in Australia, whereas wind generation had an average 

increase of 15% [17]. This is due to the rise in popularity of PV installations for household usage 

and the ease of installation. 
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Currently, PV devices are produced with silicon-based materials, making up 90% of the 

commercial market associated with solar panels [18]. This is due to their relatively high 

performance, with record efficiencies reaching beyond 26% [19] and their maturity in the 

commercial market [20]. 

Due to their technological-maturity, however, silicon-based PVs has seen a minimal improvement in 

performance in the past decade, being evident from the National Renewable Energy Laboratory 

(USA) tracking the advancement of photovoltaic technology [21]. From these statistics, it is 

predicted that technology is not expected to significantly improve soon. Another issue associated 

with silicon solar cells is related to the method of device fabrication. To form these cells, elevated 

temperatures are required for both the purification of the silicon and to form the crystalline structure 

[22], resulting in the fabrication method being energy intense. Lastly, as crystalline silicon is fragile, 

stiff, and non-transparent, they are restricted to what surfaces they can be integrated with (i.e., 

windows, plastic sheets) [23]. 

As a result of the issues and limitations associated with silicon-based panels, there has been a 

push towards developing alternative technologies, with research now focusing on loosely referred 

to as third-generation photovoltaic cells. These involve solvent-based, thin devices that have the 

potential for energy-efficient PV manufacturing.  

1.4. Organic photovoltaics 

Organic photovoltaics (OPVs) are a type of third-generation 

solar cell which are devices that consists of an active layer 

component that contains a blend of semi-conducting organic 

materials. For the OPVs to generate electricity, the sunlight 

must pass through the substrate (as seen in Figure 1.2) and 

interact with the active layer. When the light is absorbed, it 

forms excitons which are split into free charge carriers, i.e., 

electrons and holes, at the donor-acceptor interface within the 

active layer. 

As electrons prefer to decrease in energy whiles holes prefer to increase in energy, high and low 

work function metals are used for the cathode and anode, respectively. Due to adjustment of 

energy levels between the materials, free charge carriers move towards their respective electrodes, 

electrons towards the cathode and the holes towards the anode. This flow of electrons and ‘holes’ 

in opposite directions generates electricity. 

 

Figure 1.2: A model of a simple 
architecture of an OPV. 
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The advancement in OPV technology in the last decade has allowed for absorption of lower energy 

photons (due to decreasing the bandgap in active layers) which allows these devices to function 

better in indirect sunlight (i.e. cloud cover) [24] as well as under indoor conditions (artificial light) 

[25-27]. A higher efficiency cell means that there is a higher output of energy during daylight hours, 

resulting in a smaller area of solar panels required. Currently, record efficiencies for single-layered 

small-scaled devices have reached above 19% [1, 2]. 

1.5. Printing fabrication of OPVs 

As the active materials can be dissolved in a variety of solvents, it allows for OPV to be fabricated 

using an array of non-vacuum-based thin-film coating methods. Methods that have been 

implemented in OPV fabrication include: 

• Spin-coating [28-30] 

• Blade-coating [31, 32]  

• Slot-die coating [33-35] 

• Screen printing [25, 36, 37] 

• Spray-coating [38-40] 

• Inkjet printing [26, 41, 42] 

• Knife-over-edge coating [43-45] 

Utilising these non-vacuum-based printing and coating methods, less energy is required for OPV 

fabrication, while simplifying the manufacturing procedure, thus, reducing the potential cost with 

producing these devices. With these benefits, researchers and industry has aimed the transition of 

OPV technology from laboratory-based fabrication to large-scale manufacturing. To achieve this, 

there has been a focus towards adjusting and optimising coating methods and conditions that can 

be applied to a roll-to-roll (R2R) printing/coating system. 

What makes R2R processing an ideal system for large-scale OPV fabrication is due to its relatively 

low manufacturing cost, has minimal material waste, while allowing for the large-area production of 

flexible devices (as seen in Figure 1.3). This allow for the production of bendable, thin, and light 

weight solar cells, that can be integrated on a variety of surfaces that would otherwise be unable to 

support silicon-based solar panels [46]. 
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Figure 1.3: Basic schematic of a roll-to-roll setup which slot-die coating deposition of film and post-heating 
treatment. 

For small-scaled, lab-based fabrication, spin-coating is one of the most used fabrication methods 

for OPV devices. This is due to the simplicity of use, allowing for ease of device fabrication, as well 

as the low machinery/instrument cost and implementation. The issue with this technique is that 

spin-coated films have a non-uniform thickness, with the films being thicker in the centre than at 

the edges. This problem worsens as the substrate size increases from 25 mm x 25 mm (small-

scale device) to 156 x 156 mm (standard size of a silicon solar cell). Another issue with the 

technique is that most of the ink is spun off the substrate, resulting a large amount of material 

being wasted and thus, lead to an increased cost of manufacturing [47, 48]. Lastly, there is limited 

control over thickness [49]. Due to this issue, other methods have been investigated towards large-

scale fabrication methods. 

One such method, blade-coating, involves moving a blade to drag the ink across a substrate, 

allowing for the uniform coating of a thin-film. Recently, it has been found that they are able to yield 

similar efficiencies as compared to spin-coating, reaching up to 9.5% [50]. It is possible to produce 

large-scaled devices with this technique; however, they have limited control over printed strip width, 

and are not considered roll-to-roll compatible.  

A more promising coating method, which is roll-to-roll 

compatible, is the use of a one-dimensional coating method 

known as slot-die coating. This involves forming a meniscus 

between the slot-die head and the substrate. This technique is 

well suited for producing multilayer solar cells, involving a variety 

of materials layered over each other [51] (seen in Figure 1.4). 

The thickness of each layer can be easily controlled by adjusting 

the flow rate of solution to the die-head, and the substrate 

movement rate. The method has also been shown to produce 

minimal material waste, thus, further reducing the production 

cost [52]. 

 

Figure 1.4: Basic schematic of 
slot-die coating on the MRC. 
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One downside to slot-die coating is the limitation to which solvents can be used for the coating 

process, especially when coating over the active layer. Ideally, the sequential deposition of thin 

films should not influence the film qualities of the underlying layer. In reality, there is a risk that the 

deposited wet film may either swell, or dissolve (partial or completely) the dry thin film underneath, 

which can result in non-ideal OPV device fabrication. It is worth noting that this limitation is not 

restricted to slot-die coating, and does impact other non-vacuum based deposition techniques, 

such as spin, blade and spray coating. 

In 2019, by adjusting the drying kinetics in relation to slot-die coating of the active layer, an 

efficiency above 12% were able to be achieved; which was comparable with optimal spin-coated 

and blade-coated OPV devices of the same device material and structure [34]. To achieve this, 

several factors need to be adjusted: including coating speed, coating gap, flow rate, substrate 

temperature, solution temperature, liquid viscosity, and surface tension. It is noted that this method 

had been optimised for a device area of 0.06 cm2. 

This is an issue as for large-area OPV fabricated using roll-to-roll fabrication methods have not 

been able to repeat these high performances found in devices prepared in laboratory conditions. 

To date, the current record efficiency for a single-layered OPV is above 19% [1, 2], whereas for 

large-area (194.8 cm2), rigid-based devices had reached above 12%. For flexible modules, the 

efficiencies of these devices are worse, with the highest performance achieved at 5.6% with an 

active area of 7.2 cm2 [53]. Overall, there is a significant efficiency gap between small-scale 

devices fabricated in laboratory environments, large-area rigid devices, and large-scale, roll-to-roll 

fabricated modules. 

1.6. Device stability 

In the past decade, there have been huge advancements in improving performance of OPVs, 

however, another aspect of OPV research, device stability, has not had as much focus. This area 

of research is important for mass-produced OPVs, as it is commercially unviable to fabricate 

devices that have a very-short lifespan. There are four primary areas of OPV degradation that are 

currently being researched: 

• Thermal [30, 54] 

• Oxygen and moisture [55, 56] 

• UV radiance [57, 58] 

• Mechanical [33, 59] 
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A majority of stability issues stem from the degradation of the bulk-heterojunction (BHJ) of the 

active layer, with one such example being relating to thermal stability. As the OPV is heated, the 

BHJ can experience an increase in domain size that results in the decrease in current and 

efficiency [30]. It is also understood that UV radiation can induce photochemical degradation of the 

BHJ, resulting in photobleaching of the active layer components [58]. 

Another major area that effects stability, especially for flexible devices, is the bottom electrode. 

With the aim for producing flexible OPVs, it is important that the device can withstand bending and 

straining. Though Indium Tin Oxide (ITO) is common material utilised as an effective bottom 

electrode due to its high transparency and low sheet resistance, it has been demonstrated to be 

easy to fracture under mechanical stress leading to an increase in sheet resistance, and thus, 

resulting a reduction in device performance [33, 59]. 

The last area of stability issues is related to the interface of materials. If material diffusion or layer 

de-lamination occurs, a change in the VOC can occur, relating to decrease in efficiency [60]. This is 

the least investigated area of stability due to difficulty in analysing the interface between materials 

and generally relies on in-direct or destructive methods and measurements. 

There are several strategies to improve the stability of OPVs, however, a good majority have only 

been investigated with spin-coated devices, rather than for scalable and large-scale device 

fabricated under ambient conditions. While some strategies are aimed at improving the active 

layer, rather than the causes of degradation including material diffusion at the layer interface. The 

stability issues and the appropriate strategies will be discussed later in the literature review 

(Section 2.9). 

1.7. Aim of the thesis studies 

In this thesis, the purpose of the studies was to investigate the thermal degradation of slot-die 

fabricated OPVs, implementing a range of spectroscopy, microscopy, and material analysis 

techniques. The studies also aimed at determining the scalability of methods for influencing the 

thermal behaviour of the active layer blend, and how translatable the research is towards 

upscalable OPV devices. 

Before discussing the findings in the thesis, Chapter 2, titled Progress in research focus 

associated with scalable Organic Photovoltaics Fabrication, provides an in-depth analysis of 

the OPV field, with a highlight on previously published work on major degradation sources, and the 

strategies for minimising their impact on the device lifespan. The chapter also investigates the 

development of scalable printing and coating techniques used over the past decade, as well as 

challenges that are required to be overcome. 
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The next chapter (Chapter 3), titled Research Methodology, provides background and information 

associated with the experimental techniques and instrumentation in relation to research conducted 

in this thesis. This chapter provides information associated with material and ink preparation for 

thin-film deposition, OPV fabrication and testing, spectroscopy and microscopy instrumentation, 

and material analysis methods. Specific experimental information for Chapters 4-7 can be found in 

the Experimental section for each given chapter. 

Chapter 4, titled Introducing neat fullerenes to improve the thermal stability of slot-die 

coated organic solar cells, is a reformatted published manuscript about the influence that the 

addition of neat fullerenes can have over the thermal behaviour of the active layer containing a 

polymer:fullerene blend. By aging at an accelerated thermal degradation temperature, devices with 

and without the additives were compared to determine the impact the neat fullerenes C60 and C70 

had on potential changes to the active layer morphology. 

Chapter 5, titled Investigating degradation pathways associated with working and 

accelerated thermal conditions, was aimed at investigating the difference in thermal degradation 

of polymer:fullerene-based OPVs when heated at two different aging temperatures; 85 °C 

(accepted thermal aging temperature) and 120 °C (accelerated thermal aging temperature). The 

study involved observing the thermal behaviour of thermally aged active layer blends and 

comparing this with the device degradation behaviour. 

Chapter 6, titled Introducing non-fullerene additives to improve the thermal stability of slot-

die coated organic photovoltaics, is associated with the influence of non-fullerene solid 

additives, piperazine (PP), 4,4’-bipiperadine (BP) and polyacenaphthylene had on the thermal 

behaviour of the active morphology of a polymer:fullerene blend, and its impact over the thermal 

stability of the OPV devices. The study also compared the two major degradation pathways that 

were observed in Chapter 5. 

Chapter 7, titled Preliminary study of scalable methods used to influence thermal behaviour 

of OPVs, investigated the scalability and translatability of the research conducted throughout this 

thesis. To achieve this, an OPV architecture that has been shown to be roll-to-roll friendly is used, 

as well as a selection of different active layer blends previously studied. The study aimed to 

demonstrate the ability to translate the research conducted from a mini-roll coater setup to roll-to-

roll fabrication, as well as the challenges that are crucial to overcome. 

Lastly, Chapter 8 provides a conclusion for the thesis, focusing on the major findings in the four 

research chapters (Chapter 4-7). The chapter also discusses potential future work associated with 

the thesis studies, and direction that can be taken to further enhance the field of OPV thermal 

degradation and ways to allow for bridging the research conducted between small-scale laboratory 

environments, to large-scale roll-to-roll industry settings. 
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CHAPTER 2 – PROGRESS WITH SCALABLE ORGANIC 
PHOTOVOLTAICS FABRICATION 

2.1. Overview 

In this chapter, a literature review is present to provide the reader an overview of the history of the 

research field of organic solar cells, specifically an understanding of the operation of the solar cells 

as well as their device structuring and the materials utilised. The review will also cover the 

fabrication method for organic photovoltaics (OPVs), as well as investigate the causes of device 

degradation and the previous research aimed at improving OPV stability. Lastly, the review will 

extensively explore and compare several printing and coating processes that have been 

demonstrated in OPV fabrication. 

Within recent years, there has been an increased interest towards OPVs, especially with the 

significant device performance reaching beyond 19% since 2022 [1, 2]. With these advances in 

device performance in laboratory scaled OPVs, there has also been more attention towards using 

printing and coating methods that are compatible with large-scale fabrication. Though large area 

fabricated OPVs have reached an efficiency of 15% [3], this is still behind that of small-scale 

OPVs. There also needs to be more focus on determining strategies of improving lifetime of OPVs 

that are suitable for scalable manufacturing, as well as methods for reducing material and 

manufacturing costs. 

When investigating scalable printing and coating methods, there appears to be a growing 

interesting reducing the performance gap between small-scale spin-coated OPVs with scalable 

devices, as well as the fabrication of OPV modules with active areas greater than 100 cm2. With 

that being said, there is still a lack of literature that investigated scalability of methods for improve 

OPV stability, especially in terms of thermal degradation. As for which printing and coating 

methods are recommended for OPV manufacturing, it has been found that blade coating and slot-

die coating are ideal for active layer coating with sheet-to-sheet (S2S) and roll-to-roll (R2R), 

respectively. Though, for true large-scale OPV manufacturing to be successful, it needs to 

incorporate a variety of printing, coating, and post-processing techniques. 

2.1. Device structuring 

2.1.1. Single layer OPV 

Over the decades, there has been an effort into improving the design of the physical structuring of 

devices, specifically the design of the active layer. The first generation of OPVs used single layer 

structure in-between two metal electrodes. It was found to yield extremely low efficiencies as the 

charge separation was insufficient for these devices [4].  
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Since then, there has been studies focusing on single layer materials that contain both donor and 

acceptor segments within the molecular structure [5-8]. To date, the highest efficiency achieved 

with this type of single layer material is just above 13% [8]. 

The initial development of active material in OPVs was first realised in 1977, where Shirakawa, 

MacDiarmid, and Heeger demonstrated that the conductivity of conjugated polymer can be 

controlled by doping with iodine [9], leading towards the path of OPVs. The electrical properties of 

conjugated polymers arise from the alternating single-double bond structuring of sp2 hybridized 

carbon atoms present in the backbone of the polymer. Due to this structuring, conjugated polymers 

exhibit strong light absorption, allowing for the excitation of electrons from the ground state to an 

excited state. 

By increasing the degree of conjugation splitting of energy levels occur, resulting in the formation 

of valence and conduction bands. Energy difference between the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is defined as the bandgap. This 

gap is the lowest energy required to excite an electron from the valence to the conduction band. The 

bandgap can easily be altered through the tuning of the polymer structure [10, 11]. 

2.2.2. Bilayer planar heterojunction OPV 

The second generation of OPVs employed a bilayer for their devices. First published in 1980, the 

bilayer planar heterojunction consists of donor and acceptor materials [4]. With the use of donor 

and acceptor materials, it allows for the separation of the electron-hole pair at the domain interface, 

resulting in the reduction of pair recombination, allowing for increased performance and higher 

output of energy. To achieve the bilayer planar heterojunction, the donor polymer was spin-coated 

onto the substrate, before fullerenes were evaporated on top [12]. Though an improvement over 

single layered devices was evident, efficiencies were still relatively low at 1%. This was associated 

with the exciton diffusion length limits of the number of excitons reaching the donor-acceptor 

interface and hence the charge carrier formation as well as efficiency [13]. 

The first fullerene structure, C60 (seen in Figure 2.1) was found by Harold Kroto et al., also referred 

to as buckminsterfullerene [14], in which 60 carbons were bonded into conjugated rings to form a 

large ball. In 1992, Sariciftci et al. reported that C60 is able to accept electrons that were from 

conjugated polymers [15]. Fullerenes are great candidates as acceptor materials with conjugated 

polymers due to their high electron affinity and charge mobility. Currently, [6,6]-phenyl-C61- butyric 

acid methyl ester (PC61BM) [16] and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) [17] 

(seen in Figure 2.1) are commonly used as fullerene acceptors due to their better solution-

processability compared to C60 & C70. 
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Figure 2.1: Chemical structure of C60, C70, PC61BM, PC71BM. 

Other acceptor materials have also been investigated to allow for enhanced light absorption and to 

improve performance of OPVs. One such material, known as conjugated small molecule non-

fullerene acceptors (NFA) have shown promising results with efficiencies reaching up above 19% 

[1, 2, 18]. It has also been shown that replacing fullerene with NFA can improve photo and thermal 

stability [19]. Such popular small molecule NFAs include, but not limited to 2,2′-[[6,6,12,12-

Tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene-2,8-

diyl]bis[methylidyne(3-oxo-1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (ITIC) [20-22] and 

2,2'-[[12,13-Bis(2-ethylhexyl)-12,13-dihydro-3,9-

diundecylbisthieno[2'',3'':4',5']thieno[2',3':4,5]pyrrolo[3,2-e:2',3'-g][2,1,3]benzothiadiazole-2,10-

diyl]bis[methylidyne(5,6-difluoro-3-oxo-1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (Y6) [23-

25]. 

 Another popular NFA acceptor material is polymer acceptors, with their increased interest due to 

their improved mechanical stability when compared with polymer:fullerene and polymer:small 

molecule NFA devices [26]. Recently, there have been interest towards designing polymer 

acceptors based on NFAs, with binary solar cells reaching up to 15% [27], reducing the 

performance gap between devices that use either polymer or NFA. 

In terms of the bilayer planar heterojunction, there is a shift away from ideal bilayers, and towards 

pseudo-bilayers [28, 29] and sequentially deposited [2, 30-32] active layers. The advantage of this 

technique is that it allows for control over the interfacial area between the donor and accepted, 

depending on the solvent used in top active material ink and film processing. To date, the best 

performance that has been achieved by “bilayers” is currently above 7% [28], while sequential 

deposition has achieved an efficiency above 19% [2]. 

2.2.3. Bulk heterojunction 

The third generation of OPVs had a bulk heterojunction (BHJ) structuring for the active layer, 

focusing on the intermixing of acceptor-donor domains. The BHJ layer involves the polymer donor 

and acceptor (Fullerene, NFA, polymer) materials being blended into a single film.  
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First developed in 1995, it had been shown that the BHJ was a superior design compared to a 

bilayer [33]; where the acceptor and donor materials appear in separate layers. The intermixing of 

materials allows for an increased interfacial surface area (seen in Figure 2.), which allows for an 

increased area where the separation of electron-hole pairs could occur. For the BHJ to work 

efficiently as an active layer, there must be both good mixing and good miscibility between the 

polymer and fullerene material [34]. This can be determined by investigating the morphology of the 

active layer. 

 

 

Figure 2.2: A basic model of types of junction structure; single, bilayer planar and bulk 
heterojunction solar cell. 

As for 2023, the BHJ solar cell is still the most popular active layer structing for OPVs, however, its 

popularity is being challenged as the performance gap between BHJ and other structures such as 

pseudo-bilayer and singe-component reduces. 

2.3. Photocurrent generation in OPVs 

As mentioned in Section 2.2, a photo-induced current is generated by the light interaction with the 

material at the active layer. The process for the generation of photocurrent, as shown in Figure 2.2 

is (a) the photon is absorbed by the donor/acceptor material as the electron is excited from the 

HOMO to the LUMO energy states to form an exciton [35]. b) The exciton then diffuses towards the 

donor-acceptor interface; c) exciton diffusion then occurs, resulting in the electron in the LUMO of 

the acceptor material, while the hole is at the HOMO of the donor polymer. For an effective initial 

charge separation step, the LUMO offset at the donor-acceptor interface must be greater than the 

Coulomb binding energy of the exciton [36], or to form an effective intermolecular electric field by 

having a significant difference in electrostatic potential between the donor and acceptor materials 

[37, 38]. After diffusion, these excitons are still bounded by electric forces and thus, through the 

presence of the electric field or material disorder, the charge-pair is separated to form free charge 

carriers; e) allowing for the electron and hole to traverse to their respective electrodes. 
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Figure 2.2: Schematic of photocurrent generation in OPVs: a) absorption of a photon to form an 
exciton, b) exciton diffusion towards the acceptor-donor interface, c) exciton dissociation, d) charge 
carrier separation, e) charge carrier movement through the active. 

2.4. Device architectures 

For the structuring of devices, there are two types: conventional and inverted devices structures, 

with both structures having photons through from the bottom (i.e., through the substrate). The 

structure order is as follows: 

Conventional: Substrate → Anode → Hole transport layer (HTL) → active layer → Electron 

transport layer (ETL) → Cathode 

Inverted: Substrate → Cathode → Electron transport layer (ETL) → active layer → Hole transport 

layer (HTL) → Anode 

These two device structures can be seen in the schematic below (seen in Figure 2.3). It is noted 

that the transport layers can also act as a buffer or blocking layer. 

 

Figure 2.3: Schematic of conventional (left) and inverted (right) devices. 
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2.4.1. Conventional device structure 

In conventional OPV devices, the Indium Tin Oxide (ITO) is used as the anode, allowing for the 

collection of holes, and for light to pass through to reach the active layer. Poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) is commonly applied between the 

anode and the active layer [39-41]. It serves to modify the work function of the anode, act as a 

hole-transport layer (HTL) and smooths the anode [42-44]. It can also act as a barrier between the 

anode and active layer to limit diffusion of ITO into the BHJ [45], which would otherwise reduce the 

device efficiency [45]. Post-annealing of the PEDOT:PSS allows for the removal of moisture from 

the film, while the annealing improves the conductivity and thus, performance of devices [46]. 

Layered over the active layer, either Lithium Fluoride (LiF) [47] or Calcium (Ca) [48] is commonly 

used as a cathode buffer layer to improve devices. These materials are generally processed via 

thermal evaporation and thus, are not large-scale process friendly, resulting in an increase in 

fabrication cost [49]. There are, however, materials that can be deposited via non-vacuum 

processes, including but not limited Zinc Oxide (ZnO) [50, 51], Titanium Oxide (TiOX) [52, 53], Tin 

Oxide (SnO2) [54, 55], Polyethyleneimine (PEI) [56] and Polyethyleneimine Ethoxylated (PEIE) 

[57]. For printed/coated devices, Zinc Oxide nanoparticles (ZnO NPs) can be used as popular 

alternative as they are solution processable, allowing for ease of deposition as a ETL without 

requiring high temperature post-annealing of the film [58]. Lastly, Aluminium (Al) is commonly 

positioned on top to allow for the collection of electrons [40]. The top electrode has been 

demonstrated to deposit via solution-processes, however, for OPV fabrication, it has been 

dominated by the deposition of silver paste. 

2.4.2. Inverted device structure 

In inverted OPV devices, the ITO is used as the cathode, allowing for the collection of electrons. 

ZnO is commonly used as the cathode buffer layer / electron transport layer, allowing for the lower 

work function of the ITO, thus improving the anode alignment with the LUMO energy level of the 

acceptor material [59-61]. Above the active layer, Molybdenum Oxide (MoOX) is used to increase 

the work-function of the anode as well as act as a HTL [62, 63].  

Though it can improve the efficiency of small-scale devices, it is not desired for large-scale roll-to-

roll fabrication due to having to involve sputtering techniques for MoOX deposition [49]. To resolve 

this, there has been work towards solution-processable MoOX [64-66], which has been 

demonstrated by depositing via blade-coating [66]. PEDOT:PSS has been used as an alternative 

as it can be coated/printed over the active layer [59]. Though popular as an HTL, literature has also 

demonstrated other materials as effective alternatives, including but not limited to Vanadium Oxide 

(V2O5) [67, 68], Graphene Oxide [69, 70] and Nickel Oxide (NiOX) [71, 72]. Lastly, either aluminium 

or silver is used as the anode for inverted devices [73]. 
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Inverted devices are normally more stable than conventional OPVs [74-76]. As mentioned in 

Section 2.6.1,the top electrode can be deposited via solution-process coating techniques, however, 

it is usually done with silver paste. 

2.5. Morphology 

With most OPV devices implementing a BHJ design for the active layer, the morphology of this thin 

film plays a crucial role in performance. Ideally, the layer consists of a tightly intermixed donor-

acceptor domain that is no larger than the exciton diffusion length  

(1-10 nm) [77]; allowing for maximum probability of diffusion [16]. 

These domains should also provide a continuous network to allow for efficient charge 

transportation throughout the active layer. This prevents a build-up of charge which would 

otherwise reduce the device performance. Lastly, the material purity of domains affects the electric 

field strength at the donor-acceptor interface. Having high-purity domains results in the presence of 

a high electric field, allowing for efficient charge-pair separation. On the opposite end, a 

homogeneous active layer blend results in a lack of such field resulting in charge carrier 

recombination. 

There are several strategies for the optimisation of the active layer morphology, including, however 

not limited to: i) adjustment of base solvent, ii) use of additional high boiling solvents additives, iii) 

addition of nucleating agents, iv) thermal annealing and v) solvent annealing. There are several 

properties that are taken into consideration for deciding on solvent used in the formation of the 

active layer. These include adequate viscosity of film formation and high solubility of active 

materials used [78]. 

For spin-coating fabrication, the drying rate is relatively quick, allowing for the morphology to be 

frozen in. This can allow for the formation of optimised nanostructure resulting in performance 

devices. The issue is that the morphology is generally not thermodynamically stable, resulting in 

the morphology changing over-time to a more thermally stable structuring [79]. 

2.6. OPV performance characterisation and key parameters 

To evaluate the performance of OPVs, lab-scale devices are tested under a solar simulator lamp 

with a standardised air-mass coefficient (AM) of 1.5 solar irradiance spectrum, which corresponded 

to a power density of 100 mW cm-2 [80], allowing for the simulation of 1 sun of irradiance. A series 

of voltages is then applied across the device while a current measurement recorded, resulting in a 

current density-voltage (JV) curve being produced (as seen in Figure 2.4). There are four 

parameters that are important for determining the performance of solar cells, Short-circuit Current-

density (JSC), open-circuit voltage (VOC), Fill-factor (FF) and power conversion efficiency (PCE). 
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Figure 2.4: JV-curve (left) and PV curve (right), including markings of Short-circuit Current-density 
(JSC), open-circuit voltage (VOC), maximum power, as well as voltage and current density position of 
maximum power point (VMPP & JMPP), respectively. 

2.6.1. Open-circuit voltage 

The open-circuit voltage is the maximum potential generated by the device, with the current density 

reaching a value of 0 mA cm-2. The maximum VOC that can be achieved by the OPV has been 

found to be linearly dependant on the charge transfer state (CTS) energy. This is associated with 

the offset between the HOMO of the donor polymer (HOMOdonor) and the LUMO level of the 

acceptor material (LUMOacceptor) [13, 81]. Improving the bandgap alignment of the donor and 

acceptor materials can yield an improved VOC, yet, there still needs to be a LUMO-LUMO 

difference (at least 0.2-0.5 eV [82]) to allow for the dissociation of the exciton at the donor-acceptor 

interface [83]. There are also several other factors that can influence the VOC, including non-

radiative recombination at the donor/acceptor interface, as the built-in field associated with the 

work functions of the electrodes and interface layers [84]. 

2.6.2. Short-circuit current density 

The short-circuit current density (JSC) is the current-density recorded when no external potential is 

applied to the solar cell. From the JV-curve, this is the J-intercept found when voltage is 0 V. The 

JSC can be improved by increasing the amount of photons being absorbed by either adjusting the 

bandgap of the active materials and/or the thickness of the active layer [83, 85]. A relatively simple 

method of increased light absorbance can occur by increasing the thickness the active layer, 

however, there is a limit to how large thickness can be before there is a reduction in efficiency due 

to increased probability of recharge-recombination for thicker films. 

Another way to increase the JSC is to decrease the bandgap, allowing for lower energy photons to 

be absorbed by the active layer and thus, an increase in current [86, 87]. The side-effect of band 

lowering can lead to a decrease in VOC due to the reduction in the HOMOdonor-LUMOacceptor energy 

gap, thus reducing the PCE. Lastly, achieving a good control over the film morphology can 

increase the JSC as it reduces the presence of exciton recombination [88]. 
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2.6.3. Fill-factor 

The Fill-factor is determined from the ratio of maximum produced power to the product of JSC and 

VOC as seen in the following equation (Equation 2.1): 

𝐹𝐹 =
𝑉𝑀𝑃𝑃×𝐽𝑀𝑃𝑃

𝑉𝑂𝐶×𝐽𝑆𝐶
=

𝑃𝑀𝑎𝑥

𝑉𝑂𝐶×𝐽𝑆𝐶
     (2.1) 

where PMax, JMPP & VMPP are the power, current density and voltage points where maximum power 

is produced.  

There are a few factors that can influence the fill-factor, primarily, ones such being the series 

resistance and parallel resistance. Parallel resistance is related to the shunt resistance of the OPV, 

where a leakage current opposes the photogenerated current. If the shunt resistance is non-

negligible, it can result in reduction in both the FF and PCE, while the VOC increases as light 

intensity increases [89]. Series resistance is strongly related to the resistance within the film. One 

source of this resistance is influenced by the sheet resistance (RSh) of the bottom transparent 

electrode (usually ITO) [90], with a reduction in RSh resulting in an increase in FF and PCE. 

2.6.4. Power conversion efficiency 

Power Conversion Efficiency is the percentage of the maximum power produced by the devices 

against the power of irradiance from the solar simulator (100 mW cm-2) (seen in  

Equation 2.2). 

𝑃𝐶𝐸 =
𝑃𝑀𝑎𝑥

𝑃𝑖𝑛
=

𝐹𝐹×𝑉𝑂𝐶×𝐽𝑆𝐶

𝑃𝑖𝑛
     (2.2) 

It is noted that FF, VOC and JSC strongly influence the efficiency of solar cells, with the adjustment 

and optimisation of these factors to allowing for the production of high-performance OPVs. 

2.7. Stability 

With interest towards commercialisation of devices, performance is not the only aspect of OPV that 

require improving. As seen in the diagram below (Figure 2.5), OPVs also need to be cost effective 

to be commercially comparable with silicon solar cells. 
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Figure 2.5: Key areas of importance for OPV fabrication. 

The other aspect of OPV is the stability, or the lifetime of the devices. For PVs, the lifetime is the 

time it takes for the performance of the solar cell to reach 80% of its initial efficiency. There are 

several factors that can lead to the degradation of OPVs and there has been extensive research 

towards methods and strategies for reducing the effect of said degradation mechanisms. Initially, 

there is a large performance loss which occurs in a relatively short duration, known as a burn-in 

process [91]. After the initial burn-in loss, the relatively small degradation occurs with a general 

linear trend [92]. 

2.7.1. UV irradiance 

Exposure of the OPV to sunlight has been observed to photochemical degradation and 

photophysical degradation in the active layer, transport layer and active layer/electrode interface. 

The photochemical degradation occurs due to photo-oxidation of the acceptor and donor materials 

[93-95]. 

To reduce the impact from UV irradiance degradation, there are two general strategies: prevention 

and durability. For prevention, a barrier film can be applied to substrate-side of the solar cells to 

block UV-radiation from reacting the active layer. With a barrier that is used to “block” UV radiation 

from reaching the active layer improved photo-degradation. Encapsulation also helped with 

improving stability of PBDB-T:ITIC organic solar cells [96, 97] 

As for durability, photostability of the donor and acceptor materials, the end-groups and sidechains 

can be modified. Du et al. demonstrated that for PBDB-T:ITIC-2F devices, a lifetime of 10 years 

was achieved with the devices being exposed to 1 sun of irradiance [98]. This was longer 

compared to devices that had used PCBM and ITIC as an acceptor material. 
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2.7.2. Oxygen and water 

Oxygen has multiple modes of causing device degradation. Firstly, with the combination of UV 

radiation, the material can undergo photo-oxidation of the active material. With the presence of UV-

radiation, the oxygen undergoes the formation of superoxide oxygen anion [93, 99, 100]. These 

oxygen anions then react with the polymer, with a dydroperoxide formation at the benzylic position 

[101, 102]. This results in the removal of side chains from the polymer results in the change in 

photon absorption, energy levels and charge mobility. Lastly, the presence of oxygen in the layer 

can enhance the hole concentration, resulting in the increase of the density of deeper electron 

traps, resulting in a decrease in fill-factor and VOC [103, 104]. 

With the combination of moisture and oxygen, oxidation of low work function metals such as 

aluminium and calcium metal can lead to a reduction in efficiency [105]. Generally, the reaction of 

water and oxygen leads to the formation of metal oxide in the metal, creating transport barriers and 

eventually induces an S-shaped JV-curve and degrades the performance of the device [106]. 

To prevent oxygen and moisture from interacting with the OPV devices, a common solution is to 

encapsulate the cell. There are several techniques that can be used for blocking the oxygen and 

water effectively, with either organic, inorganic or a inorganic-organic hybrid [107]. Another 

comparison is the stability of OPVs with different acceptor materials. For all-polymer solar cells, 

they appear to be more stable to moisture when compared with polymer:fullerene devices [108]. 

Lastly, there is the stability comparison between conventional and inverted devices. Krebs et al. 

observed the difference in oxygen and moisture stability of P3HT:PCBM devices with normal and 

inverted geometry, implementing aluminium and silver respectively [109]. It was observed that the 

normal geometry devices where stable under dry oxygen but in-stable under humidity, whereas 

inverted devices were stable under humidity but not in the presence of oxygen. 

2.7.3. Mechanical 

With interest towards large-scale R2R fabrication, flexibility (and some stretchability) of OPV is 

crucial for device fabrication, as such, mechanical straining, including bending and stretching of the 

device, can result in several areas of defects. Firstly, fracturing can occur at the active layer, 

interface layer and active layer/transport layer interface [110]. Straining can also occur of the active 

materials [111]. If fracturing doesn’t occur, decohesion process can progress instead, leading to 

degradation of the active layer and buffer layer [112]. 

One of the largest sources of mechanical degradation results in the bottom electrode, ITO, a 

transparent electrode that is known to be expensive to manufacture [113]. As ITO is exposed to 

mechanical strain, there is an increase in sheet resistance resulting in a decrease in fill-factor and 

thus, a reduction in efficiency [114]. 
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A replacement material with similar optical transmittance and sheet resistance in achieving similar 

or improved initial performance for the flexible OPVs is needed. An alternative electrode is the use 

of PEDOT:PSS, however, it is not quite comparable, resulting in a reduction in performance when 

compared with devices with flexible ITO [39, 115]. A solution to this it to imbed silver nanowires 

(NW) to improve sheet resistance and mechanical stability [116, 117]. 

It has been found that using NW for the bottom electrode can pierce through the active layer, 

resulting in either a decrease in shunt resistance or shorting of the device, massively reducing the 

OPV performance. Using high transparency planarizing materials over the NW, including ZnO [62], 

PEDOT:PSS [118] or polyimide [119] can result in the smoothing of the electrode, allowing for the 

preventing of the NWs from reaching the active material. 

2.7.4. Thermal and storage 

When operating in real-life conditions, the continuous illumination of the sun results in an increase 

in working temperature of the OPV. It has been shown that polymers show mobility to some extent, 

especially if the environmental temperature is greater than their glass transition temperature [120, 

121]. The glass transition is when the material goes from a glassy state where the material is 

frozen in, to a rubbery state, allowing for motion to occur. The heating can also assist towards the 

aggregation and crystallization of fullerene, which can lead towards thermal degradation [122, 

123].  

Large crystallisation/aggregation can lead to a reduction in performance as inefficient exciton 

dissociation can occur and charge transfer decreases as donor/acceptor interface decreases. 

Lastly, heating of the OPV can also lead to degradation at the active layer/electrode interface [124] 

and the buffer layer [125] as material diffusion and de-wetting could occur [126, 127]. 

There are many strategies that have been investigated and implemented for improving the thermal 

stability of OPV. One method is to increase the glassing temperature, allowing for the active layer 

to withstand higher temperatures. Increasing glassing transition can occur by modifying chemical 

structure [128], polymer molecular weight [129], and the thermal treatment of the OPV [130]. 

It is possible to reduce the effect of fullerene crystallization by using nucleating reagents can 

improve thermal stability by limiting size of crystals in the active layer [128, 131]. Lindqvist et al. 

demonstrated that the addition of neat fullerene, C60, was able to improve the thermal stability of 

TQ1:PCBM BHJ, even when heated up to 130 °C, above the glassing transition of the BHJ [132]. 
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For all-polymer devices, photocross-linking to improve morphology and thermal stability is used. 

The purpose is to bond the polymers together with cross-linkers after obtaining prefer morphology. 

Feng et al. showed for PBDT-TPD-8:PNDI-T-5 with crosslinking lead to the OPVs retaining 86% 

PCE of it highest efficiency without obvious burn-in loss under 24 hrs at 150 °C [133]. It has also 

been shown to improve the performance by increasing the fill-factor [134]. 

Another method proposed is replacing the BHJ active layer with a double-cable conjugated 

polymer, containing donor and acceptor blocks in one molecule, resulting in the formation of a 

single-component organic solar cells (SCOSCs). This removes the disadvantages associated with 

BHJ, allowing for improved photostability and thermal stability [135]. 

Lastly, the addition of a ternary component to the BHJ has led to an improvement in the thermal 

stability of the active layer. Pan et al. demonstrated that the addition of PC71BM improved the 

efficiency of PM6:Y6 as it increases the current and allows for optimal morphology [136]. The 

Addition of N2200 polymer has also shown to increase the thermal stability of PTzBI-2FP:ITIC-4F 

[137]. The use of an appropriate ternary compound can allow for improved efficiency with an 

increase in JSC, and improved thermal stability [138]. 

2.8. Coating and printing techniques for OPV 

Another area of importance for the commercialisation of OPV is related towards the development 

of scalable, and upscaled, coating and printing techniques. Since 2008, several scalable coating 

and printing techniques have been investigated, focusing on either reducing the performance gap 

between lab-based cells, large-area cells and even modules, while other groups look towards 

reducing the complexity and environmental impact of OPV fabrication. 

2.8.1. Vacuum and non-vacuum deposition 

When discussing coating and printing techniques, they are be broken up into two areas, vacuum-

based and non-vacuum-based techniques. As the name suggests, vacuum processes involve 

techniques that require a high vacuum to perform material deposition. Depending on the material, 

either thermal evaporation or sputter coating is employed. Materials that are commonly deposited 

via vacuum deposition include metal oxides (MoOX [3, 55, 139], LiF [140, 141]) and metal 

electrodes (Ag [142, 143], Al [144, 145]). These techniques are useful for the deposition of thin film 

materials (< 50 nm) without exposing the layer to oxygen/moisture which would otherwise result in 

device degradation. There has also been interest towards the development of vacuum-processed 

active layers, a method that deposits photoactive organic molecules to form the active layer of the 

OPV [146-149], yet, with limited success compared to either solution-processed counterparts. 
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The major issue associated with vacuum-processing is associated with their capital and running 

cost, requiring complex machinery which leads to high initial costs, as well as high electricity costs 

due to the amount of energy required to form the vacuum and deposit the materials. In saying that, 

the high precision and control of deposition thickness cannot be understated when compared with 

some non-vacuum methods. 

Non-vacuum processed (also known as solution-processed) techniques are generally less complex 

and cost-effective compared to vacuum-processed techniques. To control the thickness of the 

layers, the concentration, as well as printing/coating conditions can be optimised. Depending on 

the method, however, some issues with non-vacuum deposition can include the layers being 

exposed to oxygen/moisture, lack of precise control of layer thickness, material wastage, as well as 

lack of pattern control. These issues are heavily dependent on printing/coating techniques (as 

discussed in Chapter 2, Section 10.4.), with it being shown that some of these issues can be 

resolved with post-processing techniques. 

In general, majority of small-scale, scalable, and large-scale OPV fabrication incorporate a 

combination of non-vacuum techniques to deposited layers, depending on layer composition and 

thickness control. Some literatures have focused towards depositing these materials using non-

vacuum processes, with silver paste printing being the most used in these attempts [139, 150, 

151]. As for metal oxides, there have been attempts to transfer previously vacuum-processed 

materials to solution-processed, such a MoOX [152], to alternative materials, such as SnO2 [55], 

V2O5 [153, 154] and PEDOT:PSS [151, 155]. It is worth noting that, some literatures have 

demonstrated the increased scalability of vacuum-based processes that are large-scale roll-to-roll 

compatible [40, 149, 156]. 

2.8.2. OPV fabrication scalability via alternative printing and coating techniques 

Most papers also compare the scalability of fabrication methods based on the idea that 

printing/coating techniques can be performed via roll-to-roll fabrication. However, some methods 

such as sheet-to-sheet, sheets-on-shuttle & and roll-to-sheet, can still yield large scale OPV 

fabrication, rather than requiring a continuous roll fabrication [157]. Overall, roll-to-roll is ideal for 

the fabrication of flexible OPV devices, while flat-bed processing is more ideal for rigid OPV 

devices (such as for windows). 

Another important aspect is associated with the scalability of the active area, and the definition of 

cell vs molecules. Firstly, an active area is defined as the area of the device that is being exposed 

to the light, resulting in exciton generation. It is common to use small active areas (~0.1 cm2) to 

yield higher performance as it minimises the impact of film defects that would otherwise result in a 

PCE reduction. For demonstrating scalability, larger active areas ranging from ~1 cm2, ~10 cm2 

and even above ~100 cm2 have been employed. 
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Secondly, a cell is defined by a single OPV device that, when under operating conditions, is not 

connected to any other PV device (neither in series nor parallel). These cells can range from 

having an active area of 0.4 cm2 [158, 159] to 18 cm2 [160], and are commonly used individually to 

maximise device performance. Lastly, when wanting to demonstrate the efficiency of large-area 

OPV is with the fabrication of modules, consisting of cells that are connected either in parallel or 

series (depending on the groups conducting the research). For OPVs, the active area of these 

modules found in literature can range from 2 cm2 [161] to 360 cm2 [151]. 

When discussing literature that is focused on alternative printing and coating methods, it is 

common to find papers incorporating either “printed” or “fully printed.” For literature with the word 

“printed” in the title, it has been observed that the term is used from a range from devices that 

contain one printed layer using an alternative method to spin-coating , to two or three layers having 

been printed [162]. Also, the printed layer in question is usually the active layer, however, this can 

also refer to the interface and/or the electrode layer. 

As for “fully printed” devices, both the active layer and interface materials are deposited using a 

non-spin-coating method, however, this can also include OPVs containing an ITO covered 

substrate and/or an electrode that has been deposited via vacuum deposition [160]. It is also worth 

noting that the active area does not affect the definition of devices being “printed,” rather, assumed 

based on coating method implemented. Lastly, some literature that implement coating techniques 

such as blade and slot-die coating will title their papers as “printed,” even though the techniques 

themselves are not defined as a printing technique. 

2.8.3. Roll-to-roll fabrication 

Whenever discussing the upscaling of OPV fabrication, it is important to mention roll-to-roll 

processing. Usually involving a transparent-flexible substrate, the substrate is fed from one roll to 

another, with a series of coating processes and pre/post processes interacting with said substrate. 

For roll-to-roll, it can be defined into two parts, modular and inline (as seen in Figure 2.7). 
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Figure 2.6: Basic schematics of the type of roll-to-roll fabrication procedures. 

For modular, a single printing/coating process is conducted during the re-winding of the substrate, 

resulting in a single thin layer being deposited prior to the rewind of the roll. The advantage of this 

method is that it is incorporated in small-scale OPV fabrication, while only requiring a medium 

amount of lab space. This method also allows for optimised coating conditions to be implemented 

during each layer deposition. The only noted issue with the technique is that the fabrication time is 

greatly increased, due to the time taken to setup for the next deposition process. A few groups 

have employed this method of roll-to-roll [96, 151], being more suitable for laboratory conditions. 

As for Inline roll-to-roll fabrication, multiple coating processes are conducted on a single wind of the 

substrate (seen in Figure 2.6), allowing for the reduction of overall fabrication time, thus, making 

favourable for commercial conditions. One setback is that the winding speed is required to be the 

same for all coating processes, which may be an issue if the optimal coating is not the same for all 

material depositions. This technique has been performed by a few research groups during the past 

decade [163, 164]. 

2.8.4. Types of printing and coating methods 

In the past 15 years, there has been a significant increase in effort towards the development and 

implementation for printing and coating techniques that not only allow for the fabrication of high 

performance OPVs, but also devices with large active areas, minimal film defects and reduced 

manufacturing costs. As such, there are several methods that have been shown to be key towards 

solving this goal, each with their own benefits and challenges. 
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In this section, several types of solution-processed printing and coating technique will be 

investigated, highlighting past and current developments, and their popularity in the OPV field. 

When discussing the pattern control of printing and coating conditions, coating methods are only 

able to adjust the film thickness (zero-dimensional) or both strip width and thickness (one-

dimensional), whereas printing can form patterns along the XY-plane, as well as thickness (two-

dimensional). 

2.8.4.1. Spin-coating 

Spin-coating is a zero-dimensional, non-roll-to-roll compatible coating method that requires 

spinning a substrate at high speeds (1000 to 5000 rpm) to allow for the formation of thin films 

(seen in Figure 2.7). The ink can be placed on the spinning substate either before or during the 

spinning process. The thickness of the film can be controlled by adjusting spin speed, acceleration, 

coating time and solution concentration. Due to the simplicity of the method for producing small-

scale devices, it is one of the most common methods employed in labs to fabricate OPVs. This 

method has also yielded the highest efficiency OPVs when compared to other coating methods [1, 

165-167]. The major issue is that with this method the ability to be upscaled is limited, due to the 

reduction in layer thickness as you move away from the centre of the substrate [163, 168]. Due to 

the efficiencies achieved by this process, it is used a scale comparison for other printing/coating 

methods. 

 

Figure 2.7: Basic schematic of spin-coating. Adapted from Krebs, 2009 [168]. 

Owing from its simplicity as a coating method, and ability to fabricate high performing devices 

reproducibility, a wide range of materials have been processed using this technique, several active 

layer blend combinations (i.e., P3HT:PCBM [169-171], PBDB-T:ITIC [172-174], PM6:Y6 [24, 175, 

176]), electron transport layer (i.e., ZnO [177, 178], AZO [179-181]), and hole transport layer (i.e. 

PEDOT:PSS [182, 183], V2O5 [68]). To date, the highest efficiency for a single junction OPV that 

has been achieved was 19.3 ± 0.1%, with the device using PM6:D18:L8-BO as the photoactive 

materials [1]. 
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Overall, spin-coating is one of the most common coating methods used in OPV research due to its 

reproducibility and ability to achieve high device performances. Despite the lack of scalability, spin-

coated devices are still useful for comparing with scalable and large scale OPVs, as well as in the 

research of novel materials, processing, and ink preparation. 

2.8.4.2. Rod coating 

Rod coating is a zero-dimensional, contactless coating method, which works by forming a 

meniscus between the rod and substrate from the coating ink (seen in Figure 2.8). The coating 

occurs as either the rod or substrate moves, resulting in ink removing from the meniscus. From an 

extensive exploration of literature, it was found at least one attempt had been made using rod-

coating for active layer deposition, with P3HT:PCBM being the active layer blend yielding an 

efficiency of 1.9 ± 0.4%. All other applications of the technique have been used for silver nanowires 

(AgNW) [184], with the application aiming towards ITO-free substrates. 

 

Figure 2.8: Basic schematic of Rod coating. Adapted from Søndergaard et al., 2012 [185]. 

Although this technique is relatively simple to operate and automate, rod coating has seen little 

interest as a meniscus-based coating method, especially when compared to blade-coating and 

slot-die coating (to be discussed later). 

2.8.4.3. Blade coating / Knife-over-edge coating / Doctor blading 

Blade coating is a zero-dimensional, contactless coating method that has minimal ink wastage and 

roll-to-roll compatible. A build-up of ink on one side of the blade allows for the formation of a 

meniscus, where the thickness can be adjusted by controlling substrate speed and blade-substrate 

gap (seen in Figure 2.9). 

For the final dry thickness of the blade-coated film (𝑑), it can be calculated from the following 

equation (Equation 2.3): 

𝒅 =
𝟏

𝟐
(𝒈

𝒄

𝝆
)      (2.3) 

Where 𝑔 is the gap distance between the blade and substrate, 𝑐 is the concentration of the solid 

material in the ink (g cm-3), and 𝜌 is the material density in the final film (g cm-3). 
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Figure 2.9: Basic schematic of blade coater. Adapted from Søndergaard et al., 2012 [185]. 

Blade coating is one of the simplest methods for scalable and large-scale coating, only requiring a 

method for moving a substrate, a blade, and a method introducing ink between the blade and 

substrate. Due to its simplicity and ease-of use, it has gained interest towards large-scale 

fabrication, with many groups interested in the method. 

Due to the simplicity, low installation, and operational cost, as well as ranging in varied sizes, blade 

coating is one of the most employed methods for scalable OPV fabrication. The disadvantage of 

this method is, besides controlling thickness, patterns are unable to be formed without employing 

an etching method (manual [141, 186], chemical [60, 187], laser etching [3, 188, 189]). This makes 

blade coating not ideal for electrode coating, however, there is literature where they have coated 

electrodes at a small scale [190]. The other downside is this technique is more suitable towards 

flat-bed processing, resulting in majority of research using rigid substrates [66, 142, 186, 189-198], 

yet, it has been demonstrated that flat-deposition on flexible substrates is possible [139, 188, 199]. 

Despite these limitations, there has been extensive research towards reducing the performance 

gap between blade coating and spin-coating [142, 196, 197, 199], as well as device fabrication to 

higher active areas. To improve coating quality, uniformity, and morphological control of the active 

layer, there have been several examples of the implementation of in-situ annealing [141, 186, 189, 

190, 194, 200-202], as well as the use of hot air upon deposition of the film [141, 186]. These 

methods have allowed for the fabrication of OPVs to extend not just past 1 cm2 [188, 198]¸nor past 

10 cm2 [3, 189, 197], but beyond 100 cm2 [3, 141, 186]. Though some blade-coated OPVs are 

prepared under nitrogen [192, 194-196] and argon [142] conditions to allow for the best 

performance possible, a vast majority fabricate the devices under ambient conditions [188-190, 

192, 193, 198, 199, 202]. 

In terms of number of layers printed or coated using alternative techniques, the majority of 

literature focus on only one layer, usually the active layer, with the remaining having either been 

spin-coated or deposited via vacuum-based processes [142, 189, 194-198, 201]. 
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Though, there have been successful demonstrations of multiple layers being blade coated, 

specifically the coating of 2 [189, 197, 203] or 3 layers [139, 186, 188], and even all-printed devices 

[190]. 

With the versatility that has been shown with blade coating, there have been an array of active 

layer materials that have been coated with this method, including, but not limited to, P3HT:PCBM 

[158, 159], PCDTBT:PC71BM [199, 204] , PBDB-T:ITIC [172] & PTB7-Th:PC71BM [66]. This has 

allowed for performances to reach as high as 15.7% using “PV-X Plus”, with an active layer of 0.04 

cm2 [189]. There has also been interest toward fabricating large-scale device using blade coating, 

reaching an efficiency of 12.6 % with an active area of 194.8 cm2, when using active materials of 

PM6:Y6:PC61BM. This performance is much lower than the 16.2% reached when using spin-

coating of the same materials [205]. 

These higher performances can be contributed towards the use of more suitable solvents [142, 

158, 195, 196, 198, 200, 206], solvent additives [142, 172, 194, 202, 206], ink preparation 

strategies [193, 201, 203] and ternary blend combinations [199]. There has also been interest 

towards implementing active materials that are more suitable towards blade coating, rather than 

those that perform better for spin-casting, with more such materials like PBDB-T:ITIC appearing to 

achieve better performance when blade coated, when compared their spin-coated counterparts 

[172, 198]. 

Other layers that have been demonstrated to be coated include hole transport layer (i.e. 

PEDOT:PSS [190]), electron transport layer (i.e. ZnO NPs [190, 193]) and electrodes (i.e. Silver 

[207], Silver nanotubes [190, 193]). Other work that has been conducted by blade-coated OPVs 

include methods for improving stability [172, 188, 189, 197], the development of OPV for indoor 

applications (a.k.a. light recycling) [188], ink preparation via halogen-free/environmentally friendly 

processing [198], and coating of active layer nanoparticles [192]. 

Overall, there are some groups that use blade coating to demonstrate the upscale printing, while 

other groups use blade coating as a step towards upscale roll-to-roll, usually then performing either 

roll-to-roll or MRC slot-die coating [188]. While others are using blade coating as the first step away 

from relying on spin-coating as a fabrication process. Blade coating is also a viable coating method 

for scalable OPV fabrication for rigid substrates via flat bed. This technique seems to struggle for 

roll-to-roll fabrication methods. 

2.8.4.4. Slot-die coating 

Slot-die coating is a one-dimensional, contactless coating method, which works by constantly 

supplying inking into a meniscus formed between the slot-die and substrate. Unlike with blade 

coating which coats the entire surface, the slot-die can control the meniscus width, allowing for the 

coating of strips with a defined width. 
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The slot-die itself is relatively simple in design, with the ink being fed into a reservoir, before 

flowing down to the meniscus (seen in Figure 2.10). As the input of ink is controlled, there is a 

minimal wastage of ink. Unlike blade coating, where post-processing is required to form strips, the 

slot-die can control the meniscus width, allowing for the in-situ formation of strips throughout the 

printing process. For a given web, ink flow rate, coating width and solid concentration the final dry 

film thickness (𝑑) can be estimated as follows (Equation 2.4): 

𝑑 =
𝑓

𝑆 𝑤

𝑐

𝜌
      (2.4)   

where d is the thickness in cm, 𝑓 is the flow rate in cm3 min−1, S is the web speed in cm min−1, w is 

the coated width in cm, c is the solid content in the ink in g cm−3 and, ρ is the density of the dried 

ink material in g cm−3. 

 

Figure 2.10: Basic schematic of slot-die coating. Adapted from Søndergaard et al., 2012 [185]. 

With a similar case to blade coating, slot-die coating is a relatively simple method that is easily 

scalable, from rigid devices on a flat-bed [55, 59, 96, 161, 191, 208-212]¸ to scalable devices 

coated from a mini-roll coater (MRC) [145, 161, 210, 211, 213-215], and even up to scalable and 

large-scale roll-to-roll fabrication [59, 60, 96, 109, 143, 151, 155, 162, 163, 188, 216, 217]. With the 

variety of web-movement methods (flat-bed, MRC, roll-to-roll), it allows more easier transition 

between scales; from the fabrication of small-scale to scalable [61], as well as scalable to upscaled 

[213] OPV devices. This variability of scale has allowed for the fabrication and testing of OPV 

devices with increasing active areas, some reaching above 1 cm2 [143, 188, 209, 213-215, 218], 

10 cm2 [144, 151, 155, 161, 163, 211] and even above 100 cm2 [109, 151]. 
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With the increased interested towards slot-die coating, primarily of the active layer, there has been 

investigations into ways to improve the OPV devices performances, from the selection of 

appropriate solvents and solvent additives [143]¸ solvent post-annealing [162], as well as the 

implementation of materials more suitable for slot-die coating [61]. There is also interest towards 

using more environmentally friendly solvents with minimal loss to device performance [161]. 

One method that has seen increased interest for this technique is hot-deposition, a method for 

controlling morphology and printing quality by heating up the slot-die and/or substrate during 

deposition. Though a common method for MRCs, it has been demonstrated to allow for coating 

without the use of high-boiling point / low vapour pressure solvents, while also shown to be R2R 

compatible via a bench-sized R2R coater [59]. 

The highest efficiency achieved using this process of constructing the active layer was 13.5% with 

an active area of 0.1 cm2, using PTB7-Th:PC71BM:CO98DFIC [144], while the largest area 

attempted was 360 cm2 with an efficiency of 1.18% using P3HT:PC61BM [151]. The majority of 

literature focuses on the slot-die coating of the active layer [61, 63, 217], while some literature also 

uses slot-die coating of the bottom and top interface layer [143, 213, 216]. A minor amount of 

literature has demonstrated coating of the bottom and top electrodes by utilising this technique. 

Recently, there has been a shift towards high performance active materials, such as PM6:Y6 and 

their derivatives [55, 161, 210]. 

It is worth noting that a vast majority of devices that have been investigated are fabricated over a 

flexible substrate [59, 60, 161, 162, 211, 212, 215, 217, 218], with a small percentage over a rigid 

substrate [55, 59, 161, 191, 208-210]. This can be contributed to the higher complexity when 

compared to blade coating, even with the ability to form controlled widths without post-processing, 

blade coating has demonstrated the ease these processes are to conduct on flat-bed devices. 

Also, several groups have demonstrated the ability to use slot-die coating under ambient 

conditions, both on rigid [208, 210] and flexible substrates [60, 145, 214]. 

Other areas of interest for slot-die coated devices include methods for improving stability [59, 145, 

155, 161, 208], fabrication of indoor-based OPVs [60, 63], using ITO-free substrates [96, 212, 214, 

215], the formation of a ternary active layer [209], device encapsulation [155], and alternative 

coating methods, from sequential deposition of the active layer [209], to the use of differentially 

pumped slot-die coating [216]. 

In summary, slot-die coating has been demonstrating as a viable method of active layer and 

interface layer coating, with the aim towards the fabrication of flexible OPV cells and modules, 

especially when implemented to roll-to-roll fabrication. 

 



 

34 

2.8.4.5. Spray coating 

Spray coating is a contactless, zero-dimensional coating method where a continuous spray of ink 

is atomised into spray that is directed towards the substrate’s surface. By pushing the ink through a 

nozzle with the use of a nitrogen/argon/oxygen gas, ink is ejected to free space and to the 

substrate (seen in Figure 2.11). The thickness can be adjusted by increasing spray amount or 

reapplying layers. 

 

Figure 2.11: Basic schematic of spray coating. Adapted from Søndergaard et al., 2012 [185]. 

To allow for a uniform coating during deposition, several papers have incorporated ultrasonic 

nozzles [219, 220], allowing for a reduced droplet size without reducing the high pressure gas that 

would allow for large area deposition [221]. Another method that has been demonstrated in 

acoustic vibration of the substrate during deposition [219], is in-situ annealing [220, 222, 223]. 

Spray coating has been used to process several active layer blend combinations (i.e., P3HT:PCBM 

[224-227]), electron transport layer (i.e., ZnO [225, 228], PEIE [154]), hole transport layer (i.e., 

PEDOT:PSS [225, 229], V2O5 [154]) and even AgNWs used as an electrode [228]. 

From 2010 to 2015, there was a lot of interest in this coating technique, especially towards 

improving the spray quality to allow for a uniform thin film. Since 2015, however, there has been 

less interest while other coating techniques gained popularity. As of 2017, the highest efficiency 

achieved using this process of the active layer 7.3%, p-DTS(FBTTh2)2:PC71BM [229], while the 

large active layer attempted was in 2018 with P3HT:PCBM, having achieved 2.4% with an area of 

4 cm2. Even though there have been devices that have been made with an active area larger than 

1 cm2 [225, 226], there has been very little research done to fabricate devices utilising a larger 

active area. 
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From the assessment of literature, the majority of device fabricated OPV via spray coating only 

focus using the technique to deposit the active layer only [219, 220, 222, 224, 226, 227, 230, 231], 

with the rest of the layers either being spin-coated or deposited via vacuum-based processes. Only 

a few papers have implemented spray coating for the film formation of 2 [229, 232] or 3 layers 

[154]. It is also worth noting that the majority of devices using this technique were fabricated on a 

rigid substrate [220, 223, 226, 229], with only one paper, to date, demonstrating the deposition 

over a flexible substrate [226]. 

For spray coating, the areas that have been focused on, outside of the influence of the active layer, 

includes ITO-free device fabrication [154, 228, 232], improving light degradation [229], producing 

all spray coated devices [225, 228] and printing on uneven surfaces such as textiles [228]. Other 

areas also include the formation of bilayers in the active layer region by the implantation of “dry 

spray-coating” [233], and the use of s-MoO3 nanoparticle ink [66]. 

Even though there are a variety of implementations for spray coatings in OPV fabrication, it has not 

reached the same success as other non-contact coating methods, such as blade or slot-die 

coating. This can be contributed to the large amount of material wastage, resulting in groups using 

cheaper yet lower performing materials to produce devices. Despite this, there is continued interest 

in this technique due to its versatility and ability to coat thin films on uneven surfaces. 

2.8.4.6. Inkjet printing 

Inkjet printing is a 2-dimensional printing method that can easily control the thickness and can be 

adjusted by either re-coating over the same area or increasing the rate of ink deposition during 

printing. Unlike spray coating that covers a large area simultaneously, the ink produces ink droplets 

that follow a relatively linear path towards the substrate (seen in Figure 2.12), allowing for fine 

control of area being coated, as well as reducing the amount of ink wastage being produced. 

There are two main types of inkjets that have been employed for OPV fabrication: piezoelectric 

(a.k.a. Droplet on demand, DOD) and continuous inkjet. For DOD inkjet printing, a piezoelectric 

pump is used to produce droplets when over a position that requires ink deposition, whereas the 

continuous inkjet has a continuous flow of ink drops, where the deposition is controlled with 

deflector plates, allowing the illusion of the inkjet stopping and starting [202]. 
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Figure 2.12: Basic schematic of two types of inkjet printing, Piezoelectric (LEFT) and continuous 
(RIGHT) [185]. 

The final dry thickness of the inkjet-printed films (𝑑) can be determined based on the number of 

droplets (𝑁𝑑) delivered per area (cm-2), the individual droplet volume (𝑉𝑑), as well as the 

concentration (𝐶) and density (𝜌) of the solid material ink the ink, with the equation as follows 

(Equation 2.5): 

𝑑 = 𝑁𝑑𝑉𝑑
𝑐

𝜌
      (2.5)  

Though there has been some interest towards employing inkjet printing towards high performance 

OPVs, reaching up to 7.3% PCE using p-DTS(FBTTh2)2:PC71BM [234], P3HT:PCBM blend devices 

still take up a good amount of devices fabricated with this method [235-237]. The highest efficiency 

with an upscaled active area of 1 cm2 was reached up to 4.7% using “Activlink PV2000”. Due to the 

ability to form patterns using printing, there is a relatively even distribution by way of using inkjet 

printing of the active layer, interface, and electrode deposition. Other materials that have been 

deposited by inkjet printing include transport/interface materials, such as PEDOT:PSS [192, 238] 

and ZnO [192, 236], as well as electrodes, including Ag [239, 240] and Ag NWs [241]. 

Due to the printing web speed, it will be difficult for the technique to compete with faster printing 

and coating methods, especially when coating the active layer, however, there is still interest 

towards high-resolution printing, especially for sheet-to-sheet device fabrication, as well as small-

scaled printing where minimal wastage is a necessary required for reducing manufacturing cost. 

2.8.4.7. Pad printing 

Pad printing is a two-dimensional, contact-based printing method that implements a pad to collect 

ink from a gravure and transfers it to a substrate. As seen in Figure 2.13, a gravure is filled from 

the ink cup with ink, prior to a pad picking up the ink and transferring it to a substrate. 
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Figure 2.13: Basic schematic of pad printing. Adapted from Krebs et al., 2009 [242]. 

The final dry thickness of the deposited film can be calculated based on the volume of ink 

contained in the gravure per unit area (𝑉𝑔) (cm3 m-2), the concentration of solid material in the 

printing ink (𝑐) and the material density of the dry film (𝜌) (seen in Equation 2.6): 

𝑑 = 𝑉𝑔𝑘𝑝
𝑐

𝜌
     (2.6) 

It is worth noting that the pickup and deposition of the ink from the pad is not always complete, 

resulting in a reduction in the expected dry film thickness. As such, a constant (𝑘𝑝) is associated 

with the thickness equation. 

So far, there has only been one pad to demonstrate pad printing for the fabrication of OPV devices, 

with the results having been published by Krebs et al. 2008, with the printing of the P3MHOCT + 

Zinc resulting in an efficiency of 0.07% [242]. Due to the complexity of the printing method 

instrumentation, the pad coating method has seen little interest for both small-scale and large-

scale OPV fabrication, especially with the existence of better printing and coating systems that are 

available on the market. 
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2.8.4.8. Gravure printing 

Gravure is a contact-based, two-dimensional coating method, with the pattern forming from the ink 

within the cavities of the engravings. The basic version of printing method has the ink being 

withdrawn from an ink bath, with any excess ink being removed via a blade. A substrate is then fed 

between impression cylinder and the ink-covered gravure roll to imprint a patterned coating (seen 

in Figure 2.14). As such, this technique relies on the surface energy of the substrate to remove the 

ink from the cavities as the web is brought into contact with the cylinder. 

Both the thickness and shape of the printed layer is dependent on the engraved pattern and depth 

of the cavities of the cylinder, making it difficult and costly to optimise the coating thickness, 

however, some papers have shown that with adjustment of the blade again the gravure cylinder 

can influence amount of ink deposited [243-246]. The quality of printing is dependent on the ink 

rheology, web/substrate speed, as well as the pressure between the impression cylinder and 

gravure cylinder against the cylinder. 

 

Figure 2.14: Basic schematic of Gravure printing. Adapted from Søndergaard et al., 2012 [185]. 

For the past 10 years, gravure printing has been demonstrated to be compatible for roll-to-roll 

printing of OPVs [245-247], having printing transport layers such as ZnO, ZnO NP or ZnO:PEI 

[244, 247], PEDOT:PSS [200, 245, 246], as well as active layer printing. Initial work was based on 

P3HT:PCBM devices [243], however, has expanded to more moderate performing materials, such 

as PTB7-Th:PC71BM devices [247]. 
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Though there was a lot of interest in the 2010’s, there has been less literature focused on 

improving the method, generally due to the amount of material used in the method. As such, 

devices mostly used P3HT:PCBM active material for the OPVs. 

Despite this method being roll-to-roll compatible, the technique is difficult to down scale, and there 

is a large amount of material waste, making it less desirable for lab-scale device fabrication. It is 

also worth noting that the method has seen more devices made with flexible substrates [200, 243-

245], with very few performed (if any) on rigid substrates. Some work that has been focused on 

gravure printed devices include optimising the plate and grid sizing, improving mechanical stability 

[244, 245], and optimising conditions to reduce the gap between gravure and spin-coated devices 

[245, 247]. 

Based on the number of papers, gravure had peaked in interest towards printing of the active layer 

around 2017 [247, 248], however, we have seen that interest decay as of late. Several factors 

including difficulty to use in small-scale fabrication, potential material wastage, and more focus on 

blade and slot-die coated active layer research, has made this method less desirable for OPV 

research of high-performance devices. Despite this, there has still been interest towards gravure-

printing of the ZnO:PEI and ZnO as the bottom interface for inverted OPVs [243, 244, 249]. 

2.8.4.9. Flexographic printing 

Flexographic is another two-dimensional, contact-based printing method that has direct contact 

with the substrate. Unlike gravure printing that relies on filling engravings with ink, flexographic 

printing has the ink being deposited from patterned plates from the cylinder. To achieve this via 

roll-to roll fabrication, a foundation collects ink from an ink bath and deposited it onto an anilox roll. 

To control the wet thickness, a doctor blade can be used. The ink is then transferred onto the 

printing plate cylinder before being deposited onto a substrate that is pressed against the printing 

plate and impression roll (seen in Figure 2.15). This method can be down scaled for the 

implementation on a mini-roll coater, with the mini-roll acting as the impression roll, while the 

deposition of the ink onto the printing plate cylinder occurring manually [214, 250]. 
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Figure 2.15: Basic schematic of flexographic printing. Adapted from Søndergaard et al., 2012 [185]. 

Based on the properties flexographic printing relies on, this method allows for the printing of inks 

that have higher viscosity, unlike gravure that relies on low viscous inks. This has allowed this 

printing method to be commonly used for the printing of electrodes of ITO-free OPVs [139], with 

the most common material being silver-based paints [163, 214, 215, 251, 252]. This Technique has 

also been used for the printing of the electron transport layer (ZnO) and active layer containing 

PCDTBT:PC71BM [139]. 

Other research that has been conducted for this technique include improving printing by improving 

pre-wetting techniques [163], patterning optimisation to improve resolution [253, 254] and adjusting 

ink preparation and printing temperature [255]. Though, a significant amount of research is aimed 

at flexible electronic devices, rather than focusing on OPV device fabrication. 

Like gravure printing, due to the large amount of ink wastage, complexity and the difficult to 

performance small-scale fabrication, there has been minimal amount of interest from the OPV 

community to investigate this technique. Despite this, the method is still used for scalable ITO-free 

OPV device fabrication. 
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2.8.4.10. Screen printing 

Screen printing is a contact-based, two-dimensional printing method where ink is forced through a 

patterned screen with the use of a squeegee, resulting in the ink deposited onto the waiting 

substrate below (seen in Figure 2.16). Unlike flexographic and gravure printing, screen printing 

allows for the formation of thicker films, making it ideal for printing of electrodes. As to date, there 

are two major methods of screen printing implemented in OPV fabrication, flat bed (small-scale) 

and rotary (large-scale). For the flat-bed, ink is based over a flat, patterned screen, allowing for the 

sheet-to-sheet patterning of flat substrates [123, 256, 257]. As for rotary, the patterned screen is 

shaped into a roll, with the squeegee and ink positioned inside, making it ideal for roll-to-roll device 

fabrication [163, 258]. 

 

Figure 2.16: Basic schematic of screen printing, specifically flatbed and rotary. Adapted from 
Søndergaard et al., 2012 [185]. 

The final dry thickness of the film (𝑑) can be determined based on the assumed amount being 

partially by the screen (𝑉𝑆𝑐𝑟𝑒𝑒𝑛), the pick-out ratio (𝑘𝑝), the concentration of the solid material in the 

ink (𝑐), and the dry film density (𝜌) (seen in Equation 2.7):  

𝑑 = 𝑉𝑆𝑐𝑟𝑒𝑒𝑛𝑘𝑝
𝑐

𝜌
     (2.7) 

There is not much literature that primarily focuses the application of screen printing, with those that 

do having printed PEDOT:PSS over the active layer [256], the active layer only [259], or the Ag 

grid on top of ITO and the active layer [123]. For devices with an active layer deposited via screen 

printing, the highest efficiency achieved was of 2.4% with an active area of 3 cm2, having an active 

material of P3HT:PCBM [259]. Little investigation has been done into screen printing as a method 

for active layer coating, however, it has become one of the most common methods for scalable 

and upscale deposition of electrode, for both top [163] and bottom [123, 258, 260]¸ as well as the 

transport layers [212, 256, 258]. Screen printing is also commonly depositing an etching solution 

over ITO-covered PET, allowing for the patterning of the substrate prior to device fabrication [139, 

163, 199, 203].  
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With the existence of both flatbed and rotary screen printing techniques, it has allowed for screen 

printing to be demonstrated to deposit films over rigid [258, 259] and flexible substrate [123, 257]. 

Despite the lack of interest towards active layer deposition using screen printing, the technique has 

still found use for patterned electrode printing, for both flatbed and rotatory screen. This has 

allowed for the technique to be a significant technique, especially for device fabrication that is 

moving away from vacuum-based processes. 

2.8.5. Printing and coating method comparison 

As seen so far in this chapter, there is quite an extensive array of printing and coating techniques 

that have been shown to work successfully towards the fabrication of OPVs, however, some 

techniques have seen more success in publication numbers than others due to a multitude of 

factors. For an in-depth comparison of the printing and coatings techniques, Table 2.1 was 

prepared, comparing device architecture, printing/coating methods implemented, active area and 

device performance. This section will also relate the summary of literature with the technical 

comparison of printing and coating techniques (seen in Table 2.2), adapted from Krebs et al. 2009 

[168]. 
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Table 2.1: List of literature summary, including device architecture, which layers are printed, device area and device performance.  

Method Year Device structure Printed layers 
Area 

(cm2) 

Performance 

(%) 

Cell or 

module 
Author 

Blade 2009 Glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al P3HT:PCBM (Blade) 0.04 3.8 Cell [158] 

 2011 Glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al P3HT:PCBM (Blade) 0.167 1.9 Cell [206] 

 2012 Glass/ITO/PEDOT:PSS/POD2T-DTBT:PC71BM/Al POD2T-DTBT:PC71BM (Blade) 0.04 6.49 Cell [159] 

 2014 Glass/ITO/PEDOT:PSS/pDPP5T-2:PC61BM/ZnO-NP/Ag PEDOT:PSS, pDPP5T-2:PC61BM & ZnO-NP (Blade) 0.104 3.96 Cell [190] 

 2014 
Glass/AgNW/PEDOT:PSS/pDPP5T-2:PC61BM/ZnO-

NP/AgNW 
AgNW, PEDOT:PSS, pDPP5T-2:PC61BM & ZnO-NP, AgNW (Blade) 0.104 2.89 Cell [190] 

 2014 Glass/ITO/PEDOT:PSS/PTB7:PC61BM/Ca/Al PTB7:PC61BM (Blade) - 3.61 Cell [200] 

 2015 Glass/ITO/ZnO/pDPP5T-2:PC71BM/MoO3/Ag pDPP5T-2:PC71BM (Blade) - 6.3 Cell [195] 

 2015 Glass/ITO/PEDOT:PSS/POD2T-DTBT:PC71BM/LiF/Al PEDOT:PSS, POD2T-DTBT:PC71BM (Blade) 108 3.45 Module [141] 

 2016 Glass/ITO/ZnO/PBDT-TSR:PPDIODT/MoOx/Al PBDT-TSR:PPDIODT (Blade) 0.069 5.07 Cell [194] 

 2016 Glass/ITO/ZnO/PBDT-TSR:PC71BM/MoOx/Al PBDT-TSR:PC71BM (Blade) 0.069 8.02 Cell [194] 

 2016 Glass/ITO/ZnO/P3HT:IC60BA/PEDOT:PSS/Ag ZnO, P3HT:IC60BA & PEDOT:PSS (Blade) 0.1 3.9 Cell [192] 

 2016 Glass/ITO/ZnO/P3HT:IC60BA/PEDOT:PSS/Ag ZnO, P3HT:IC60BA & PEDOT:PSS (Blade) 1.1 3.4 Cell [192] 

 2017 Glass/ITO/ZnO/P(T3-TPD):PC71BM/MoO3/Ag P(T3-TPD):PC71BM (Blade) 0.07 5.40 Cell [142] 

 2018 PET/ITO/ZnO/PCDTBT:PC71BM/MoOx/Ag ZnO & PCDTBT:PC71BM (Blade) 1 4.3 Cell [139] 

 2018 PET/ITO/ZnO/PCDTBT:PC71BM/MoOx/Ag ZnO, PCDTBT:PC71BM & VOX (Blade). Ag (Flexography) 1 1.9 Cell [139] 

 2018 ITO/ZnO/PBDB-T:ITIC/MoOx/Al PBDB-T:ITIC (Blade) - 10.03 Cell [172] 

 2018 Glass/ZnO NP/P3HT:IDTBR/PEDOT:PSS/Ag NWs ZnO NP, P3HT:IDTBR, PEDOT:PSS & Ag NWs (Blade) 0.1 04 5.25 Cell [193] 

 2018 Glass/ITO/ZnO/PBTA-TF:IT-M/MoO3/Al PBTA-TF:IT-M (Blade) 0.04 11.4 Cell [198] 

 2019 Glass/ITO/ZnO/PBDB-T:iIEICO-4F/MoO3/Al PBDB-T:iIEICO-4F (Blade) - 11.5 Cell [61] 

 2019 Glass/PEDOT:PSS/PBDB-TF:BTP-4Cl-12/PDINO/Al PBDB-TF:BTP-4Cl-12 (Blade) 0.81 15.5 Cell [201] 

 2019 Glass/ITO/PEDOT:PSS/PBDB-TF-T1:BTP-4F-8/PFN-Br/Al PBDB-TF-T1:BTP-4F-8 (Blade) 1.07 14.4 Cell [196] 

 2020 PET/ITO/ZnO/PDTSTPD:PC71BM/MoOx/Ag ZnO & PDTSTPD:PC71BM (Blade) 1 4.2 Cell [203] 

 2020 Glass/ITO/ZnO/PCDTBT:PC71BM/MoO3/Ag PCDTBT:PC71BM & ZnO (Blade) 0.04 12.3 Cell [204] 

 2020 glass/ITO/ZnO/TPD-3F:IT-4F/MoOx/Ag TPD-3F:IT-4F (Blade) 20.4 10.08 Module [197] 

 2020 glass/ITO/ZnO/TPD-3F:IT-4F/m-PEDOT:PSS/Ag PEDOT:PSS & TPD-3F:IT-4F (Blade) 20.4 6.77 Module [197] 

 2020 
Glass/ITO/PEDOT:PSS/NF3000-P:NF3000-N/ 

TASiW-12/Al 
PEDOT:PSS,NF3000-P:NF3000-N & TASiW-12 (Blade) 0.04 12.3 Cell [186] 
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Blade 2020 
Glass/ITO/PEDOT:PSS/NF3000-P:NF3000-N/ 

TASiW-12/Al 
PEDOT:PSS,NF3000-P:NF3000-N & TASiW-12 (Blade) 216 9.5 Module [186] 

 2021 Glass/ITO/PM6:Y6:PC61BM/MoOx/Ag ZnO & PM6:Y6:PC61BM (Blade) 25 13.27 Module [3] 

 2021 Glass/ITO/PM6:Y6:PC61BM/MoOx/Ag ZnO & PM6:Y6:PC61BM (Blade) 194.8 12.63 Module [3] 

 2021 PET/ITO/ZnO NP + PEIE/P3HT:PC61BM/PEDOT:PSS/Ag Ag top (Blade) 0.21 0.95 Cell [207] 

 2021 
PET/ITO/Ag/ITO/PEI/RaynergyTek:PC61BM/ 

PEDOT:PSS/Ag 
PEI, RaynergyTek:PC61BM & PEDOT:PSS (Blade) 0.55 6.5 Cell [188] 

 2021 PET/ITO/silver/ITO/PEI/C1:PC61BM/PEDOT:PSS/Ag C1:PC61BM, PEI, PEDOT:PSS (Blade) 0.55 6.5 Cell [188] 

 2021 PET/ITO/ZnO NP/PCDTBT:PC71BM/MoO3/Ag Pattern ITO(Screen), ZnO NPs & PCDTBT:PC71BM (Blade) 1 5.3 Cell [199] 

 2021 Glass/ITO/ZnO/PTB7-Th:P(NDI2OD-2T)/MoO3/Ag PTB7-Th:P(NDI2OD-2T) (Blade) - 4.5 Cell [199] 

 2021 Glass/ITO/ZnO/PV-X Plus/MoO3/Ag PV-X Plus (Blade) 0.04 15.7 Cell [189] 

 2021 Glass/ITO/ZnO/PV-X Plus/MoO3/Ag ZnO, PV-X Plus (Blade) 32.64 10.3 Module [189] 

 2021 Glass/ITO/ZnO/PTB7-Th:PC71BM/MoO3/Al ZnO & PTB7-Th:PC71BM (Blade) - 7.58 Cell [66] 

 2021 Glass/ITO/ZnO/PTB7-Th:PC71BM/MoO3/Ag NWs ZnO & PTB7-Th:PC71BM (Blade), MoO3 & Ag NWs (Spray) - 4.19 Cell [66] 

Flexography 2012 
PET/Ag-grid/PEDOT:PSS/ZnO/P3HT:PCBM/ 

PEDOT:PSS/Ag 
Bottom Ag-grid (Flexography) - 1.82 Cell [252] 

 2016 
PET/Ag grids or (Ag grid/CNT hybrid 

coating)/PEDOT:PSS/P3HT:PC60BM/Ca/Al 
Ag-grid (Flexography) 0.09 0.61 Cell [251] 

 2018 PET/ITO/ZnO/PCDTBT:PC71BM/MoOx/Ag ZnO & Active layer (Flexography) 1 3.4 Cell [139] 

Gravure 2011 PET/PEDOT:PSS/P3HT:PC61BM/Ca/Al PEDOT:PSS (Gravure) 0.0466 2 Cell [245] 

 2013 PET/ITO/PEDOT:PSS/P3HT:PCBM/ZnO/Al PEDOT:PSS, P3HT:PCBM & ZnO (Gravure) 75 0.86 Module [246] 

 2014 Glass/ITO/PEDOT:PSS/PTB7:PC61BM/Ca/Al PEDOT:PSS & PTB7:PC61BM (Gravure) - 1.61 Cell [200] 

 2014 PET/ITO/PEDOT:PSS/P3HT:PC61BM/LiF/Al PEDOT:PSS & P3HT:PC61BM (Gravure) 15 1.72 Cell [261] 

 2015 PET/ITO/ZnO NP/P3HT:PC61BM/PEDOT:PSS/Silver ZnO NP & P3HT:PC61BM (Gravure), Silver (Flexography) 0.32 1.26 Cell [150] 

 2015 PET/ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Ag ZnO & P3HT:PC61BM (Gravure), PEDOT:PSS & Ag (Rotary Screen) 96.5 1.8 Module [187] 

 2015 PET/ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Ag 
ITO pattern, PEDOT:PSS, & Ag (Rotary screen), ZnO & P3HT:PC61BM 

(Gravure) 
96.5 1.97 Module [187] 

 2016 PET/ITO/ZnO NP/P3HT:PC61BM/PEDOT:PSS/Silver ZnO NP, P3HT:PC61BM, PEDOT:PSS & Ag (Gravure) 18 2.22 Cell [160] 

 2017 PET/ITO/ZnO/PTB7-Th:PC71BM/MoOx/Al ZnO & PTB7-Th:PC71BM (Gravure) 0.09 6.61 Cell [247] 

 2017 PET/ITO/PEDOT:PSS/P3HT:PCBM/Li/Al PEDOT:PSS & P3HT:PCBM (Gravure) 21.8 2 Module [248] 

 2018 Glass/ITO/ZnO/PTB7-Th:PC71BM/MoO3/Al ZnO (micro-gravure) - 6.83 Cell [249] 

 2019 PET/ITO/ZnO:PEI/P3HT:PCBM/MoO3/Ag ZnO:PEI & P3HT:PCBM (Micro-gravure) 0.09 2.43 Cell [243] 
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Gravure 2019 PETs/ITO/ZnO:PEI/PTB7-Th/MoOx/Al ZnO:PEI (Micro-gravure) 0.09 6.9 Cell [244] 

Inkjet 2007 Glass/TO/ PEDOT:PSS/P3HT:PCBM/ZnO/Ag Ag (Inkjet) - 0.209 Cell [239] 

 2010 Glass/ITO/ PEDOT:PSS/P3HT:PC61BM/LiF/Ag PEDOT:PSS & P3HT:PC61BM (Inkjet) - 3.71 Cell [237] 

 2012 PET/Ag/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag Bottom Ag (Inkjet) - 0.75 Cell [252] 

 2015 Glass/Ag/PEDOT:PSS/ZnO NP/Activlink PV2000/PEDOT/Ag PEDOT:PSS, Activlink PV2000, ZnO NP (Inkjet) 1 4.7 Cell [238] 

 2015 Glass/ITO/ZnO/P3HT:PCBM/MoOx/Ag ZnO & P3HT:PCBM (inkjet) 1 2.83 Cell [236] 

 2015 
Glass/Mo/Al/Mo/PEDOT:PSS/ZnO/P3HT:PCBM/ 

MoOx/Ag 
PEDOT:PSS, ZnO & P3HT:PCBM (inkjet) 1 2.18 Cell [236] 

 2015 
Glass/ITO/ZnO/P3HT:PC61BM/ 

PEDOT:PSS:MoO3/Ag NW 
Ag (Inkjet) - 2.71 Cell [240] 

 2016 Glass/ITO/ZnO/P3HT:IC60BA/WoO3/PEDOT:PSS/Ag ZnO, P3HT:IC60BA, WoO3, PEDOT:PSS & Ag (inkjet) 0.1 2.9 Cell [192] 

 2016 Glass/ITO/ZnO/P3HT:IC60BA/PEDOT:PSS/Ag P3HT:IC60BA (Inkjet) 0.1 1.6 Cell [192] 

 2016 
Glass/Ag NP/Ag NW/PV2000:PC70BM/ 

PEDOT:PSS/Ag NW 
Ag NP, Ag NW, PV2000:PC70BM, PEDOT:PSS & Ag NW (Inkjet) 1 4.3 Cell [241] 

 2018 Glass/ITO/ZnO np/P3HT:PC61BM/PEDOT:PSS/Ag PEDOT:PSS (Inkjet) - 1.9 Cell [262] 

 2018 PEN/Ag/ZnO/P3HT:PCBM/PEDOT:PSS Ag, ZnO, P3HT:PCBM & PEDOT:PSS (Inkjet) 0.02 0.18 Cell [235] 

 2019 Glass/ITO/ZnO/P3HT:ICBA/MoO3/Ag ZnO, P3HT:ICBA (inkjet) 0.045 4.7 Cell [263] 

 2020 Glass/ITO/ZnO/P3HT:O-IDTBR/MoOx/Ag P3HT:O-IDTBR (Inkjet) 0.1 6.47 Cell [264] 

 2020 Glass/PEDOT:PSS/P3HT:O-iDTBR/ZnO/PEDOT:PSS PEDOT:PSS, P3HT:O-iDTBR & ZnO (Inkjet) 0.1 4.73 Cell [264] 

 2021  glass/ITO/PEDOT:PSS/p-DTS(FBTTh2)2:PC70BM/Ca/Al p-DTS(FBTTh2)2:PC70BM (inkjet) - 7.3 Cell [234] 

 2022 Glass/ITO/PEDOT:PSS:Graphene/PTB7:PCBM/LiF/Al PEDOT:PSS:Graphene & PTB7:PCBM (Inkjet) 0.7 1.12 Cell [265] 

Pad 2008 Glass/ITO/ ZnO/P3MHOCT + Zinc/PEDOT:PSS/Silver P3MHOCT + Zinc (Pad) - 0.07 Cell [242] 

Rod 2011 Glass/AgNWs-TIO2/PEDOT:PSS/P3HT:PC61BM/Ca/Al AgNW film (Rod) - 3.4 Cell [184] 

 2017 Glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al PEDOT:PSS & P3HT:PCBM (Rod) 0.1 1.9 ± 0.4 Cell [266] 

Screen 2004 PET/ITO/Ag/MEH-PPV/Al Ag and Active (Screen) 0.12 0.046 Cell [123] 

 2009 Glass/ITO/PEDOT:PSS/P3HT:PCBM/Al Active layer (Screen) 3 2.3845 Cell [259] 

 2018 Steel/Insulator/Al/ZnO/P3HT:PC61BM/PEDOT:PSS/Al PEDOT:PSS (Screen) 0.09 0.67 Cell [256] 

Slot-die 2009 PET/ITO/ZnO/P3HT/PEDOT:PSS/Ag ZnO, P3HT, PEDOT:PSS & Ag (Slot-die) 120 0.84 Module [267] 

 2010 PET/ITO/ZnO NP/P3HT:PCBM/PEDOT:PSS/Nickel 
ZnO NP, P3HT:PCBM & PEDOT:PSS (Slot-die), n-octanol (flexographic), 

Nickel (Rotary screen) 
15 2.75 Cell [163] 

 2010 PET/ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Al ZnO, P3HT:PC61BM & PEDOT:PSS (Slot-die). Silver (Rotary screen) 360 1.18 ± 0.13 Module [151] 

 2010 PET/ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Al ZnO, P3HT:PC61BM & PEDOT:PSS (Slot-die). Silver (Rotary screen) 160 1.22 ± 0.11 Module [151] 
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Slot-die 2010 PET/ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Al ZnO, P3HT:PC61BM & PEDOT:PSS (Slot-die). Silver (Rotary screen) 96 1.79 ± 0.09 Module [151] 

 2011 PET/Cr/Al/Cr/P3HT:PCBM/PEDOT:PSS/Au P3HT:PC61BM & PEDOT:PSS (Slot-die) 20.6 1.40% Module [211] 

 2012 
PET/Silver/PEDOT:PSS/ZnO 

NP/P3HT:PC61BM/PEDOT:PSS/ Silver 
PEDOT:PSS, P3HT:PC61BM & ZnO NP (Slot-die) 1 1.5 Cell [213] 

 2013 ITO/ZnO/PSBTBT:PDI-DTT/PEDOT:PSS/Ag PSBTBT:PDI-DTT (Slot-die) 4.2 0.204 Cell [217] 

 2013 
Ag grid/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag grid 

(TOP) 

Bottom Ag (Flexography), PEDOT:PSS (Rotary Screen), ZnO & Active (Slot-

die), Top Ag (Flatbed screen) 
24 2.09 Cell [258] 

 2013 
Ag grid/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag grid 

(TOP) 

Bottom Ag (Flexography), PEDOT:PSS (Rotary Screen), ZnO & Active (Slot-

die), Top Ag (Rotary screen) 
24 1.84 Cell [258] 

 2013 
Ag grid/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag grid 

(TOP) 

Bottom Ag (Flexography), PEDOT:PSS (Rotary Screen), ZnO & Active (Slot-

die), Top Ag (Inkjet) 
24 0.54 Cell [258] 

 2013 
Ag grid/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag grid 

(TOP) 

Bottom Ag (Flexography), PEDOT:PSS (Rotary Screen), ZnO & Active (Slot-

die), PEDOT:PSS (Rotary Scree), Top Ag (Flexography) 
24 0.12 Cell [258] 

 2014 PET/ITO/Ag/ITO/AZO/P3HT:PCBM/PEDOT:PSS/Ag AZO & PEDOT:PSS (Blade), P3HT:PCBM (Slot-die) 2.5 3.03±0.06 Cell [218] 

 2015 PET/AgNW/ZnO/PBDPTTTz-4:PC61BM/PEDOT:PSS/Ag AgNW, PEDOT:PSS & PBDPTTTz-4:PC61BM (Slot-die). Ag (Flexography) 1 3.3 Cell [214] 

 2017 PET/ITO/AZO:PEIE/P3HT:PC71BM/MoO3/Ag AZO & P3HT:PC71BM (Slot-die) 2 5.7 Cell [143] 

 2017 PET/ITO/AZO/PTB7:PC71BM/MoOx/Ag AZO & PTB7:PC71BM (Slot-die) 0.3 7.32 Cell [143] 

 2018 PET/Ag grid/PEDOT:PSS/ZnO/PI-4 ink/HTL/ Ag Vacuum PI-4 ink & HTL (Slot-die) - 0.669 Cell [212] 

 2018 PET/ZnO NPs/PPDT2FBT:PC71BM/MoOx/Al ZnO NPs & PPDT2FBT:PC71BM (Slot-die) 0.1 7.1 Cell [59] 

 2019 
glass+C14:G14s/ITO/ZnO/PEIE/PPDT2FBT:PC61BM/ 

MoOX/Ag 
PPDT2FBT:PC61BM (Slot-die) 0.09 8.48 Cell [63] 

 2019 glass/ITO/ZnO/PEIE/PPDT2FBT:ITIC-F/MoOX/Ag PPDT2FBT:ITIC-F (Slot-die) 0.09 8.48 Cell [63] 

 2019 PET/Ag/ZnO/PBDB-T:ITIC/HTL solar/CPP PEDOT:PSS ZnO, PBDB-T:ITIC, HTL & PEDOT:PSS (Slot-die) 0.054 5.07±0.09 Cell [96] 

 2019 PET/Ag/PEDOT:PSS/P3HT:ICxA/ZnO/Al Ag (Flexography), PEDOT:PSS, P3HT:IcxA & ZnO (Slot-die) 4 0.33 ± 0.09 Cell [162] 

 2019 
PET/ITO/ZnO/PTB7-Th+p-

DTS(FBTTH2)2:PC71BM/MoOx/Ag 
ZnO, PTB7-Th+p-DTS(FBTTH2)2:PC71BM 0.75 7.32 ± 0.431 Cell [209] 

 2019 
PET/ITO/ZnO/PTB7-Th+p-

DTS(FBTTH2)2:PC71BM/MoOx/Ag 
ZnO, PTB7-Th+p-DTS(FBTTH2)2:PC71BM 1 7.11 ± 0.263 Cell [209] 

 2019 
PET/ITO/ZnO/PTB7-Th+p-

DTS(FBTTH2)2:PC71BM/MoOx/Ag 
ZnO, PTB7-Th+p-DTS(FBTTH2)2:PC71BM 2 6.79±0.212 Cell [209] 

 2019 Glass/ITO/ZnO/PBDB-T:iIEICO-4F/MoO3/Al PBDB-T:iIEICO-4F (Slot-die) - 12.2 ± 0.17 Cell [61] 

 2019 Glass/ITO/ZnO/PTB7-Th:PC71BM:Coi8DFIC/MoO3/Al PTB7-Th:PC71BM:Coi8DFIC (Slot-die) 0.1 13.5 Cell [144] 
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 2019 Glass/ITO/ZnO/PTB7-Th:PC71BM:Coi8DFIC/MoO3/Al PTB7-Th:PC71BM:Coi8DFIC & ZnO (Slot-die) 30 8.6 Module [144] 

 2019 PET/TCO/ZnO/PTB7-Th:PC71BM:Coi8DFIC/MoO3/Al PTB7-Th:PC71BM:Coi8DFIC & ZnO (Slot-die) 0.14 9.57 Cell [144] 

 2020  flextrode/P3HT:O-IDTBR/PEDOT:PSS/Ag Active layer & PEDOT:PSS (Slot-die). Ag (Flexography) 1 3.26 ± 0.14 Cell [215] 

 2020 PET/ZnO/PV2001:PC61BM/PEDOT:PSS/Ag 
ITO patterning (Rotary screen), ZnO & PV2001:PC61BM (Slot-die), 

PEDOT:PSS and Silver (Flatbed screen) 
- 4.6 Module [60] 

 2021 PET/ITO/Ag/ITO/PEI/RaynergyTek:PC61BM/PEDOT:PSS/Ag PEI, RaynergyTek:PC61BM & PEDOT:PSS (Slot-die) 7.2 5.6 ± 0.6 (6.0) Module [188] 

 2021 PET/TCE/ZnO NP/PM6:Y6:IT-4F/MoO3/Ag ZnO NPs & PM6:Y6:IT-4F (Slot-die) 0.14 10.2 Cell [216] 

 2021 Glass/ITO/ZnO/PTB7-Th:IEICO-4F/ PEDOT:PSS&MoO3/Ag PEDOT:PSS, ZnO, PTB7-Th:IEICO-4F (Slot-die) 0.1 11 Cell [208] 

 2021 PET/ITO/silver/ITO/PEI/M3:PC60BM/PEDOT:PSS/Ag PEI, M3:PC60BM & PEDOT:PSS (Slot-die) 7.2 5.6± 0.6 Module [188] 

 2021 ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/AZO/Ag PEDOT:PSS, PTB7-Th:IEICO-4F & AZO (Slot-die) 1 9.6 Cell [208] 

 2021 ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/AZO/Ag NWs PEDOT:PSS, PTB7-Th:IEICO-4F & AZO (Slot-die), Ag NWs (blade) 0.2 8.8 Cell [208] 

 2021 PET/ITO/ZnO/PV2000:PC71BM/PEDOT:PSS/Ag ZnO, PV2000:PC71BM & PEDOT:PSS (Slot-die) 48 2.2 Module [155] 

 2022 Glass/ITO/PEDOT:PSS/PM6:Y6C12/PFNBr/Ag PEDOT:PSS, PM6:Y6C12 & PFNBr (Slot-die) 0.14 10.1 ± 0.6 Cell [210] 

 2022 Glass/ITO/SnO2/PDIN-H/PTQ10:Y6-C12/MoOx/Ag SnO2, PDIN-H, PTQ10:Y6-C12 & PEDOT:PSS (Slot-die) 0.12 11.26 ± 0.49 Cell [55] 

 2022 Glass/ITO/SnO2/PDIN-H/PTQ10:Y6-C12/PEDOT:PSS/Ag SnO2, PDIN-H, PTQ10:Y6-C12 & PEDOT:PSS (Slot-die) 0.12 9.38 ± 0.2 Cell [55] 

 2022 Glass/ITO/PEDOT:PSS/PM6:Y6C12/PDIN-EH/Ag PEDOT:PSS, PM6:Y6C12 & PDIN-EH (Slot-die) 0.12 11.9 ± 0.2 Cell [161] 

 2022 Glass/ITO/PEDOT:PSS/PM6:Y6C12/PDIN-EH/Ag PEDOT:PSS, PM6:Y6C12 & PDIN-EH (Slot-die) 2 7.5 Module [161] 

 2022 PET/ITO/PEDOT:PSS/PM6:Y6C12/PDIN-EH/Ag PEDOT:PSS, PM6:Y6C12 & PDIN-EH (Slot-die) 16 2.4 Module [161] 

 2022 PET/ITO/ZnO NPs/ PPDT2FBT:PC61BM/MoOx/Al ZnO NPs, PPDT2FBT:PC61BM (Slot-die) 0.1 8.49 ±0.07 Cell [145] 

Spray 2013 Glass/ITO/PEDOT:PSS/CuPc:C60/Al CuPc/C60 (Spray) - 1.08 Cell [232] 

 2013 Glass/ITO/PEDOT:PSS/P2:PC71BM/Ca/Al P2:PC71BM (Spray) 0.045 5 Cell [220] 

 2013 Glass/ITO/PEDOT:PSS/P3HT:PCBM/Bphen/Ag P3HT:PC61BM (Spray) - 2.91 Cell [222] 

 2013 Glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Ag P3HT:PCBM (Spray) - 3.9 ± 0.2 Cell [224] 

 2013 Glass/ITO/PEDOT:PSS/P3HT:PC61BM/LiF/Al P3HT:PCBM (Spray) 0.25 2.59 Cell [233] 

 2015 Glass/ITO/PEDOT:PSS/P3HT:PC61BM/Ca/Al Active layer (Spray) 0.1 3.33 ± 0.16 Cell [231] 

 2017 Glass/ITO/PEDOT:PSS/PTB7:PC71BM/LiF/Al PTB7:PC71BM (Electrospray) - 5.6 Cell [140] 

 2018 Glass/ITO/ZnO/P3HT:PC61BM/PEDOT:PSS ZnO, P3HT:PCBM & PEDOT:PSS (Spray) 4 2.44 Cell [225] 

 2018 Textile/Ag/ZnO/P3HT:ICBA/PEDOT:PSS/AgNW ZnO, P3HT:ICBA, PEDOT:PSS, AgNW (Spray) 0.03 1.23 Cell [228] 

 2018 Glass/ITO/PEDOT:PSS/P3HT:PC71BM/Al P3HT:PC71BM (Spray) - 2.17 Cell [230] 

 2018 
Glass/ITO/PEDOT:PSS/PffBT4T2OD:PC71BM/PEIE/ 

V2O5/Ag 
PffBT4T2OD:PC71BM, PEIE & V2O5 (Spray) - 3.56 ± 0.25 Cell [154] 
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Spray 2018 
Glass/Graphene/PEDOT:PSS/PffBT4T2OD:PC71BM/ 

PEIE/V2O5/Ag 
PffBT4T2OD:PC71BM, PEIE & V2O5 (Spray) - 2.82 ± 0.15 Cell [154] 

 2019 
PEN/Graphene/MoOx/PEDOT:PSS/P3HT:PC61BM/Ca/ 

Ag 
P3HT:PC61BM (Spray) 2 1.5 Cell [226] 

 2019 Glass/ITO/PEDOT:PSS/PBDTTT-EFT:PC71BM/Ca/Al PEDOT:PSS & PBDTTT-EFT:PC71BM (Spray) - 7.5 Cell [229] 

 2020 Glass/ITO/PEDOT:PSS/P3HT:PC71BM/LiF/Al P3HT:PC71BM (Spray) - 3.48 Cell [219] 

 2020 ITO/PEDOT:PSS/P3HT:60PCBM/LiF/Al P3HT:PC71BM (Spray) - 1.97 Cell [227] 
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As seen in Table 2.1, it can be observed that some techniques, such as blade and slot-die coating 

have seen extensive use for active layer deposition, while gravure inkjet printing, as well as spray 

coating moderate interest. As for rod coating and rod printing, they have seen minimal interest 

towards OPV fabrication. Lastly, though flexography and screen printing have seen little interest 

towards active layer deposition, they have extensively been implementation towards PEDOT:PSS 

and Ag electrode printing. This observation can be partially explained by the technical details (seen 

in Table 2.2) in relation to the printing and coating techniques. 

Table 2.2: Technical comparison of different printing/coating techniques. Table was adapted from 
Krebs 2009 [1]. 

Conditions 
R2R 

compatible 
Pattern 

Ink 
preparation 

Wastage 
Web 

speed 

Wet 
thickness 

(I) 

Ink  
viscosity 

Spin N 0 1 5 - 0-100 1 

Blade Y 0 2 2 2-4 0-100 1 

Slot-die Y 1 2 1 3-5 10-250 2-5 

Spray Y 0 2 3 1-4 1-500 2-3 

Inkjet Y 2 3 1 1 1-500 1 

Pad Y 2 5 1 1-2 5-250 1 

Gravure Y 2 4 1 1-3 5-80 1-3 

Flexography Y 2 4 1 1-3 5-200 1-3 

Screen Y 2 4 1 1-4 10-500 3-5 

Pattern: 0 (0-dimensional), 1 (1-dimensional), 2 (2-dimensional). Ink preparation: 1 (simple), 2 

(moderate), 3 (demanding), 4 (difficult), 5 (critical). Ink waste: 1 (none), 2 (little), 3 (some), 4 

(considerable), 5 (significant). Web Speed: 1 (very slow), 2 (slow<1 m min−1), 3 (medium 1–10 m 

min−1), 4 (fast 10–100 m min−1), 5 (very fast 100–1000 m min−1). Ink viscosity: 1 (very low <10 

cP) 2 (low 10–100 cP), 3 (medium 100–1000 cP), 4 (high 1000–10,000 cP), 5 (very high 10,000–

100,000 cP). 
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When observing the ink preparation for given deposition techniques, it is relatively simple to 

prepare the ink for spin, blade, slot-die, and spray coating, with the focus towards influencing the 

physical properties of thin film. Whereas for pad, gravure, flexography, and screen printing requires 

the ink preparation to also consider the printability using this specified deposition method, thus, 

limiting to what inks and materials can be deposited. This can be an issue for active layer 

deposition as several factors can influence the morphology of the BHJ, including ink preparation 

[230, 268-270]. 

With a significant focus towards improving the performance of OPVs, and how the active layer has 

a substantial impact on said performance, thus with simple ink preparation, fast web speeds and 

low ink wastage, such as blade and slot-die coating has gained majority interest towards scalable 

and large scale OPV fabrication. These techniques are also very versatile, having been 

demonstrated to deposit at a small-scale in a glovebox, to be used in roll-to-roll fabrication. These 

methods also allow for minimal material wastage, allowing for research using more expensive high-

performing materials. 

Other printing methods have received less attention in the past few years due to their moderately 

high material wastage, relatively large space required for installation (unable to be installed in a 

glovebox), and difficulty to be used for small-scale fabrication without large amount of substrate 

wasted. Despite these flaws, they have advantages that make them applicable for upscaled OPV 

device fabrications, including the use of flexography for electrode printing and rotary screen 

printing for etching and pre-wetting of films. 

Another interesting observation associated with printing and coating techniques is associated with 

the goal of the research. For the past ten years, there has been a massive focus on determining 

methods for improving performance and scalable and large-scale devices. Yet, there has been 

minimal interest towards improving stability, despite the research seen in spin-coated OPVs. 

Lastly, many papers investigating the performance of printed and/or coated OPVs primarily aim at 

developing improved photoactive or interfacial materials. There have been few papers that aim at 

improving the printing technique themselves, either during or post deposition. Such techniques 

including heading of the substrate/printing head [59, 141], use of air/nitrogen to improve coating 

uniformity [186], influencing printing quality by the choice of solvent, combination and additives all 

have an impact on influencing printing quality [31, 269]. 

Overall, each printing condition has its advantages and disadvantages. With the rise of scalable 

and upscaling coating, a majority have been based around blade and slot-die coating, with a 

constant stream of spray-based coatings. Since 2019, there has been a spike in papers around 

working module devices, usually consisting of several cells on one substrate tested altogether.  
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With the methods having advantages and disadvantages, it is unlikely that a single printing/coating 

method can be used to produce high performance OPVs, instead a combination of coating 

methods. There have also been examples of roll-to-roll setups that implement several different 

coating instruments to a single fabrication line. Also, though scalability has seen an increased 

interest for both slot-die and blade coated OPV modules, there appears to be a lack of interest 

towards device lifespan. As stability is one of the important aspects that impact the commerciality 

of OPV, more work needs to be conducted on investigating strategies for reducing the impact of 

degradation pathway of which can upscaled to R2R and S2S module fabrication. 

2.9. Outlook 

Overall, there has been considerable progress towards the improvement of OPV performance, 

reducing the gap between OPV and silicon-based PVs. Despite this, there are still challenges that 

are needed to be overcome, including stability, cost, and scalability of fabrication. In relation to 

stability, there has been an increased amount of interest towards developing materials and 

techniques for reducing this degradation, however, it is still heavily focused towards small-scale 

fabrication, with minimal interest to support the scalability. 

When investigating the research that has been conducted for scalable and large scale OPVs, the 

majority of the focus is on reducing the performance gap between small-scale spin-coated devices, 

and alternatively printed/coated OPVs. As such, only a small amount of literature has focused on 

determining scalable methods for improving the lifespan of said devices. On the positive side, in 

the past 5 years, there has been a shift in some small-area printing and coating under nitrogen 

conditions, towards more scalable fabrication under ambient conditions, allowing for the research 

to more closely follow deposition procedures used in upscaled manufacturing. 

For OPV scalable fabrication to be more competitive in the PV field, there needs to be more focus 

towards scalable fabrication methods that bridge between lab-scale and large-scale fabrication 

processes and investigating strategies for improving stability of scalable and large-scale devices. 

This focus on research in scalable OPV fabrication would allow for better connection between 

small and large-scale research, accelerating the field towards commercialisation. 

In terms of the thesis, there has been a lack of interest for investigating the scalability of methods 

for reducing the impact of thermal degradation, with majority of literature focusing on spin-coated 

devices fabricated under nitrogen conditions. As such, it was determined that the focus of the 

research project would be to investigate the thermal degradation pathway associated with OPV 

manufactured using scalable coating techniques, and determine which methods can not only 

improve stability, but can be translated to upscaled devices. Slot-die coating was chosen for the 

project as it has been utilised effectively for active layer coating, as well as been demonstrated to 

be used for upscale R2R OPV fabrication. 
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CHAPTER 3 – RESEARCH METHODOLOGY 

3.1. Overview 

This chapter contains a detailed discussion associated with the experimental methods and 

instrumentation that was conducted, including background information, how the method was 

conducted, as well as how crucial these methods are to the project. As such, the chapter is broken 

up into four components: materials and ink preparation (Section 3.2.), device fabrication (Section 

3.3.), electronic property of organic photovoltaic (OPV) devices (Section 3.4.) and material analysis 

(Section 3.5.). 

3.2. Materials and ink preparation 

Throughout the project, several materials and inks were synthesised and prepared for the use in 

the fabrication of slot-die coated OPVs. As such, below is the method of material synthesis and ink 

preparation used. 

3.2.1. Synthesis of PPDT2FBT 

For the majority of the thesis work, poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-

di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)] (PPDT2FBT) (structure seen Figure 3.1) was chosen 

as the main donor polymer of interest for the fabrication of slot-die coated OPV devices. This is 

due to its current use in scalable roll-to-roll fabrication by Song et al. [1], as well as it having a fairly 

robust thermal stability [2]. The synthesis has also been demonstrated to be in-expensive, as well 

as scalable, especially when compared to other higher performing donor polymers [3]. For 

comparison with literature, PPDT2FBT:PC71BM devices that were fabricated via spin-coating and 

slot-die coating achieved an efficiency up to 9.39% [2] and 7.61% [1] respectively. 

 

Figure 3.1: Molecular structure of PPDT2FBT donor polymer. 
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For the entirety of the thesis, the donor polymer PPDT2FBT was synthesised using a direct 

arylation polymerisation according to literature [4]. The molecular weight of PPDT2FBT was 

determined via Gel Permeation Chromatography (Agilent 1260 Infinity II High-Temperature GPC 

System) using trichlorobenzene at 150 °C. Two batches of PPDT2FBT were used throughout the 

thesis, the first batched (implemented in Chapter 4, was found to have an average molecular 

weight (Mn) of 50 of kg/mol with a PDI of 2.60 relative to polystyrene standards, while the 

remaining chapters (5-7) was found to have an average molecular weight (Mn) of 27 of kg/mol with 

a PDI of 3.5 relative to polystyrene standards. To prepare active layer ink, PPDT2FBT:PC61BM 

was paired with PC61BM with a w/w ratio of 1:2. Though different batches of PPDT2FBT polymers 

were used throughout the thesis, there appeared to be minimal difference in terms of OPV device 

performance (seen in Table A1 in Appendix A). 

3.2.2. Synthesis of TQ1 

Another donor polymer of interest is poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-

thiophene-2,5-diyl] (TQ1) (structure seen in Figure 3.2), a relatively easy polymer to synthesis [5], 

and been demonstrated to be used in either mini-roll coater (MRC) [6, 7] or roll-to-roll (R2R) coated 

devices [6]. To date, TQ1 has been demonstrated to achieved moderate performances when 

paired with either Pc61BM [5, 7], PC71BM [7-9] or N2200 [10, 11], achieving a PCE of 4.9% [5], 

7.08% [12], 3.15% [11], respectively. Unlike PPDT2FBT which has been determined to be semi-

crystalline, TQ1 has been observed to be an amorphous polymer from dynamic mechanical 

thermal analysis (DMTA) [13]. 

 

Figure 3.2: Molecular structure of TQ1 donor polymer. 

For chapter 7, TQ1 was synthesised according to literature [5]. The molecular weight of TQ1 was 

determined via Gel Permeation Chromatography using trichlorobenzene at 150 °C, giving a 

number average molecular weight (Mn) of 52.6 kg/mol with PDI of 3.29 relative to polystyrene 

standard. TQ1 was paired with PC61BM, with a w/w ratio of 1:2, to form an active layer blend during 

ink preparation. 
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3.2.3. Synthesis of PDCBT 

The third donor polymer that was investigated in this thesis was poly[5,5′-bis(2-butyloctyl)-(2,2′-

bithiophene)-4,4′-dicarboxylate-alt-5,5′-2,2′-bithiophene] (PDCBT) (structure seen in Figure 3.3), a 

highly crystalline polymer [14] that has been demonstrated higher efficiencies, either paired with 

fullerene [14-16], or non-fullerene small molecule acceptors [16-18], achieving an efficiency of 

8.0% and 11.1% when paired with PC71BM [16] or ITIC [16], respectively. 

 

Figure 3.3: Molecular structure of PDCBT donor polymer. 

For chapter 7, PDCBT was synthesised following an unpublished procedure, based on the 

following published work [14, 19, 20]. The molecular weight of PDCBT was determined via Gel 

Permeation Chromatography using trichlorobenzene at 150 °C, giving a number average molecular 

weight (Mn) of 22.3 kg/mol with PDI of 7.13 relative to polystyrene standard. During active layer ink 

preparation, PDCBT was paired with ITIC, with a w/w ratio of 1:1. 

3.2.4. Synthesis of ITIC 

A common alternative to fullerene acceptors, 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-

indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-

b’]dithiophene (ITIC) (structure seen in Figure 3.4) is a non-fullerene small molecule acceptor 

which exhibits a strong and broad absorption in the visible light range [21]. The acceptor has 

worked effectively with PDCBT [16-18], PTB7-Th [21-23], PBDB-T [24-26]. The highest efficiency 

achieved with the ITIC acceptor was when paired with the donor polymer, PBDB-T, reaching an 

efficiency of 11.28% [24]. ITIC has also been demonstrated to be used as an effective acceptor 

material for blade [27] and slot-die [28] coated devices. For chapter 7, ITIC was synthesised 

following an unpublished procedure, based on the following published work [21, 29, 30]. 
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Figure 3.4: Molecular structure of ITIC small-molecule acceptor. 

3.2.5. Zinc Oxide nanoparticle synthesis and ink preparation 

When shifting from small-scale to scalable OPV fabrication, zinc oxide nanoparticles (ZnO NPs) 

are commonly used as the electron transport layer [1, 31-33]. Unlike with spin-coating, which 

initially forms a layer of ZnO precursor prior to annealing (as high as 200 °C), resulting in film thin 

over the ITO [34], the ZnO NPs must be formed within the ink prior to depositing over the ITO or 

active layer (depending on device structuring). This is to avoid device and substrate damage that 

would otherwise be experienced at such high annealing temperatures. To date, ZnO NPs has been 

demonstrated successful on roll-to-roll [1, 35, 36] and large active area [37, 38] device fabrication. 

The preparation of a ZnO NP dispersion was based on a previously published procedure [39]. To 

achieve an ideal processing concentration, acetone (Chem-supply, 99.9%) was added to the NP 

precipitate until a concentration of approximately 40 mg mL-1 was achieved. Afterwards, 2-(2-

methoxyethoxy)acetic acid (MEA) (Sigma Aldrich) (5% w/w in relation to ZnO NP) was then added 

to the dispersion to stabilise the NPs. The ink was left to stir variously overnight to ensure the 

mixing of the MEA with the ZnO NP dispersion. The Ink was stored under dark conditions at room 

temperature. 

3.2.6. Ink preparation of PEDOT:PSS 

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is a polymer mixture of two 

ionomers (structure seen in Figure 3.5). Commonly used for solution-processed organic electrodes 

[40-43] or interfacial layer between the metallic electrode and active layer [44-46], PEDOT:PSS 

has been demonstrated to be processable via different printing [47-50] and coating [51-53] 

conditions. 
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Figure 3.5: Molecular structure of PEDOT and PSS ionomers. 

For OPVs that were prepared via a conventional device configuration (seen in Figure 2.4 in 

Chapter 2, Section 6.), PEDOT:PSS ink was prepared based on previous literature that deposit the 

material via roll-to-roll slot-die coating [36, 54]. This was achieved by mixing PH1000 (Ossila) 

(37.5% v/v), Milli-Q® water (37.5% v/v), Isopropanol (19.9% v/v), Dimethylsulfoxide (1.0% v/v) and 

Zonyl® FSO fluorosurfactant (0.1% v/v). The ink was sonicated with a sonication probe at 20% 

amplitude for 3 x 30s (30s rest between each burst) with a S&M: 630-0419 probe head. The 

resulting ink was stored in a fridge (5 °C). 

3.3. Device fabrication 

There are a variety of printing methods that can be implemented for the roll-to-roll technique, each 

with their own advantages. The types of printing/coating techniques include; slot-die coating [55], 

screen printing [56], spray-coating [57], inkjet printing [58] and blade coating [59]. These methods 

can print devices over a large surface area, allowing for inexpensive production on the meter scale. 

For this project, a combination of spin-coating and slot-die coating will be implemented. A detailed 

explanation and comparison of the different printing techniques can be found in Chapter 2, while 

this chapter goes into more depth in associated with slot-die coating. 

3.3.1. Spin-coating 

Spin-coated devices allow for the fabrication of rigid devices that are relatively easy to produce. To 

adjust the thickness of films produced, the adjusting of ink concentration and spin-rate can allow 

for rough thickness control. It is common practice in OPV fabrication to perform spin-coating under 

nitrogen-atmosphere inside a glovebox. The reason for this is that some materials, especially high-

performing donor polymers and acceptor materials, are sensitive to moisture and photo-oxidation 

[60-63]. By conducting OPV fabrication in nitrogen-atmosphere, it reduces the presence of oxygen 

and moisture, and thus, reduces the impact of these degradation pathways on device performance. 
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3.3.2. Slot-die coating 

Improving roll-to-roll printed devices is labour intensive and requires a significant number of 

materials, the fabrication technique generally produces meters of devices per print, having a 

surface area several magnitudes higher than a single spin-coated device. Resulting in a lot of 

materials possibly wasted when trying to adjust the printing conditions. 

A potential bridging instrument between spin coating and roll-to-roll printing is the mini-roll coater 

(MRC); a large drum that prints on a flexible substrate. As less substrate is required for device 

fabrication with the MRC, less materials are required for each strip printed, resulting in less 

resources wasted, while allowing for methods of improvement against printing.  

In this thesis, the MRC from FOM technologies, was implemented for OPV fabrication. The 

components of the MRC include: 

• A Drum with adjustable speed and heating 

• A Slot-die head with adjustable height and positioning 

• A Syringe-pump with adjustable flow rate 

To allow for ease-of-use and a reduced cost, fabrication of devices occur in ambient conditions. 

This means that printed layers will be exposed during the fabrication process. The printing 

parameters that can be adjusted includes temperature, drum speed, and coating ink concentration 

and flow rate. Adjusting these parameters allow for the optimising of film quality and the thickness 

variation of the printed films. 

3.3.2.1. Thickness calculations 

For slot-die coating, wet (Equation 3.1) and dry (Equation 3.2) film thicknesses of the layers can be 

calculated according to: 

𝑑𝑤𝑒𝑡 =
𝑓

𝑆 𝑤
  (3.1) & 𝑑𝑑𝑟𝑦 =

𝑓 𝑐

𝑆 𝑤 𝜌
 (3.2) 

where d is the thickness in cm, f is the flow rate in cm3 min-1 (mL min-1), S is the drum rotation 

speed in cm min-1 , 𝑤 is the meniscus guide width in cm, c is the solid content in the ink in  

g cm-3 ,and ρ is the density of the dried coating in g cm3 [64, 65]. The density of the donor polymer 

can be estimated at 1 g cm-3 and PC61BM with a material density of 1.5 g cm3 [66]. 

Another equation for calculating the dry film thickness using low viscosity inks can be seen below: 

𝑑 = 𝑘
𝑙 𝑓 𝑐 𝑆2/3

𝑇 𝑤 𝜌
      (3.3)
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where 𝑘 is a propoertionality constant and 𝑙 is the shim length in cm [1, 2]. Unlike Equation 3.1 & 

3.2, Hong et al. found, how by using low viscosity inks, that the increase web speed results have 

an increase in thickness, as there is an increase in shear forces that result in more ink being 

removed from the meniscus. They also state there is a direct relation between thickness and 

temperature [67]. 

Michels et al. proposed that a combination of the two equations (Equation 3.2 and Equation 3.3) 

has an influence, with relatively low substrate speeds predominately following Equation 3.2 as the 

thickness of the film is predominately related to evaporation. For high relatively fast substrate 

speeds, the thickness strongly related to shear forces between the meniscus and substrate, with 

properties following Equation 3.3. It is noted that this proposed theory was investigated for zone-

casting coating method with a dilute solution 3 mg mL-1 [69]. As thickness places a significant role 

in device performance, using the right theoretical model is important for determining the correct 

printing parameters for meniscus-guided coating. 

3.3.2.2. Slot-die coating window 

For the deposition via slot-die coating, it is important to adjust the printing parameters to allow for 

the coating of uniform and defect free film. To achieve this, two stable menisci must be maintained, 

seen upstream and downstream in relation to the slot-die. This is done by keeping a desired 

position and angle of the meniscus during coating. The shape of the menisci and their position are 

determined by two main factors, the shear forms from the meniscus/substrate interactions, and the 

pressure drop of the ink as it flows through the thin exit of the slot-die (as seen in Figure 3.6). 

 

Figure 3.6: Upstream and downstream ink flow with highlighted interaction of the pressure gradient 
and the shear force of the substrate-liquid interface [70]. 
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By adjusting the pressure gradient (upstream and downstream) and solvent/substrate shear forces, 

it can influence the shape and stability of the meniscus (seen in Figure 2.10). When the correct 

variables are achieved, a desired meniscus shape occurs, occurring within the “Coating Window”.  

Attempting to coat outside the proper range can lead to coating defects including ribbing, 

chattering, neck-in defects, streaks and air entrainments, in-turn leading towards dry film detects 

and non-uniformity. These issues can result in a reduction device performance. There are several 

models that predict the coating window including Capillary Model [71], Viscous Model [72] and 

Viscocapillary Model of Operating Limits [73]. Printing conditions have an influence over 

performance of devices fabrications. 

 

Figure 3.7: Stable coating window based on Capillary Model for slot-die coating that allows for 
defect-free films [4]. 

3.3.2.3. Film defects 

For the fabrication of high-performance devices, it is important that the coated films are relatively 

uniform and defect-free. Differences in thicknesses can result in reduction a reduction in device 

efficiency, while defects could lead to complete shorting of the device. For slot-die coating of thin 

films, there are several defects that could occur, including chattering, ribbing, neck-in, edge 

defects, bubbles and streaks (seen in Figure 3.8). 

 

Figure 3.8: Basic schematic of potential film defects from slot-die printing: Chattering (a), ribbing (b), 
neck-in (c), edge defects (d), bubble (e), and streaks (f). 

a) b) c) d) e) f) 
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3.3.2.3.1. Chattering 

Chattering (seen in Figure 3.8a) involves the film thickness varying constantly perpendicular to the 

direction of travel, resulting in the presence of horizontal bands. This defect can be caused by the 

variation in flow rate due to the fluid delivery system or pulsing of the substrate during movement 

via the roller/drum/stage, roller defects. 

In relation to the ink delivery system, the flow rate may be too low, with minor changes in 

deposition becoming noticeable during coating. By reducing the concentration and increasing the 

flow rate, this will mitigate the micro-steps during ink flow to the slot-die. For substrate 

roller/drum/stage, a similar problem could be related to the micro steps present from slow 

movement of the stage. As such, increasing substrate speed (and flowrate to compensate) would 

reduce this effect. As for roller/drum damage would require an engineering solution, as the 

drum/roller needs to be relatively smooth. Lastly, a variation of upstream pressure can be 

mitigated. 

3.3.2.3.2. Ribbing 

Unlike chattering, ribbing (seen in Figure 3.8b) appears as a result of variation in film thickness 

parallel to the direction of travel, resulting in bands along the vertical direction. This film defect can 

be caused by high-shear forces due to the fast movement of the substrate or low pressure at the 

slot-die exit. For high shear forces, a fast substrate speed and low flow pressure from the slot-die 

can result in high forces interacting with the ink in the meniscus. To reduce the high-shear forces, 

decreasing the substrate speed, increasing the flow rate (and thus flow pressure), or reduce 

distance between the upstream lip and substrate would reduce the shear forces. 

If there is low pressure at the slot-die exit, the said pressure can be increased by reducing the 

shim-thickness, increase viscosity of the ink, or by adding a vacuum box (engineering solution). 

Lastly, upstream pressure can be increased by reducing the gap between the substrate and slot-

die. Another source of this film defect is if there are localised defects on the slot-die head, resulting 

in a non-uniform flow of ink. This requires repair or replacement of slot-die parts. 

3.3.2.3.3. Neck-in 

Neck-in (seen in Figure 3.8c) occurs across the length of the film at the edges, with a gradient 

decrease in the coating width, where the thickness along the edges increases as the coating width 

decreases. A neck-in defect can occur due to a mismatch between the flow rate and substrate 

speed caused by the acceleration of the ink and shear forces. This can result in a significant 

difference between the flow rate and substrate speed, causing the solution on the edges to 

accelerate towards the centre of the film. This can be solved by either lowering the web speed or 

reducing shim thickness. 
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Another cause of neck-in defect is the high shear forces that result in the contraction of the 

meniscus towards the centre leading to higher flow rates at the edges. This can result due to high 

viscosity and high surface tension from the ink, and/or strong interactions between the ink and the 

substrate. This can be resolved by reducing the viscosity and/or surface tension of the ink. 

Surfactants can also be added to the ink to reduce ink/substrate interactions [74]. 

3.3.2.3.4. Edge defects 

There are several types of edge defects that can be occur during coating, including where the 

thickness at the edges of the film is typically increasing, or the variation in position of the coating 

edge is going in and out along the length of the coating (seen in Figure 3.8d). This can be caused 

by the transition as the meniscus goes on and off the substrate, due to the difference within the 

surface energy of various regions on the substrate. This can lead to changes to how the ink wets 

the film. The solution to this is to ensure that the substrate of the substrate surface is 

homogeneous. 

3.3.2.3.5. Bubbling 

Bubbling (seen in Figure 3.8e) occurs when there is air present within the wet film, resulting in 

gaps to be present the dry film. This can occur due to air entrainment in the original solution, or 

some leakage with the fluid delivery system, otherwise via entrapment from instability of the 

upstream or downstream section of the meniscus. 

Air entrainment can be prevented by removing any air present in the solution and ensuring that 

there are no gaps between the connectors and adaptors within the delivery system. As for air 

entrapment, improving the stability of the meniscus by improving pressure stability upstream and 

downstream can result in reduction of bubbles appearing. 

3.3.2.3.6. Streaks 

For streaks to form on the film (seen in Figure 3.8f), there are several sources. One such is 

substrate defects such as dust or dirt particles, which can obstruct the meniscus from touching the 

source. This can be simply solved with proper cleaning of the substrate prior to printing. Another 

source is obstructions either in the slot-die or on the lip, blocking the flow of ink. This can occur 

from either improper cleaning of the substrate, or the build-up of aggregation (commonly observed 

with PEDOT:PSS). Again, proper cleaning to remove blockages will solve this issue. Lastly, any 

damage to the slot-die, bends, scratches, or deformation can result in non-uniform flow of ink to the 

meniscus. Careful handling of the slot-die will prevent this issue from occurring. 
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3.3.2.3. Thin film deposition for OPV fabrication 

For the deposition of thin films using solution-based slot-die coating methods, a flexible substrate 

was attached to Mini-roll coater (FOM) with temperature and rotation speed controls (seen in 

Figure 3.9). Selected ink was feed from a plastic syringe attached to a syringe pump (World 

Precision Instruments), through a plastic hose and fed to a slot-die coating head connected to the 

MRC. Specific coating conditions used in the thesis can found in the Experimentation Section of 

Chapters 4 to 7. 

 

Figure 3.9: Image of the MRC used throughout the thesis. Included in the image of active materials 
being deposited from the slot-die coating head. 

Upon completion of the deposition of solution-based layers, the substrate can be cut into smaller 

pieces and used for several purposes. This includes being stored under dark nitrogen conditions 

for material analysis, as well as into a vacuum chamber to deposit the remaining layers to form a 

complete OPV device. 

3.4. Device electrical analysis 

3.4.1. Electron and hole mobility measurements 

Electron and hole mobility play a key role in the current density of OPVs. To measure the mobility 

of active materials and interface layers, dark-JV curves are recorded of specially designed devices. 

For specific materials of interest with no injection of holes or electrons with the device, ohmic 

contact devices can be used to produce a linear JV-curve. Otherwise, devices that either block the 

movement of electrons or holes are fabricated, resulting a typical JV-curve [75]. 
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For the analysis of the typical looking IV-curves, fitting can be applied based on a simplified single 

space-charge limited current (SCLC) equation dependant on mobility (Equation 3.4). The equation 

is based on an idealised model based on unipolar injection of charge carried from an ohmic contact 

into the bulk of a semiconductor, where it is assumed that the device contains ohmic contacts and 

diffusion-free currents from unipolar charge carriers for a single discrete distribution of shallow 

traps [76, 77]. The relationship between current-density and voltage is given (Equation 3.4): 

𝐽 =
9

8
𝜀0𝜀𝑟𝜇𝑒,ℎ

𝑉2

𝐿3      (3.4)

where 𝜀0𝜀𝑟 is the permittivity of the material of interest, 𝜇𝑒,ℎ is the charge mobility of electrons I 

and/or holes (h), V is the voltage across the device, and 𝐿 is the thickness of the film [78]. This 

equation holds if mobility is field independent, however, for conjugated materials, which has 

varying levels of disorder, has found that carrier mobility goes as follows (Equation 3.5): 

𝜇𝑒,ℎ = 𝜇𝑒0,ℎ0𝑒𝛾√𝐸       (3.5) 

where 𝐸 is the electric field, 𝜇𝑒0,ℎ0 is the zero-field mobility, and 𝛾 is the field dependence prefactor 

[79]. This leads to an adjusted equation for SCLC fitting equation (Equation 3.6). 

𝐽 =
9

8
𝜀0𝜀𝑟𝜇𝑒0,ℎ0𝑒0.89𝛾√𝐸 𝑉2

𝐿3     (3.6) 

For fitting, the built-in voltage (𝑉𝑏𝑖) and series resistance is subtracted from the experimental data 

via either experimental or data-fitting means. By fitting with Equation 3.6 and using the fitting 

values in Equation 3.5, the hole or electron mobility can be calculated. These are important for 

determination of how electron and hole mobility is affected with the addition of material, interfacial 

layers, or the degradation of the device (i.e., how the changes in the active layer results in the 

change in mobility). 

Though SCLC are relatively easy to perform experimentally, there has been careful analysis of the 

experimental data using the above-mentioned models, with several assumptions made to allow for 

appropriate data fitting. Also, as the SCLC replies on ohmic contact, which Katagiri et al. found 

could be easily impacted by devices that had been annealed at elevated temperatures, such as the 

high temperatures influence of the contact interface at the ITO electrode, it is obstructing the ohmic 

contact [80]. SCLC can also be heavily influenced by device preparation, especially at the 

electrode interface, making it difficult to compare with other published values using the same 

modelling technique. 
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3.4.2. Charge Extraction by Linearly Increasing Voltage (CELIV) 

Charge extraction by linearly increasing voltage (CELIV) technique relies on the extraction of 

thermally generated carriers by applying linearly increasing voltage (seen in Figure 3.10), allowing 

for the mobility to be obtained from the peak extraction time of the corresponding transient [81, 82]. 

Where the population of thermally generated carriers are low, such as for organic semi-conductors, 

an input light pulse can be employed to allow for the photogeneration of charge, with the technique 

being referred to as photo-CELIV [83-85]. 

 

Figure 3.10: Schematic of pulse response from the photo-CELIV technique, showing for dark and 
light responses. Adapted from Mozer et al., 2005 [85].  

From the time when the extraction current reaches its maximum, the mobility can be determined by 

the following equation (Equation 3.7) [81, 85]: 

𝜇 =
2 𝑑2 

3 𝐴 𝑡𝑚𝑎𝑥
2 [1+0.36

Δ𝑗

𝑗(0)
] 

 𝑖𝑓 Δ𝑗 ≤ 𝑗(0)    (3.7) 

where 𝐴 is the voltage ramp ( 𝐴 =
𝑑𝑈

𝑑𝑡
 ), 𝑑 is the thickness of the sample device, 𝑡𝑚𝑎𝑥 is the time 

position of the maximum extraction current, and 𝑗(0) is the capacity displacement current  

( 𝑗(0) =
𝐴×𝜀𝜀0

𝑑
 ). In experimental results from photo-CELIV, the 𝑗(0) is determined by measuring the 

dark extraction current, while Δ𝑗 is measured from the dark extraction current, with the maximum 

current at 𝑡𝑚𝑎𝑥 (as seen in Figure 3.10). One advantage of photo-CELIV is it can allow for charge 

mobility to be measured for OPV that have been annealed at a range of annealing temperatures 

and times [80]. 

3.4.4. 4-point probe 

For the measurement of sheet resistance, a four-point probe connected to a source meter applies 

a constant current to the film and records the external voltage. The following calculation is used to 

determine the sheet resistance (Equation 3.8): 

𝑅𝑆 = 4.53 ×
𝑉

𝐼
      (3.8) 
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where I is the current in amps and V is the recorded in voltage, with the 4.53 correction factor 

where the sample edge/probe distance is greater than probe-to-probe separation [9]. This equation 

works for measurements done with probes with constant spacing, a thickness that is less than 40% 

of the spacing, and the edges of the film are 4 times the spacing distance from the measurement 

point. 

3.4.5. Solar simulation 

For the measurement of the efficiency of the fabrication of OPV devices, the use of a solar 

simulator is used to generate a JV-curve. The setup of the solar simulator includes a current-

voltage source, 150 W xenon lamp, filtered to give a 100 mWcm-2 at AM 1.5 and is calibrated using 

a silicon reference cell with NIST traceable certification. 

3.5. Material characterisation techniques 

3.5.1. Neutral Impact Collision Ion Scattering Spectroscopy 

Neutral impact collision ion scattering spectroscopy (NICISS) measurements were carried out to 

determine the depth profile of elements of interest and the elemental ratio present at the near 

surface of materials. To achieve this, the sample is bombarded with pulse of lightweight projectiles 

(such as He+) with a known kinetic energy, where the projectiles are backscattered away from the 

sample and towards a time-of-flight (ToF) detector [87, 88] (seen in Figure 3.11). 

 

Figure 3.11: Basic schematic of NICISS instrument (LEFT) and elastic and inelastic energy loss due 
to projectiles colliding with the sample (RIGHT). Schematics adapted from Andersson, 2014 [10]. 

The technique relies on two types of energy loss, elastic, and in-elastic energy loss. For elastic 

energy loss, this occurs upon the collision of the projectiles with the atoms in the sample. As 

elements have varying mass depending on nuclei population, this energy loss can allow for the 

determination of the elements present in the sample. As for in-elastic energy loss, the projectiles 

loose energy as they travel through the bulk of the sample, resulting in low energy scattering and 

electronic excitations (stopping power) [89]. 
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With the combination of elastic and in-elastic collisions, the concentration depth profile for specific 

elements within the sample can be measured, provided that said atom is heavier than the 

projectile. Though the concentration depth profile cannot be observed with this technique, instead 

a recoil hydrogen background can be found in the spectra, which can be removed during data 

analysis (seen in Figure 3.12) [90]. 

 

Figure 3.12: Sulphur spectra feature (4.5 µs), with and without hydrogen background. 

The technique has a high resolution of ~3 Å, with the ability to provide a depth profile of elemental 

composition of up to 300 Å [87]. This technique can also be used to determine the thickness of 

ultrathin films (<15 nm) as well as investigate material diffusion. For this work, NICISS was carried 

with the use of helium ions (He+) with a beam energy of 3 keV and a current density around 0.1 μA 

mm-2, with the beam normal to the solid surface. The ion beam was chopped into pulses with 

periods of 20 μs with a duty cycle less than 0.1% for the time-of-flight analysis. 

Most backscattered projectiles are in a neutral state and were detected at a deflection angle of 

165° with detection by microchannel plates. The anode pulses were then registered as digital 

signals by a multichannel analyser. In combination with the helium projectiles, there is also the 

detection of hydrogen atoms from the surface. The helium ions sputter off the hydrogen from the 

hydrocarbons at the surface. These hydrogens are detected at a wide range of energies, forming a 

broad background [91], especially when measuring samples that hydrocarbon compounds. 

For analysis, the hydrogen background is fitted with a low-order polynomial. The Step height 

between the hydrogen background and helium spectra are adjusted until an appropriated 

background is fitted. The step height used to fit the background for each elemental spectra can be 

divided to determine the elemental ratio, as the step height between the helium spectra and 

background is dependent on the amount of given element present at the near surface (15-30 nm 

depth). 
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3.5.2. Atomic Force Microscopy 

This is one method for investigating the changes occurring for the surface with atomic force 

microscopy (AFM). By using a tapping-mode for soft samples, the technique provides a topography 

map of the surface of a soft film such as the active layer of OPVs. The tapping mode of AFM 

operates with the use of an oscillating cantilever with a fine point which is used for interacting with 

the sample. For determining the oscillating frequency, a laser is reflected on the back of the 

cantilever and received by photodiodes. Any deviations from the setpoint result in the sample 

height adjusting until desired oscillation occurs, with new height recorded. This continuous 

feedback loop occurs without the scan, until a topography map is produced. 

Roughness values were calculated from five height maps (5 μm × 5 μm) from the sample, 

calculating as Root mean square deviation (Rq). Roughness was calculated with NanoScope 

Analysis. The AFM has also been employed to investigate possible likeliness of delamination or 

de-wetting having occurred for layered films [92]. An increase of Rq could be related to layers 

becoming apart. 

3.5.3. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative and qualitative 

technique based on the photoelectric effect. X-ray photons of discrete energy interact with the 

material, with the electrons in the valence band being ejected. The electron kinetic energy is 

recorded, and the following calculation is done (Equation 3.9): 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + ∅)    (3.9)  

where 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 is the binding energy of the electron, 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is the energy of x-ray photons, 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 

is the measured kinetic energy of the electron by the instrument, and ∅ is the work function of the 

analyser. With this calculation, the energy level and thus, the chemical composition can be 

determined. With peak fitting, the height of the peaks can be used to determine the elemental 

and/or covalent ratio. This technique has an effective depth is 1-3 nm, depending on the material of 

interest. 

3.5.4. Grazing-Incidence Wide-Angle X-ray Scattering 

Grazing-incidence wide-angle x-ray scattering (GIWAXS) is a scattering technique that is used to 

determine molecular packing and orientation associated with the BHJ of the active layer. Using an 

x-ray of discrete energy at a wide angle (1 to 45o), the photons interact with the nano-structuring, 

being scattered towards a photodiode area detector. This scattering produces a 2D map of photon 

intensity. The advantage of using GIWAXS over conventional x-ray powder diffraction (i.e. XRD) in 

investigating thin films, is that the technique only requires a small sample volume for the x-rays to 

interact with [93]. 
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3.5.5. Ultraviolet Photoelectron Spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) is a surface-sensitive technique that is used to 

determine molecular orbital energies in the valence region. To achieve this, the incident ultraviolet 

photons interact with the electrons bound to the atoms within material, with the energy of the 

photon being enough for the electrons bound in the valance and conductive band to be emitted 

from the material. The kinetic energy of the photoelectron is determined by the following (Equation 

3.10): 

𝐸𝐾 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐼     (3.10) 

where 𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy of the photoelectron, 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is the energy of the photons and 𝐼 

is the ionization energy of which is required to “eject” a single charge from either the ground or 

exited state. The method can also be used to determine the work function of the material. The 

technique works by emitting UV radiation towards the sample. This radiation is absorbed by the 

electrons in the valance band and then is ejected. The kinetic energy of the emitted photoelectron 

is then measured. 

3.5.6. Stylus Profilometer 

Thickness of films is critical for the performance of OPV devices. To allow for routine 

measurements of such films, a stylus profilometer will be used to measure the thickness of thick 

films such as the active layer (~200 nm), PEDOT:PSS (~50 nm) and ZnO NP (~35 nm). The stylus 

profilometer is a contact technique that traces the topography of the surface, with change in stylus 

height being recorded. To achieve this, a constant force is applied by the stylus onto the surface, 

the instrument detects a change in force being applied, and the height of the stylus will be adjusted 

accordingly. 

The technique can measure a height ranging from 1 mm down to 1 nm, depending on instrument 

and sample. Thickness is determined by the height difference between the substrate and film, with 

the measurements occurring as fabricated scratches acting as troughs. The profilometer, with x 

and y axis motors, can performance 2D scans, allowing for the mapping of the surface of samples. 

3.5.7. Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) is a surface-sensitive quantitative and qualitative technique 

based on the Auger effect. Electrons are used to remove the inner most electrons, leaving behind 

a hole. As this is an unstable state, the hole can be filled by an outer shell electron, resulting in a 

release of energy. This energy can then be coupled to the second outer most electron, allowing for 

the electron to be emitted from orbit if the energy is greater than the orbital binding energy [94, 95].  
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The kinetic energy of the ejected electrons is associated with the energy of the core level (𝐸𝐶𝑜𝑟𝑒), 

as well as the first outer (𝐸1𝑠𝑡) and second outer levels (𝐸2𝑛𝑑) (as seen Equation 3.11) [96]: 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = 𝐸𝐶𝑜𝑟𝑒 − 𝐸1𝑠𝑡 − 𝐸2𝑛𝑑       (3.11) 

For the analysis of the of the AES spectra, the data set is smoothed, then derived (s9d5) (seen in 

Figure 3.13). The peak height is then measured for observed peaks and matched with expected 

elements present in the spectra. Atomic concentration is then calculated based on the specific 

selectivity values for given element. 
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Figure 3.13: Spectra of raw AES data a) and data that has been smoothed and derived b). The AES 
spectra was from the surface of a PPDT2FBT:PC61BM thin film. 

For this thesis, measurements were performed using a PHI 710 Scanning Auger Nanoprobe 

system SEM using an acceleration voltage that was 10 kV and emission current that was 1 nA. 

Spectra were collected via point scans as specific locations on the sample. The Auger spectra 

were filtered and analysed, as well as element concentrations calculated with MultiPak Spectrum. 

Elemental orbital energies and selectivity values were based on the Handbook of Auger Electron 

Microscopy by Childs et al., 1997 [97]. 

3.5.8. Dynamic Mechanical Thermal Analysis 

Dynamic mechanical thermal analysis (DMTA) is a power instrument, investigating the thermal 

behaviours of materials, showing details such as the location of glass transitions; a transition for 

which a polymer transfers from glass-like properties to rubbery-like behaviour. To achieve this, the 

instrument measures the viscoelastic properties via mechanical stress, such as tension, bending, 

shear, and compression. As stress (𝜎) is applied oscillating a force at a known frequency and 

amplitude (𝜎0), the strain (𝜀0) is measure by associating it with the oscillating displacement (seen in 

Figure 3.14). 
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Figure 3.14: Trends in the stress & strain of Ideal elastic, viscous and Viscoelastic behaviour 
materials. 

For an ideal elastic material, there is no phase difference between stress and strain, while for an 

ideal viscous material, there is a phase shift of 90°. The equations for stress and strains are as 

follows: 

Stress: 𝜎 = 𝜎0 sin(𝑡𝜔 + 𝛿)         (3.12) 

Strain: 𝜀 = 𝜀0 sin(𝑡𝜔)          (3.13) 

for the thermal analysis of materials, an oscillating force of known amplitude and frequency is 

maintained, while a temperature sweep is applied. During the sweep, there is an instrument the 

storage and loss modulus, as well as tan (delta). The storage modulus is related to the stored 

energy in the material, while the loss modulus is related to the loss of energy related to friction. 

Lastly, the tan delta is related to the material’s damping behaviour. Equations for these 

components are found below: 

Storage modulus: 𝐸′ =
𝜎0

𝜀0
cos 𝛿         (3.14) 

Loss modulus: 𝐸” =
𝜎0

𝜀0
sin 𝛿         (3.15) 

Tangent: tan 𝛿 =
𝐸”

𝐸′          (3.16) 

To prepare the samples, a coating of organic material is drop-cast onto a free-standing glass 

mesh, allowing for the film to be strengthened without influencing the physical properties of the 

sample. The sample is then attached to the DMTA via a tension clamp setup (seen in Figure 3.15). 
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Figure 3.15: Basic schematic of DMTA with tension clamps attachment. Adapted from Sharma et al., 
2019 [21]. 

This technique has previously been demonstrated to improve the understanding of 

thermomechanical properties of several organic materials, including but not limited to TQ1, P3HT 

and PCDTBT polymers [13, 98]. 

In this thesis, DMTA was conducted on a DMA Q800 (TA Instruments) equipped with a liquid 

nitrogen cooling apparatus. The DMTA samples were prepared by repeatedly drop-casting the 

respective solutions on pre-cut glass mesh as described in previous literature [13, 98]. The 

prepared samples were dried under high vacuum of approximately 6 × 10-7 torr overnight. The 

measurements were performed in a strain-controlled tension mode at a heating rate of 3 °C min-1 

from −110 to 300 °C under a nitrogen atmosphere at a frequency of 1 Hz. The annealing of 

samples was done in the DMA instrument under a nitrogen atmosphere for 30 min. The storage 

modulus (E′), loss modulus (E”) and Tan δ were recorded as a function of temperature for each 

sample. 
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CHAPTER 4 – INTRODUCING NEAT FULLERENES TO 
IMPROVE THE THERMAL STABILITY OF SLOT-DIE COATED 

ORGANIC SOLAR CELLS 

This chapter is a reformatted text that has been published in Materials Advances. See the 

Contextual Statement for details on the contributions of the co-authors to the journal version of this 

article. 

Reference for the journal version: 

Kirk, B., Pan, X., Jevric, M., Andersson, G., & Andersson, M. R., Introducing neat fullerenes to 

improve the thermal stability of slot-die coated organic solar cells. Materials Advances, 2022, 3(6), 

2838-2849. 

4.1. Overview 

For organic photovoltaics (OPVs) to be considered commercially viable, the devices should not 

only achieve high performances, but also have relatively long lifespans. In fact, a major source of 

lifespan reduction is associated with the "burn-in” process, resulting in a sharp initial reduction in 

performance. PPDT2FBT:PC71BM and PPDT2FT:PC61BM both represent highly robust and 

efficient cells when fabricated under ambient conditions via slot-die coating and have been shown 

to be tolerant to elevated temperatures. With accelerated thermal aging at 120 °C, such devices 

were found to be affected by the burn-in process, greatly diminishing their efficiency. The addition 

of pristine C70, to the PPDT2FBT:PC61BM bulk-heterojunction (BHJ) was found to improve the 

thermal stability of slot-die coated OPVs at high temperatures while the addition of C60 speeds up 

the burn-in process. Initially, the ink preparation for the active layer and fabrication conditions for 

slot-die coating were optimised to improve the flexible device performance for PPDT2FBT:PC71BM 

and PPDT2FBT:PC61BM cells, reaching a power conversion efficiency (PCE) of 8.49% and 7.63%, 

respectively. A subsequent investigation into the thermal stability of PPDT2FBT:PC61BM devices at 

85 °C found no significant burn-in process that reduces device performance, which was evidenced 

at 120 °C, but a continuous degradation process that slowly reduces the device performance. We 

have found that the addition of 5.0% w/w of C70 (with respect to PCBM) into the active layer blend 

suppressed the thermal degradation at 120 °C, compared to the binary blend. Dynamic mechanical 

thermal analysis (DMTA) measurements on the bulk-heterojunction blends further revealed that the 

thermal behaviour is significantly changed after the addition of small amounts of C70. When 

compared with the addition of neat C60, a known nucleating agent, the addition of C70 instead 

appeared to inhibit crystal formation and growth, rather than induce the formation of many smaller 

crystals. We anticipate that this improved formulation will improve the device lifetimes significantly 

at lower temperatures. 
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4.2. Introduction 

Organic photovoltaics (OPVs) have seen increased interest over the past decade owing to its 

potential to be fabricated as flexible devices, roll-to-roll processability and relatively low fabrication 

cost [1-3]. Since the early developmental stages of OPVs, fullerenes have been the most widely 

used acceptor materials, especially PC61BM, due to the materials relatively low production cost [4]. 

To enhance the absorption of visible light and increase the power conversion efficiency, PC71BM 

was also introduced early in the development of OPVs [5]. Recently there has been significant 

increase in record power conversion efficiencies (PCEs), exceeding 18% for single junction 

devices [6-8]. This is mainly due to the development of strongly absorbing acceptor molecules; 

however, these molecules are normally produced via multi-step synthesis and are therefore quite 

expensive to produce. The development of efficient small-scale laboratory fabricated devices has 

prompted a shift towards large-scale devices which could potentially be used for commercial 

purposes. In order to fulfill this vision, several coating techniques, including slot-die [9-11], blade 

[12, 13], screen [14-16] and spray coating [17-19], are currently being investigated to reduce the 

performance gap between small and large area devices. The advantage of these techniques over 

small-scale spin-coated devices is the relatively low material wastage and feasibility of upscaling 

(>1 m2) fabrication of flexible devices. Recently, there has been increased interest in these 

materials for their potential usage as indoor solar cells [20]. 

Though performance is an important aspect of OPV development, material/fabrication cost and 

stability are areas that are not as extensively investigated when it comes to large-area devices. For 

OPV technologies to be competitive with other types of photovoltaic devices, they need to be 

relatively in-expensive to manufacture and have a comparable lifespan (at least 10 years) [21]. 

There are several mechanisms of degradation that have been identified to have significant 

influence on the lifetime of OPVs. These include thermal [22, 23], oxygen and moisture [24, 25], 

UV radiance[26, 27] and mechanical [9, 28, 29] degradation. These factors are responsible for two 

significant decay trends of PCE: burn-in and linear degradation [30-32]. For burn-in, the 

performance drop is relatively quick and is usually where the largest decrease in performance 

occurs, however, the impact of this degradation decreases as time progresses [32-34]. After the 

burn-in, a linear degradation occurs, resulting in a relatively low rate of decay in PCE. It has been 

shown that the origin behind severe burn-in losses in many systems depends on morphological 

changes in the active material [33-35]. 

The continuous illumination of the sun can result in an increase in the working temperature of the 

OPV in outdoor fixtures. It is known that polymers have structural mobility, especially if the 

environmental temperature exceeds their glass transition temperatures [36, 37]. This can result in 

a change of morphology, such as degree of phase separation, over time, for donor-acceptor 

blends. 
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In the case of polymer:fullerene composites, the thermal energy can lead to the crystallization of 

the polymer and fullerene components, which leads to a decreased performance [38, 39]. The 

formation of large crystals when exposed to heat can lead to a reduction in performance as 

inefficient exciton dissociation can occur and charge transfer decreases as a result from decrease 

of the donor/acceptor interfaces. To address fullerene crystallization, one reported method 

mentioned using nucleating agents to limit the size of fullerene crystallites in the active layer, thus 

improving the thermal stability [40, 41]. Lindqvist et al. demonstrated that the addition of as little 2% 

w/w C60 improved the thermal stability of TQ1:PC61BM based OPVs, even when heated up to 130 

°C, which is above the glass transition temperature of this particular bulk-heterojunction (BHJ) [42]. 

There are several active materials that have been shown to reach high performances, with some 

reaching beyond 18% for single junction OPVs [6-8]. However, most of these high performing 

materials were only fabricated into small-scale cells using rigid glass substrate, and the deposition 

process was protected by nitrogen, which is not easily applicable to large-scale printing/coating 

method. As of 2021, the highest efficiency to be achieved for large area (≥1 cm2) OPVs has been 

12.6% [43]. In addition, these high performing materials are also known to have complex synthesis 

and require many purification steps that make them expensive to upscale and thus, less desirable 

to use in the fabrication of large-area OPVs [44, 45]. As seen in Table B1 in Appendix B, the high 

performing materials (PM6, ITIC & Y6) are far more expensive than more maturely developed 

materials (C60, PC61BM, PC71BM, P3HT). 

Poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole)]: [6,6]-phenyl-C61-butyric acid ester (PPDT2FBT:PC61BM) is a 

promising material combination that can be used as the donor:acceptor material in slot-die coated 

devices (Figure 4.a). These organic materials have been used to fabricate devices via slot-die 

coating (rigid [46] & flexible [47] substrates) with minimal performance losses upon upscaling. In 

addition, these materials are relatively in-expensive and the synthesis is scalable [48]. Lastly, there 

is a relatively small gap between spin-coated and slot-die coated PPDT2FBT:PC71BM devices, 

with efficiencies reaching up to 9.39% [49] and 7.61% [47] respectively. 
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Figure 4.1: (a) Chemical structure of PPDT2FBT, C60, C70, PC61BM and PC71BM; (b) schematic 
illustration of inverted OPV structure used in this work. 

A few studies have investigated the stability of spin-coated and slot-die devices using 

PPDT2FBT:PCBM. In 2014, Nguyen et al. showed that PPDT2FBT:PC71BM based devices were 

thermally robust at 130 °C for 200 hours of temporal stability (Cycling between room temperature 

and 130 °C) [49]. Later in 2018, UV activated crosslinkers were added to fix the morphology in the 

PPDT2FBT:PC71BM active layer was reported, having found such crosslinker addition to improve 

the thermal stability of OPVs at 120 °C. In addition, subjecting these devices to continual 

illumination for 40 hrs, resulted in minimal decrease in efficiency [50]. As for slot-die coated 

devices, Song et al. briefly highlighted the impact that solvents and solvent additives could have on 

the thermal degradation at 25 °C & 120 °C as well as photodegradation under ambient conditions. 

The conclusion of this work was, that the addition of a high boiling poi–t - low vapour pressure 

solvent additive reduced the overall stability of PPDT2FBT:PC71BM devices [47]. 

In this work, we have investigated the thermal stability of slot-die coated inverted devices made of 

PPDT2FBT:PC61BM (Figure 4.b). Before investigating the thermal stability, coating conditions were 

adjusted to optimise the performance of slot-die coated PPDT2FBT:PC71BM and 

PPDT2FBT:PC61BM devices. These devices were all fabricated on flexible PET/ITO substrates via 

a slot-die coating technique under ambient conditions. The initial stability studies revealed that up 

to 85 °C under nitrogen storage condition the PPDT2FBT:PC61BM devices are relatively stable and 

do not suffer from severe loss of the efficiency. To further study the thermal stability, devices were 

aged at 120 °C to accelerate the degradation. This revealed a significant thermal “burn-in” 

degradation that can be suppressed by the addition of C70 into the active layer.  
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We found that the major source of degradation was from the crystallization of fullerene, verified by 

characterisation using scanning electron microscopy (SEM) and Auger electron spectroscopy 

(AES) techniques. Dynamic mechanical thermal analysis (DMTA) was implemented to investigate 

the thermal properties of the neat polymer and the bulk-heterojunction blends, and this revealed 

that the thermal behaviour is significantly changed after the addition of small amounts of C70. 

4.3. Experimental section 

4.3.1. Materials 

Donor material poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole)] (PPDT2FBT) was synthesised using a direct arylation polymerisation 

according to literature [51]. The molecular weight of PPDT2FBT was determined via Gel 

Permeation Chromatography (Agilent 1260 Infinity II High-Temperature GPC System) using 

trichlorobenzene at 150 °C, giving a number average molecular weight (Mn) of 50 of kg/mol with a 

PDI of 2.60 relative to polystyrene standards. 

The ZnO NP dispersion was prepared following a previously published procedure [52]. To achieve 

an ideal processing concentration, acetone (Chem-supply, 99.9%) was added to the NP precipitate 

until a concentration of approximately 40 mg mL-1 was achieved. Afterwards, 2-(2-

methoxyethoxy)acetic acid (Sigma Aldrich) (5% w/w in relation to ZnO NP) was then added to the 

dispersion to stabilise the NPs. 

Small molecule acceptors [[6,6]-phenyl-C61-butyric acid ester (PC61BM), [6,6]-phenyl-C71-butyric 

acid ester (PC71BM), and neat fullerenes (C60 & C70) were purchased from Solenne BV. Solvents 

ortho-dichlorobenzene, chlorobenzene and 1-chloronaphthalene were purchased from Sigma 

Aldrich, whereas chloroform (CHCl3) was purchased from Chem-Supply. All solvents were used 

directly without purification. 

4.3.2. Device fabrication 

Slot-die coated devices were fabricated in a PET/ITO/ZnO NP/BHJ layer/MoOX/Al device 

configuration for the three BHJ layers of PPDT2FBT:PC61BM, PPDT2FBT:PC71BM & 

PPDT2FBT:PC61BM:C70. Active layer ink was prepared by dissolving materials, with a 

donor:acceptor weight ratio of 1:2, in ortho-dichlorobenzene (total 25 mg mL-1 or 14 mg mL-1) with 

0.5% V/V of 1-chloronaphthalene at 60 °C overnight. 

The flexible ITO substrate (50 ohm/sq, Dongguan Hongdian Technology Co.) was attached to a 

mini-roll coater (FOM technologies) with slot-die attachment and wiped with isopropanol soaked 

TerriWipes at a rotation speed of 2 m min-1 prior to fabrication. The tubing and slot-die head was 

cleaned with chloroform prior to assembly and between the change of deposition material. Layer 

deposition was processed under ambient conditions. 
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The ZnO NP layer (35 nm) was deposited using 0.1 mL min-1 flow-rate, a drum speed of  

1.0 m min-1 and drum temperature at 70 °C to achieve a strip width of around 13 mm. The BHJ 

layer (150 – 200 nm) was deposited via varying flow rate and drum speed at a drum temperature at 

70 °C to obtain a strip width of around 13 mm. Wet and dry thickness for both the ZnO NP and BHJ 

layers were calculated according to Equation B1 & B2 in Appendix B. 

After slot-die coating, the MoOX and aluminium was deposited via the following method. The MoOX 

(12nm) was thermally deposited on the BHJ layer under high vacuum using a Covap thermal 

evaporation system (Angstrom Engineering). This was followed by the evaporation of the Al 

electrode (80 nm) using a shadow mask, defining the active area to 0.1 cm2. 

Devices were measured using an Oriel Solar simulator fitted with a 150 W Xeon lamp (Newport), 

filtered to give an output of 100 mW cm-2 at AM 1.5 (air mass) standard and calibrated using a 

silicon reference cell with NIST traceable certification. Device testing was conducted under 

ambient conditions. For investigating performance and material degradation, PET/ITO/ZnO 

NP/BHJ layer/MoOX/Al & PET/ITO/ZnO NP/BHJ device configurations were used, respectively. 

Thermal annealing and aging were conducted on a hotplate in a nitrogen-filled glove-box with 

minimal light exposure. 

4.3.3. Square-Wave Voltammetry 

Square-wave voltammetry (SWV) measurements were carried out for the determination of the 

oxidation/reduction potentials, and in turn, the highest occupied molecular orbital (HOMO) and/or 

lowest unoccupied molecular orbital (LUMO) energy levels of PPDT2FBT, PC71BM, PC61BM, C70 & 

C60. An AUTOLAB PGSTAT (Metrohm AG) instrument using three-electrode setup with platinum 

wires, both the working electrode (WE) and counter electrode (CE) and an Ag/Ag+ reference 

electrode was used. Detailed experimental details can be found in Appendix B. 

4.3.4. Scanning Electron Microscopy 

Measurements were performed using Inspect F50 scanning electron microscopy 

(https://doi.org/10.25957/flinders.sem) equipped with a field emission gun (FEI Company) and a 

secondary electron detector. The acceleration voltage was 10 kV, and the working distance of 10 

mm. The samples were not coated with any conducting layers. 

4.3.5. Auger Electron Spectroscopy 

Measurements were performed using a PHI 710 Scanning Auger Nanoprobe system using an 

acceleration voltage was 10 kV and emission current was 1 nA. Spectra were collected via point 

scans as specific locations on the sample (SEM images of scan locations can be found in Figure 

B3 in Appendix B). The Auger spectra were filtered and analysed, as well as element 

concentrations calculated with MultiPak Spectrum. 

https://doi.org/10.25957/flinders.sem
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4.3.6. Dynamic Mechanical Thermal Analysis 

The dynamic mechanical thermal analysis (DMTA) was conducted on a DMA Q800 (TA 

Instruments) equipped with a liquid nitrogen cooling apparatus. The DMTA samples were prepared 

by repeatedly drop-casting the respective solutions on pre-cut glass mesh as described in previous 

literature [53, 54]. Sample preparation and instrument conditions can be found in Appendix B. 

4.4. Results and Discussion 

4.4.1. Adjustment of the slot-die coating conditions 

To compare the thermal stability of scalable OPVs, PPDT2FBT:PC61BM devices were fabricated 

on flexible ITO-coated PET in air using a mini-roll coater. OPV devices were fabricated with the 

inverted structure of ITO/ZnO NPs/PPDT2FBT:PC61BM/MoOX/aluminium (as seen in Figure 4.b). 

The coating conditions were adjusted to optimise the PCEs and PPDT2FBT:PC71BM devices were 

also prepared to further improve the efficiency. 

To optimise the slot-die coated devices, the drum-speed, flow rate and ink concentration were 

adjusted for the active layer. The ZnO NP layer that is coated over the ITO electrode is kept 

constant. By analysing the Current Density/Voltage (JV) curves of the devices, the short-circuit 

current density (JSC), open-circuit voltage (VOC), Fill-factor (FF) and power conversion efficiency 

(PCE) were extracted. The device characteristics under different fabrication conditions are listed in 

Table B2 in the Appendix B. 

When decreasing the drum speed (and proportionately the flow-rate), it was found that despite the 

same theoretical thickness, the efficiency of these devices had increased. This optimisation of 

drum/substrate speed has been observed in literature [47] and is suspected to be associated with 

the shear forces between the substrate and meniscus, allowing for a more ideal active layer 

deposition. It is also worth noting that the active layer of PPDT2FBT:PC61BM can be coated as a 

thicker layer [49, 55] allowing for improved efficiency. This is evident when increasing the flow-rate 

to allow for an increase in the theoretical thickness from 150 nm to 200 nm. 

Lastly, using an appropriate concentration was important for active material deposition. At 14 mg 

mL-1, it was difficult to keep the coating width at 13 mm (width of the slot-die coater), resulting in 

over-flow along the width of the strip. This was recognized by increasing the concentration to 25 

mg mL-1 (and adjusting flow-rate accordingly) to improve efficiency. Overall, by adjusting coating 

conditions for PPDT2FBT:PC71BM and PPDT2FBT:PC61BM, an optimised PCE of 8.49% and 

7.63% was achieved, respectively, when using an ink total concentration of 25 mg min-1 and a 

drum speed of 0.2 m min-1 (data can be found in Table B2 in Appendix B). 
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For the investigation of device stability, it was decided to investigate PC61BM as the fullerene 

acceptor rather than PC71BM. As mentioned previously, cost is an important factor when aiming 

towards commercialisation of OPVs. As such, it is known that PC71BM is quite expensive when 

compared with PC61BM[41], making it less feasible for upscaled devices, despite the improved 

performance. 

4.4.2. Storage and thermal stability of PPDT2FBT:PC61BM devices 

To understand the stability of PPDT2FBT:PC61BM based OPVs and study the influence of storage 

conditions, we have carried out stability test by storing the devices under nitrogen conditions at 

room temperature (RT) and at elevated temperatures. As for the thermal stability measurements, 

we have used 85 °C to start with, there is a consensus for this temperature in thermal testing [56, 

57]. The unencapsulated device characteristics trends with aging time are shown in Figure 4.2, 

comparing the device aging with and without heating in dark and under nitrogen, while device 

characterisation was performed in air at room temperature. Tables of the detailed data can be 

found in the supplementary information (Table A3 and A4). 

 

Figure 4.2: Device characteristic trends at room temperature aging and thermal aging at 85 °C under 
nitrogen of PPDT2FBT:PC61BM based OPVs. The results are from an average of 6 cells, with an active 
area of 0.1 cm2. 
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For these temperatures, no significant burn-in loss was observed, rather, a constant and gradual 

decrease in the PCE due to the steady decrease in JSC and FF was present. Overall, though there 

is a gradual decrease in performance for PPDT2FBT:PC61BM devices heated up to the working 

temperature, there is a lack of a burn-in process that would otherwise significantly decrease the 

initial performance. It is worth noting that all the devices were taken out from the glove-box prior to 

J-V testing under ambient condition, the influence of air on the device performance cannot be 

eliminated. 

4.4.3. The influence of the additional C70 on the device performances 

Neat fullerene C70 was introduced previously as a third component to TQ1:C60 devices to enhance 

the performance by improving the thermal stability by suppressing crystal formation [58]. 

Additionally, the use of C70 as an additive instead of C60 can improve light absorbance, which could 

potentially improve the current density of the device. Lastly, it was shown, with the support of 

differential scanning calorimetry (DSC), for the addition of C70 to the TQ1:PC61BM blend, the neat 

fullerene acted as a nucleating agenting, thus, could improve the thermal stability, similar to C60 

[42]. The study, did not, however, investigate the thermal degradation of device performance. To 

study the influence of additional C70 on the photovoltaic performances on PPDT2FBT:PC61BM 

based OPVs, different amounts of C70 was introduced to the active material blends and the donor-

acceptor ratio was kept constant (1:2). The device performances with different additional amount of 

C70 are listed in Table 4.1. It is worth noting that TQ1-polymer is known to be amorphous in nature 

[59, 60], whereas PPDT2FBT-polymer is known to have semi-crystalline properties [49, 61]. 

Table 4.1: Device characteristics of PPDT2FBT:fullerene devices with varying weight ratios of 
PC61BM:C70. 

PPDT2FBT:PC61BM:C70 

(w:w:w) 
JSC (mA cm-2) VOC (V) FF PCE (%) 

1:2:0 15.9 ± 0.3 0.80 ± 0.00 0.62 ± 0.01 7.27 ± 0.09 

1:1.9:0.1 15.9 ± 0.5 0.74 ± 0.01 0.61 ± 0.01 7.16 ± 0.24 

1:1.8:0.2 16.9 ± 0.5 0.72 ± 0.01 0.53 ± 0.02 6.47 ± 0.16 

1:1.6:0.4 17.4 ± 1.5 0.70 ± 0.01 0.53 ± 0.03 6.47 ± 0.48 

Average Cell No.: 6 cells / Device Area: 0.1 cm2/ Inverted devices 

Coating conditions: Flow-rate: 0.050 m min-1 / Drum-speed: 0.2 m min-1/ Ink concentration: 14.0 

mg mL-1 

It was observed that the addition of more C70 into the active layer led to a significant increase in JSC 

due to the increased light absorption and a decrease in the VOC. However, the additional of C70 did 

not improve the PCE. For comparison 5% w/w of C60 with respect to PCBM was also added to the 

PPDT2FBT:PC61BM blend and was able to achieve an average JSC of 15.6 mA cm-2, VOC of 0.76 V, 

FF of 0.57, and PCE of 6.72%. Initially, it was suspected that the energy level alignment of 

materials was influencing the performance of the devices, especially the VOC. 
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To confirm this, square-wave voltammetry (SWV) was measured for pristine materials 

(PPDT2FBT, PC61BM, PC71BM, C60 & C70). The energy level results from the SWV are illustrated in 

Figure 4.3, (SWV curves can be found in the Appendix B, Figure B1). 

 

Figure 4.3: Illustration of energy levels of the active layer materials estimated from square-wave 
voltammetry measurements under identical conditions; PPDT2FBT (HOMO/LUMO), PC61BM, PC71BM, 
C60 & C70 (LUMO only). 

As seen in Figure 4.3, there is a reduction between the energy difference between the 

HOMOpolymer/LUMOneat fullerene than that compared to the HOMOpolymer/LUMOPC61BM. It has been 

shown that the open-circuit voltage of OPVs is strongly influenced by the energy difference 

between the HOMOdonor and the LUMOacceptor levels [62, 63]. In the case of the fullerene acceptors, 

the C60 and C70 have relatively lower LUMO levels (-4.12 and -4.13 eV respectively) when 

compared with PC61BM and PC71BM (-3.99 and -4.10 eV). Hence, the addition of neat fullerenes to 

the active layer blend led to the decrease in VOC when compared with the binary system. 

Furthermore, the increased amount of C70 also resulted in a further decrease in the VOC. 

Though C60 was observed to have a higher LUMO level than C70, the addition of C60 resulted in a 

reduced performance. This difference is accredited the significant decrease in the fill-factor, having 

dropped down to 0.57. It is known that nucleating agents, such as small molecules, can influence 

the morphology of active layer blends [64, 65], therefore, the addition of C60 could have negatively 

influenced the PPDT2FBT:PC61BM blend, resulting in a decreased efficiency. 

Overall, the difference in energy level alignment between active layer materials resulted in the 

reduced performance of the devices. To minimise the impact of the neat fullerene addition on VOC, 

5% w/w of C70 was selected for further stability studies and 5% w/w of C60 was also investigated for 

comparison. 
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4.4.4. Thermal stability at 120 °C 

As discussed above, it is observed that the PPDT2FBT:PC61BM was fairly stable at RT and 85 °C, 

only showing a slow gradual decrease in JSC, FF, and PCE over long term storage. To test the 

device stability under accelerated condition, 120 °C was used as the aging temperature, and the 

device performances were tested for the cells with and without additional neat fullerene. 

Furthermore, this temperature has been reported to induce a significant burn-in process to slot-die 

coated PPDT2FBT:PC71BM inverted devices [47]. 

Fullerene C60 has been previously reported to improve thermal stability by acting as a nucleating 

agent when introduced to TQ1:fullerence based devices [42]. In that study C60 was found to be a 

better nucleating agent for PCBM than C70, however, C70 would result in decreased crystal size 

and increased crystal population. As of this, C60 and C70 addition to the BHJ was performed to see 

if it can improve the thermal stability of the devices in this work. The idea is that the nucleating 

agents will induce the growth of many small crystals instead of a few large ones, resulting in 

suppressed performance reduction. 

With this in mind, PPDT2FBT:PC61BM, PPDT2FBT:PC61BM:C60 and PPDT2FBT:PC61BM:C70 

devices were fabricated and thermally aged at 120 °C under dark conditions in under nitrogen 

atmosphere, while device testing, itself, was performed in air at room temperature. The results of 

the thermal aging can be seen in Figure 4.4 (table of results can be found in the Appendix B). 

 

Figure 4.4: Device characteristics trends at 120 °C thermal aging under nitrogen. The results are from 
an average of 6 cells, with an active area of 0.1 cm2. 
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It was found that when the devices were aged at 120 °C, there are several trends that are common 

to all systems. Firstly, there is a significant decrease in the JSC and FF with different degrees of 

thermal “burn-in” occurring in the first 24-48 hours. These changes in JSC and FF are suspected to 

be a result from the morphology change in the BHJ layer, with the PC61BM likely to crystallize 

under heated conditions [66, 67]. As for the VOC, all systems had seen an increase within the first 

80 hours before remaining constant. The increase in the VOC is likely due to the elimination of the 

energy disorder at the BHJ/ZnO interface, which has also been observed for BTID-2F:PC71BM 

devices when stored under dark conditions [68]. 

With the addition of C60 to the active layer, there is a fast “burn-in” within 4 hours of aging, 

however, the degree of a performance drop is less than the PPDT2FBT:PC61BM. It is also 

observed that after the initial burn-in, the devices remained stable with a slightly higher PCE. As for 

the addition of C70, the burn-in loss is slower, having lasted for around 40 hours instead of 48 hours 

for the binary blend and 20 hours after the addition of C60. It is also noted that the burn-in loss is 

less than for PPDT2FBT:PC61BM. Once the burn-in process has passed, the degradation of the 

ternary blends follows a similar rate to that of the binary PPDT2FBT:PC61BM devices. 

Overall, the addition of C70 was able to improve the thermal stability of PPDT2FBT:PC61BM 

devices by reducing the impact from the thermal burn-in process at 120 °C, whereas the addition of 

C60, resulted in a sharper burn-in process with slightly more higher performing devices over longer 

times. 

4.4.5. Imaging of microcrystals at BHJ surface 

To investigate the morphological change during thermal aging, half-devices (PET/ITO/ZnO 

NP/BHJ) were heated at 120 °C for 8 hours under nitrogen. The BHJ layers before and after 120 

°C heating were characterised under SEM and the images are shown in Figure 4.5. Without 

heating, all BHJ layers were observed to be smooth and free of aggregates/crystals, but after 

thermal annealing, micro-sized crystals were formed on the BHJ/air surface. 
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Figure 4.5: SEM images of PPDT2FBT:PC61BM (1:2) (a,d), PPDT2FBT:PC61BM:C70 (1:1.9:0.1) (b,e) & 
PPDT2FBT:PC61BM:C60 (1:1.9:0.1) (c,f) before (a-c) and after (d-f) heated for 8 h at 120 °C under dark 
nitrogen conditions. 

We also found that different annealed BHJ layers showed slightly different degrees and shapes of 

crystals on the surface. It was assumed that these crystals on the surface were most likely 

consisting of PC61BM. For PPDT2FBT:PC61BM, relatively large crystals had appeared on the 

surface after heating, which could be a result from the crystallisation of PC61BM. In the case of the 

PPDT2FBT:PC61BM:C60, the size of the crystals is smaller than those seen with 

PPDT2FBT:PC61BM, the number of them present at the surface has significantly increased. This 

behaviour is consistent with earlier studies that the addition of C60 can act as a nucleating agent. 

After the addition of C70, there is a significant reduction of the number of crystals compared to the 

other samples. 

As C60 acts as a nucleating agent, crystal nuclei are formed to allow for crystal growth, thus, more 

crystals are created. As there is limited space within the film inside the devices, the growth of the 

crystals is restricted. This can explain why there is a steeper burn-in process as the crystals begin 

to grow, however, due to the restricted crystal size, the magnitude of the faster decrease is not as 

severe after the addition of C70 as the decrease seen in the PPDT2FBT:PC61BM. The addition of 

C70 is significantly reducing the crystallisation rate of PC61BM in the PPDT2FBT:PC61BM blend, 

visible in both a slower burn in and crystallisation process. In literature, it was determined that the 

addition of C70 into the TQ1:PC61BM blends, would result in the neat fullerene acting as a 

nucleating agent[42], however, this does not appear to be the case in this study. 

 

e) 

a) b) c) 

d) f) 
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Next, we investigated how the performance degradation differed between devices that were 

annealed at 120 °C for 24 hours before and after deposition MoOX/Al on top of the BHJ. As seen in 

Figure 4.5, the crystals had appeared at the top surface of the BHJ, which could result in a layer of 

fullerene at BHJ/MoOX interface. The JV-curves of devices at different annealing stages can be 

seen in Figure B2 in Appendix B. 

For devices that were annealed after completion of the fabrication, though there is a change in the 

shape of the J-V curve, it still showed photovoltaic effect (above 1% PCE). As for those devices 

heated prior to MoOX/Al deposition, the efficiency is very low (below 0.1% PCE).  

Without the coating on top of the BHJ layers, there is space for the microcrystals to grow above the 

surface of the BHJ. As for the complete devices, the top and bottom sides of the BHJ are “blocked” 

by interface materials (MoOX & ZnO NP respectively), preventing the crystals from growing outside 

of the layer. This likely explains the performance difference between devices heated before and 

after MoOX/ Al deposition. 

4.4.6. Elemental characteristics of microcrystals 

To further understand the origin of the microcrystals, Auger electron spectroscopy (AES) was used 

to detect the presence of different elements on different features on the annealed (120 °C, 24 h) 

PPDT2FBT:PC61BM surface. The advantage of the technique is that it is allowed for specific 

scanning areas with an effective analysis depth of around 10 nm [69], meaning that the underlying 

BHJ/Interface/Electrode should not interfere with the measurements. Understanding that the layer 

consisted of a combination of PPDT2FBT and PC61BM, it was suspected that carbon, nitrogen, 

oxygen, fluorine, and sulphur peaks would be present in the spectra. 

From the AES spectra (Figure 4.6), it was found that both carbon (272 eV [70]) and sulphur (152 

eV [70]) were the easiest to resolve from the background signal. Whereas oxygen (508 eV [70]) 

was more difficult to resolve, yet, could still be resolvable in some spectra. Lastly, nitrogen (379 eV 

[70]) and fluorine (647 eV [70]) were incredibly difficult to resolve from the background, with most 

times the peaks for these elements not being able to be observed entirely. To give a quantitative 

comparison between positions, the sulphur to carbon ratio was compared. As of this, the 

carbon/sulphur ratio was compared to estimate material composition. 

This difference in peak intensity can be attributed to two factors, amount of the element present 

and the sensitivity factor. When operating an electron beam at 10 keV, the sensitivity factors for 

carbon, nitrogen, oxygen, fluorine and sulphur are 0.28, 0.60, 0.79, 1.91 and 2.43, respectively 

[71]. As sulphur has a relatively high factor, a low amount of sulphur results in a resolvable peak, 

whereas carbon, even though having a low factor, there is a large amount of the element present 

in both materials.  
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For oxygen, even though it has a lower peak, the element is present in both polymer and fullerene 

materials. Lastly, both nitrogen and fluorine have a low sensitivity factor, plus is only present in the 

polymer material, resulting in peak intensities that would be difficult to resolve from the 

background. As both carbon and sulphur were easy to resolve, the analysis of the spectra involved 

the comparison between these two elements. 

For the investigation, 3 positions were measured using “point scan” of the specific locations. These 

include short crystals (position 1), long crystals (position 2) and the surface of the active layer 

(position 3). For the BHJ (position 3), it was suspected that these locations contained a mixture of 

PC61BM and PPDT2FBT. To determine what material composition the crystals consisted of, it was 

hypothesised that if a feature was PPDT2FBT, an increase in sulphur would accord compared to 

position 3 spectra, while a decrease in sulphur would indicate the presence of PC61BM. The 

experimental spectra from the scans can be found in Appendix B, while the resulting atomic 

composition % can be found in Table 4.2. 

 

Figure 4.6: Flattened and smoothed Auger spectra of three positions that were measured on the 
PPDT2FBT:PC61BM surface, including the predicted peak position of elements of interest. The 
spectra are an average of 5 different scanning areas. 

 

Table 4.2: Atomic percentages of carbon and sulphur at three different locations. Percentages are 
calculated in relation to the presence of carbon and sulphur only. 

Position Description Carbon % Sulphur % 

1 “Short” crystal 98.2 ± 0.2 1.8 ± 0.2 

2 “Long” crystal 98.4 ± 0.3 1.6 ± 0.3 

3 BHJ Surface 96.5 ± 0.2 3.5 ± 0.2 

 

From the Table 4.2, position 1 and 2, scanning on the crystals, show a decrease in the presence 

when compared with position 3. The two crystal positions are within significant figures of each 

other. Also, from the scans, the oxygen peaks associated with position 2 & 3 are resolvable. This 

supports the hypothesis that the micro-crystals that formed during thermal aging at 120 °C consists 

of PC61BM. In cases that sulphur is detected, it is likely as the fullerene grows and moves up from 

the surface, some of the polymer is taken up with it, remaining on the surface of the crystal.  
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Another likely source of sulphur is the surroundings of the crystal being detected, with the diameter 

of the beam during the scan being approximately 650 nm. As some of the crystals had similar sizes 

as the beam, it is likely that the beam was also analysing the surface of the BHJ, especially for 

position 1 scans. Overall, with support from the Auger microscopy measurements, it is likely that 

the microcrystals at the surface of the BHJ consists of fullerene. 

4.4.7. Thermal analysis 

In OPV research, dynamic mechanical thermal analysis (DMTA) technique was previously used to 

understand the thermal transitions of pure materials and blends and is a useful tool to characterise 

the morphology of BHJ layer [54, 72, 73]. In this work, it was used to understand the effect of 

annealing on the BHJ layers and to study the difference among binary blend and the ternary ones 

with the addition of C60 or C70. 

In the DMTA scans, E’ reflects the stiffness, E” peak feature suggests the thermal transitions, and 

tan delta = E”/E’. Traditionally, the peak temperature of the tan delta peak is commonly used to 

define the thermal transition temperatures. 

The DMTA scans of pure PPDT2FBT and BHJ blends are presented in Figure 4.7. To reduce the 

number of conjugated materials, woven glass fibre mesh was used as a support, thus the absolute 

value of E’ cannot be used to characterise the sample rigidity. Instead, the trend of E’ and E” 

change during heating is the main focus in the following discussion. Similar sample dimensions 

and amounts of materials are used so qualitative comparison of the data in Figure 4.7 can be 

made. 
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Figure 4.7: DMTA plots of pristine PPDT2FBT (a), PPDT2FBT:PC61BM (b), PPDT2FBT:PC61BM:C60 (c) 
and PPDT2FBT:PC61BM:C70 (d) before and after annealing (30 min). 

For pure PPDT2FBT, one sub-Tg is observed at around -25 °C (extracted from tan delta peak 

temperature), and no clear Tg was detected, indicating the lack of amorphous phase in the solid 

state[54] of the pure polymer, in accordance with previously published works describing similar 

polymers [54, 74]. In the case of PPDT2FBT:PC61BM blend, the sub-Tg peaks can still be clearly 

detected and there is no shift of the peak temperature, which further confirmed that this feature is 

not originated from a glass transition. When no annealing was applied on the binary sample before 

the DMTA measurement, one extra thermal relaxation was found at ~100 °C, seen by the E” peak, 

which is not observable from the sample annealed at 120 °C for 30 min. This result indicates that 

the binary blend exhibits some mobility during heating, thus changes in the morphology of BHJ is 

expected when annealed at 120 °C. However, no clear cold crystallisation was detected, which 

seems to conflict with the SEM results. The conflicting results might be caused by the relatively fast 

heating during DMTA measurement (3 °C min-1) compared to long time annealing (8 hr) of the 

SEM sample, the growth of crystals in the DMA sample were not quick enough to be reflected in 

increased E’. 

With the addition of C60 into the PPDT2FBT:PC61BM blend, the previously observed feature at 

~100 °C in the binary sample is absent (Figure 5.7c). The samples before and after annealing 

show almost identical thermal mechanical properties, suggesting the addition of C60 results in 

restricted mobility of the BHJ layer, possibly originating from already formed small crystals in the 

materials. 
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Differently, introducing C70 to the blend yielded a second transition temperature (tan delta) that 

shifts from 85 (non-annealed one) to ~155 °C after annealing, which is suspected to be due to the 

formation of more pure phases, induced by heating. The non-annealed sample showed a minor E’ 

increase at ~ 180 °C, indicating the crystal formation at this high temperature. After annealing at 

120 °C for 30 min, clearer crystallisation was observed at 170 °C indicated by the E’ increase after 

the thermal relaxation of the fullerene rich phase [53]. The reason of clearer crystallisation 

observed in annealed PPDT2FBT:PC61BM:C70 sample is indicative of the small crystal formation 

during 120 °C annealing, which further grow to larger crystals upon applying high thermal energy. 

By having the main crystallization at such a higher temperature, this system is expected to be more 

stable at the described aging condition. From the DMTA measurements it is clear that the addition 

of C60 and C70 alters the thermal behaviour of the blends in different ways. This explains why, with 

the addition of C70, the burn-in process rate is slightly slower than that of PPDT2FBT:PC61BM and 

PPDT2BT:PC61BM:C60 at 120 °C. 

We assume that the addition of C70 will increase the thermal stability further at 85 °C based on the 

results derived from the accelerated aging experiments at 120 °C. Our results indicate that 

PPDT2FBT:PC61BM:C70 is a promising system for large scale printed OPVs. 

4.5. Conclusion 

In conclusion, the addition of as low as 5% w/w C70 (in respect to PC61BM) to the slot-die coated 

bulk-heterojunction of PPDT2FBT:PC61BM was successfully demonstrated to improve the thermal 

stability. Initially, we have optimised the ink preparation and the coating conditions to reach an 

average power conversion efficiency of 8.49% and 7.63% for PPDT2FBT:PC71BM and 

PPDT2FBT:PC61BM devices, respectively. A subsequent investigation of the thermal stability of 

PPDT2FBT:PC61BM at 85 °C revealed that there was no burn-in loss as was observed in 120 °C 

aged devices. With support of scanning electron microscopy and Auger electron spectroscopy, it 

was found that the growth of fullerene-rich crystals in the bulk-heterojunction is the likely source of 

thermal degradation at 120 °C. 

Addition of C60 to the PPDT2FBT:PC61BM appeared to act as a nucleating agent, with increased 

number and reduced size of the crystals. In comparison with the addition of C70 to the 

PPDT2FBT:PC61BM, the magnitude and rate of the burn-in loss was significantly reduced. 

Subsequently, the C70 did not appear to behave as a nucleating agent, instead, it was found that 

the rate of crystal growth reduced with the addition of the neat fullerene. Our results demonstrate 

that the small addition of C70 could improve the thermal stability of slot-die coated OPVs. 

 

 



 

112 

4.6. References 

1. Thompson, B. C. and Fréchet, J. M. J., Polymer–Fullerene Composite Solar Cells. 
Angewandte Chemie International Edition, 2008. 47 (1), 58-77. 

2. Beaujuge, P. M. and Fréchet, J. M. J., Molecular Design and Ordering Effects in π-
Functional Materials for Transistor and Solar Cell Applications. Journal of the American 
Chemical Society, 2011. 133 (50), 20009-20029. 

3. Andersen, T. R., Almyahi, F., Cooling, N. A., Elkington, D., Wiggins, L., Fahy, A., Feron, K., 
Vaughan, B., Griffith, M. J., and Mozer, A. J., Comparison of inorganic electron transport 
layers in fully roll-to-roll coated/printed organic photovoltaics in normal geometry. Journal of 
Materials Chemistry A, 2016. 4 (41), 15986-15996. 

4. Hummelen, J. C., Knight, B. W., LePeq, F., Wudl, F., Yao, J., and Wilkins, C. L., 
Preparation and characterization of fulleroid and methanofullerene derivatives. The Journal 
of Organic Chemistry, 1995. 60 (3), 532-538. 

5. Wienk, M. M., Kroon, J. M., Verhees, W. J. H., Knol, J., Hummelen, J. C., van Hal, P. A., 
and Janssen, R. A. J., Efficient Methano[70]fullerene/MDMO-PPV Bulk Heterojunction 
Photovoltaic Cells. Angewandte Chemie International Edition, 2003. 42 (29), 3371-3375. 

6. Bao, S., Yang, H., Fan, H., Zhang, J., Wei, Z., Cui, C., and Li, Y., Volatilizable Solid 
Additive-Assisted Treatment Enables Organic Solar Cells with Efficiency over 18.8% and 
Fill Factor Exceeding 80%. Advanced Materials, 2021. 33 (48), 2105301. 

7. Cai, Y., Li, Y., Wang, R., Wu, H., Chen, Z., Zhang, J., Ma, Z., Hao, X., Zhao, Y., Zhang, C., 
Huang, F., and Sun, Y., A Well-Mixed Phase Formed by Two Compatible Non-Fullerene 
Acceptors Enables Ternary Organic Solar Cells with Efficiency over 18.6%. Advanced 
Materials, 2021. 33 (33), 2101733. 

8. Song, J., Zhu, L., Li, C., Xu, J., Wu, H., Zhang, X., Zhang, Y., Tang, Z., Liu, F., and Sun, Y., 
High-efficiency organic solar cells with low voltage loss induced by solvent additive 
strategy. Matter, 2021. 4 (7), 2542-2552. 

9. Zimmermann, B., Schleiermacher, H.-F., Niggemann, M., Würfel, U., and Cells, S., ITO-free 
flexible inverted organic solar cell modules with high fill factor prepared by slot die coating. 
Solar Energy Materials and Solar Cells, 2011. 95 (7), 1587-1589. 

10. Wu, Q., Guo, J., Sun, R., Guo, J., Jia, S., Li, Y., Wang, J., and Min, J., Slot-die printed non-
fullerene organic solar cells with the highest efficiency of 12.9% for low-cost PV-driven 
water splitting. Nano Energy, 2019. 61, 559-566. 

11. Zhao, H., Zhang, L., Naveed, H. B., Lin, B., Zhao, B., Zhou, K., Gao, C., Zhang, C., Wang, 
C., and Ma, W., Processing-Friendly Slot-Die-Cast Nonfullerene Organic Solar Cells with 
Optimized Morphology. ACS Applied Materials & Interfaces, 2019. 11 (45), 42392-42402. 

12. Zhang, L., Xu, X., Lin, B., Zhao, H., Li, T., Xin, J., Bi, Z., Qiu, G., Guo, S., Zhou, K., Zhan, 
X., and Ma, W., Achieving Balanced Crystallinity of Donor and Acceptor by Combining 
Blade-Coating and Ternary Strategies in Organic Solar Cells. Advanced Materials, 2018. 30 
(51), 1805041. 

13. Pérez-Gutiérrez, E., Lozano, J., Gaspar-Tánori, J., Maldonado, J.-L., Gómez, B., López, L., 
Amores-Tapia, L.-F., Barbosa-García, O., and Percino, M.-J., Organic solar cells all made 
by blade and slot–die coating techniques. Solar Energy, 2017. 146, 79-84. 

14. Krebs, F. C., Jørgensen, M., Norrman, K., Hagemann, O., Alstrup, J., Nielsen, T. D., 
Fyenbo, J., Larsen, K., and Kristensen, J., A complete process for production of flexible 
large area polymer solar cells entirely using screen printing—first public demonstration. 
Solar Energy Materials and Solar Cells, 2009. 93 (4), 422-441. 

15. Ylikunnari, M., Välimäki, M., Väisänen, K.-L., Kraft, T. M., Sliz, R., Corso, G., Po, R., 
Barbieri, R., Carbonera, C., Gorni, G., and Vilkman, M., Flexible OPV modules for highly 
efficient indoor applications. Flexible and Printed Electronics, 2020. 5 (1), 014008. 

16. He, P., Cao, J., Ding, H., Liu, C., Neilson, J., Li, Z., Kinloch, I. A., and Derby, B., Screen-
Printing of a Highly Conductive Graphene Ink for Flexible Printed Electronics. ACS Applied 
Materials & Interfaces, 2019. 11 (35), 32225-32234. 

17. Susanna, G., Salamandra, L., Brown, T. M., Di Carlo, A., Brunetti, F., and Reale, A., 
Airbrush spray-coating of polymer bulk-heterojunction solar cells. Solar Energy Materials 
and Solar Cells, 2011. 95 (7), 1775-1778. 



 

113 

18. Jiang, Z., Rahmanian, R., Soltanian, S., Nouri, R., and Servati, P. Single-pass Spray-
coated Flexible Organic Solar Cells Using Graphene Transparent Electrodes. in 2019 IEEE 
International Flexible Electronics Technology Conference (IFETC). 2019. 

19. Waheed, S., Pareek, S., Sharma, P., and Karak, S., Performance improvement of 
ultrasonic spray deposited polymer solar cell through droplet boundary reduction assisted 
by acoustic substrate vibration. Semiconductor Science and Technology, 2020. 

20. Ryu, H. S., Park, S. Y., Lee, T. H., Kim, J. Y., and Woo, H. Y., Recent progress in indoor 
organic photovoltaics. Nanoscale, 2020. 12 (10), 5792-5804. 

21. Søndergaard, R., Hösel, M., Angmo, D., Larsen-Olsen, T. T., and Krebs, F. C., Roll-to-roll 
fabrication of polymer solar cells. Materials today, 2012. 15 (1-2), 36-49. 

22. Zhang, Z., Miao, J., Ding, Z., Kan, B., Lin, B., Wan, X., Ma, W., Chen, Y., Long, X., Dou, C., 
Zhang, J., Liu, J., and Wang, L., Efficient and thermally stable organic solar cells based on 
small molecule donor and polymer acceptor. Nature Communications, 2019. 10 (1), 3271. 

23. Zheng, N., Mahmood, K., Zhong, W., Liu, F., Zhu, P., Wang, Z., Xie, B., Chen, Z., Zhang, 
K., Ying, L., Huang, F., and Cao, Y., Improving the efficiency and stability of non-fullerene 
polymer solar cells by using N2200 as the Additive. Nano Energy, 2019. 58, 724-731. 

24. Meitzner, R., Faber, T., Alam, S., Amand, A., Roesch, R., Büttner, M., Herrmann-
Westendorf, F., Presselt, M., Ciammaruchi, L., and Visoly-Fisher, I., Impact of P3HT 
materials properties and layer architecture on OPV device stability. Solar Energy Materials 
and Solar Cells, 2019. 202, 110151. 

25. Li, M., Zhang, W., Wang, H., Chen, L., Zheng, C., and Chen, R., Effect of organic cathode 
interfacial layers on efficiency and stability improvement of polymer solar cells. RSC 
advances, 2017. 7 (50), 31158-31163. 

26. Weng, C.-N., Yang, H.-C., Tsai, C.-Y., Chen, S.-H., Chen, Y.-S., Chen, C.-H., Huang, K.-
M., Meng, H.-F., Chao, Y.-C., and Chang, C.-Y., The influence of UV filter and Al/Ag 
moisture barrier layer on the outdoor stability of polymer solar cells. Solar Energy, 2020. 
199, 308-316. 

27. Doumon, N. Y., Wang, G., Chiechi, R. C., and Koster, L. J. A., Relating polymer chemical 
structure to the stability of polymer: fullerene solar cells. Journal of Materials Chemistry C, 
2017. 5 (26), 6611-6619. 

28. Muhsin, B., Roesch, R., Gobsch, G., and Hoppe, H., Flexible ITO-free polymer solar cells 
based on highly conductive PEDOT:PSS and a printed silver grid. Solar Energy Materials 
and Solar Cells, 2014. 130, 551-554. 

29. Sun, Y., Meng, L., Wan, X., Guo, Z., Ke, X., Sun, Z., Zhao, K., Zhang, H., Li, C., and Chen, 
Y., Flexible High-Performance and Solution-Processed Organic Photovoltaics with Robust 
Mechanical Stability. Advanced Functional Materials, 2021. 31 (16), 2010000. 

30. Kang, H., Kim, G., Kim, J., Kwon, S., Kim, H., and Lee, K., Bulk‐heterojunction organic 
solar cells: Five core technologies for their commercialization. Advanced Materials, 2016. 
28 (36), 7821-7861. 

31. Greenbank, W., Djeddaoui, N., Destouesse, E., Lamminaho, J., Prete, M., Boukezzi, L., 
Ebel, T., Bessissa, L., Rubahn, H.-G., Turkovic, V., and Madsen, M., Degradation Behavior 
of Scalable Nonfullerene Organic Solar Cells Assessed by Outdoor and Indoor ISOS 
Stability Protocols. Energy Technology, 2020. 8 (12), 2000295. 

32. Duan, L. and Uddin, A., Progress in Stability of Organic Solar Cells. Advanced Science, 
2020. 7 (11), 1903259. 

33. Li, N., Perea, J. D., Kassar, T., Richter, M., Heumueller, T., Matt, G. J., Hou, Y., Güldal, N. 
S., Chen, H., and Chen, S., Abnormal strong burn-in degradation of highly efficient polymer 
solar cells caused by spinodal donor-acceptor demixing. Nature communications, 2017. 8 
(1), 1-9. 

34. Chochos, C. L., Leclerc, N., Gasparini, N., Zimmerman, N., Tatsi, E., Katsouras, A., 
Moschovas, D., Serpetzoglou, E., Konidakis, I., and Fall, S., The role of chemical structure 
in indacenodithienothiophene-alt-benzothiadiazole copolymers for high performance 
organic solar cells with improved photo-stability through minimization of burn-in loss. 
Journal of Materials Chemistry A, 2017. 5 (47), 25064-25076. 

35. Tong, X., Wang, N., Slootsky, M., Yu, J., and Forrest, S. R., Intrinsic burn-in efficiency loss 
of small-molecule organic photovoltaic cells due to exciton-induced trap formation. Solar 
energy materials and solar cells, 2013. 118, 116-123. 



 

114 

36. Paci, B., Generosi, A., Rossi Albertini, V., Perfetti, P., de Bettignies, R., Leroy, J., Firon, M., 
and Sentein, C., Controlling photoinduced degradation in plastic photovoltaic cells: A time-
resolved energy dispersive x-ray reflectometry study. Applied physics letters, 2006. 89 (4), 
043507. 

37. Andreasen, J. W., Gevorgyan, S. A., Schlepütz, C. M., and Krebs, F. C., Applicability of X-
ray reflectometry to studies of polymer solar cell degradation. Solar energy materials and 
solar cells, 2008. 92 (7), 793-798. 

38. Yang, X., Loos, J., Veenstra, S. C., Verhees, W. J., Wienk, M. M., Kroon, J. M., Michels, M. 
A., and Janssen, R. A., Nanoscale morphology of high-performance polymer solar cells. 
Nano letters, 2005. 5 (4), 579-583. 

39. Krebs, F. C., Alstrup, J., Spanggaard, H., Larsen, K., and Kold, E., Production of large-area 
polymer solar cells by industrial silk screen printing, lifetime considerations and lamination 
with polyethyleneterephthalate. Solar Energy Materials and Solar Cells, 2004. 83 (2), 293-
300. 

40. Lindqvist, C., Sanz-Velasco, A., Wang, E., Bäcke, O., Gustafsson, S., Olsson, E., 
Andersson, M. R., and Müller, C., Nucleation-limited fullerene crystallisation in a polymer–
fullerene bulk-heterojunction blend. Journal of Materials Chemistry A, 2013. 1 (24), 7174-
7180. 

41. Lindqvist, C., Stability of Bulk-heterojunction Blends for Solar Cell Applications. 2014: 
Chalmers University of Technology. 

42. Lindqvist, C., Bergqvist, J., Feng, C. C., Gustafsson, S., Bäcke, O., Treat, N. D., Bounioux, 
C., Henriksson, P., Kroon, R., Wang, E., Sanz-Velasco, A., Kristiansen, P. M., Stingelin, N., 
Olsson, E., Inganäs, O., Andersson, M. R., and Müller, C., Fullerene nucleating agents: a 
route towards thermally stable photovoltaic blends. Advanced Energy Materials, 2014. 4 
(9), 1301437. 

43. Distler, A., Brabec, C. J., and Egelhaaf, H.-J., Organic photovoltaic modules with new world 
record efficiencies. Progress in Photovoltaics: Research and Applications, 2021. 29 (1), 24-
31. 

44. Moser, M., Wadsworth, A., Gasparini, N., and McCulloch, I., Challenges to the Success of 
Commercial Organic Photovoltaic Products. Advanced Energy Materials, 2021. 11 (18), 
2100056. 

45. Osedach, T. P., Andrew, T. L., and Bulović, V., Effect of synthetic accessibility on the 
commercial viability of organic photovoltaics. Energy & Environmental Science, 2013. 6 (3), 
711-718. 

46. Dayneko, S. V., Pahlevani, M., and Welch, G. C., Indoor Photovoltaics: Photoactive 
Material Selection, Greener Ink Formulations, and Slot-Die Coated Active Layers. ACS 
Applied Materials & Interfaces, 2019. 11 (49), 46017-46025. 

47. Song, S., Lee, K. T., Koh, C. W., Shin, H., Gao, M., Woo, H. Y., Vak, D., and Kim, J. Y., Hot 
slot die coating for additive-free fabrication of high performance roll-to-roll processed 
polymer solar cells. Energy & Environmental Science, 2018. 11 (11), 3248-3255. 

48. Mainville, M., Tremblay, V., Fenniri, M. Z., Laventure, A., Farahat, M. E., Ambrose, R., 
Welch, G. C., Hill, I. G., and Leclerc, M., Water Compatible Direct (Hetero)arylation 
Polymerization of PPDT2FBT: A Pathway Towards Large-Scale Production of Organic 
Solar Cells. Asian Journal of Organic Chemistry, 2020. 9 (9), 1318-1325. 

49. Nguyen, T. L., Choi, H., Ko, S. J., Uddin, M. A., Walker, B., Yum, S., Jeong, J. E., Yun, M. 
H., Shin, T. J., and Hwang, S., Semi-crystalline photovoltaic polymers with efficiency 
exceeding 9% in a∼ 300 nm thick conventional single-cell device. Energy & Environmental 
Science, 2014. 7 (9), 3040-3051. 

50. Wu, S.-C., Strover, L. T., Yao, X., Chen, X.-Q., Xiao, W.-J., Liu, L.-N., Wang, J., Visoly-
Fisher, I., Katz, E. A., and Li, W.-S., UV-Cross-linkable Donor–Acceptor Polymers Bearing 
a Photostable Conjugated Backbone for Efficient and Stable Organic Photovoltaics. ACS 
Applied Materials & Interfaces, 2018. 10 (41), 35430-35440. 

51. Morin, P.-O., Bura, T., Sun, B., Gorelsky, S. I., Li, Y., and Leclerc, M., Conjugated polymers 
à la carte from time-controlled direct (hetero) arylation polymerization. ACS Macro Letters, 
2015. 4 (1), 21-24. 

52. Krebs, F. C., Air stable polymer photovoltaics based on a process free from vacuum steps 
and fullerenes. Solar Energy Materials and Solar Cells, 2008. 92 (7), 715-726. 



 

115 

53. Sharma, A., Pan, X., Campbell, J. A., Andersson, M. R., and Lewis, D. A., Unravelling the 
thermomechanical properties of bulk heterojunction blends in polymer solar cells. 
Macromolecules, 2017. 50 (8), 3347-3354. 

54. Sharma, A., Pan, X., Bjuggren, J. M., Gedefaw, D., Xu, X., Kroon, R., Wang, E., Campbell, 
J. A., Lewis, D. A., and Andersson, M. R., Probing the relationship between molecular 
structures, thermal transitions, and morphology in polymer semiconductors using a woven 
glass-mesh-based DMTA technique. Chemistry of Materials, 2019. 31 (17), 6740-6749. 

55. Shin, S.-C., Koh, C. W., Vincent, P., Goo, J. S., Bae, J.-H., Lee, J.-J., Shin, C., Kim, H., 
Woo, H. Y., and Shim, J. W., Ultra-thick semi-crystalline photoactive donor polymer for 
efficient indoor organic photovoltaics. Nano Energy, 2019. 58, 466-475. 

56. Reese, M. O., Gevorgyan, S. A., Jørgensen, M., Bundgaard, E., Kurtz, S. R., Ginley, D. S., 
Olson, D. C., Lloyd, M. T., Morvillo, P., Katz, E. A., Elschner, A., Haillant, O., Currier, T. R., 
Shrotriya, V., Hermenau, M., Riede, M., R. Kirov, K., Trimmel, G., Rath, T., Inganäs, O., 
Zhang, F., Andersson, M., Tvingstedt, K., Lira-Cantu, M., Laird, D., McGuiness, C., 
Gowrisanker, S., Pannone, M., Xiao, M., Hauch, J., Steim, R., DeLongchamp, D. M., 
Rösch, R., Hoppe, H., Espinosa, N., Urbina, A., Yaman-Uzunoglu, G., Bonekamp, J.-B., 
van Breemen, A. J. J. M., Girotto, C., Voroshazi, E., and Krebs, F. C., Consensus stability 
testing protocols for organic photovoltaic materials and devices. Solar Energy Materials and 
Solar Cells, 2011. 95 (5), 1253-1267. 

57. Khenkin, M. V., Katz, E. A., Abate, A., Bardizza, G., Berry, J. J., Brabec, C., Brunetti, F., 
Bulović, V., Burlingame, Q., and Di Carlo, A., Consensus statement for stability assessment 
and reporting for perovskite photovoltaics based on ISOS procedures. Nature Energy, 
2020. 5 (1), 35-49. 

58. de Zerio Mendaza, A. D., Bergqvist, J., Bäcke, O., Lindqvist, C., Kroon, R., Gao, F., 
Andersson, M. R., Olsson, E., Inganäs, O., and Müller, C., Neat C 60: C 70 
buckminsterfullerene mixtures enhance polymer solar cell performance. Journal of 
Materials Chemistry A, 2014. 2 (35), 14354-14359. 

59. Wang, E., Bergqvist, J., Vandewal, K., Ma, Z., Hou, L., Lundin, A., Himmelberger, S., 
Salleo, A., Müller, C., and Inganäs, O., Conformational disorder enhances solubility and 
photovoltaic performance of a thiophene–quinoxaline copolymer. Advanced Energy 
Materials, 2013. 3 (6), 806-814. 

60. Bergqvist, J., Lindqvist, C., Bäcke, O., Ma, Z., Tang, Z., Tress, W., Gustafsson, S., Wang, 
E., Olsson, E., and Andersson, M. R., Sub-glass transition annealing enhances polymer 
solar cell performance. Journal of Materials Chemistry A, 2014. 2 (17), 6146-6152. 

61. Kang, H., Uddin, M. A., Lee, C., Kim, K.-H., Nguyen, T. L., Lee, W., Li, Y., Wang, C., Woo, 
H. Y., and Kim, B. J., Determining the role of polymer molecular weight for high-
performance all-polymer solar cells: its effect on polymer aggregation and phase 
separation. Journal of the American Chemical Society, 2015. 137 (6), 2359-2365. 

62. Mühlbacher, D., Scharber, M., Morana, M., Zhu, Z., Waller, D., Gaudiana, R., and Brabec, 
C., High photovoltaic performance of a low‐bandgap polymer. Advanced Materials, 2006. 
18 (21), 2884-2889. 

63. Brabec, C. J., Sariciftci, N. S., and Hummelen, J. C., Plastic solar cells. Advanced 
functional materials, 2001. 11 (1), 15-26. 

64. Sharenko, A., Gehrig, D., Laquai, F., and Nguyen, T.-Q., The Effect of Solvent Additive on 
the Charge Generation and Photovoltaic Performance of a Solution-Processed Small 
Molecule:Perylene Diimide Bulk Heterojunction Solar Cell. Chemistry of Materials, 2014. 26 
(14), 4109-4118. 

65. Liao, S.-H., Jhuo, H.-J., Yeh, P.-N., Cheng, Y.-S., Li, Y.-L., Lee, Y.-H., Sharma, S., and 
Chen, S.-A., Single Junction Inverted Polymer Solar Cell Reaching Power Conversion 
Efficiency 10.31% by Employing Dual-Doped Zinc Oxide Nano-Film as Cathode Interlayer. 
Scientific Reports, 2014. 4 (1), 6813. 

66. Zhao, J., Swinnen, A., Van Assche, G., Manca, J., Vanderzande, D., and Mele, B. V., 
Phase diagram of P3HT/PCBM blends and its implication for the stability of morphology. 
The Journal of Physical Chemistry B, 2009. 113 (6), 1587-1591. 

67. Bertho, S., Janssen, G., Cleij, T. J., Conings, B., Moons, W., Gadisa, A., D’Haen, J., 
Goovaerts, E., Lutsen, L., and Manca, J., Effect of temperature on the morphological and 



 

116 

photovoltaic stability of bulk heterojunction polymer: fullerene solar cells. Solar Energy 
Materials and Solar Cells, 2008. 92 (7), 753-760. 

68. Sun, R., Deng, D., Guo, J., Wu, Q., Guo, J., Shi, M., Shi, K., Wang, T., Xue, L., and Wei, Z., 
Spontaneous open-circuit voltage gain of fully fabricated organic solar cells caused by 
elimination of interfacial energy disorder. Energy & Environmental Science, 2019. 12 (8), 
2518-2528. 

69. Gunawardane, R. P. and Arumainayagam, C. R., Auger electron spectroscopy, in 
Handbook of applied solid state spectroscopy. 2006, Springer. p. 451-483. 

70. Vickerman, J. C. and Gilmore, I. S., Surface analysis: the principal techniques. 2011: John 
Wiley & Sons. 

71. Childs, K. D., Carlson, B. A., LaVanier, L. A., Moulder, J. F., Paul, D. F., Stickle, W. F., and 
Watson, D. G., Handbook of Auger Electron Microscopy. 3rd ed. 1997, Eden Prairie, 
Minnesota: Physical Electronics, Inc. 

72. Yu, L., Qian, D., Marina, S., Nugroho, F. A. A., Sharma, A., Hultmark, S., Hofmann, A. I., 
Kroon, R., Benduhn, J., and Smilgies, D.-M., Diffusion-Limited Crystallization: A Rationale 
for the Thermal Stability of Non-Fullerene Solar Cells. ACS applied materials & interfaces, 
2019. 11 (24), 21766-21774. 

73. Pan, X., Sharma, A., Gedefaw, D., Kroon, R., de Zerio, A. D., Holmes, N. P., Kilcoyne, A. L. 
D., Barr, M. G., Fahy, A., and Marks, M., Environmentally friendly preparation of 
nanoparticles for organic photovoltaics. Organic Electronics, 2018. 59, 432-440. 

74. Balar, N., Siddika, S., Kashani, S., Peng, Z., Rech, J. J., Ye, L., You, W., Ade, H., and 
O’Connor, B. T., Role of Secondary Thermal Relaxations in Conjugated Polymer Film 
Toughness. Chemistry of Materials, 2020. 32 (15), 6540-6549. 



 

117 

CHAPTER 5 – INVESTIGATING DEGRADATION PATHWAYS 
ASSOCIATED WITH WORKING AND ACCELERATED THERMAL 

CONDITIONS  

5.1. Overview 

Thermal stability of OPVs is a significant challenge for the technology to overcome before aiming 

for commercialisation, however, due to the varying materials that can be used in OPV fabrication, 

finding strategies for reducing this degradation becomes extremely difficult. Not only that, but 

majority of the strategies have only been demonstrated on non-scalable fabrication procedures, 

with scalability only being hypothesised. Lastly, the temperature used for thermal degradation 

studies is inconsistent between literature, ranging from 80 °C to 180 °C. The purpose of heating 

the devices at these excessively high temperatures is usually to either accelerate the degradation 

of the OPV (shortening experiment time), or how high device can reach before major degradation 

is observed. The issue with these higher temperatures, however, is they result in inducing new 

degradation pathways, with methods and strategies for improving thermal stability influencing said 

degradation pathway. 

In this chapter, we have demonstrated a method of investigating the thermal degradation of active 

layer blend PPDT2FBT:PC61BM, a system that has been shown to work effectively when fabricated 

using roll-to-roll printing, by combining spectroscopy and microscopy techniques, with the dynamic 

mechanical thermal analysis. This allowed for the determination of thermal behaviour of the blend, 

how it changes upon annealing, and how they relate the degradation seen in the blend. 

The chapter also investigated the difference in degradation that are observed at different annealing 

temperatures. In this work, we investigated at two temperatures degradation temperatures, 85 °C, 

accepted by the community as a temperature used for thermal degradation studies under dark 

storage conditions, and 120 °C: An accelerated temperature that has been used in previous 

literature using PPDT2FBT:PC61BM degradation studies. 
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5.2. Introduction 

In the previous chapter, it was found that the addition of neat fullerene C70 into PPDT2FBT:PC61BM 

during the ink preparation stage, allowed for the improvement of the thermal stability at 120 °C, 

with the support of scanning electron microscopy (SEM) and dynamic mechanical thermal analysis 

(DMTA) to determine how the neat fullerene influenced the thermal properties of the active layer. 

Yet, one question arises, does the neat fullerene improve the thermal degradation at 85 °C? In 

theory, the increase of the annealing temperature would simply accelerate the rate of degradation 

associated with the main degradation pathway, however, such a temperature increase may lead to 

the induction of other degradation pathways. This means that methods could be reducing a 

degradation pathway that may otherwise not be present at the working temperature. 

With the push towards cost-effective, accessible, renewable energy sources, there has been an 

increased interest towards the research and development of organic photovoltaics (OPVs). Their 

potential is owed to the their ability to be fabricated as thin, lightweight and flexible devices using 

roll-to-roll coating/printing methods with low manufacturing cost, especially when compared to 

conventional silicon solar panels [1-3]. In the past decade, there has been significant 

improvements of device performance for OPV technology, leading power conversion efficiencies 

(PCEs), exceeding 19% for single junction devices [4, 5]. 

Though performance is an important aspect for the development of OPVs, other factors include 

fabrication cost and device stability are areas that are just as important yet has seen less research 

focus. For OPV devices to be competitive to other photovoltaic devices, including silicon-based 

solar cells, they need to improve in cost-effectiveness, as well as expanding on the average 

lifespan [6]. In terms of stability, there are five major factors that can negatively impact the device 

performances of during normal operation of OPVs; including thermal [7, 8], oxygen and moisture 

[9, 10] ,UV radiance [11, 12] and mechanical [13-15] degradation. These factors are responsible 

for two significant decay trends of PCE: burn-in and linear degradation [16-18]. More details in 

relation to OPV degradation can be found in Chapter 2. 

In terms of thermal stability, continuous illumination from a light source can result in an increase of 

the working temperature, especially when operating in outdoor conditions with direct sun-exposure. 

As majority of OPVs contain a bulk-heterojunction structured active layer, there is a risk of the 

thermal energy would allow the motion of active materials, resulting in a change in morphology in 

the active layer, especially when the temperature exceeds glass transitions of the active layer 

blend [19, 20]. This elevated temperature may also lead to degradation via the material diffusion at 

the interface between electrodes and interface layers [21-23].  
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As to date, it has been agreed that 65-85 °C as the working temperature, or known as the high 

temperature dark storage, which is accepted by the International Summit on OPV Stability (ISOS) 

consensus test community [24]. As such, a few reported works conduct thermal degradation 

studies at this working temperature [22, 23, 25-30]. This includes Chaturvedi et al. who investigate 

the degradation of different device configurations of PTB7-Th:IEICO-4F devices for an period of 

750 h (31 days) [31], while Wu et al. used 85 °C for 4000 minutes (2.7 days) to demonstrate their 

improved thermal stability using a newly synthesised donor polymer, PMZ2, when compared with 

PM6 [32]. The issue that can be associated with this working temperature is for more thermal 

robust devices, a massive amount of time, sometimes surpassing 1 month, is needed for a 

significant amount of degradation to occur [25, 26]. This length of time to generate data can result 

in difficulties comparing materials and strategies for improving device lifespan, slowing down the 

rate of research output. 

To resolve this issue, higher temperatures are implemented to allow for accelerated thermal 

degradation OPV devices, shortening the thermal degradation test to be less than a month [7, 8, 

33], depending on the specific temperature used. Through a few papers that compare device 

stability at higher accelerating degradation temperatures with the accepted working temperature 

[34-36], this appears to be more the exception rather than the rule. To date, the alternative thermal 

degradation temperatures that have been used include 80 °C [37-39], 90 °C [34], 100 °C [8, 33, 

40], 110 °C [41], 120 °C [36, 42], 130 °C [43], 140 °C [44], 150 °C [45-47], 160 °C [34], and even 

up to 180 °C [7]. 

In issue that arises is the potential for new degradation pathways to form at such elevated 

temperatures that would not otherwise have been experienced when OPV work at standard 

conditions. For example, He et al. had observed that for an inverted OPV configuration, heating up 

to 200 °C caused silver penetrating into the active layer, resulting in a reduction of device 

performance, which was not observed at lower temperatures [34]. Whereas for Jang et al. had 

observed that when comparing PTB7:PC71BM that were either fabricated using single deposition or 

sequential deposition of the active layer, heating at 80 °C for 10 days showed minimal change in 

degradation, while 140 °C heating resulted in significant burn-in degradation for the single 

deposition devices [35]. Lastly, Xu et al. had shown that for following thermal degradation test with 

a 10 °C temperature step increase every 5 mins PBTTT-EFT:PC71BM started to degrade 

significantly after 80 °C, whereas PBTTT-EFT:PC71BM started at 100 °C [36]. 

One promising active layer material blend for scalable OPV fabrication is Poly[(2,5-

bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)]: 

[6,6]-phenyl-C61-butyric acid ester (PPDT2FBT:PC61BM) (structures seen in Figure 4.1a), 

specially, when the material is deposited via slot-die coated.  
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Achieving a moderate PCE values of 9.39% [48] and 9.1% [49] when incorporating PC71BM and 

PC61BM in spin-coating, respectively, PPDT2FBT:PCBM has also been effectively slot-die coated 

at a variety of scales with minimal performance loss [42, 50-52]. 

 

Figure 5.1: (a) Chemical structure of PPDT2FBT & PC61BM, (b) schematic illustration of inverted OPV 
structure used in this work. 

A handful of studies have been performed to investigate the stability of both slot-die and spin-

coated PPDT2FBT:PC61BM devices. For lower temperature degradation (60 °C) under constant 

illumination and without humidity control, Mainville et al. observed that the PPDT2FBT:PC61BM 

devices lasted 220 hours (9 days) before the performance dropped below 80% of the initial PCE 

[52].  

In our previous work, it was found that the addition of neat fullerene C70 into PPDT2FBT:PC61BM 

during the ink preparation stage improved the thermal stability at 120 °C, revealed from SEM and 

DMTA results [51]. Yet, one question arises, can the neat fullerene improve the thermal stability of 

PPDT2FBT:PC61BM based devices upon 85 °C heating? To solve this question, this work firstly 

aimed at investigating the major degradation pathway associated with 85 °C and 120 °C heating, 

focusing on the change of thermal properties of materials and blends when exposed to elevated 

temperatures for specific amounts of time. Afterwards, we investigated how the addition of C70 

impacts the thermal degradation at the accepted working temperature. 

5.3. Experimental section 

5.3.1. Materials 

Donor material poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole)] (PPDT2FBT) was synthesised using a direct arylation polymerisation 

according to literature [53]. The molecular weight of PPDT2FBT was determined via Gel 

Permeation Chromatography (Agilent 1260 Infinity II High-Temperature GPC System) using 

trichlorobenzene at 150 °C, giving a number average molecular weight (Mn) of 27 of kg/mol with a 

PDI of 3.5 relative to polystyrene standards. 

PPDT2FBT PC61BM 

a) 
b) 
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The ZnO nanoparticle (NP) dispersion was prepared following a previously published procedure 

[54]. To achieve an ideal processing concentration, acetone (Chem-supply, 99.9%) was added to 

the NP precipitate until a concentration of approximately 40 mg mL-1 was achieved. Afterwards, 2-

(2-methoxyethoxy)acetic acid (Sigma Aldrich) (5% w/w in relation to ZnO NP) was then added to 

the dispersion to stabilise the NPs. 

Small molecule fullerene acceptor [[6,6]-phenyl-C61-butyric acid ester (PC61BM) were purchased 

from Solenne BV. Solvents ortho-dichlorobenzene, chlorobenzene and 1-chloronaphthalene were 

purchased from Sigma Aldrich, whereas chloroform (CHCl3) was purchased from Chem-Supply. All 

solvents were used directly without purification. 

5.3.2. Device fabrication 

Slot-die coated devices were fabricated in a PET/ITO/ZnO NP/BHJ layer/MoOX/Al device 

configuration for the BHJ layer of PPDT2FBT:PC61BM. Active layer ink was prepared by dissolving 

materials, with a donor:acceptor weight ratio of 1:2, in ortho-dichlorobenzene (total 25 mg mL-1 or 

14 mg mL-1) with 0.5% V/V of 1-chloronaphthalene at 60 °C overnight. 

The flexible ITO substrate (50 ohm/sq, Dongguan Hongdian Technology Co.) was attached to a 

mini-roll coater (FOM technologies) with slot-die attachment (13 mm width meniscus guide) and 

wiped with isopropanol soaked TerriWipes at a rotation speed of 2 m min-1 prior to fabrication. The 

tubing and slot-die head was cleaned with chloroform prior to assembly and between the change of 

deposition material. Layer deposition was processed under ambient conditions. 

The ZnO NP layer (35 nm) was deposited using 0.1 mL min-1 flow-rate, a drum speed of  

1.0 m min-1 and drum temperature at 70 °C to achieve a strip width of around 13 mm. The BHJ 

layer (150 – 200 nm) was deposited via varying flow rate and drum speed at a drum temperature at 

70 °C to obtain a strip width of around 13 mm. Wet and dry thickness for both the ZnO NP and BHJ 

layers were calculated according to Equation C1 & C2 in Appendix C. 

After slot-die coating, the MoOX and aluminium was deposited via the following method. The MoOX 

(12nm) was thermally deposited on the BHJ layer under high vacuum using a Covap thermal 

evaporation system (Angstrom Engineering). This was followed by the evaporation of the Al 

electrode (80 nm) using a shadow mask, defining the active area to 0.1 cm2. 

Devices were measured using an Oriel Solar simulator fitted with a 150 W Xeon lamp (Newport), 

filtered to give an output of 100 mW cm-2 at AM 1.5 (air mass) standard and calibrated using a 

silicon reference cell with NIST traceable certification.  
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Device testing was conducted under ambient conditions. For investigating performance and 

material degradation, PET/ITO/ZnO NP/BHJ layer/MoOX/Al & PET/ITO/ZnO NP/BHJ device 

configurations were used, respectively. Thermal annealing and aging were conducted on a 

hotplate in a nitrogen-filled glove-box with minimal light exposure.  

5.3.3. Scanning Electron Microscopy 

Measurements were performed using Inspect F50 scanning electron microscopy 

(https://doi.org/10.25957/flinders.sem) equipped with a field emission gun (FEI Company) and a 

secondary electron detector. The acceleration voltage was 10 kV, and the working distance of 10 

mm. The samples were not coated with any conducting layers. ImageJ was used to analysis the 

surface features that were observed on the thermally aged samples. 

5.3.4. Stylus Profilometry 

Measurements were performed using the Bruker DektakXT stylus profilometer, equipped with a 2 

µm probe, and 2-dimensional stage movement controllers. The vertical measurement range of the 

profilometer was set to 6.5 µm. 

5.3.5. Auger Electron Spectroscopy 

Measurements were performed using a PHI 710 Scanning Auger Nanoprobe system using an 

acceleration voltage was 10 kV and emission current was 1 nA. Spectra were collected via point 

scans as specific locations on the sample (SEM images of scan locations can be found in Table D2 

& D3 in Appendix D). The Auger spectra were filtered and analysed, as well as element 

concentrations calculated with MultiPak Spectrum. The peak height to atomic concentration values 

for specific elements were based on previously published work. 

5.3.6. Neutral Impact Collision Ion Scattering Spectroscopy (NICISS) 

Elemental depth profiling at depth resolution of a few Angstroms (Å) was performed using the 

neutral impact collision ion scattering spectroscopy, based on previous experiments with the 

technique [55-57]. Pulses of positively-charge helium ions with a kinetic energy of 3 keV were used 

as projectiles, which were backscattered from the sample and towards a time-of-flight (ToF) 

detector, with a count rate of approximately 200 counts/second.  

Analysis of NICISS spectra is based on previous literature that had determined the composition of 

the surface and near surface of a blend of P3HT:PCBM, identifying a layered structure at the 

surface [55]. The known bulk concentration of a sample is used to convert the measured count rate 

into concentration [58]. 

 

 

https://doi.org/10.25957/flinders.sem
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5.3.7. Dynamic Mechanical Thermal Analysis 

The dynamic mechanical thermal analysis (DMTA) was conducted on a DMA Q800 (TA 

Instruments) equipped with a liquid nitrogen cooling apparatus. The DMTA samples were prepared 

by repeatedly drop-casting the respective solutions on pre-cut glass mesh as described in previous 

literature [59, 60]. Sample preparation and instrument conditions can be found in Appendix C. 

Preheating of samples were performed under dark, nitrogen conditions. 

5.4. Results and discussion 

5.4.1. Device performance stability 

As determined in previous work, PPDT2FBT:PC61BM devices appeared to be fairly stable when 

thermally annealed at 85 °C for the duration of over 2 weeks , especially when compared to dark, 

room temperature aging [51]. As seen in Figure 5.2, after two weeks for thermal testing, there was 

not significant burn-in, with a small linear degradation pattern being followed. 

 

Figure 5.2: Device degradation at 85 °C and room temperature. 

As such, it was decided, to extend the range of time for the thermal degradation test from 2 week 

as previously attempted, to 6 months. This was suspected to allow for a more significant 

performance decrease to be observed. As a further comparison, the 120 °C thermal degradation 

test that was performed in Chapter 4 was overlayed. 
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Figure 5.3: Thermal degradation behaviour between devices that are annealed at either 85 °C or 120 
°C. 

From Figure 5.2, the 85 °C degradation behaviour for 3 weeks had the appearance of following a 

linear trend, indicating the lack of burn-in degradation, however, when the range of degradation is 

increased to 6 months (seen in Figure 5.3), the burn-in trend is more distinguishable, lasting 

around 120-150 days. This indicates that the source of burn-in degradation takes a relatively long 

time to degrade the PPDT2FBT:PC61BM devices at 85 °C, especially when compared to the 120 

°C degradation trend. Another interesting observation is the magnitude of burn-in degradation 

when comparing PPDT2FBT:PC61BM devices annealed at 85 °C or 120 °C. 

Firstly, it is found that the rate of degradation at 120 °C is significantly faster than at 85 °C. When 

the 120 °C degradation is fitted with the 85 °C data set, the burn-in degradation appears to occur 

90 times faster than the accepted high thermal storage temperature. Another observation found 

that the magnitude of the initial burn-in degradation is worse for the accelerated temperature, when 

compared to the working temperature.  
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So far, there has been extensive effort to correlate the lifespan of accelerated degradation of OPVs 

with typical lifespan of devices operating under normal conditions. Majority of OPV degradation in 

terms of the PCE can be approximated to follow an exponential model. As such, there has been 

literature that aims at using an Arrhenius-type model to predict the device lifespan based on 

accelerating aging conditions [24, 61]: 

𝑘𝑑𝑒𝑔 = 𝐴 exp (−
𝐸𝑎

𝑅 𝑇
)     (5.1) 

where 𝐴 is the reaction dependant constant, 𝐸𝑎 is the activation energy of the degradation process, 

𝑅 is the gas constant, and 𝑇 is the temperature in Kelvin. Assuming the degradation follows this 

simple model, it is evident that the device performance decay is heavily dependent on temperature. 

There have been several publications that have either demonstrated an Arrhenius-type 

degradation [62-65]. It is worth pointing out that this method is proposed to be used to predict 

chemical-based degradation (i.e., photo-degradation), where the increase in temperature will 

increase chemical degradation. 

From the results in Figure 5.3, the rate of degradation, when increasing the degradation 

temperature from 85 °C to 120 °C, resulted in an increase decay a factor of 90 (x26 per 10 °C 

increase), whereas on paper, that followed the Arrhenius model. showed an increase in decay rate 

by a factor of 2 per 10 °C increase [62]. It is also observed that the decay magnitude between 85 

°C and 120 °C for PPDT2FBT:PC61BM would be the same if degradation is simply increased, 

where instead the 120 °C aged devices has been observed to have a larger decrease. 

As such, it was initially hypothesised as what is causing the burn-in degradation magnitude 

difference: 1) New degradation pathway has been introduced at the accelerated temperature, 

resulting in two major degradation sources, or 2) the new dominate degradation at the higher 

temperature outpaces the previously dominate degradation source at the lower temperature. To 

investigate further, the surface of the thermally degraded devices was investigated with scanning 

electron microscopy (SEM). 

5.4.2. Bulk heterojunction degradation investigation 

To investigate the morphological changes of the active layer (PPDT2FBT:PC61BM), the half 

devices were heated at 85 °C under dark nitrogen conditions. The BHJ after different annealing 

time (1, 3 & 6 months) were characterised via SEM with the images shown in Figure 5.4. 
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Figure 5.4: SEM of PPDT2FBT:PC61BM BHJ surface after either annealing at 85 °C for either 1 month, 
3 months or 6 months. 

Before heating, the surface of the BHJ appeared relatively smooth and feature-less. After one 

month of annealing at 85 °C, no significant change to the active layer was observed, while the BHJ 

layer still remained relatively featureless. At 3 months of annealing at 85 °C, the appearance of 

micro-features was observed. The features appeared relatively flat and long (~200 µm length, ~30 

µm width), and share a similar orientation along the layer surface. After 6 months, the population of 

these features increased, yet the size remained the same. Another observation associated with the 

features is that they appeared to present at the very surface of the active layer, with no noticeable 

shadows around the crystals. To confirm this, stylus profilometry of the features was performed to 

see if the height map is distinguishable from the BHJ surface (seen in Figure 5.5). 

 

Figure 5.5: Surface comparison of BHJ that was annealed at 85 °C for 6 months: a) SEM image, and 
b) stylus profilometry height image. 

With the comparison of SEM images with the profilometer map, it can be seen that there is no 

significant height features that would be expected to be observed for crystals growing out of the 

surface. The small bright spots, however, are suspected to be associated with aggregates that 

were present prior to thermal annealing, or potential contaminates. As for PPDT2FBT:PC61BM film 

annealed at 120 °C for 8 hours, there appears to be 3-dimensional microcrystals that are 

distinguishable from the surface of the active layer (seen in Figure 5.6).  

a) 1 month b) 3 months c) 6 months 

a) SEM image b) Height profile 
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From previous studies, with the utilization of AES, that these microcrystals were likely to be 

PC61BM [51]. The question then arises, are that flat features observed in 85 °C aged 

PPDT2FBT:PC61BM composed of PC61BM, similar to 120 °C aged active layer, or is the 

composition of something else? To resolve this matter, techniques such as AES and neutral impact 

collision ion scattering spectroscopy (NICISS) were utilised. 

 

Figure 5.6: SEM of PPDT2FBT:PC61BM BHJ surface before (a) and after (b) annealing 120 °C for 8 
hours. 

5.4.3. Elemental characteristics of microfeatures 

To determine the element composition of the microfeatures on the surface of PPDT2FBT:PC61BM 

that had appeared after two annealing temperatures (85 °C for 3 months, and 120 °C for 24 hours), 

Auger electron spectroscopy (AES) was performed. The advantage of this technique is its effective 

depth (~10 nm), allowing for appropriate surface analysis of the features, thus, minimising the effect 

of the underlying BHJ, interface, nor electrode underneath. Based on the molecular structure of the 

photoactive materials present in the BHJ, carbon, sulphur, nitrogen, oxygen, and fluorine would be 

detectable from the presence of PPDT2FBT, while the presence of PC61BM would result in the signal 

from only carbon and oxygen. 

From the resulting AES spectra (as seen in Figure 5.7), the presence of sulphur (152 eV), carbon 

(272 eV) and oxygen (508 eV) were resolvable from the background, whereas nitrogen (379 eV) 

and Fluorine (647 eV) were not noticeable. The difference in peak can be explained by two 

potential factors, the varying number of atoms per element, as well as the sensitivity factor 

(dependant on the element). When operating the AES with an electron beam energy of 10 keV, the 

sensitivity factors for carbon, nitrogen, oxygen, fluorine & sulphur are 0.28, 0.60, 0.79, 1.61 & 2.43, 

respectively [66]. Firstly, due to the relatively high sensitivity factor, even a small amount of sulphur 

allows for a significant peak to be observed separately from the background, whereas for carbon, 

the high amount present in both the polymer and fullerene allows for a large peak to be present.  

As for nitrogen and oxygen, their low sensitivity factor and low atomic concentration leads to the 

peaks being either difficult to distinguish, or unable to see from the background. What is difficult to 

a) Before 120 °C aging b) After 120 °C aging 
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explain is, though having a high sensitivity factor, the Fluorine peak is unable to be distinguished 

from the background of the AES spectra, even though the element is present in PPDT2FBT. 

 

Figure 5.7: Smoothed and derived Auger spectra of specific features found on the surface of 
PPDT2FBT:PC61BM annealed at either 85 °C or 120 °C. Highlighted are the predicted peak positions 
of elements suspected to be present at the surface. The spectra are an average of 5 different 
scanning locations. 

As the sulphur and carbon peaks were the two largest peaks to be constantly significant from the 

background spectra, the sulphur/carbon ratio was used to determine the PPDT2FBT:PC61BM ratio 

of both the surface of the BHJ, and the microfeatures. As supported in previous work, the AES was 

able to determine that annealing of PPDT2FBT:PC61BM BHJ at 120 °C for 24 hours resulted in the 

formation of PC61BM microcrystals. 

As a theoretical comparison of atomic percentages of carbon and sulphur, it is expected that 

PPDT2FBT, containing 52 carbons & 3 sulphurs per repeating unit, would have a carbon and 

sulphur atomic percentage of 94.5% and 5.5% respectively, whereas PC61BM would have 100% 

carbon due to no sulphur being present in the molecule. As such, the change in sulphur atomic 

percentage can be implemented for determining the unit:molecule ratio of polymer:fullerene at 

specific locations. 

Table 5.1: Calculated atomic percentages of carbon and sulphur at various locations based on Auger 
electron spectroscopy measurements. Percentages are calculated in relation to the presence of 
carbon and Sulphur only. 

Location %Carbon %Sulphur 

BHJ (85 °C annealed) 96.0% ± 0.5% 4.0% ± 0.5% 

BHJ (120 °C annealed) 96.4% ± 0.2% 3.6% ± 0.2% 

Short crystals  98.2% ± 0.2% 1.8% ± 0.2% 

Long crystals 98.3% ± 0.2% 1.7% ± 0.2% 

Flat crystal 98.0% ± 0.5% 2.0% ± 0.5% 

PPDT2FBT 96.2% ± 0.8% 3.8% ± 0.8% 
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From the AES results, the surface of the BHJ appears to have a high percentage of PPDT2FBT 

polymer, rather than PC61BM. This is supported by investigating the atomic percentage between 

sulphur and carbon. When measuring the surface of a thin film containing pristine PPDT2FBT, the 

amount of sulphur was determined to be 3.8 ± 0.8%, while the BHJ had a percentage for 4.0 ± 

0.5%. Regardless of annealing temperature, the BHJ surface (not including crystals) appeared to 

have a high concentration of polymer at the surface. 

When investigating the composition of the crystals, sulphur/carbon ratio was also calculated; with a 

minimal change to the ratio indicating polymer crystallisation, while a significant decrease 

indicating fullerene crystallisation.  A significant decrease of the sulphur percentage was found for 

all three shapes of crystals examined, with measures over 3-dimentional (short and long) and flat 

crystals having sulphur percentage of 1.8 ± 0.2%, 1.7 ± 0.2% & 2.0 ± 0.5%, respectively. Though 

fullerene crystals do not contain sulphur atoms within their molecular structure, there were still 

sulphur features observed in the AES spectra. For the 3-dimensional crystals, it is suspected that 

these crystals grow within the BHJ before migrating to the surface.  

This crystal migration has been reported by Zhong et al., with the PC61BM crystallisation being 

investigated for a polymer:fullerene BHJ under post-annealing conditions [67]. This may result in 

some of the polymer position at the surface to be taken up with the crystal, as well as increased 

phase separation leading to an increase in exciton recombination. As for the flat feature, it was 

damaged while scanning with the electron beam, with a possibility of exposing the underlying BHJ 

layer. Otherwise, the thickness of these flat crystals is smaller than the effective depth the of AES 

measurements, resulting in some of the polymer underneath being detected. 

Lastly, for all three crystal types that have been observed for PPDT2FBT:PC61BM, showed sulphur 

present in the spectra. There are a few variables that could result in the Sulphur peak appearing, 

including the beam radius being large enough to incorporate the BHJ surrounding the crystal, the 

migration of crystal brings up some of the polymer on its surface, and/or the BHJ underneath the 

crystals and features being within the effective depth of the spectroscopy method.  

5.5.4. Depth profiling of bulk-heterojunction surface containing microfeatures 

To support the observations found from AES and SEM, an elemental depth profiling method known 

as neutral impact collision ion scattering spectroscopy (NICISS) was performed on the thermal 

degraded active layer samples. The advantage of the method of AES is its ability to determine the 

concentration of elements at a specific depth, as well as the total concentration within the effective 

depth. The downside of this method is that it uses a projectile beam that is relatively large when 

compared with AES, having a beam diameter of 1 mm. As such, both the surface of the BHJ and 

any features present due to annealing impact the depth profile during the measurement. As such, 

to allow for accurate analysis, the depth profile is compared with the SEM images and AES 

spectra. 
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Initially, NICISS measurement was performed on a pristine PPDT2FBT film (~100 nm thickness) 

that was slot-die coated over a PET/ITO/ZnO NP substrate. Afterwards, PPDT2FBT:PC61BM 

samples were measured at specific thermal aging conditions, non-annealed, 85 °C for 6 months 

and 120 °C for 24 hours (seen in Figure 5.8). In all NICISS spectra, sulphur (S), fluorine (F), 

oxygen (O), nitrogen (N) and carbon (C) was observed. 

 

Figure 5.8: NICISS ToF spectra of either pristine PPDT2FBT (black line) or PPDT2FBT:PC61BM BHJ 
(coloured lines). The BHJ is either non-annealed (25 °C) (red line), aged at 85 °C for 6 months (blue) 
or aged at 120 °C for 24 hours (green line). Counts are normalised based on carbon peak height. 
Spectra features due to sulphur, fluorine, oxygen, nitrogen, and carbon are marked with vertical bars. 

 

From the raw spectra of PPDT2FBT polymer, both the sulphur and carbon features are significant 

in the spectra, due to that sulphur has a relative larger atomic diameter compared with other non-

metal atoms, while the polymer has a large number of carbon atoms per repeating unit. Other atoms 

(fluorine, oxygen, and nitrogen) though are observed in the spectra, their lack of size makes it difficult 

to determine the concentration of the elements accurately. As sulphur does not present in the 

PC61BM molecule, it can be predicted that the concentration of sulphur in the depth-profile correlated 

with the concentration of PPDT2FBT. As such, it was used to determine the composition of the BHJ 

surface that has not been thermally aged. 

To convert the ToF spectra into a concentration depth profile, a data conversion method that has 

been previously published was implemented [68]. To convert the count rate to concentration, the 

sulphur step height of the count rate was based on the step height of carbon, with the S:C height 

ratio from the PPDT2FBT being the reference for 100% polymer composition, and a ratio of 0 

being 100% fullerene composition. This relative measurement for S concentration was used for the 

depth profile in Figure 5.9. 
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Figure 5.9: Concentration depth profiles of either pristine PPDT2FBT (black line) or 
PPDT2FBT:PC61BM BHJ (coloured lines). The BHJ is either non-annealed (25 °C) (red line), aged at 
85 °C for 6 months (blue) or aged at 120 °C for 24 hours (green line). 

When comparing the concentration depth profile of pristine polymer with the BHJ samples, they all 

have a similar feature offset at 0 Å, where zero depth points to the outermost layer, and an 

increase in depth indicates the bulk materials. In this case, for all sample surface, there is a 

presence of polymer at the surface.  

As such, the polymer at the surface facilitates charge transportation and collection for inverted 

organic devices. The concentration of the S, however, indicates a depletion of this polymer at the 

surface of BHJ after the annealing when compared to the pristine polymer sample. The other 

observation is associated with height a 50 – 70 Å, indicating a reduction of polymer composition in 

the bulk of the sample of the BHJ, when compared to the pristine polymer sample. When 

comparing 85 °C and 120 °C aged BHJ surfaces, it can be observed that the 85 °C near surface 

has noticeably less surface, than compared with the 120 °C sample. This with observation, the 

next stage was to use the step height of the spectra in Figure 5.9 to calculate the polymer and 

fullerene percentages at the near surface (seen in Table 5.2). 

Table 5.2: Step height of the count rate for sulphur and carbon, step height ratio and calculated 
material composition of polymer in the PPDT2DBT, as well as non-annealed and annealed BHJ. The 
material composition was calculated based on the C:S step height ratio of pristine PPDT2FBT. 

Sample Step height (arb units) S:C step height ratio Material composition 

Sulphur Carbon Polymer Fullerene 

PPDT2FBT 4800 65000 0.074 100% 0% 

BHJ 25 °C 3900 71000 0.055 74% 26% 

BHJ 85 °C 2800 77000 0.036 49% 51% 

BHJ 120 °C 4000 89000 0.045 61% 39% 
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By calculating the material composition based on the S:C step height ratio, it is found that the bulk 

of the BHJ contained a mixture of polymer and fullerene materials. Based on theoretical 

calculations of PPDT2FBT repeating unit : Fullerene molecule ratio based on a 1:2 w/w ratio, it is 

expected the unit:molecule ratio would be 1:9.5 throughout the entire layer. Instead, the calculated 

ratio is closer to 3:4, indicating that there is an enrichment of polymer at the surface. 

When the BHJ is annealed at 120 °C for 24 hours, there is a decrease in sulphur compared to non-

annealed BHJ. When compared to the SEM images, despite the surface being covered in fullerene 

crystals, the NICISS spectra still showed a presence of sulphur from the polymer. It is suspected 

that there is still a layer of BHJ over the fullerene crystals, where the crystal either formed near the 

BHJ surface, or the crystals migrated to the surface. 

As for the BHJ that was annealed at 85 °C, it is far less polymer at the near-surface compared both 

to non-annealed and 120 °C annealed samples. Unlike 3-dimensional fullerene crystals that may 

have polymer at their surface due to either the migrate or formation said crystals near the surface 

of the active layer, it is suspect the flat features on the surface of the 85 °C annealed sample to be 

purely PC61BM within the effective depth of the NICISS. To support this argument, the percentage 

of PC61BM determined from the NICISS was compared with the surface area of the flat features 

observed from the SEM (seen in Figure 5.10). 

 

Figure 5.10: SEM surface of PPDT2FBT:PC61BM active layer aged at 85 °C for 6 months (LEFT), with 
highlighted area used for determining area of flat fullerene features.  

With the SEM image of the active layer surface, the bright area of the surface was measured with 

ImageJ, using the measure threshold function. From the images, it was found the surface area 

consisted of approximately 20% of flat fullerene features. In terms with the NICISS, the difference 

in the bulk polymer composition between non-annealed and 85 °C aged BHJ is by a reduction of 

approximately 20%, thus an increase of fullerene by the same amount, supporting the observation 

that the increase in fullerene at the surface and near-surface is from the flat features. 

20% Area highlighted 
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By implementing SEM, AES and NICISS to investigate the flat features at the surface of the 

PPDT2FBT:PC61BM blend after being thermally aged 85 °C, they are likely to be rich in PC61BM. 

As for 120 °C, the NICISS supports the observation from AES that there may be PPDT2FBT 

polymer on the surface of the 3-dimentional fullerene crystals. 

4.5.5. Thermal degradation behaviour 

One technique that has been implemented in the investigation of the thermal behaviour of OPV 

active layer blends is the dynamic mechanical thermal analysis (DMTA), a useful method for 

understanding the thermal transitions of pure materials and blends, as well as a tool to understand 

the morphology of the BHJ layer [60, 69, 70]. In this work, this technique was used to has 

investigate the thermal behaviour of the active layer blend., Dynamic Mechanic Thermal Analysis 

(DMTA).This method relies on the changes of the viscoelastic properties as the material is 

subjected to a constant increase in temperature.  

To investigate these viscoelastic properties, an oscillating mechanical strain (i.e., tension) with 

known amplitude and frequency is applied, will the movement of the sample under oscillation is 

observed.  This allows for values of storage modulus (E’), Loss modulus (E”) and Tan delta 

(=E’/E”), where E’ reflects the stiffness of the sample, E” peaks features suggest thermal 

transitions, while traditionally, tan delta defines the temperature of these transitions. 

In previous work, DMTA was demonstrated to show how the addition of C70 was able to influence 

the thermal properties of PPDT2FBT:PC61BM, resulting in the fullerene crystallisation to occur at a 

higher temperature [51]. In this work, the purpose of the DMTA measurements was to observe how 

the thermal transitions changed as the samples experienced different temperatures and durations 

of annealing. It was hypothesised that, as the morphology changes, that there may be a shift in 

certain thermal transitions. 

 

Figure 5.11: DMTA of pure PPDT2FBT after thermal annealing: a) 40 °C for 30 minutes, b) 85 °C for 24 
hours, and c) 120 °C for 24 hours.  
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For pure PPDT2FBT polymer (seen in Figure 5.11a), one sub-glass transition (sub-Tg) was 

observed at around -25 °C (having been determined from tan delta peak), while no clear Tg was 

detected with DMTA, indicating the lack of amorphous phase in the solid state [60], which in 

previously published work, had been observed for similar polymers [60, 71]. This conclusion can 

be supported by previous literature, where grazing-incidence wide-angle x-ray scattering 

(GIWAXS), found the PPDT2FBT to be semi-crystalline polymer [48, 72]. There also appears to be 

a thermal transition at 75 °C yet appears relatively minor when compared to the sub-Tg transition.  

When the PPDT2FBT is subjected to annealing at elevated temperature for 24 hours prior to 

DMTA measurements (seen in Figure 5.11b & c), this transition appears to shift, with the feature 

located at 140 °C and 175 °C after annealing at 85 °C and 120 °C, respectively. It is also observed 

that, at this feature at 40 °C and 85 °C, there is a small increase in stiffness, while at 120 °C pre-

annealing, the stiffness increase is significant. It is suspected that this feature is associated with 

the crystallisation of the PPDT2FBT. The shift of the peak could be associated with the polymer re-

orientating itself. As semi-crystalline polymers may have several transitions present during sample 

heating, including Tg, cold crystallisation and melting [73]. As the size/thickness of these layers are 

changed, so too do the temperatures these transitions occur at including Tg [74] and cold-

crystallisation [73]. Based on the DMTA results, the heating of the polymer likely leads to increased 

phase size of semi-crystalline PPDT2FBT, before cold-crystallisation is observed. It is also found 

that the sub-Tg did not see any significant temperature shift, regardless of the change in pre-

annealing conditions. 
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Figure 5.12: DMTA of PPDT2FBT:PC61BM samples after thermal annealing: a) 40 °C for 30 minutes, as 
well as b) 85 °C for 30 minutes, c) 8 hours, d) 15 hours, and e) 1 week. 

For PPDT2FBT:PC61BM blend (As seen in Figure 5.12), the sub-Tg peak is still clearly observed, 

with no significant peak shift in relation to temperature, which supports that this feature is not 

originated from the glass transition. For the blend has been annealed at 40 °C (to remove thermal 

history [70]), one extra thermal relaxation at ~100 °C, seen by the E” peak, as well as a thermal 

transition without stiffness change at ~70 °C. After annealing the samples at 85 °C for certain 

amounts of times, it is observed that ~100 °C thermal relaxation peak shifts to ~130 °C after 30 

minutes / 15 hours, while the thermal transition at ~70 °C shifts to a lower temperature at ~50 °C. 
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This shift in the ~100 °C thermal relaxation is suspected to be associated with the cold 

crystallisation of PC61BM, especially when, after 1 week of pre-annealing at 85 °C resulted in E’ 

increase from ~100 °C  to ~145 °C, indicating the formation of crystals. This feature has also been 

observed in previous literature, which attributed the stiffness trend to the cold crystallisation of Y6 

at 190 °C [75].  

As the SEM images showed a lack of 3-dimensional fullerenes on the 85 °C annealed 

PPDT2FBT:PC61BM surface, it can be speculated that this crystal formation occurred once a 

higher temperature was reached during the DMTA measurement. As such, the DMTA supported 

the idea that the annealing at 85 °C results in the change in morphology, allowing for purer 

PC61BM and polymer phases to form. Once these phases have increased in purity, and potentially 

in size, a substantial amount of crystallisation can be observed from the DMTA. 

The increase in the suspected PC61BM cold crystallisation temperature initially found at ~100 °C 

and shifted at ~130 °C is likely due to the increased size in fullerene phase. As discussed 

previously, that there is a size dependency for thermal transitions [73, 74]. Based on these 

observations, as the blend is heated at 85 °C, the fullerene phase in the blend increases in size 

and purity, before reaching a point where, during the DMTA measurement, the fullerene cold 

crystallisation can significantly influence the stiffness of the sample. 

The last observation found with the 85 °C aged PPDT2FBT:PC61BM, the feature at -25 °C, which is 

confirmed to be the sub-Tg of the PPDT2FBT polymer (seen in Figure 5.11), does not appear to 

significantly shift in temperature position. With the axis of the E” kept constant, it appears that the 

height of the E” peak reduces as the PPDT2FBT:PC61BM blend is annealed at 85 °C, even after 30 

minutes. This embrittling of the Sub-Tg has been previously observed for expoxies, with the side-

chains of the polymers becoming more restricted in its movement. 

In the case of PPDT2FBT, the change in morphology of the blend could lead to restricted side chain 

movement, either due to fullerene molecules getting in-between the side changes, or the 

rearrangements of the polymers. It is well known that the height of E” is dependent on the dimension 

and mass of the sample, thus, making it difficult to compare between samples. Later in the work, a 

sample that was pre-heated and remeasured was performed. 
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Figure 5.13: DMTA of PPDT2FBT:PC61BM samples after thermal annealing: a) 40 °C for 30 minutes, as 
well as b) 120 °C for 30 minutes, c) 8 hours, d) 15 hours, and e) 1 week. 

Unlike the 85 °C pre-annealed PPDT2FBT:PC61BM blends, the samples that had experienced 

different annealing times at 120 °C resulted in the 100 °C thermal transition feature mostly 

disappearing. It is expected that during the annealing of the sample at the higher temperature, the 

PC61BM may experience crystallisation, meaning that when the DMTA scans at elevated 

temperatures, such crystallisation behaviour would not be observed. It is also observed that there 

are insignificant spectra different between the 120 °C annealed samples at various times, with it 

being attributed the lack of morphology mobility after annealing for 30 minutes. 
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Figure 5.14: DMTA of PPDT2FBT:PC61BM sample after thermal annealing after annealing at 85 °C for 
30 minutes (solid line), while the same sample was annealed at 120 °C for 30 minutes and measured 
again (dotted line) 

In terms of the sub-Tg, the 85 °C annealing of the sample resulted in similar thermal behaviour as 

seen in Figure 5.12. A sub-Tg was observed at -40 °C with a peak height of 20, a E” at 46 °C with a 

peak height of 15, and cold-crystallisation feature at 133 °C. When the same sample was annealed 

at 120 °C for 30 minutes, several changes are observed. Similar with Figure 5.13, the cold-

crystallisation is not observable in the DMTA spectra, while both the sub-Tg and thermal relaxation 

both saw a decrease in peak height, down to 15 and 10, respectively. 

5.5. Conclusion 

In this work, it was observed that, when thermally degrading the PPBT2FBT:PC61BM at two 

different annealing temperatures, working temperature (85 °C) and accelerated temperature (120 

°C), the dominate degradation pathway of the active layer appeared to be significantly different. 

Specifically, while PC61BM crystals appeared at the surface after annealing at the accelerated 

temperature, the working temperature results in relatively large, yet flat PC61BM features. This 

observation was supported by combining scanning electron microscopy, Auger electron 

spectroscopy and 2D-sylus profilometry. 

By implementing the DMTA technique to study the change in thermal behaviour after annealing the 

PPDT2FBT:PC61BM blends, it was found that the major degradation pathway at 120 °C is 

associated with fullerene crystallisation, while 85 °C resulted in significant changes to the 

morphology, with the increased phase separation between PPDT2FBT and PC61BM. In summary, 

this work highlights the importance of performing thermal degradation studies at accepted 

annealing temperatures, regardless of whether higher accelerated degradation temperatures were 

required to observe a significant performance reduction. 
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CHAPTER 6 – INTRODUCING NON-FULLERENE ADDITIVES TO 
IMPROVE THE THERMAL STABILITY OF SLOT-DIE COATED 

ORGANIC PHOTOVOLTAICS 

6.1.  Overview 

In the field of OPVs, solid additives have gained interest towards their potential to improve both the 

device performance and photo/thermal stability when added to the active layer blend. Currently, 

there has been discussion on how these additives can influence the physical and chemical 

properties of the BHJ morphology, however, due to the wide range of additive available to test with, 

it is difficult to gain a consensus precise mechanisms involved with the interactions between 

additives and active materials. The other issue is that majority of research involving solid additives 

fabricated via small-scale spin-coating, with the addition of additives to the active layer being 

assumed to be scalable. 

In this chapter, three solid additives, piperazine (PP) ,4'-bipiperidine (BP), and polyacenaphthylene 

(PAN) were chosen based on previously published work having shown their influence over the 

polymer:fullerene active layer blend. Using slot-die coating, it was found that when adding the 

additives to PPDT2FBT:PC61BM blends, were able to influence the thermal stability of OPV 

devices. Specifically, improving the stability at 120 °C, while negatively influencing the stability at 

85 °C. 

When combining scanning electron microscopy (SEM) imaging with the dynamic mechanical 

thermal analysis (DMTA) technique, these additives were able to slow down the fullerene 

crystallisation growth rate at 120 °C, allowing for improved thermal stability. Whereas at 85 °C, it 

was found that these additives allowed for fullerene crystallisation to occur at the lower 

temperature, allowing for the formation of both fullerene crystals and flat fullerene features to be 

observable at the surface of the active layer. This work has shown that, despite the additives were 

able have a positive influence over the thermal stability of OPVs, it is important to investigate said 

stability at lower aging temperatures. 

6.2. Introduction 

Organic photovoltaics (OPV) have shown potential towards the next generation of photovoltaic 

(PV) technology due to its cost effectiveness, potential for lightweight and flexible panel design, as 

well as the ability to be fabrication with roll-to-roll compatible processes. In the past decade, there 

has been rapid progress in the power conversion efficiency (PCE) of OPVs, reaching beyond 19% 

for single junction devices [1, 2]. OPVs have also been demonstrated to work effectively under 

lowlight conditions, including under the presence of indoor lights [3-5], allowing for devices to apply 

towards light recycling and indirect light harvesting. 
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Despite these advantages, there are two factors that are important for the development of OPV 

technology towards commercialisation, device stability, and fabrication scalability, which has been 

mentioned in detail in Chapter 2. In terms of OPV device stability, it has been found that several 

sources of degradation can reduce the overall lifespan, including thermal [6, 7], oxygen and 

moisture [8, 9] ,UV radiance [10, 11] and mechanical [12-14] degradation. The influence of these 

degradation sources can lead to an initial significant exponential decay, known as burn-in, as well 

as a slow linear decay of the PCE [15-17]. An example of this decay behaviour can be seen in 

Chapter 5, with the degradation behaviour being observed for PPDT2FBT:PC61BM devices 

thermally aged at 85 °C under dark nitrogen conditions. 

In terms of thermal stability, continuous illumination from a light source can result in an increase of 

the working temperature, especially when operating in outdoor conditions with direct sun-exposure. 

As majority of OPVs contain a bulk-heterojunction structured active layer, there is a risk of the 

thermal energy would allow the movement of active materials, resulting in a change in morphology 

in the active layer, especially when the temperature exceeds any major thermal transitions of the 

materials contained in the active layer blend , such as glass-transition and cold-crystallisation [18, 

19]. This elevated temperature may also lead to degradation via the material diffusion at the 

interface of electrodes and transport/extraction/interface layers [20-22].  

Recently, solid additives have gained increased interest towards their ability to improve active 

layer, specifically allow for control over the morphology, simple post treatments and enhancement 

of device stability. Since this is a relatively new area in OPV development, there is minimal 

knowledge associated with mechanisms of how solid attractive influence the active materials and 

the morphology. Some additives that have been investigated in published literature can be found in 

Figure 6.1. 

 

Figure 6.1: Chemical structures of some solid additives that have been investigated in previously 
published worked. 
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One such additive, piperazine (PP), has been shown to work effectively at improving the thermal 

stability of polymer:fullerene based OPVs. For example, Yan et al. demonstrated that the addition 

of 3% w/w Piperazine into the active layer (P3HT:PCBM) improved the light degradation (without 

presence of oxygen) [23]. It was lately determined by Yan et al. that the addition of piperazine 

functioned as a dopant, allowing for improved electron mobility of the PCBM, while also improving 

photo-oxidation stability [24]. 

With the successful demonstration of PP in polymer:fullerene additives, few research groups were 

aimed at determining what interactions were involved with influencing device performance and 

stability. In one paper, Zhang et al. concluded that the addition of piperazine improved stability by 

having the N-H function groups intermolecularly bonding with the S, N & O elements that are 

present in either PC61BM or the PCE11 polymer (hydrogen bonds). This helps reduce movement of 

the BHJ upon experiencing heated conditions [25]. Whereas a paper by Yan et al. concluded that 

the addition of piperazine to P3HT:Bis-PC61BM improved the photo-oxidation stability by 

suppressing Mo6+ reduction (C60 addition as well) at the BHJ/MoOX interface [26].  

A similar material to piperazine, 4,4’-bipiperidine (BP) is a small molecule that combines two 6-

member rings connected by a single carbon bond, with each ring containing a single nitrogen 

atom. This molecule has an increased melting point of 170-172 °C (bp 274-782 °C) when 

compared with piperazine (mp 106 °C, bp 146 °C). From preliminary search of available literature, 

BP has alone been used to improve the thermal stability of perovskite solar cells, allowing for the 

improved crystallinity and reduction in defect sites in the perovskite materials [27].  

Another type of non-volatile additive is the use of insulating polymers, such as polystyrene (PS), 

poly(aryl ether) (PAE) and polyacenapthylene (PAN), and their derivates. For PS, Wang et al 

investigated the addition of 5% w/w of PS when mixed with PBDB-T and ITIC, showing an 

improvement the device performance by influencing the phase separation and structuring of the 

morphology, suspecting that due to the low glassing temperature of PS, allowing it the polymer to 

fill in interspace between phases [28]. Also hypothesised to be able to improve the charge carrier 

mobility and lifetime. Another paper published by Liu et al. found that when mixing PS with 

PM6:BTP-BO-4Cl resulted in the reduction of device performance, with the reduction in charge 

carrier mobility and reduced mechanical properties of the active layer blend .  

Another insulating polymer, poly(aryl ether) (PAE) and their derivatives have been shown to 

improve the thermal stability of OPV devices when added to the additive layer [29-33]. Han et al. 

observed that the addition of 5% w/w of the ridged high Tg polymer, poly(aryl ether)-based polymer 

to the active layer ink (containing PM6:Y6) prior to deposition, was able to form fasten the 

morphology of the BHJ, allowing for an extended lifespan when exposed to 85 °C annealing 

conditions. This insulating polymer has also been demonstrated to effectively improve 

photo/thermal stability of pseudo planar heterojunction (sequentially-deposited) active layer [34].  
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Another material that has been shown to work effectively at improving the thermal stability of OPVs 

is the addition of polyacenapthylene (PAN). A high Tg polymer Insulator, it had been demonstrated 

by Chen et al. (2021), that when adding PAN to PTB7-Th:EH-IDTBR blends, it was able to improve 

the thermal stability by reducing the crystal growth of the accepter by having the polymer additive 

between the acceptor compounds [35]. Though, it was also shown adding to much of the insulator 

resulted in a reduction of the JSC and leading to a decrease in device performance. Besides this 

paper, initial searches show that there is no other literature that has tried to explain the 

mechanisms behind the PAN additive’s influence over the BHJ. The other issue is that the thermal 

stability measurements were conducted at a much higher degradation temperature (150 °C). 

One last solid-additive type that has been investigated in previous literature, as well as in this 

thesis work (Chapter 4), is the addition of neat fullerenes. With the addition of neat C60 to an active 

layer containing a blend polymer:fullerene, the additive can act as a nucleating agent, allowing for 

a reduced size for fullerene crystallisation due to space-limitation in the active, resulting in 

improved thermal stability [36-39]. Whereas for the addition of neat C70 to the active layer resulted 

in changes to the morphological thermal behaviour, leading to a decrease in fullerene 

crystallisation rate and population [39]. Both the addition of neat C60 and C70 into the 

PPDT2FBT:PC61BM active layer blend has been investigated by this thesis work (Chapter 4).  

Overall, there is an array of solid additives that have been investigated for both polymer:fullerene 

and polymer:non-fullerene systems, however, there is a knowledge gap when understanding the 

role these additives play at influencing the thermal properties of BHJ. Secondly, majority of solid-

additive research have been conducted on small-scale spin-coated, leaving the scalability of solid 

additives to be speculated. As such, this research not only aimed at investigating the influence 

these additives have on the thermal behaviour, but if these actives can be utilised in OPV that have 

been fabricated using scalable coating methods, such as slot-die coating. 

To investigate the impact of non-volatile on the thermal properties of an active layer, active 

materials Poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole)]: [6,6]-phenyl-C61-butyric acid ester (PPDT2FBT:PC61BM) (structures 

seen in Figure 6.2a) was chosen for this work due to its ability to be slot-die processable, while 

having a relatively high thermal stability. To date, device performance of 9.39% [40] and 9.1% [41] 

when incorporating PC71BM and PC61BM in spin-coating, respectively, PPDT2FBT:PCBM has 

been demonstrated to effectively slot-die coated at a variety of scales with minimal performance 

loss [39, 42-44]. 
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Figure 6.2: (a) Chemical structure of PPDT2FBT & PC61BM, (b) schematic illustration of inverted OPV 
structure used in this work. 

A handful of studies have been performed to investigate the stability of both slot-die and spin-

coated PPDT2FBT:PC61BM devices. For lower temperature degradation (60 °C), paired with 

constant illumination and no humidity control, Mainville et al. observed that the 

PPDT2FBT:PC61BM devices lasted 220 hours (9 days) before degradation below 80% initial PCE 

[44].  

The aim of the chapter is to investigate a few small molecule and insulator materials that can be 

used as additives to influence the thermal behaviour of the polymer:fullerene BHJ, thus, 

decreasing the thermal degradation. The molecules of interest include piperazine (PP), 4,4’-

biperadine (BP), and polyacenaphthylene (PAN) (seen in Figure 6.3).  

 

Figure 6.3: Chemical structure of Neat C70, piperazine (PP), 4,4’-bipiperadine (BP), and 
polyacenaphthylene (PAN). 

The thermal degradation studies include investigating the stability at both the working (85 °C) and 

accelerated (120 °C) temperatures. Lastly, the influence on the thermal behaviour of the blends 

were investigated with analytical methods such as scanning electron microscopy (SEM), Auger 

electron microscopy (AEM), and dynamics mechanical thermal analysis (DMTA). 

 

 

 

PPDT2FBT PC61BM 

a) 
b) 
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6.3.  Experimental section 

6.3.1.  Materials 

Donor material poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole)] (PPDT2FBT) was synthesised using a direct arylation polymerisation 

according to literature [45]. The molecular weight of PPDT2FBT was determined via Gel 

Permeation Chromatography (Agilent 1260 Infinity II High-Temperature GPC System) using 

trichlorobenzene at 150 °C, giving a number average molecular weight (Mn) of 50 of kg/mol with a 

PDI of 2.60 relative to polystyrene standards. 

 The ZnO NP dispersion was prepared following a previously published procedure [46]. To achieve 

an ideal processing concentration, acetone (Chem-supply, 99.9%) was added to the NP precipitate 

until a concentration of approximately 40 mg mL-1 was achieved. Afterwards, 2-(2-

methoxyethoxy)acetic acid (Sigma Aldrich) (5% w/w in relation to ZnO NP) was then added to the 

dispersion to stabilise the NPs. 

Piperazine, 4,4’-Bipiperidine & Polyacenaphthylene were purchased from Sigma-Aldrich, Tokyo 

Chemical Industry & Sigma-Aldrich respectively. Small molecule acceptors [[6,6]-phenyl-C61-

butyric acid ester (PC61BM), and neat fullerenes (C70) were purchased from Solenne BV. Solvents 

ortho-dichlorobenzene, chlorobenzene and 1-chloronaphthalene were purchased from Sigma 

Aldrich, whereas chloroform (CHCl3) was purchased from Chem-Supply. All solvents were used 

directly without purification. 

6.3.2.  Device fabrication 

Slot-die coated devices were fabricated in a PET/ITO/ZnO NP/BHJ layer/MoOX/Al device 

configuration for BHJ layers of PPDT2FBT:PC61BM. Active layer ink was prepared by dissolving 

materials, with a donor:acceptor weight ratio of 1:2, in ortho-dichlorobenzene (total 25 mg mL-1) 

with 0.5% V/V of 1-chloronaphthalene at 60 °C overnight. 

The flexible ITO substrate (50 ohm/sq, Dongguan Hongdian Technology Co.) was attached to a 

mini-roll coater (FOM technologies) with slot-die attachment and wiped with isopropanol soaked 

TerriWipes at a rotation speed of 2 m min-1 prior to fabrication. The tubing and slot-die head was 

cleaned with chloroform prior to assembly and between the change of deposition material. Layer 

deposition was processed under ambient conditions. 

The ZnO NP layer (35 nm) was deposited using 0.1 mL min-1 flow-rate, a drum speed of  

1.0 m min-1 and drum temperature at 70 °C to achieve a strip width of around 13 mm. The BHJ 

layer (150 – 200 nm) was deposited via varying flow rate and drum speed at a drum temperature at 

70 °C to obtain a strip width of around 13 mm. Wet and dry thickness for both the ZnO NP and BHJ 

layers were calculated according to Equation C1 & C2 in Appendix C. 
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After slot-die coating, the MoOX and aluminium was deposited via the following method. The MoOX 

(12nm) was thermally deposited on the BHJ layer under high vacuum using a Covap thermal 

evaporation system (Angstrom Engineering). This was followed by the evaporation of the Al 

electrode (80 nm) using a shadow mask, defining the active area to 0.1 cm2. 

Devices were measured using an Oriel Solar simulator fitted with a 150 W Xeon lamp (Newport), 

filtered to give an output of 100 mW cm-2 at AM 1.5 (air mass) standard and calibrated using a 

silicon reference cell with NIST traceable certification. Device testing was conducted under 

ambient conditions. For investigating performance and material degradation, PET/ITO/ZnO 

NP/BHJ layer/MoOX/Al & PET/ITO/ZnO NP/BHJ device configurations were used, respectively. 

Thermal annealing and aging were conducted on a hotplate in a nitrogen-filled glovebox with 

minimal light exposure.  

6.3.3. Atomic Force Microscopy 

Measurements were performed using a Bruker Multimode atomic force microscopy (AFM) in 

tapping mode, with the instrument measuring the height of the surface during scans. Surface 

measurements from the AFM were analysed with NanoScope Analysis 2.0. 

6.3.4.  Scanning Electron Microscopy 

Measurements were performed using Inspect F50 scanning electron microscopy 

(https://doi.org/10.25957/flinders.sem) equipped with a field emission gun (FEI Company) and a 

secondary electron detector. The acceleration voltage was 10 kV, and the working distance of 10 

mm. The samples were not coated with any conducting layers. 

6.3.5. Charge Carrier Dynamics 

Photo charge extraction by linearly increasing voltage (photo-CELIV), transient photovoltage (TPV) 

and time-resolved charge extraction (TRCE) were conducted using commercially available PAIOS 

2 system (Fluxim AG). For carrier transport and recombination data, light pulse from a white LED 

(Cree, xp-g) was simultaneous with the application of either a linearly increasing voltage (photo-

CELIV) or square-step voltage (TPV) to extract photogenerated charges. The current transients 

were recorded by the integrated PAIOS hardware. 

6.3.6. Dynamic Mechanical Thermal Analysis 

The dynamic mechanical thermal analysis (DMTA) was conducted on a DMA Q800 (TA 

Instruments) equipped with a liquid nitrogen cooling apparatus. The DMTA samples were prepared 

by repeatedly drop-casting the respective solutions on pre-cut glass mesh as described in previous 

literature [47, 48]. Sample preparation and instrument conditions can be found in Appendix C. 

 

https://doi.org/10.25957/flinders.sem
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6.4. Results and discussion 

6.4.1. Device performance Influence due to additives in the Bulk Heterojunction 

From previously published work, it has been shown that the presence of solid additives can 

influence the morphological structure of the bulk heterojunction (BHJ), resulting in a change in 

performance conversion efficiency (PCE). As such, it was important to investigate how the addition 

of additives, specifically piperazine (PP), 4,4’-bipiperadine (BP) and polyacenapthylene (PAN) had 

on the device performance of PPDT2FBT:PC61BM. The initial device performance characteristics 

of devices each of these additives in the BHJ can be seen in Table 6.1. Performance results for the 

addition of neat C70 were initially gathered from Chapter 4. 

Table 6.1: Device performance based on PPDT2FBT:PC61BM devices with and without solid additives. 
Additives include neat C70, piperazine (PP), 4,4’-bipiperadine (BP), polyacenaphthylene (PAN). The 
results are from an average of 6 cells, with an active area of 0.1 cm2. 

Active layer material 
Age 

(days) 
JSC (mA cm-2) VOC (V) FF PCE (%) 

PPDT2FBT:PC61BM (1:2) 0 15.9 ± 0.6 0.78 ± 0.01 0.61 ± 0.01 7.63 ± 0.20 

PPDT2FBT:PC61BM:C70 (1:1.9:0.1) 0 15.9 ± 0.5 0.74 ± 0.01 0.61 ± 0.01 7.16 ± 0.24 

PPDT2FBT:PC61BM:PP (1:2:0.03) 0 17.0 ± 0.8 0.76 ± 0.01 0.58 ± 0.02 7.51 ± 0.13 

PPDT2FBT:PC61BM:BP (1:2:0.03) 0 15.8 ± 0.2 0.67 ± 0.01 0.49 ± 0.01 5.16 ± 0.09 

PPDT2FBT:PC61BM:BP (1:2:0.003) 

0 17.8 ± 0.3 0.77 ± 0.01 0.59 ± 0.01 8.03 ± 0.10 

1 17.4 ± 0.1 0.77 ± 0.01 0.60 ± 0.01 7.95 ± 0.08 

PPDT2FBT:PC61BM:PAN (1:2:0.03) 

0 17.9 ± 0.4 0.78 ± 0.01 0.62 ± 0.01 8.68 ± 0.17 

1 16.5 ± 0.5 0.78 ± 0.01 0.63 ± 0.01 8.11 ± 0.17 

 

As discussed in the thesis work, it was observed that the addition of neat C70 to the 

PPDT2FBT:PC61BM blend had led to a decrease in VOC. This decrease had been found to be 

related to be associated with the energy alignment between PPDT2FBT and C70. When compared 

with the lowest unoccupied molecular orbital (LUMO) of PC61BM, the LUMO for C70 is significantly 

lower [39]. As the VOC is strongly influenced by the energy difference between the highest occupied 

molecular orbital (HOMO) of the donor and the LUMO of the acceptor [49, 50], the decrease in the 

LUMO from the C70 leads to a reduced energy gap with the PPDT2FBT HOMO, thus, reducing the 

VOC of the device. As low amount of C70 had been added, minimal impact to the performance, while 

the FF and JSC remained constant. 
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For the addition of PP to the BHJ had minimal influence of the JSC and VOC, however, there was a 

slight reduction in the FF, resulting in the reduction in the PCE. As for BP, adding the same amount 

as the addition of PP, led to a reduction in both VOC and FF, thus, a reduction of PCE. By reducing 

the additive amount of BP by a factor of ten, led to an improvement in JSC, thus, improving the 

performance of the PCE. After one day of storage aging in a glovebox, the device performance 

remained the same. Lastly, the addition of PAN led to the improvement of the JSC, leading to a 

device performance that is comparable with PPDT2FBT:PC71BM devices (as seen in Chapter 5). 

After one day of storage aging in a glovebox, the device performance dropped by 0.5%, due to the 

decrease in JSC. 

Overall, the addition of solid additive, either PP, BP, or PAN, could improve the device 

performance by increasing the JSC. From the preliminary investigation with the addition of 1.0% 

w/w BP, adding too much of this additive resulted in a reduction in VOC and FF, thus reducing PCE, 

yet 0.1% w/w addition led to a performance increase. In previous literature, it is suspected that 

additives such as PP [24] and insulating polymers [28] could improve JSC due to improvement of 

charge-mobility. 

6.4.2.  Influence of solid additives over the Charge Carrier mobility 

From Section 6.4.1, it appears the solid additives had a ranging influence over the atomic force 

microscopy (AFM) images (see Figure D1 in Appendix D) of the surface of the BHJ, where there 

appears to be minimal impact to the surface morphology. This is an indication that the additives 

have an insignificant impact towards the morphology. This also explains how, though in some 

cases where additives improve performance, the fill-factor does not increase, as morphology can 

affect the fill-factor as it is dependent on exciton recommendation. 

Another explanation for the change in device performance could be explained by the influence of 

the carrier charge mobility and lifetime in the active layer. From previously published work, 

additives were able to influence the charge mobility, resulting in a significant change over the PCE, 

either by acting as a dopant [24], or filling in interspace between phases in the active layer [28]. 

Carrier charge mobility was determined with photo-CELIV (seen in Figure 6.4), while lifetime was 

determined with TPV and TRCE (seen in Figure 6.5).  
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Figure 6.4: Charge carrier mobility in PPDT2FBT:PC61BM devices as a function of light intensity, with 
the active layer either with or without various solid additives. 

For the carrier mobility in relation to light intensity in Figure 6.4, there is a noticeable increase in 

charge carrier mobility for devices that contain solid additives in the active layer, compared to 

those that do not. The addition of C70 and PAN appeared to have the most significant increase in 

charge carrier mobility, while PP and BP was observed to have a moderate in increased mobility. 

 

Figure 6.5: Carrier Lifetime of PPDT2FBT:PC61BM devices as a function of charge Density, with the 
active layer either with or without various solid additives. 

In terms of data relating carrier lifetime to charge density (seen in Figure 6.5), it was observed that 

for the addition of neat C70, there was a significant decrease in carrier lifetime, whereas the 

addition of other additives appeared to have minimal impact on the lifetime. 
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Table 6.2: Charge carrier mobility, lifetime and PCE measurements of PPDT2FBT:PC61BM based on 
BHJs either without or with solid additives. 

Device 

Mobility 

(10-5 

cm2V-1s-1) 

Lifetime PCE (%) 

PPDT2FBT:PC61BM (1:2) 7.7 ± 0.3 2.29 7.63 ± 0.20 

PPDT2FBT:PC61BM:C70 (1:1.9:0.1) 13.0 ± 2.3 0.90 7.16 ± 0.24 

PPDT2FBT:PC61BM:PP (1:2:0.03) 8.5 ± 0.5 1.42 7.51 ± 0.13 

PPDT2FBT:PC61BM:BP (1:2:0.003) 10.1 ± 1.0 1.82 8.03 ± 0.10 

PPDT2FBT:PC61BM:PAN (1:2:0.03) 13.1 ± 1.2 2.05 8.68 ± 0.17 

 

From the electrical analysis of the devices with and without solid additives, it is observed that the 

addition of either C70, PP, BP or PAN were able to improve the charge carrier mobility, however, 

any decrease in photocharge lifetime appears to nullify these increases. This is evident with the 

addition of neat C70, though significantly improving the charge carrier mobility, also saw a 

significant decrease in lifetime when compared with the standard BHJ. Other additive included 

have lower amounts of decrease in their lifetime, while having either slight increase in charge 

carrier mobility, in terms of PP addition, or moderate increase for the addition of BP to the active 

layer. As such the addition of PAN, the insulating polymer was able significantly increase the 

charge carrier mobility, without significantly decreasing exciton lifetime. This explains for the 

addition of PAN, which is suspected to have minimal impact on exciton formation was able to 

improve the PCE of the PPDT2FBT:PC61BM OPV devices. In terms of charge mobility, there are 

several factors that can improve it for the active layer, including reduction of space between 

phases, improved material packing, and doping of fullerenes. 

6.4.3. Thermal stability of PPDT2FBT:PC61BM devices 

From previously published work, it was found that PPDT2FBT:PC61BM were fairly stable at 85 °C 

after two weeks of degradation, as only the linear degradation pattern had been observed [39]. As 

such, to observe a more significant degradation pathway, 120 °C was initial chosen as at this 

temperature, a significant burn-in can be observed prior to a linear degradation. Four systems that 

were investigated include PPDT2FBT:PC61BM with either 1.0% w/w PP, 0.1% w/w BP, 1.0% w/w 

PAN, or without an additive added during the ink preparation stage. The aging of 

PPDT2FBT:PC61BM with and without additives at 120 °C can be found in 

Figure 6.6. 
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Figure 6.6: Device characteristics trends at 120 °C thermal aging under nitrogen. The results are from 
an average of 6 cells, with an active area of 0.1 cm2. 

It was found that when the devices were aged at 120 °C, there were several trends that were 

common, regardless of active layer composition. Firstly, there was a significant decrease in the JSC 

and FF, which are suspected to be a result from the charge in morphology in the BHJ, with the 

PC61BM being likely to crystalise that this elevated temperature [51, 52]. This has also been 

confirmed in Chapter 5, with fullerene having grown and migrated to the surface of the BHJ. As for 

the VOC, there had been observed a steady increase with the first 80 hours of aging, before 

remaining constant onwards to up to 200 hours. This observed increase was suspected to be likely 

due to the elimination of the energy disorder at the BHJ/ZnO interface, which has been observed 

by Sun et al. for BTID-2F:PC71BM devices when stored under dark conditions [53]. 

For devices containing either PP, BP, or PAN as an additive, it was found that the magnitude of the 

“burn-in” degradation had reduced for both JSC and VOC resulting in a reduced impact on the “burn-

in” behaviour for the PCE. Afterwards, all systems were observed to have a similar linear 

degradation behaviour, indicating that the additives were able to influence a degradation pathway 

that is present at the first 80 hours of 120 °C aging. 
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When comparing the systems with different additives, the BHJ which contained a small amount of 

PAN had a slightly slowly burn-in degradation rate for the JSC and PCE, whereas those with either 

PP or BP had a very similar degradation pattern. It is likely that these three additives, though 

varying in molecular structure, may have a similar influence over the morphology of the BHJ, with 

PAN possibly having a slightly different physical behaviour when compared with PP or BP. 

Before proceeding with investigating the influence the additives had over the thermal behaviour of 

PPDT2FBT:PC61BM, it was critical to also investigate thermal aging at 85 °C. Firstly, to allow for 

realistic comparison of thermal degradation with previously published work, it has been agreed by 

the International Summit on OPV Stability (ISOS) consensus test community that 85 °C is 

classified as the high temperature for dark storage aging, otherwise known as the working 

temperature [54]. With this agreement, this temperature the most widely implemented 

temperatures for investigating thermal degradation of OPV devices [21, 22, 55-60]. Lastly, previous 

work in Chapter 5 found that when comparing thermal degradation pathways for 

PPDT2FBT:PC61BM, 120 °C aging resulted in the formation and migration of fullerene crystals, 

while at 85 °C resulted in 200 µm length features at the surface of the BHJ, which was found to 

have high concentrations of PC61BM. This had led to the conclusion that the two aging 

temperatures had different dominate degradation pathways. 

With these observations in mind, the next step was determined if the additives could reduce the 

degradation rate of the devices under working temperatures (85 °C) under dark, nitrogen 

conditions. The aging of PPDT2FBT:PC61BM with and without additives at 85 °C can be in Figure 

6.7. 
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Figure 6.7: Device characteristics trends at 85 °C thermal aging under nitrogen. The results are from 
an average of 6 cells, with an active area of 0.1 cm2. 

Unlike what was observed for 120 °C aging (seen in 

Figure 6.6), regardless of whether the BHJ contained additives or not, the degradation pattern at 

85 °C appeared to be relatively similar. As the dominated degradation pathway for 

PPDT2FBT:PC61BM if significantly different for 85 °C and 120 °C, it is suspected that the additives 

were only influencing one suspect of BHJ degradation, that being PC61BM crystallisation. 

6.4.4. Bulk heterojunction degradation investigation at 120 °C and 85 °C 

To investigate the morphological changes of the BHJ containing PPDT2FBT:PC61BM (with or 

without additives), half devices (PET/ITO/ZnO NPs/BHJ) were prepared and heated at either 120 

°C or 85 °C under nitrogen conditions. Due to the difference in degradation rate for the two 

degradation temperatures, half-devices that were exposed to 120 °C annealing was aged for 24 

hours, while half-devices under 85 °C annealing was aged for 1 month. After thermal aging, the 
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surface of the BHJ were characterised via scanning electron microscopy (SEM), with the resulting 

images found in Figure 6.8. 

 

Figure 6.8: SEM images of PPDT2FBT:PC61BM surface after annealing at either 120 °C for 24 hours (a-
e) or 85 °C for 1 month (f-j). The active layer either contained no additives (a, f), 1.0% w/w PP (b, g), 
0.1% w/w BP (c, h), 1.0% w/w PAN (d, i) or 3.3% w/w C70. 

For PPDT2FBT:PC61BM aged at 120 °C for 24 hours, micro-crystals were observed to have grown 

and migrated to the surface, with previous work from Chapter 4 supporting that these fullerene 

crystals. As for the half-device aged at 85 °C for 1 month, no noticeable features were observable, 

being too short of aging period for features to be observed as noted in Chapter 5. 

For additive-containing BHJs after annealing at 120 °C, regardless of the additive, fullerene 

crystals had on the surface, however, size and population number was noticeably different. With 

additives present in the active layer, though the number of crystals present at the surface 

increased, the size of these crystals was significantly smaller. This meant that the growth rate of 

the fullerene crystals was likely being slowly by the addition of additives, while the increase in 

population meant that eventual size of said crystals would be limited due to space limitation of the 

BHJ. 

As for additive-containing BHJs after annealing for 85 °C for 1 month, both 3-dimensional crystals 

and flat fullerene features had been observed at the surface of the active layer. This makes it 

significantly different to the aging of the BHJ without additives after 1 month, there were no 

noticeable features at the surface, flat fullerene features had been observed after 3 months of 

thermal aging at 85 °C. Secondly, the 3-dimensional crystals had only been observed at 120 °C 

annealing. 

From initial SEM results, it had been observed that the addition of either PP, BP or PAN were able 

to influence the crystal growth rate and population of 3-dimensional fullerene crystals for 120 °C. 

Though, at 85 °C, it appears that the additives have lowered the temperature required for fullerene 

crystal growth, while speeding up the growth of flat fullerene features at the surface. When 

120 °C for 24 hours 

85 °C for 6 months 

i) h) g) f) 

d) +1.0% w/w PAN c) +0.1% w/w BP b) +1.0% w/w PP a) PPDT2FBT:PC61BM e) + 3.3% w/w C
70

 

j) 
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observing the surface at a large magnification (seen in Figure 6.9), it appears that in some cases, 

the flat fullerene feature is on top of the fullerene crystal. 

 

Figure 6.9: SEM images of PPDT2FBT:PC61BM surface after annealing at 85 °C for 1 month. The 
active layer either contained (a) 1.0% w/w PP, (b) 0.1% w/w BP or (c) 1.0% w/w PAN. 

From these observations, it is suspected that the flat fullerene features form at the top surface of 

the BHJ, resulting in a contrast in the SEM imaging. At the same time, the fullerene crystals likely 

grow within the BHJ, or near the surface. As the large crystals grow under the surface of the active 

layer, the surface is pulled up with it, resulting the flat feature (and some polymer) laying over the 

crystals.  

6.4.5. Thermal Analysis 

Dynamic mechanical thermal analysis (DMTA) is a technique that has been previously 

implemented for the understanding of thermal transitions and behaviour of both pristine materials, 

was well as blends, allowing for it to be a useful tool to characterise the morphology of BHJ layers 

[48, 61, 62]. In this work, this technique was used to investigate the impact different additives had 

on the thermal behaviour of the active layer blend. This method relies on the changes of the 

viscoelastic properties as the material is subjected to a constant increase in temperature.  

To investigate these viscoelastic properties, an oscillating mechanical strain (i.e., tension) with 

known amplitude and frequency is applied, and the stress of the sample under oscillation is 

observed. This allows for values of storage modulus (E’), Loss modulus (E”) and Tan delta 

(=E’/E”), where E’ reflects the stiffness of the sample, E” peaks features suggest thermal 

transitions, while traditionally, tan delta defines the temperature of these transitions. 

In previous work, DMTA was demonstrated to show how the addition of C70 was able to influence 

the thermal properties of PPDT2FBT:PC61BM, resulting in the fullerene crystallisation to occur at a 

higher temperature [39]. In this work, the purpose of the DMTA measurements was to observe how 

the thermal transitions were influenced by different additives (Figure 6.10), as well as how the 

additives impacted the changes in thermal behaviour. 

c) b) a) 
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Figure 6.10: DMTA plots of PPDT2FBT:PC61BM, either (a) without additive, with (b) 1.0% w/w PP, (c) 
0.1% w/w BP, or (d) 1.0% w/w PAN. All samples were pre-annealed at 40 °C for 30 minutes prior to 
measurements. 

For the PPDT2FBT:PC61BM blend (Figure 6.10a), there is a sub-glassing transition (sub-Tg) 

observed at approximately -25 °C (having been determined from the tan delta peak), with the sub-

Tg determined to be related to the polymer. This was based on previous work on the DMTA 

measurements performed on pure PPDT2DFBT [39]. There was also an extra thermal relaxation 

feature at ~100 °C, seen by the E” peak, as well as a thermal transition without significant E’ 

change at ~70 °C. 

With the addition of PP (Figure 6.10b) or BP (Figure 6.10c) to the active material blend, the ~70 °C 

thermal transition appeared to disappear, while the ~100 °C thermal relaxation feature reduced in 

temperature to ~90 °C. In Chapter 5, it was suspected this thermal relaxation feature was 

associated with the cold crystallisation of PC61BM, as upon annealing PPDT2FBT:PC61BM blends 

at 85 °C after at least 30 minutes. In this case, it appears the addition of either PP or BP to the 

active layer blend had reduced the thermal energy required for PC61BM crystallisation to occur. 

This could explain why for 85 °C aging, fullerene crystals were observed at the surface of the BHJ. 

As for the blend with the addition of PAN (Figure 6.10d), the thermal relation feature appears to at 

the same temperature of ~100 °C, yet, where similar to the addition of PP and BP, the thermal 

transition at ~70 °C had disappeared. Despite the similarity in thermal degradation behaviour as 

the other additives, it appears that the PAN additive has a different interaction with the 

PPDT2FBT:PC61BM.  
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For a more in-depth analysis of the thermal behaviour of the different systems (with or without 

PAN), the samples were annealed at either 85 °C or 120 °C prior to DMTA measurements (seen in 

Figure 6.11).

 

Figure 6.11: DMTA plots of PPDT2FBT:PC61BM + 1.0% w/w PAN, which the blends having been pre-
annealed at either (a) 40 °C for 30 minutes, (b) 120 °C for 30 minutes, (c) 85 °C for 30 minutes or (d) 24 
hours. Pre-annealing was performed prior to measurements. 

When the PPDT2FBT:PC61BM + 1.0% w/w PAN blend was annealed at 120 °C for 30 minutes, the 

thermal relaxation feature shifted from ~100 °C to ~155 °C, while a E’ increase at ~160 °C after a 

clear drop, indicating thermal relaxation followed by cold crystallisation. This feature has been 

observed previously in Chapter 5 for PPDT2FBT:PC61BM that had been annealed at 85 °C for 1 

week, with the observation being determined to be likely to formation for purer PC61BM and 

polymer phases at the lower annealing temperature, which then allowed for a substantial of 

crystallisation to be detected from the DMTA. The feature had also been observed for 

PPDT2FBT:PC61BM:C70 when annealed at 120 °C for 24 hours, where it was determined that the 

addition of the neat fullerene to the blend reduced the PC61BM crystal growth rate [39]. Based on 

these observations, it is suspected that, similar with the addition of neat C70, the addition of PAN to 

PPDT2FBT:PC61BM restricted the growth rate of the fullerene crystals, allowing for the cold 

crystallisation to be significantly distinguishable once the DMTA reached the higher temperature. 

Whereas for pre-annealing of the blend at 85 °C for 30 minutes, the thermal relaxation feature 

shifted from ~100 °C to ~130 °C. After annealing for 24 hours, the thermal relaxation feature 

disappears from the DMTA measurements. 
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With collaboration with the SEM, with the crystals appearing at the surface of the BHJ, it is 

suspected that annealing of the blend led to small crystallisation to already form, meaning that any 

small amount of non-crystalised fullerene phase was not significant enough to be detectable by the 

DMA. From the DMTA measurements, it is clear that the addition of PP, BP and PAN could alter 

the thermal behaviour of PPDT2FBT:PC61BM blends, with PP and BP have similar behaviour 

altering properties. The DMTA measurements were also able to show how the additives were both 

able to reduce the crystal growth rate at 120 °C while allowing for fullerene crystals to easily grow 

at 85 °C. 

6.5. Conclusion 

The work in this chapter has shown how thermal degradation at two annealing temperatures, 85 °C 

and 120 °C, were influenced with the addition of neat fullerenes, specifically neat C70, piperazine 

(PP), 4,4’-bipieradine (BP), and polyacenapthylene (PAN). Though PP, BP and PAN were able to 

improve thermal stability of PPDT2FBT:PC61BM devices at 120 °C, only the addition of C70 was 

able to reduce thermal degradation at both 120 °C and 85 °C. 

When investigating the thermal behaviour with scanning electron microscopy and dynamic thermal 

analysis, it was found that the addition of either PP, BP or PAN were able to reduce the rate of 

crystallisation, however, they allow for fullerene crystallisation to occur at lower temperatures, as 

well as accelerate the growth of flat fullerene features at the surface of the active layer. Whereas 

the addition of C70 was able to reduce the rate and population of fullerene crystallisation growth, as 

well as slow down the formation of flat fullerene features. 

In short, the work has demonstrated the importance of verifying the degradation studies at 

accepted annealing temperature, even through the active layer materials, blends and the use of 

additives were able to improve stability at higher aging temperatures. This is due to the uncertainty 

that such blends and conditions would allow for improved stability at lower temperatures. 
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CHAPTER 7 – PRELIMINARY STUDY OF SCALABLE METHODS 
USED TO INFLUENCE THERMAL BEHAVIOUR OF OPVS 

7.1. Overview 

With the improvement of OPV performance over the years, there has been increased interest 

towards more applicational research, however, there is a significant gap between small-scale 

laboratory-based OPVs, and those fabricated using large-scale industry-based fabrication 

methods. To resolve this issue, there has been more focus on scalable OPV fabrication, allowing 

for coating and printing methods that can be upscaled, allowing for the cost-effective testing the 

scalability of methods for improving device performance and stability. From previous chapters, the 

major thermal degradation pathway for PPDT2FBT:PC6161BM devices that have been fabricated 

via slot-die coating have been extensively investigated, as well as methods for reducing the impact 

of said pathway of OPV lifespan. The purpose of this chapter was to investigate the scalability from 

the mini-roll coater (MRC) towards a roll-to-roll friendly fabrication method. 

Initially, when transferring from an inverted OPV configuration to a conventional structure, it was 

found there was a significant decrease in performance, with a further decrease when increasing 

the active area from 0.1 cm2 to 12.15 cm2. Despite the performance decrease, the conventional 

PPDT2FBT:PC61BM was able to achieve a power conversion efficiency up to 2.3%. As for stability, 

it was found that the conventional OPVs were less stable than the inverted devices, with the 

possible cause of the instability being associated with the degradation of the PEDOT:PSS and its 

interface with the electrode and active layer. When attempting to influence the thermal behaviour of 

the active layer by adding solid-additives to the blend, it appeared to worsen the effect of the 

degradation, yet eventually improve performance. 

From this chapter, it was found that the fabrication method used by the MRC can allow for the 

fabrication of scalable OPVs, towards device configurations that are roll-to-roll processable. The 

chapter has also shown that methods though solid-additives can positivity influence the thermal 

stability of the active layer, they can result in worsening of other degradation pathways associated 

with interfacial layers, such as PEDOT:PSS. 

7.2. Introduction 

With the push towards cost-effective, accessible, renewable energy sources, there has been an 

increased interest towards the research and development of organic photovoltaics (OPVs). Their 

potential is owed to the their ability to be fabricated as thin, lightweight and flexible devices, while 

able to be made using roll-to-roll coating/printing methods that allow relatively low manufacturing 

cost, especially when compared to conventional silicon solar panels [1-3].  
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In the past decade, there has been significant improvements of device performance for OPV 

technology, with such advances leading power conversion efficiencies (PCEs), exceeding 18% for 

single junction devices [4-6]. As the performance gap between conventional silicon solar cells and 

OPVs becomes smaller, the interest towards the application of these devices has strengthen, 

leading to development of printing and coating conditions that can be upscaled towards an industry 

setting. 

For the past two decades, there was an interest of the upscaled fabrication of OPV modules, with 

the main focus of using alternative deposition techniques, such as blade coating [7-9], flexography 

printing [10], gravure printing [11, 12], inkjet printing [13, 14], pad printing [15], rod coating [16], 

screen printing [17, 18], slot-die coating [19-25] and spray printing [26-30]. As the years went by, 

there was a shift from large area fabrication to small area, with the focus on reducing the 

performance gap between spin-coated and alternative printed/coated OPVs. Within the past few 

years, there has been a renewed interested towards scalable and large area cells and modules, 

with blade coated [31-34] and slot-die coated [33, 35-38] taking up the majority of the interested in 

the OPV. 

Though this renewed interest towards scalable and large-scale OPV fabrication is a positive step 

towards applicational use of these devices, there are still a couple of areas of that has not received 

as much attention as compared with device performance. These areas include fabrication cost and 

device stability are areas that are just as important yet has seen less research focus. For OPV 

devices to be competitive to other photovoltaic devices, including silicon-based solar cells, they 

need to improve cost-effectiveness, as well as expanding on the average lifespan [39]. In terms of 

stability, there are five major factors that can negatively impact the device performances during 

normal operation of OPVs; including thermal [40, 41], oxygen and moisture [42, 43] ,UV radiance 

[44, 45] and mechanical [22, 46, 47] degradation. These factors are responsible for two significant 

decay trends of PCE: burn-in and linear degradation [48-50]. 

In terms of thermal stability, continuous illumination from a light source can result in an increase of 

the working temperature, especially when operating in outdoor conditions with direct sun-exposure. 

As majority of OPVs contain a bulk-heterojunction structured active layer, there is a risk of the 

thermal energy would allow the movement of active materials, resulting in a change in morphology 

in the active layer, especially when the temperature exceeds any major thermal transitions of the 

materials contained in the active layer blend , such as glass-transition and cold-crystallisation [51, 

52]. This elevated temperature may also lead to degradation via the material diffusion at the 

interface of electrodes and transport/extraction/interface layers [53-55].  
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With those that mention stability in their work, some papers have it as a secondary focus to the 

research [56-61], while others have stability as a primary focus [37, 53, 62, 63]. Some stability work 

conducted on OPV fabricated using alternative coating methods, Lee et al. having demonstrated 

the use of low cost-encapsulation for roll-to-roll fabrication for improving stability [37], while 

Moustafa et al. demonstrated for spray coated devices, modifying the ZnO film over the 

polymer:fullerene film had allowed for improved thermal stability at 85 °C [63]. Lastly, our work 

(Chapter 4) demonstrated how the addition of neat fullerenes into the PPDT2FBT:PC61BM active 

layer was able to influence the thermal behaviour of the blend, leading to improve the thermal 

stability of slot-die coated devices [62].  

In terms of the thesis work, it was demonstrated for slot-die coated devices prepared using the 

mini-roll coater (MRC), that the addition of solid-additives (both neat fullerene and non-fullerene) 

where able to significantly influence the thermal behaviour of the PPDT2FBT:PC61BM blend, 

leading to changes of the influence of thermal degradation pathways. In the previous work, the 

active layer material blend that has been extensively investigated is Poly[(2,5-

bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)]: 

[6,6]-phenyl-C61-butyric acid ester (PPDT2FBT:PC61BM) (structures seen in Figure 7.1), due to its 

ability to be used in scalable OPV fabrication, as well as initial stability thermal stability.  

Achieving a moderate device performance of 9.39% [64] and 9.1% [65] when incorporating 

PC71BM and PC61BM in spin-coating, respectively, PPDT2FBT:PCBM has been demonstrated to 

effectively slot-die coated at a variety of scales with minimal performance loss [60, 62, 66, 67]. A 

handful of studies have been performed to investigate the stability of both slot-die and spin-coated 

PPDT2FBT:PC61BM devices. For lower temperature degradation (60 °C), paired with constant 

illumination and no humidity control, Mainville et al. observed that the PPDT2FBT:PC61BM devices 

lasted 220 hours (9 days) before degradation below 80% initial PCE [67]. 

Another donor polymer of interest that was investigated in this chapter was poly[2,3-bis-(3-

octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1), a easily synthesised D-A type, 

low band polymer [68]. So far, TQ1 has been demonstrate to achieve moderate performances 

when paired with either PC61BM [68, 69], PC71BM [69-71] and N2200 [72, 73], achieving a PCE of 

4.9% [68], 7.08% [74], 3.15% [73], respectively. Previous literature has also demonstrated the 

ability of TQ1:fullerene devices to be fabricated using scalable platforms, such as on a mini-roll 

coater (MRC) [69, 75] and roll-to-roll (R2R) coater [75]. 

The major difference between TQ1 and PPDT2FBT polymer, is that TQ1 had been determined to 

be amorphous via DMTA [76]., while PPDT2FBT was been observed to be semi-crystalline. 

Though both materials blends contain PC61BM, known to be a major source of morphology 

degradation due to fullerene crystallisation [62, 77, 78], it is possible that changing between donor 

polymers may influence the thermal behaviour between blends. 
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A third polymer that was investigated was poly[5,5′-bis(2-butyloctyl)-(2,2′-bithiophene)-4,4′-

dicarboxylate-alt-5,5′-2,2′-bithiophene] (PDCBT) (structure seen in Figure 7.1), is a highly 

crystalline polymer that is relatively easy to synthesis. Though able to achieve moderate 

efficiencies when paired with PC71BM, reaching 8.0% PCE, a higher efficiency of 11.1% was 

achieved with ITIC [79], making it a more ideal active layer blend compared to fullerene-based 

system. The ease of synthesis of the donor polymer, as well as relatively high efficiency makes 

PDCBT an ideal polymer for scalable and large OPV fabrication. 

 

Figure 7.1: Molecular structure of active layer materials, donor polymers and acceptor materials, as 
well as solid additives investigated in this thesis. 

The focus of this chapter is for the preliminary demonstration of the scalability of the research that 

had been conducted through this thesis. This was achieved by implementing a roll-to-roll friendly 

device structuring (seen in Figure 7.2), which is currently being used for upscaled OPV 

manufacturing. The chapter also aims to investigate the translatability of the thesis work by 

comparing the thermal stability and behaviour between three active layer blends; 

PPDT2FBT:PC61BM, TQ1:PC61BM and PDCBT:ITIC, as well as PPDT2FBT:PC61BM with and with 

solid additives (structures seen in Figure 7.1).  
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Figure 7.2: Schematic illustration of inverted (LEFT) and conventional (RIGHT) OPV structure used in 
this chapter. 

7.3. Experimental section 

7.3.1. Materials 

Donor material poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole)] (PPDT2FBT) was synthesised using a direct arylation polymerisation 

according to literature [80]. The molecular weight of PPDT2FBT was determined via Gel 

Permeation Chromatography (Agilent 1260 Infinity II High-Temperature GPC System) using 

trichlorobenzene at 150 °C, giving a number average molecular weight (Mn) of 50 of kg/mol with a 

PDI of 2.60 relative to polystyrene standards. 

Donor material poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) 

was synthesised according to literature [68]. Detailed synthesis method can be found in Appendix 

C. The molecular weight of TQ1 was determined via Gel Permeation Chromatography using 

trichlorobenzene at 150 °C, giving a number average molecular weight (Mn) of 52.6 kg/mol with 

PDI of 3.29 relative to polystyrene standard. 

Donor material p’’’’2,2''''-bis[[(2-butyloctyl)oxy]carbon’l]’2,’’:5’’2'’’’'',2'''-quaterthiophen’’’-5,5'''-diyl] 

(PDCBT) was synthesised following an unpublished procedure, based on the following published 

work [81-83]. The molecular weight of PDCBT was determined via Gel Permeation 

Chromatography using trichlorobenzene at 150 °C, giving a number average molecular weight (Mn) 

of 22.3 kg/mol with PDI of 7.13 relative to polystyrene standard. 

Acceptor material 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-

hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (ITIC) was synthesised 

following an unpublished procedure, based on the following published work [84-86]. 
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PEDOT:PSS was prepared based on previously published procedure [87, 88], by mixing PH1000 

(Ossila) (37.5% v/v), Milli-Q® water (37.5% v/v), Isopropanol (19.5% v/v), Dimethylsulfoxide (5.0% 

v/v) and Zonyl® FSO fluorosurfactant (0.5% v/v). The ink was sonicated with a sonication probe at 

40% amplitude for 3 x 30s (30s rest between each burst) with a S&M: 630-0419 probe head. The 

ink was surrounded by an ice bath to keep the solution cold during sonication. 

 The ZnO NP dispersion was prepared following a previously published procedure [89]. To achieve 

an ideal processing concentration, acetone (Chem-supply, 99.9%) or ethanol (Chem-supply, 

99.9%) was added to the NP precipitate until a concentration of approximately 40 mg mL-1 was 

achieved. Afterwards, 2-(2-methoxyethoxy)acetic acid (Sigma Aldrich) (5% w/w in relation to ZnO 

NP) was then added to the dispersion to stabilise the NPs. 

Small molecule fullerene acceptor [[6,6]-phenyl-C61-butyric acid ester (PC61BM) were purchased 

from Solenne BV. Solvents ortho-dichlorobenzene, chlorobenzene and 1-chloronaphthalene were 

purchased from Sigma Aldrich, whereas chloroform (CHCl3) was purchased from Chem-Supply. All 

solvents were used directly without purification. 

7.3.2. Inverted Device fabrication 

Slot-die coated devices were fabricated in a PET/ITO/ZnO NP/BHJ layer/MoOX/Al device 

configuration for BHJ layers of either PPDT2FBT:PC61BM (1:2 w/w), TQ1:PC61BM (1:2 w/w) or 

PDCBT:ITIC (1:1 w/w). PPDT2FBT:PC61BM and TQ1:PC61BM ink was prepared by dissolving 

materials, in ortho-dichlorobenzene (total 25 mg mL-1) with 0.5% V/V of 1-chloronaphthalene at 60 

°C overnight. PDCBT:ITIC was prepared by dissolving materials in chloroform (total 10 mg mL-1) at 

30 °C overnight. 

The flexible ITO-covered Polyethylene terephthalate (PET) substrate (50 ohm/sq, Dongguan 

Hongdian Technology Co.) was attached to a mini-roll coater (FOM technologies) with slot-die 

attachment and wiped with isopropanol soaked TerriWipes at a rotation speed of 2 m min-1 prior to 

fabrication. The tubing and slot-die head was cleaned with chloroform prior to assembly and 

between the change of deposition material. Layer deposition was processed under ambient 

conditions. 

The ZnO NP layer (35 nm) was deposited using 0.1 mL min-1 flow-rate, a drum speed of  

1.0 m min-1 and drum temperature at 70 °C to achieve a strip width of around 13 mm. The BHJ 

layer (150 – 200 nm) was deposited via varying flow rate and drum speed at a drum temperature at 

70 °C to obtain a strip width of around 13 mm. Wet and dry thickness for both the ZnO NP and BHJ 

layers were calculated according to Equation C1 & C2 in Appendix C. 
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After slot-die coating, the MoOX and aluminium was deposited via the following method. The MoOX 

(12nm) was thermally deposited on the BHJ layer under high vacuum using a Covap thermal 

evaporation system (Angstrom Engineering). This was followed by the evaporation of the Al 

electrode (80 nm) using a shadow mask, defining the active area to 0.1 cm2. 

7.3.3. Conventional Device fabrication 

The procedure for active layer ink preparation, as well as active layer and ZnO NP coating 

conditions are the same as for 4.3.2. Inverted Device fabrication. Slot-die coated devices were 

fabricated in a PET/Ag/PEDOT:PSS/BHJ layer/ZnO NPs/Al device configuration for the BHJ layer 

of either PPDT2FBT:PC61BM (1:2 w/w), TQ1:PC61BM (1:2 w/w) or PDCBT:ITIC (1:1 w/w). 

Polyethylene terephthalate (PET) (Multapex), with a thickness of 75 µm, was pre-stretched at 160 

°C for 2 min. silver ink (Novacentrix PFI-600) was roll-to-roll printed (Grafisk Maskinfabrik Solar-1 

Coater) on the PET substrate using a patterned photopolymer flexo plate and 3 cm3m-2 anilox roller 

to give a dry silver pattern thickness of approximately 240 nm. 

The flexible Ag-patterned PET substrate was attached to a mini-roll coater (FOM technologies) 

with slot-die attachment and wiped with isopropanol soaked TerriWipes at a rotation speed of 2 m 

min-1 prior to fabrication. The tubing and slot-die head was cleaned with chloroform prior to 

assembly and between the change of deposition material. Layer deposition was processed under 

ambient conditions. 

The PEDOT:PSS (150 nm) was deposited using 0.780 mL min-1 flow-rate, a drum speed of 1.5 m 

min-1
 and leaving the drum at room temperature. Post-deposition, the drum was heated up to 70 °C 

and left at the temperature for 30 min to remove remaining moisture in layer. The BHJ layer (100 – 

200 nm) was deposited via varying flow rate and drum speed at a drum temperature at 70 °C to 

obtain a strip width of around 13 mm.  

Lastly, the ZnO NP layer (35 nm) was deposited using 0.1 mL min-1 flow-rate, a drum speed of  

1.0 m min-1 and drum temperature at 70 °C to achieve a strip width of around 13 mm. The wet and 

dry thickness for PEDOT:PSS, BHJ and ZnO NP were calculated according to Equation C1 & C2 

in Appendix C. 

After slot-die coating, the aluminium was thermally deposited on the ZnO NPs layer via vacuum-

based deposition high vacuum using a Covap thermal evaporation system (Angstrom Engineering) 

using a shadow mask, defining the active area to 0.1 cm2. For large-area (12.15 cm2), aluminium is 

sputtered based on previously published work [87, 88], resulting in an electrode strip with a 

thickness of 100 nm. 
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For investigating performance and material degradation, PET/PEDOT:PSS/BHJ/ZnO NP/Al & 

PET/PEDOT:PSS/BHJ half device configurations were used, respectively. Thermal annealing and 

aging were conducted on a hotplate in a nitrogen-filled glovebox with minimal light exposure.  

7.3.4. Solar simulator  

For small area (0.1 cm2), devices were measured using an Oriel Solar simulator fitted with a 150 W 

Xeon lamp (Newport), filtered to give an output of 100 mW cm-2 at AM 1.5 (air mass) standard and 

calibrated using a Newport silicon reference cell with NIST traceable certification. For large area 

(12.15 cm2), devices were measured using a Newport Class AAA solar simulator, filtered to give an 

output of 100 mW cm-2 at AM 1.5 spectrum standard and calibrated with an FHG-ISE silicon 

reference cell with NIST traceable certification. For both setups, the testing of OPV devices 

occurred under ambient conditions. 

7.3.5. Scanning Electron Microscopy 

Measurements were performed using Inspect F50 scanning electron microscopy 

(https://doi.org/10.25957/flinders.sem) equipped with a field emission gun (FEI Company) and a 

secondary electron detector. The acceleration voltage was 10 kV, and the working distance of 10 

mm. The samples were not coated with any conducting layers. 

7.4. Results and discussion 

7.4.1. Inverted configuration OPVs 

Before converting from inverted to conventional OPV device configuration, the first step was to 

evaluate a few active layer blends to allow for comparison, specifically, PPDT2FBT:PC61BM, 

TQ1:PC61BM and PDCBT:ITIC. As mentioned in the introduction, these material blends have been 

shown previously to be printable via slot-die coating methods, as well as being relatively cheap to 

synthesis. The device performance of inverted devices can be found in Table 7.1. 

Table 7.1: Device performance of inverted OPVs, with the performance values based on the specific 
active layer blend per system. The results are from an average of 6 cells, with an active area of 0.1 
cm2. 

Active material JSC (mA cm-2) VOC (V) FF PCE (%) 

PPDT2FBT:PC61BM (1:2 w/w) 15.9 ± 0.6 0.78 ± 0.01 0.61 ± 0.03 7.6 ± 0.2 

TQ1:PC61BM (1:2 w/w) 8.4 ± 0.1 0.76 ± 0.01 0.52 ± 0.05 3.4 ± 0.1 

PDCBT:ITIC (1:1) 12.8 ± 0.6 0.92 ± 0.01 0.43 ± 0.02 5.1 ± 0.4 

 

https://doi.org/10.25957/flinders.sem
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When comparing active layer blends, the PPDT2FBT:PC61BM had the best performance out of the 

three active layer blends tested, due to its increased JSC and FF, however, the PDCBT:ITIC system 

was able to yield a significantly higher VOC, reaching an average of 0.92 V. As for TQ1:PC61BM, the 

performance was relatively low compared to the PPDT2FBT:PC61BM and PDCBT:ITIC blends, as 

well as when compared with spin-coated devices (PCE 4.9%) [90], yet, this difference between 

spin and slot-die coating can be explained by the coating conditions from this work not being 

optimised. 

7.4.2. Post-fabrication switching verses pre-aging silver electrode 

With the performance for inverted devices gathered, the next stage was to determine a fabrication 

method for conventional devices that were roll-to-roll friendly, and that could be scaled up to larger 

active area and coating area. The OPV architecture of PET / Ag grid / PEDOT:PSS (PH1000) / 

Active layer / ZnO NPs / Al was chosen based on successful demonstration of fabrication using 

roll-to-roll coating [3, 87]. The other advantage of this configuration is that is shifted away from an 

ITO-based substrate, allowing for improved mechanical stability and as well as reduced material 

cost; as ITO requires high energy vacuum technique, while indium being is a fairly rare element. 

The one issue with this configuration is associated with the potential to have a significant 

population for cells that have shorting issues. This can occur during the deposition of the Ag-grid 

via flexography printing, where though the thickness of the grid should be theoretically 240nm, 

peaks in film can form, reaching the µm range in height. When a full device is fabricated, this can 

result in the Ag-peaks reaching within the active layer and/or top electrode, leading to shorting. To 

resolve this, switching can be performed, where a reserve bias can be applied to the cell, resulting 

in the burn-out of the short [87, 91]. Switching can also be used to form a de-dope PEDOT:PSS 

interface with the active layer, which was found to be an effective hole selective layer in solar cells, 

allowing for the improvement in device performance [92]. From previous work, switching has been 

demonstrated to be able to be conducted for both small-scale and large-fabrication, with the 

process being automatable, however, if there are coating errors during fabrication, or a critical 

procedure failure occurs during switching, the cell will appear burnt or melted, resulting in the 

destruction of that particular cell [88]. 

In this work, two methods of Improving device performance, reverse bias switching, or silver 

electrode aging were used. To age the silver, the PET substrate containing the electrode was left 

out in ambient conditions, with indoor light exposure. The idea of this was to try and oxide the 

silver, specifically, the silver peaks that were present and known to lead to device shorting. It was 

hypothesised that this would lead to a decrease in the number of devices that would early require 

switching, or the number of completed dead cells. The switching vs aging device performance can 

be found in Table 7.2, where the devices contained an active layer blend of PPDT2FBT:PC61BM. 
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Table 7.2: Device performance of conventional PPDT2FBT:PC61BM OPVs. The results are from an 
average of 6 cells, with an active area of 0.1 cm2. 

Ag aging? Switched? JSC (mA cm-2) VOC (V) FF PCE (%) 

No No 9.92 ± 1.05 0.60 ± 0.11 0.28 ± 0.08 1.65 ± 0.77 

No Yes 10.15 ± 0.35 0.72 ± 0.00 0.56 ± 0.03 4.05 ± 0.18 

Yes No 12.79 ± 0.42 0.74 ± 0.00 0.60 ± 0.02 5.63 ± 0.29 

 

For devices that were tested without pre-aging of the substrate, or device switching, were found to 

have significantly lower JSC, VOC, FF and PCE, with some devices that were not switched appeared 

to have peak features at -0.1 V and 0.4 V in the JV-curve, while others appear to more resemble 

more of a straight line rather than an ideal JV curve for solar cells. For the curves containing peak 

features. It is hypothesised that the PEDOT:PSS is the S-shape can be associated with charge 

accumulation, possibly in the PEDOT:PSS layer. Similar observations have been found in 

ITO/PEDOT:PSS systems and been shown to be related to charge accumulation [93, 94]. As for 

the linear-appearing curves, this is hypothesised to be associated with the shorting of the devices 

as the bottom and top electrodes have a pathway that allows for charge to travel in both directions 

freely. This sort of behaviour has been observed in P3HT:PCBM devices that added carbon 

nanotubes within the active layer, resulting in cases where shorting had occurred in the devices 

[95]. 

After switching the devices that contain the peak features, the JV curve appears to switch to a 

more ideal PV curve, allowing for an improvement of device performance. Whereas for linear-

curved devices, some devices could be successfully switched, with possible sources of shorts 

being burnt out, however, some devices which contain too many sources of shorting resulted in the 

melting/burning of the cell, resulting in device becoming effectively dead. 
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Figure 7.3: JV-curve of PPDT2FBT:PC61BM with different processing conditions, specifically, non-
processed, switched and substrate-aged devices. 

As for aging of the Ag-grid substrate, the population of dead cells had significantly reduced when 

compared with non-aged substrate. It is suspected that with the aging of silver under ambient 

conditions, a layer of insulating of silver oxide of silver peaks, allowing for the increase in shunt 

resistance and reduced population of shorting sources. As this is preliminary work, and outside the 

focus of the thesis, no further work had been conducted to explain the mechanism associated with 

the silver aging, however, further research is required to confirm that hypothesis associated with 

this observation. 

7.4.3. Conventional verses inverted OPVs 

With a method for fabricating conventional configuration OPVs, next was to compare the device 

performance of conventional and inverted devices, with these configurations containing active layer 

blends of either PPDT2FBT:PC61BM, TQ1:PC61BM or PDCBT:ITIC (seen in Table 7.3). 

Table 7.3: Device performance of inverted and conventional slot-die coated OPVs, with the 
performance values based on the specific active layer blend per system. The results are from an 
average of 6 cells, with an active area of 0.1 cm2. 

Active material Configuration JSC (mA cm-2) VOC (V) FF PCE (%) 

PPDT2FBT:PC61BM (1:2) 

Inverted 15.9 ± 0.56 0.78 ± 0.01 0.61 ± 0.03 7.6 ± 0.2 

Conventional 12.8 ± 0.4 0.74 ± 0.00 0.60 ± 0.02 5.6 ± 0.3 

TQ1:PC61BM (1:2) 

Inverted 8.4 ± 0.1 0.76 ± 0.01 0.52 ± 0.05 3.4 ± 0.1 

Conventional 7.1 ± 0.5 0.78 ± 0.06 0.55 ± 0.06 3.1 ± 0.3 

PDCBT:ITIC (1:1) 

Inverted 12.8 ± 0.6 0.92 ± 0.01 0.43 ± 0.02 5.1 ± 0.4 

Conventional 8.5 ± 0.5 0.82 ± 0.06 0.36 ± 0.03 2.5 ± 0.2 
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When comparing the device performance between conventional and inverted configurations, there 

is a noticeable difference in the PCE, with conventional resulting in the lower performance. This 

difference is associated with two factors, the decrease in the JSC and the VOC. For the discrepancy 

in JSC, this can be explained by the absorbance of light by the PEDOT:PSS layer vs the ITO layer. 

For both flexible and rigid substrates containing ITO, it is found to have a relatively high 

transparency of ~90% at 550 nm, whereas for PEDOT:PSS, this can reduce to 80% depending on 

the thickness of the films. With the increase in light absorbance from the PEDOT:PSS layer, less 

light ended up reaching the active layer, reducing the JSC.  

As for VOC, it is hypothesised to that replacing the hole transport layer of MoOX with PEDOT:PSS, 

as well as replacing the ITO with silver, has resulted in several changes including work function 

difference between electrodes and interface layers. This has been supported from work by Ratcliff 

et al. that by tuning the ITO work function, were able to adjust the VOC of the OPV devices. 

Overall, changing from an inverted to conventional structure resulted in a decrease in the PCE due 

to a reduction in JSC and VOC. This decrease appears to not be dependent on the active layer 

materials itself. As PPDT2FBT:PC61BM was able to achieve the highest performance after 

switching configurations, the remainder of the study will focus on this active layer blend, 

specifically, the performance at a larger area, as well as its thermal stability. The rest of the chapter 

will also investigate the influence of solid-additives have on the performance and stability of the 

conventional PPDT2FBT:PC61BM devices. 

7.4.4. Large area conventional devices 

With the performance of small area conventional PPDT2FBT:PC61BM devices determined, the next 

stage was to investigate the impact of increase active area has on the device performance. It is 

common, when comparing small and large active area OPVs, for the large area to have a reduced 

PCE [38, 96-98]. There are several sources that can lead to performance reduction, including 

contact resistance of the interconnections [99] and sheet resistance of electrodes [100], resulting a 

reduction in JSC, FF and thus, PCE. 

For this chapter, a single strip of devices was coated on a single substrate before being separated 

into small-area (0.1cm2) and large-area (12.15 cm2) PPPDT2FBT:PC61BM devices. Some strips 

contained either 1.0% w/w piperazine (PP), 0.1 w/w 4,4’-bipiperidine (BP) or 1.0% w/w 

polyacenaphthylene (PAN) or no additives at all. Device performance of small and large area 

devices, with or without additives can be seen in Table 7.4. 
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Table 7.4: Device performance conventional OPVs for small and large active area, with the 
performance values based on the specific active layer blend per system. Small-area devices are an 
average of 6 cells, while large area is of the highest performance achieved.  

Materials Area (cm2) JSC (mA cm-2) VOC (V) FF PCE (%) 

PPDT2FBT:PC61BM 
0.1 9.9 ± 0.8 0.71 ± 0.01 0.45 ± 0.04 3.2 ± 0.3 

12.15 6.0 0.72 0.53 2.3 

+3.3% w/w C70 
0.1 9.8 ± 0.1 0.69 ± 0.00 0.54 ± 0.01 3.7 ± 0.1 

12.15 7.1 0.70 0.51 2.5 

+1.0% w/w PP 
0.1 7.3 ± 0.6 0.73 ± 0.01 0.62 ± 0.01 3.3 ± 0.2 

12.15 7.2 0.73 0.52 2.7 

+0.1% w/w BP 
0.1 9.8 ± 0.8 0.72 ± 0.00 0.61 ± 0.05 4.3 ± 0.4 

12.15 6.8 0.72 0.57 2.8 

+1.0% w/w PAN 
0.1 7.6 ± 0.5 0.73 ± 0.02 0.55 ± 0.02 3.1 ± 0.2 

12.15 6.9 0.75 0.52 2.7 

When comparing small area devices (0.1 cm2), it is found that they all have similar PCE values 

(3.1% to 3.3%), except for PPDT2FBT:PC61BM + BP, with an average PCE of 4.3%. This 

improvement appears to be related to a good JSC and FF compared to the other active layer 

systems, while the VOC for all systems is around 0.73 V. As found in Chapter 6, it had been found 

that the solid additives were able to influence the performance of polymer:fullerene devices, 

however, it was found the addition of PAN yielded in a significant improvement in device 

performance, whereas BP addition only had a minor increase. In this chapter, however, the 

addition of 0.1% w/w of BP was able to increase the PCE from 3.2% to 4.2% and the addition of 

3.3% w/w C70 increase the performance to 3.7%. As for the addition of 1.0% w/w of either PP or 

PAN, there was an insignificant change to the PCE of the OPV devices. 

It is a bit unclear as to why the PAN addition had improved the device performance in Chapter 6 

and not for this chapter work, however, there are a few differences in device fabrication. In the 

previous chapter, OPV devices followed an inverse architecture (seen in Figure 7.2), while the hole 

transport layer (HTL) consisted of MoOX and the bottom electrode was ITO. In this work, the OPV 

device followed a conventional architecture (seen in Figure 7.2), while the HTL and bottom 

electrode was replaced with PEDOT:PSS and a silver grid, respectively. From this detail, it is 

speculated that the addition of PAN resulted in physical changes to the active layer that are more 

favourable for the inverted device architecture, and not for conventional. Despite this, the PAN 

additive, as well as PP did not negatively impact the OPV device performance. 

When the active large was increased to 12.15 cm2, it was found that PPDT2FBT:PC61BM without 

solid additives yielded a performance up to 2.3%, whereas devices with solid additives yielded a 

performance up to 2.7% to 2.8%, a significant difference in PCE. This difference appears to be 

associated with the change in JSC and FF, while the VOC remains constant without.  
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Overall, increasing the active area from 0.1 cm2 to 12.15 cm2 led to a performance decrease of 

between 13% to 35% the initial PCE.  

7.4.5. Device stability under dark nitrogen conditions 

Next step was to investigate the influence of changing device architecture had over the overall 

stability of the device. These changes include 1) replacing the ITO electrode with a silver grid, 2) 

replacing MoOX with PEDOT:PSS, and 3) changing from an inverted to a conventional 

configuration. Though in Chapter 4 & 5 found a major source of degradation came from the change 

in morphology of the BHJ in the active layer, this may not be the case of the conventional structure. 

As such, the first degradation study investigated the aging of the OPVs at room temperature under 

dark nitrogen conditions (seen in Figure 7.4). It is worth highlighting the devices were tested under 

ambient conditions, while the devices were not encapsulated. 

 

Figure 7.4: Conventional and Inverted PPDT2FBT:PC61BM devices aging at room temperature under 
nitrogen conditions. 

From the previous work conducted in Chapter 4, it was observed that, when the inverted 

PPDT2FBT:PC61BM devices were aged under dark, nitrogen conditions for 20 days, the 

degradation of PCE appears to be relatively linear, with no apparent burn-in degradation 

behaviour. The linear degradation behaviour appeared to be equally related to the decrease in JSC, 

and FF, while the VOC is relatively constant. In this work, it was found that, when compared with 

inverted devices, conventional PPDT2FBT:PC61BM had a relatively linear degradation trend, with 

the significant amount of decrease in JSC, VOC and FF, resulting in a decrease in PCE. 
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Overall, it appears that the conventional device structure is degrading quicker than the inverted 

structure. One major reason been shown that, with the presence of water, results in the formation 

and migration of Ag grains into the PEDOT:PSS layer, where with enough time, can migrate to the 

active layer, leading to a reduction in shunt resistance and thus, reduce the device performance 

over time [101]. 

7.4.6. Device stability at elevated temperatures 

For further comparison in relation to degradation, conventional and inverted PPDT2FBTLPC61BM 

degradation at 85 °C was compared together. From the previous work conducted in Chapter 4, it 

was observed that, when the inverted PPDT2FBT:PC61BM devices were aged at 85 °C for 20 

days, the degradation of PCE appears to be relatively linear, with no apparent burn-in degradation 

behaviour. The linear degradation behaviour appeared to be heavily related to the decrease in JSC, 

while there is a slight decrease in FF, and the VOC is relatively constant. 

 

Figure 7.5: Device stability of PPDT2FBT:PC61BM conventional vs Inverted devices that are aged at 
85 °C. 

Whereas for conventional OPVs, the JSC and VOC were shown to have a similar degradation 

behaviour, with a quick reduction within a day of aging, before either slightly increase or decrease, 

in terms of JSC and VOC, respectively. As for the FF, there was a sharp decrease at the 8-day mark, 

before increasing back to 0.5. With the combination of the changes in JSC, VOC and FF, this has led 

to a sharp decrease of the PCE after 8 hours, before becoming relatively stable for the past 25 

days. 
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From previous work in Chapter 5, it was observed for inverted PPDT2FBT:PC61BM approximately 

124 days for the device degrade below 3% PCE. In contrary to conventional PPDT2FBT:PC61BM, 

it was observed to have degraded within one day for aging at 85 °C, indicating a significantly faster 

burn-in degradation to have been observed.  

With this observation, there were two hypotheses, either the architecture allowed for an 

acceleration of either fullerene crystallisation or phase separation, otherwise the degradation may 

be associated with the interface between the active layer and transport layers. 

It has been previously published by Son et al. that the PEDOT:PSS was a major source of thermal 

degradation, source the layer itself, as well as the interface between other materials being major 

sources [102]. For PEDOT:PSS degradation, it has been shown that, though annealing can allow 

for the removal of moisture for the layer, further annealing can relate in morphological changes, 

resulting in the reduction of the conductivity [103, 104]. 

7.4.6. Influence of solid-additives over thermal degradation of conventional OPV 

As found earlier in the work, it was observed that there was a significant drop in decrease in device 

performance when aging at 85 °C. If this sharp decrease was associated with fullerene 

crystallisation or phase purification, then the addition of solid additives could influence the 

degradation pattern. As such, based on previous thesis work, the use of C70 could reduce the 

crystallisation rate and phase separation rate (Chapter 4), while the addition of PP, BP and PAN 

could reduce the crystallisation rate, yet increase population (Chapter 6). 
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Figure 7.6: PPDT2FBT:PC61BM conventional device thermal aging at 85 °C for different additives. 
Additions include piperazine (PP), 4,4’-bipiperadine (BP) and polyacenaphthylene (PAN).  

When an additive is included in the active layer blend, all additives appear to worsen the 

magnitude of the VOC degradation, resulting in significant initial performance decrease. Like the 

standard blend however, as the device continue to age, there is an increase in the VOC, JSC and 

PCE. A hypothesis of what is occurring is that the crystallisation of PC61BM is preventing Ag 

migration into the active layer, due to space limitation. For systems containing additives in the 

active layer, especially those that reduce the crystal growth rate, allows for Ag grain migration into 

the active layer, leading to a reduction in shunt resistance. Yet, as crystals do increase in size, they 

are able to push the Ag grains from the active layer, resulting in an increase in shunt resistance, 

thus, increasing VOC and FF of the devices. 

7.4.7. Final discussion of stability of conventional OPV 

As it has been observed from the experimental results, the conventional architecture is significantly 

less stable than the inverted OPVs, with the likely source of said degradation being associated with 

the PEDOT:PSS layer replacing MoOX. Though MoOX not commonly used for large scale device 

fabrication, it has been investigated extensively towards its influence of the stability of OPVs. 

Previous literature has support this similar behaviour of inverted device being more stable than 

conventional [105]. Kundu et al. found that, when implementing both configurations with MoOX and 

ZnO NPs as transport layers, with the slower degradation for inverted being associated with the 

MoOX acting as a barrier, preventing oxygen and silver reaching the active layer [105]. 
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It is worth noting that this may not always be the case, with test conditions playing an important 

impact on understanding degradation behaviour. Kumar et al. found with inverted devices either 

containing MoOX or PEDOT:PSS as the hole transport layer, that devices containing MoOX were 

more stable under outdoor testing conditions, while both MoOX and PEDOT:PSS has similar 

stability when under light aging [106]. 

As for fullerene crystallisation, there is a possibility that the interfacial layers could influence the 

crystal population in the active layer when undergoing thermal aging. Li et al. found by changing 

the underlying layer underneath the PCDTBT:PC61BM layer influenced the crystal growth of 

PC61BM, with the surface energy and roughness leading to increased crystallisation, while ZnO 

and minimal crystallisation, while PEDOT:PSS could lead to increase crystal population [107]. 

By comparing literature with the experimental data, it is hypothesised that the dominate 

degradation pathway for the current conventional OPV device is not associated with the 

morphology or crystallisation of the active layer, rather the PEDOT:PSS degradation within the 

layer, or at the interface, where using improved interfacial materials allowing for the improving of 

morphological stability. To confirm this hypothesis, more time to require degrading the devices and 

observe and physical features on the active and PEDOT:PSS layer, as well as at the interface. 

7.5. Conclusion 

To support the scalability of mini-roll coated OPV devices, a conventional device structure that has 

previously been demonstrated to be roll-to-roll compatible, was implemented in this study. By 

comparing the device performance of conventional and inverted architectures, with active layers 

containing either PPDT2FBT:PC61BM, TQ1:PC61BM or PDCBT:ITIC, that there is a small decrease 

in device performance due the replacement of Zinc Oxide nanoparticles with PEDOT:PSS, 

resulting in a significant reduction of the JSC. When increasing the active area of 

PPDT2FBT:PC61BM conventional devices from 0.1 cm2 to 12.15 cm2, the perform decreased 

further from 3.2% to 2.3%. 

As for the stability, both under dark storage and at 85 °C thermal aging, the conventional 

PPDT2FBT:PC61BM devices degraded at an accelerated rate compared with inverted devices with 

the same active material blend. As such, it is suspected that the major source of degradation for 

these devices is associated with the PEDOT:PSS layer. 
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CHAPTER 8 – CONCLUDING SUMMARY 

As the global community aims at transferring its energy reliance from polluting non-renewable 

energy sources to those that have a minimal impact of the environment and human health, there 

are still challenges that limit these transitions, such as accessibility, reliability, and cost-

effectiveness. One promising energy source, photovoltaics (PV), has been shown to be one such 

example of technology that can lead the energy transition towards being clean, renewable, energy. 

The issue is, however, their accessibility due to their rigidness and weight means that they are 

limited to which locations and surfaces they can be installed and operated on.  

To allow for PV technology to be more widely accessed globally, new material types, such as 

organic photovoltaics (OPVs) have shown incredible promise as an energy source to allow for 

cost-effective and accessible, energy. They can also be designed to be light-weight, flexible, and 

have the ability to operate under low-light conditions, such as indirect-sunlight and under cloudy 

conditions [1], as well as from indoor light exposure [2-4]. Though OPVs have shown significant 

process in performance, reaching up to 19% power conversion efficiency (PCE) [5, 6], leading to a 

reduction in the performance gap between OPV and silicon-based PV (26% [7]), however, device 

lifetime is a major factor that is holding back this technology from being widespread in the 

commercial market. 

One of the most challenging sources of degradation to control is thermal degradation, where due to 

regular operation of OPVs, especially under continuous illumination from the sun, can lead to an 

increase in operating temperature, resulting in thermal aging. Though there has been significant 

investigation towards major thermal degradation pathways [8-13] and strategies for minimising 

their impact on device lifespan [14-18], many of these strategies that have been tested on small-

scale fabrication methods are not translatable to larger scales and OPV manufacturing. As a result, 

these strategies have only been speculated to improve stability at increased device areas without 

experimental evidence. The other issue with these strategies is that some have tested on 

thermally-accelerated aged devices (100 °C – 180 °C [17-29]), where is it assumed that device 

stability is improved at lower operating temperatures (65 – 85 °C [30]). 

The focus of this thesis was to experimentally investigate the degradation behaviour of OPV 

devices that were fabricated using slot-die coating, a scalable coating method used in large-area 

manufacturing. The focus was also towards the impact on the change of thermal aging 

temperatures had on main degradation pathways that were present in OPV aging. To support the 

argument of the scalability and translatability of the research in this thesis, a device manufacturing 

method that roll-to-roll compatible [31, 32] was fabricated and tested. 
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8.1. Summary of conclusions 

In chapter 4, it was observed that the PPDT2FBT:fullerene-based devices were thermally stable at 

85 °C, yet, showed significant degradation at 120 °C. With the support of scanning electron 

microscopy (SEM) and Auger electron microscopy (AES), the major source of degradation at 120 

°C was associated with fullerene crystallisation, resulting in the decreased device performance in a 

relatively brief time (24 hours). To reduce the impact of fullerene crystallisation, neat C60 could be 

added to the additive layer to induce nucleation, resulting a crystal size limit, and thus, reducing the 

magnitude of degradation. Whereas for the addition of neat C70 led to the reducing of crystal 

growth rate, rather than nucleation. 

To expand on the understanding of the thermal degradation of PPDT2FBT:fullerene devices, in 

Chapter 5 long-term thermal degradation at 85 °C for 6 months is compared with 120 °C for 20 

days. Whereas the 120 °C annealing led to fullerene crystallisation, the 85 °C aging had led to the 

formation of flat surface features. With the support of SEM, AES, stylus profilometry and neutral 

impact collision ion scattering spectroscopy (NICISS), it was confirmed that these features also 

consisted of fullerene. With the support of dynamic mechanical thermal analysis (DMTA), it was 

concluded that the 85 °C led to morphological changes in the PPDT2FBT:fullerene blend. 

With the in-depth insight towards the degradation pathways associated with PPDT2FBT:fullerene, 

Chapter 6 investigated a range of solid-based additives to influence the thermal degradation 

pathways, specially, neat C70, piperazine (PP), 4,4'-bipiperidine (BP) and polyacenaphthylene 

(PAN). In previous literature, these solid-additives had been demonstrated to effectively reduce 

thermal degradation of the active layer of OPVs at elevated temperatures. At 120 °C, it was 

observed that all additives were able to influence fullerene crystallisation, with PP, BP and PAN 

reducing the crystallisation rate, while increasing crystallisation population, leading to a reduced 

size of crystals due to space-limitation. At 85 °C, however, the addition of PP, BP and PAN in the 

active layer led to fullerene crystallisation growing at the lower temperature, while speeding up the 

formation of flat fullerene features. Whereas for neat C70 addition, the rate of flat fullerene feature 

growth was reduced, and no fullerene crystallisation was observed. Overall, the non-fullerene 

additives were able to reduce the crystallisation rate at 120 °C, they also allowed for crystallisation 

to occur at 85 °C, which was otherwise not observed for the standard active layer blend, while the 

fullerene additive significantly changed the thermal behaviour at both 85 °C and 120 °C, allowing 

for reduced morphology degradation of the active layer. 

To determine the scalability of the results, chapter 7 aimed at following a fabrication process that 

had been demonstrated in literature to be roll-to-roll scalable. In relation to device performance, it 

was found the technique for preparing and coating devices containing an active layer of 

PPDT2FBT:PC61BM, TQ1:PC61BM or PDCBT:ITIC were able to yield decent performances for 

large active area (12.15 cm2) of 2.3%, 1.7% and 2.0%, respectively .  
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As for the thermal stability of the PPDT2FBT:PC61BM devices, it was found that the conventional 

configuration was less stable than the inverted configuration implemented in chapters 4 – 6. This 

issue was exacerbated upon the addition of solid-additives (neat C70, PP, BP, or PAN). These 

results highlighted that, though the fabrication technique is relatively scalable to increased active 

area, the techniques for improving active layer stability may accelerate degradation pathways 

associated with other layers such as interfacial materials and electrodes. 

8.2. Potential for Future research  

Through this thesis study, this work has shown, in-depth, the major degradation pathways 

associated with morphological changes to the active layer containing a polymer:fullerene blend. It 

has also been shown how these degradation pathways can be influenced with the addition of solid-

additives to the active layer, leading to changes to either thermal behaviour of the blend, or 

crystallisation of the fullerene. Yet, this is only one example of the many active layer blends that 

exist within the field of OPVs. Even when focusing on materials that can be printed to scale under 

ambient conditions, there are several active blends that exists, following under the category of 

either polymer:fullerene, polymer:non-fullerene small molecule, or polymer:polymer. Despite this, 

this work has demonstrated an array of methods to investigate the thermal degradation behaviour 

of the active layer. 

The other aspect of this thesis work is the control of other degradation sources to purely focus on 

thermal aging. As such, the high temperature dark storage aging environment was conducted 

under nitrogen conditions, however, in real operating conditions, OPVs will be exposed to varying 

levels of light intensity, oxygen and moisture in its surrounds, as well as elevated temperatures [30, 

33-35]. It is also expected that the temperature of these devices won’t be constant, resulting in 

thermal cycling between higher and lower temperatures [30, 36, 37]. There are still issues when 

comparing indoor aging studies using simulated degradation methods, with real-life outdoor 

conditions [36, 38], however, as Greenbank et al. concluded from their outdoor/indoor degradation 

studies, that range of testing conditions and protocols developed by the international summit on 

OPV stability (ISOS) community [30] should be implemented before making more accurate 

conclusions associated with degradation, especially in relation to the active layer [36]. Several 

published literatures have shown successful demonstrations of comparing ISOS degradation 

protocols to gain a more insightful understanding in OPV degradation [34, 39-41]. 

In terms of investigating the thermal behaviour of polymer:fullerene blend throughout this thesis, 

the DMTA has been demonstrated to be a powerful analysis technique for investigating the 

changes. From previously published literature, DMTA has predominately been used to investigate 

the glass transition of select pristine organic samples and material blends [42-44], with some 

literature focusing on thermal transitional changes upon mixing with different material blends [45] 

and solvents [46, 47].  
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Besides the work conducted in this thesis work, there has been a couple of published literature that 

has used the DMTA to investigate thermal behaviour and morphological changes to thermal 

stability [48]. This is in contrast to techniques such as grazing-incidence wide angle x-ray 

scattering (GIWAXS) [25, 49-51] and differential scanning calorimetry (DSC) [25, 49-53], where 

morphological changes to the active layer have been observed for several systems.  

With the strengths of the DMTA technique, and the lack of literature implementing the technique to 

relate with changes to thermally aged pristine and blend systems, more work can be done to gain 

an increase in an understanding of active layer blend degradation, and how additives influence 

thermal behaviour of pristine materials. As mentioned previously, it is suspected that OPV 

temperature during operation would be fluctuating, rather than being constant. As such, it is 

important to compare cyclic thermal aging with constant thermal aging, and how thermal transitions 

are influenced. Previously, the DMTA has been shown to be operational via heating and cooling 

[48], allowing for the method to be able to pre-age prior to measuring samples. 

As observed in Chapter 7, it was noticed that a major source of degradation for the conventional 

devices was due to PEDOT:PSS degradation, a layer not used for inverted devices used in 

Chapters 4 – 6. When solid-additives were included into the active layer, there was a significant 

decay in performance within the first 24 hours, with the decrease likely associated with the 

accelerated degradation of the PEDOT:PSS.  

Overall, the slot-die-based MRC OPV fabrication method has been demonstrated to test the 

scalability of strategies for influencing thermal stability of the active layer. This thesis work has 

shown the implementation of the DMTA to investigate morphological and thermal behaviour 

changes upon thermally aged samples, allowing for determination of degradation pathways. In 

saying that, further effort is required to gain a more in-depth understanding associated with the 

thermal behaviour of blends, as well as how different additives interact with individual materials. 
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APPENDICES 

The appendices have been separated into different sections, with the first section, Appendix A, 

containing supportive information for device performance of PPDT2FBT:PC61BM, containing two 

different batches of PPDT2FBT. Appendix B, is the reformatted supportive information document 

for Chapter 4, a reformatted text that has been published in Materials Advances (see Contextual 

statement). Appendix C & D is supportive information connected with Chapters 5 – 7, while 

Appendix C is focused on experimental details, such as material synthesis, slot-die coated thin film 

thickness calculations and Dynamic mechanical thermal analysis sample preparation. Appendix D 

is focused on raw data that was gathered for the thesis, including atomic force microscopy images, 

as well as scan locations and raw Auger electron spectroscopy spectra. 

Appendix A – OPV device performances for cells that utilised different 
PPDT2FBT polymer batches. 

In this appendix is the device performance values in relation to two batches of PPDT2FBT that 

have been used for OPV fabrication in this thesis work. Appendix includes experimental procedure 

(Section D.1.), as well as device performance values from JV-curve characteristics (Section D.2.). 

A.1. Experimental section 

Slot-die coated devices were fabricated in a PET/ITO/ZnO NP/BHJ layer/MoOX/Al device 

configuration for the BHJ layer of PPDT2FBT:PC61BM. Active layer ink was prepared by dissolving 

materials, with a donor:acceptor weight ratio of 1:2, in ortho-dichlorobenzene (total 25 mg mL-1 or 

14 mg mL-1) with 0.5% V/V of 1-chloronaphthalene at 60 °C overnight. 

The flexible ITO substrate (50 ohm/sq, Dongguan Hongdian Technology Co.) was attached to a 

mini-roll coater (FOM technologies) with slot-die attachment (13 mm width meniscus guide) and 

wiped with isopropanol soaked TerriWipes at a rotation speed of 2 m min-1 prior to fabrication. The 

tubing and slot-die head was cleaned with chloroform prior to assembly and between the change of 

deposition material. Layer deposition was processed under ambient conditions. 

The ZnO NP layer (35 nm) was deposited using 0.1 mL min-1 flow-rate, a drum speed of  

1.0 m min-1 and drum temperature at 70 °C to achieve a strip width of around 13 mm. The BHJ 

layer (150 – 200 nm) was deposited via varying flow rate and drum speed at a drum temperature at 

70 °C to obtain a strip width of around 13 mm. Wet and dry thickness for both the ZnO NP and BHJ 

layers were calculated according to Equation C1 & C2 in Appendix C. 
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After slot-die coating, the MoOX and aluminium was deposited via the following method. The MoOX 

(12nm) was thermally deposited on the BHJ layer under high vacuum using a Covap thermal 

evaporation system (Angstrom Engineering). This was followed by the evaporation of the Al 

electrode (80 nm) using a shadow mask, defining the active area to 0.1 cm2. 

Devices were measured using an Oriel Solar simulator fitted with a 150 W Xeon lamp (Newport), 

filtered to give an output of 100 mW cm-2 at AM 1.5 (air mass) standard and calibrated using a 

silicon reference cell with NIST traceable certification. Device testing was conducted under 

ambient conditions. 

A.2. Device performance results 

Table A1: Device performance based on PPDT2FBT:PC61BM devices with different PPDT2FBT 
batches (C143 & D173). The results are from an average of 6 cells, with an active area of 0.1 cm2. 

Active layer 
Mn  

(g/mol) 

JSC  

(mA/cm2) 

VOC  

(V) 
FF 

PCE  

(%) 

C143:PC61BM (1:2) 50130 16.0 ± 0.4 0.796 ± 0.00 0.62 ± 0.01 7.92 ± 0.12 

D173:PC61BM (1:2) 27455 16.1 ± 0.9 0.781 ± 0.00 0.64 ± 0.01 8.02 ± 0.33 
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Appendix B – Supporting Information for Chapter 4 

Appendix B is the reformatted supportive information associated with Chapter 4; a reformatted text 

that has been published in Materials Advances (see Contextual statement). The appendix includes 

content associated with the cost of active layer materials, theoretical equations for calculating slot-

die coated thin films, as well as details for square-wave voltammetry and dynamic mechanical 

thermal analysis. The appendix also includes supporting data for solar simulation measurements, 

thermal degradation at 85 °C and 120 °C, Auger electron spectroscopy and square-wave 

voltammetry. Experimental details can be found in the experimental section in Section 4.3¸ as well 

as in Chapter 3 – Methodology. 

B.1. Active material costs 

Table B1: Estimated material cost of active layer materials based on a scale of 100 g. Prices gathered 
in December 2021, proved by Organic Nano Electronic (ONE=1) materials. 

Material USD/g 

PBDB-T-2F (PM6) 650 

PTB7-Th 550 

PPDT2FBT 500 

P3HT 120 

Y6 650 

ITIC 350 

C60 25 

C70 75 

PC61BM 150 

PC71BM 300 
 

B.2. Slot-die theoretical thickness 

To determine the theoretical thickness of the specific layers coated via slot-die coating, the 

following equations were employed: 

𝑑𝑤𝑒𝑡 =
𝑓

𝑆 𝑤
      (B1) 

𝑑𝑑𝑟𝑦 =
𝑓

𝑆 𝑤

𝑐

𝜌
      (B2) 

Where d is the thickness (cm), f is the flow rate (cm3 min-1), S is the drum rotation speed  

(cm min-1), w is the meniscus guide width (cm), c is the solid content in the ink (g cm-3) and ρ is the 

density of the dried material [1, 2]. The estimated material density polymer to be 1.0 g mL-1, while 

the densities for PC61BM & C60 are 1.5 g mL-1 [3] and 1.68 g mL-1 [4] respectively. The material 

densities of PC71BM & C70 are similar to PC61BM & C60 respectively. 
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B.3. Square-wave voltammetry  

A 0.1M of tetrabutylammonium hexafluorophosphate (Bu4NPF6) in anhydrous acetonitrile was used 

as the electrolyte solution. The recorded square-wave voltammograms were referred to 

ferrocene/ferrocenium (Fc/Fc+). The working electrode was coated with sample film by dipping it 

into the respective solutions. All materials were coated from chlorobenzene solutions. The 

electrolyte solution was purged with nitrogen gas for a minimum of 10 min prior to each 

measurement.  

During the measurements, the electrolyte solution surface was kept under nitrogen atmosphere to 

ensure inert conditions. Energy levels of the materials were calculated by setting the peak potential 

of Fc/Fc+ versus the normal hydrogen electrode (NHE) to 0.630 V and the NHE versus the vacuum 

level to 4.5 V [5-7]. That is, EHOMO = −(Eox,peak+ 5.13) and  

ELUMO = −(Ered,peak + 5.13). 

B.4. Dynamic mechanical thermal analysis 

The blend solutions used were the same as the ones used for solar cell fabrication. The prepared 

samples were dried under high vacuum of approximately 6 × 10-7 torr overnight. The 

measurements were performed in a strain-controlled tension mode at a heating rate of 3 °C min-1 

from −110 to 300 °C under a nitrogen atmosphere at a frequency of 1 Hz. Short-time (30 min) 

annealing of samples was done in the DMA instrument under a nitrogen atmosphere for 30 min. 

Whereas long-time (from 1 hour to 1 week) annealing of the sample was done on a hotplate under 

dark, nitrogen conditions. The storage modulus (E′), loss modulus (E”) and Tan δ were recorded as 

a function of temperature for each sample. 

B.5. Solar simulation results 

Table B2: Device characteristics of PPDT2FBT:Fullerene devices under different coating conditions.  

Fullerene 

Drum  

speed  

(m min-1) 

Flow-rate  

(mL min-1) 

Ink Conc 

(mg mL-1) 

Theoretical 

thickness1 

(nm) 

JSC  

(mA cm-2) 

VOC  

(V) 
FF 

 

PCE  

(%) 

PC71BM 

1.0 0.100 25.0 150 11.5 ±0.5 0.77 ±0.01 0.61 ±0.01 5.40 ±0.27 

1.0 0.200 25.0 300 14.4 ±0.5 0.76 ±0.02 0.54 ±0.02 5.99 ±0.18 

0.2 0.050 14.0 150 14.6 ±0.6 0.76 ±0.01 0.61 ±0.02 6.71 ±0.16 

0.2 0.050 14.0 200 17.8 ±0.2 0.77 ±0.00 0.59 ±0.00 8.13 ±0.08 

0.2 0.028 25.0 200 17.9 ±0.3 0.77 ±0.01 0.62 ±0.01 8.49 ±0.07 

PC61BM 

1.0 0.100 14.0 150 10.5 ±0.5 0.77 ±0.01 0.57 ±0.04 4.65 ±0.37 

0.2 0.050 14.0 200 14.8 ±0.3 0.80 ±0.00 0.62 ±0.01 7.27 ±0.09 

0.2 0.035 25.0 200 15.9 ±0.6 0.78 ±0.01 0.61 ±0.01 7.63 ±0.20 

1 Thermal thickness calculated using equation 2. 

Average Cell No.: 6 cells / Device Area: 0.1 cm2/ Inverted devices 
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Table B3: Device characteristics of PPDT2FBT:PC61BM devices aging at room temperature under 
dark nitrogen conditions. 

Aging (hr) JSC (mA cm-2) VOC (V) FF PCE (%) 

0.00 15.5 ± 0.2 0.792 ± 0.00 0.62 ± 0.00 7.56 ± 0.11 

23.50 14.0 ± 0.2 0.788 ± 0.00 0.66 ± 0.01 7.29 ± 0.09 

47.75 14.1 ± 0.3 0.790 ± 0.00 0.64 ± 0.01 7.14 ± 0.12 

72.50 14.6 ± 0.3 0.790 ± 0.01 0.62 ± 0.01 7.17 ± 0.12 

96.00 14.4 ± 0.4 0.789 ± 0.01 0.63 ± 0.01 7.15 ± 0.31 

168.0 14.4 ± 0.1 0.789 ± 0.00 0.63 ± 0.01 7.14 ± 0.14 

194.0 13.9 ± 0.4 0.787 ± 0.00 0.63 ± 0.01 6.87 ± 0.08 

218.0 13.7 ± 0.3 0.787 ± 0.01 0.62 ± 0.02 6.71 ± 0.12 

240.0 14.0 ± 0.3 0.767 ± 0.04 0.64 ± 0.04 6.87 ± 0.16 

264.0 13.1 ± 0.3 0.784 ± 0.01 0.61 ± 0.01 6.23 ± 0.12 

337.0 13.8 ± 0.2 0.782 ± 0.00 0.61 ± 0.02 6.56 ± 0.13 

361.0 14.1 ± 0.5 0.785 ± 0.01 0.62 ± 0.01 6.82 ± 0.29 

385.0 14.1 ± 0.6 0.787 ± 0.01 0.60 ± 0.03 6.66 ± 0.14 

Average Cell No.: 6 cells / Device Area: 0.1 cm2/ Inverted devices 

Table B4: Device characteristics of PPDT2FBT:PC61BM devices aging at 85 °C under dark nitrogen 
conditions. 

Aging (hr) JSC (mA cm-2) VOC (V) FF PCE (%) 

0 14.6 ± 0.4 0.775 ± 0.01 0.57 ± 0.02 6.39 ± 0.13 

1 14.7 ± 0.4 0.783 ± 0.01 0.60 ± 0.01 6.83 ± 0.19 

3 15.3 ± 0.9 0.784 ± 0.00 0.60 ± 0.01 7.15 ± 0.50 

21 16.1 ± 0.8 0.777 ± 0.00 0.58 ± 0.02 7.18 ± 0.41 

44 16.1 ± 0.3 0.781 ± 0.00 0.59 ± 0.01 7.37 ± 0.22 

67 15.4 ± 0.3 0.775 ± 0.00 0.56 ± 0.01 6.64 ± 0.05 

131 15.5 ± 0.9 0.775 ± 0.00 0.56 ± 0.02 6.69 ± 0.27 

154 14.1 ± 0.7 0.776 ± 0.01 0.55 ± 0.02 5.96 ± 0.30 

174 14.2 ± 0.6 0.753 ± 0.06 0.57 ± 0.06 6.05 ± 0.28 

222 14.1 ± 0.5 0.780 ± 0.00 0.56 ± 0.01 6.15 ± 0.30 

293 12.9 ± 0.3 0.778 ± 0.00 0.54 ± 0.01 5.44 ± 0.20 

323 12.4 ± 0.6 0.780 ± 0.00 0.56 ± 0.01 5.39 ± 0.23 

344 13.0 ± 0.7 0.756 ± 0.05 0.54 ± 0.01 5.28 ± 0.50 

366 13.4 ± 0.5 0.781 ± 0.00 0.53 ± 0.01 5.52 ± 0.22 

388 12.5 ± 0.7 0.773 ± 0.01 0.53 ± 0.02 5.10 ± 0.15 
Average Cell No.: 6 cells / Device Area: 0.1 cm2/ Inverted devices 
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B.6. Square-wave results 

 

Figure B1: Oxidation square-wave curve of PPDT2FBT (LEFT), as well as Reduction square-wave 
curves of PPDT2FBT, PC61BM, PC71BM, C60, and C70 (RIGHT). 

B.7. Solar simulation light curves 

    

Figure B2: Light current-density / Voltage (JV) curve of PPDT2FBT:PC61BM (1:2) (LEFT), 
PPDT2FBT:PC61BM:C60 (1:1.9:0.1) (MIDDLE) & PPDT2FBT:PC61BM:C70 (1:1.9:0.1) (RIGHT) after 
experiencing different heating conditions, prior/post to MoOX/Al deposition. 

B.8. Scanning electron microscopy images 

 

Figure B3: Scanning electron microscopy images of the PPDT2FBT:PC61BM surface after 24 hours at 
120 °C with marked locations of Auger electron spectroscopy was measured. 
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B.9. Auger electron spectroscopy spectra 

 

Figure B4: Raw Auger electron spectra of 3 positions (five different point scans per position). 
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Figure B5: Auger electron spectroscopy scans of 3 positions (five-point scan areas per position). 
Spectra has been smoothed (9-point Savitzky-Golay) and derived (5-point). 
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Table B5: Device characteristics of PPDT2FBT:Fullerene devices aging at 120 °C under dark nitrogen 
conditions. 

PPDT2FBT:PC61BM (1:2) 

Aging (hr) JSC (mA cm-2) VOC (V) FF PCE (%) 

0.00 13.8 ± 0.4 0.78 ± 0.00 0.61 ± 0.02 6.52 ± 0.26 

1.00 14.9 ± 0.3 0.78 ± 0.00 0.57 ± 0.00 6.56 ± 0.14 

4.00 13.7 ± 0.3 0.78 ± 0.01 0.52 ± 0.01 5.49 ± 0.12 

24.00 6.3 ± 0.4 0.84 ± 0.02 0.42 ± 0.01 2.22 ± 0.08 

42.00 5.7 ± 0.6 0.84 ± 0.02 0.41 ± 0.02 1.98 ± 0.21 

66.50 5.5 ± 0.1 0.84 ± 0.00 0.40 ± 0.01 1.83 ± 0.11 

137.00 4.5 ± 0.3 0.84 ± 0.07 0.37 ± 0.03 1.38 ± 0.04 

155.50 5.0 ± 0.4 0.83 ± 0.01 0.37 ± 0.00 1.54 ± 0.11 

180.50 4.7 ± 0.4 0.83 ± 0.01 0.37 ± 0.02 1.46 ± 0.13 

PPDT2FBT:PC61BM:C60 (1:1.9:0.1) 
Aging (hr) JSC (mA cm-2) VOC (V) FF PCE (%) 

0.00 15.6 ± 1.1 0.76 ± 0.01 0.57 ± 0.01 6.72 ± 0.24 

1.00 14.0 ± 0.9 0.74 ± 0.02 0.49 ± 0.02 5.02 ± 0.22 

4.00 10.7 ± 0.4 0.80 ± 0.01 0.47 ± 0.01 4.00 ± 0.08 

24.00 7.9 ± 0.2 0.80 ± 0.02 0.45 ± 0.01 2.84 ± 0.11 

45.25 7.1 ± 0.3 0.81 ± 0.02 0.43 ± 0.01 2.51 ± 0.03 

PPDT2FBT:PC61BM:C70 (1:1.9:0.1) 
Aging (hr) JSC (mA cm-2) VOC (V) FF PCE (%) 

0.00 14.7 ± 0.6 0.74 ± 0.00 0.54 ± 0.02 5.82 ± 0.07 

1.00 14.9 ± 0.3 0.74 ± 0.01 0.54 ± 0.01 5.92 ± 0.06 

4.00 13.7 ± 0.6 0.73 ± 0.01 0.52 ± 0.01 5.20 ± 0.19 

24.00 9.3 ± 0.7 0.74 ± 0.03 0.47 ± 0.01 3.22 ± 0.25 

42.00 7.3 ± 0.6 0.78 ± 0.02 0.44 ± 0.01 2.50 ± 0.18 

66.50 6.8 ± 0.3 0.79 ± 0.01 0.41 ± 0.01 2.21 ± 0.10 

137.00 6.0 ± 0.3 0.81 ± 0.01 0.39 ± 0.02 1.90 ± 0.14 

155.50 6.0 ± 0.1 0.80 ± 0.01 0.40 ± 0.01 1.92 ± 0.07 

180.50 6.0 ± 0.3 0.80 ± 0.01 0.40 ± 0.02 1.90 ± 0.13 
Average Cell No.: 6 cells / Device Area: 0.1 cm2/ Inverted devices 
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Appendix C – Methodology and theoretical calculations 

This appendix contains supportive information Chapters 5 – 7, in connection with the methodology 

and theoretical calculations. This includes the equation used determining the theoretical wet and 

dry film thickness from slot-die coating and sample preparation and measurement with the 

implementation of the Dynamic mechanical thermal analysis technique. 

C.1. Active layer material synthesis 

Polymer TQ1 was synthesised according to literature [1]. The monomers were purchased from 

Solarmer® and were purified by recrystallisation before polymerisation. 5,8-dibromo-2,3-bis(3-

(octyloxy)phenyl)quinoxaline (12.271 g, 17.616 mmol) and 2,5-bis(trimethylstannyl)thiophene 

(7.218 g, 17.616 mmol) were dissolved in freshly distilled and pre-degassed toluene (190 mL) and 

further N2 gas bubbled for another 30 min after the addition of the monomers. 

tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) (0.21 g, 0.229 mmol) and tri(o -

tolyl)phosphine (0.42 g, 1.374 mmol) were added to the mixture that was further bubbled with N2 

for another 10 minutes. The reaction flask was immersed to an oil bath that was preheated to 100 

°C and the reaction was allowed to go for two days.  

Then the reaction mixture was poured into 700 mL of ethanol and allowed to stir for a few hours to 

precipitate the polymer. The solids were filtered and washed with ethanol and acetone. The 

collected solids were re-dissolved in 500 mL of toluene at 85 °C for 2 h. The solution was passed 

through a short pad of silica gel to remove the residual catalysts, then precipitated into 2 L of 

acetone. The dark blue solid was collected using a suction filtration setup with a 0.45 µm PTFE 

membrane and dried in a vacuum oven. Yield: 10.486 g (95.5%). The molecular weight of TQ1 was 

determined via Gel Permeation Chromatography using trichlorobenzene at 150 °C, giving a 

number average molecular weight (Mn) of 52.6 kg/mol with a PDI of 3.29 relative to polystyrene 

standards. 

C.2. Slot-die theoretical thickness 

To determine the theoretical thickness of the specific layers coated via slot-die coating, the 

following equations were employed: 

𝑑𝑤𝑒𝑡 =
𝑓

𝑆 𝑤
      (C1) 

𝑑𝑑𝑟𝑦 =
𝑓

𝑆 𝑤

𝑐

𝜌
      (C2) 

Where d is the thickness (cm), f is the flow rate (cm3 min-1), S is the drum rotation speed (cm min-

1), w is the meniscus guide width (cm), c is the solid content in the ink (g cm-3) and ρ is the density 

of the dried material [2, 3].  
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The estimated material density polymer to be 1.0 g mL-1, while the densities for PC61BM & C60 are 

1.5 g mL-1 [4] and 1.68 g mL-1 [5] respectively. The material densities of PC71BM & C70 are similar 

to PC61BM & C60 respectively. 

C.3. Dynamic mechanical thermal analysis 

The blend solutions used were the same as the ones used for solar cell fabrication. The prepared 

samples were dried under high vacuum of approximately 6 × 10-7 torr overnight. The 

measurements were performed in a strain-controlled tension mode at a heating rate of 3 °C min-1 

from −110 to 300 °C under a nitrogen atmosphere at a frequency of 1 Hz. Short-time (30 min) 

annealing of samples was done in the DMA instrument under a nitrogen atmosphere for 30 min. 

Whereas long-time (from 1 hour to 1 week) annealing of the sample was done on a hotplate under 

dark, nitrogen conditions. The storage modulus (E′), loss modulus (E”) and Tan δ were recorded as 

a function of temperature for each sample. 
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Appendix D – Raw spectroscopy, microscopy, and analysis data 

In this appendix is the supporting data gathered for chapters 5-7.The data includes images 

measured from atomic force microscopy (AFM) and scanning electron Microscopy (SEM) images 

taken from the Auger electron spectroscopy (AES) instrument prior to spectrum scans. The 

appendix also includes raw data taken from Photo charge extraction by linearly increasing voltage 

(photo-CELIV), transient photovoltage (TPV) and time-resolved charge extraction (TRCE) for 

charge carrier dynamics, as well as raw AES spectra for elemental composition investigation.  

D.1. Atomic Force Microscopy 

 

Figure D1: Atomic force microscopy images of surface of PPDT2FBT:PC61BM a), with the addition of 
either 1.0% w/w PP b), 0.1% w/w BP c) or 1.0% w/w PAN d). 
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D.2. Scanning Electron Microscopy images from Auger Electron Spectroscopy 
samples 

 

Figure D2: Scanning electron microscopy images of the PPDT2FBT:PC61BM surface after 8 hours at 
120 °C with marked locations of Auger electron spectroscopy was measured. Position 1 & 2 is the 
spot scan location over the short and long crystals, respectively, while position 3 is over the surface 
of the BHJ.  
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Figure D3: Scanning electron microscopy images of the PPDT2FBT:PC61BM surface after 6 months at 
85 °C with marked locations of Auger electron spectroscopy was measured. Position 1 is the surface 
of the BHJ, while position 2 & 3 is the spot scan location of the flat surface feature. 

 

D.3. Auger Electron Spectra of surface features present on thermally aged 
PPDT2FBT:PC61BM BHJ 

 

Figure D4: Auger electron spectra of PPDT2FBT:PC61BM surface after 8 hours at 120 °C with marked 
locations of Auger electron spectroscopy was measured. Position 1 & 2 is the spot scan location 
over the short and long crystals, respectively, while position 3 is over the surface of the BHJ. 
Position locations can be seen in Figure D2. 
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Figure D5: Auger electron spectra of PPDT2FBT:PC61BM surface after 8 hours at 120 °C with marked 
locations of Auger electron spectroscopy was measured. Position 1 & 2 is the spot scan location 
over the short and long crystals, respectively, while position 3 is over the surface of the BHJ. 
Position locations can be seen in Figure D3. 
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D.4. Charge carrier dynamics of inverted PPDT2FBT:PC61BM devices 

 

Figure D6: Photo-CELIV results for inverted slot-die fabricated PPDT2FBT:PC61BM devices, with and 
without solid additives. Additives include neat C70, PP, BP, and PAN. 
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Figure D7: : Transient photovoltage results for inverted slot-die fabricated PPDT2FBT:PC61BM 
devices, with and without solid additives. Additives include neat C70, PP, BP, and PAN. 
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Figure D8: Time-resolved current extraction results for inverted slot-die fabricated 
PPDT2FBT:PC61BM devices, with and without solid additives. Additives include neat C70, PP, BP, and 
PAN. 
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