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ABSTRACT 

Closing the Lab-to-Fab Gap with Inkjet-Printed Organic Photovoltaics  

 

Khulud Almasabi 

Inkjet printing promises to be an invaluable technique for processing organic solar cells 

with key advantages such as low material consumption, freedom of design and 

compatibility with different types of flexible substrates making it suitable for large-area 

production. However, one concern about inkjet printed organic solar cells is the common 

use of chlorinated solvents during the ink formulation process. While chlorinated solvents 

suit the inkjet printing process due to their high boiling points, suitable viscosity, and 

excellent solubility of organic donor and acceptor compounds, they still pose some risks 

for both human health and the environment, excluding them from being the ultimate choice 

for large-area production. 

As a step towards commercialization of OPV, we demonstrated the possibility to close the 

laboratory to fabrication gap, through the engineering of environmentally friendly inks, 

using a blend of non-halogenated benzene derivatives solvents optimized to meet the 

viscosity and surface tension requirements for the inkjet printing process.  

Starting from using the non-fullerene acceptor O-IDTBR combined with the commercially 

available donor polymer P3HT we obtained solar cell device with efficiency up to 4.73% 

- the best efficiency achieved by the P3HT:O-IDTBR system processed with all non-

halogenated solvents via inkjet printing. We also delivered highly transparent active layer 
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with device power conversion efficiency of up to 10% with a highly efficient blend of 

polymer donor PTB7-Th in combination with the ultranarrow band gap NFA IEICO-4F, 

using hydrocarbons solvent. 

Lastly, we demonstrated both high efficiency, transparency, and stability by presenting a 

novel approach based on NFAs consisting of lowering the donor:acceptor ratio in the 

photoactive layer ink formulations, resulting in more stable devices with comparable power 

conversion efficiencies to those achieved by lab methods.   

This breakthrough in ink engineering paves the way in closing the lab-to-fab gap in organic 

photovoltaic using the low-cost, high throughput inkjet printing technology while 

considering both environmental and health-conscious mass production and device stability 

of organic photovoltaics. 
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This chapter introduces the fundamentals and working principles of organic photovoltaics 

(OPVs). After a brief introduction on photovoltaic effect and the photovoltaic technology 

classification. The history of OPVs will be touched upon with their advantages, introducing 

the Bulk heterojunction (BHJ) concept, which is the recently adopted concept in OPV 

fabrication, the solar cells structures, the working principle of the BHJ and the solar cells 

efficiency characterization will be summarized.   

Exploiting one of the most important advantages of organic semiconductor devices, which 

is the solution processability with different coating and printing techniques. Some of the 

most commonly used methods in OPV production will be discussed briefly, as well as the 

solvents and the materials used for formulating organic solar cells photoactive layers 

solutions. Finally, the motivation and objectives of this thesis will be introduced, with a 

brief overview of all chapters. 
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Chapter 1: Introduction 

The continuous increment of world population through the years has led to a vast rise in 

energy demand. Where, oil, gas, and coal have been the primary sources for generating 

energy over the past decades, there has been a need to utilize sustainable sources of energy. 

Moreover, the increasing concerns about climate change and other related environmental 

and health issues are motivating the research in the clean energy field. Thus, there is an 

urgency for sustainable alternative energy sources that meet the current environmental and 

energy demand challenges. Therefore, the development of renewable, clean, and 

economical energy harvesting technologies is crucial [1][2]. 

Photovoltaics (PVs) is one of the driving forces of modern sustainable energy and have the 

potential to meet the increasing energy demand by allowing the conversion of solar 

radiation into useful electrical energy. To put the process in simple terms, using 

semiconducting materials, a photoelectric effect can occur, allowing photons to knock 

electrons free from the atoms, and when these free electrons are captured, they will result 

in an electric current, generating electricity. This photoelectric effect was observed for the 

first time by Becquerel in 1839, which is then explained further by Einstein along with his 

description on the nature of light which is the base for his Nobel prize in Physics in 1921 

[3][4]. 

1.1 Solar radiations and Photovoltaic effect  

The Photovoltaic effect allows the direct conversion of sunlight into electricity. In 

photovoltaics (PVs), the conversion of energy is based on the principle that when the solar 
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cell is illuminated by sunlight, it will create a photovoltaic effect generating electricity. 

However, for this effect to successfully occur, understanding the relationship between 

photon energy, material property, and electrical generation in solar cells is needed. 

Solar Electromagnetic radiations are composed of massless quanta of energy called 

photons. These radiations can be categorized according to their wavelength (λ), frequency 

(ν), and energy (E).  

 

 

 

 

 

 

 

Figure 1 Electromagnetic spectrum in the range between microwaves and gamma rays. [5] 

 

The electromagnetic spectrum (Figure 1) Shows the optical region, which is the region of 

interest for solar energy conversion. The optical region starts from the long-wavelength 

ultraviolet region (UV), the visible-light region ranges between λ = 0.4–0.7 µm to the 

shorter-wavelength infrared region (IR). 
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However, it is worth noting that for OPV applications, its desirable to have a material that 

can absorb as strongly and broadly as possible across the solar spectrum [6]. 

1.1.1 Photovoltaic effect in semiconductor solar cells 

Utilizing semiconductors properties in solar cells, grants the ability to absorb photons from 

solar radiation in which, these photon energies will excite electrons to move from valence 

band across the bandgap to a higher unoccupied band (conduction band), resulting in a free 

electron-hole pairs (Figure 2), these pairs are then extracted resulting in an electrical power. 

Noting that for this process to occur, the incoming photon must have a minimum energy 

value that is equivalent to the energy of the bandgap, in order to excite the electrons up to 

the conduction band. 

 

 

 

 

 

 

 

Figure 2 Photovoltaic effect, absorbed photons with sufficient energy excites electrons to move 

from valence band across the bandgap to the conduction band [7]  
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1.2. Photovoltaic technologies: classifications 

Photovoltaic cells are classified into three main generations. Conventional solar cells (first 

generation) are based on crystalline silicon, despite the high-power conversion efficiency 

of silicon solar cells, they present some drawbacks, such as high processing costs for 

purification and manufacturing of the wafers, the toxicity of substances used and produced 

during manufacturing, besides their bulky, rigid nature which all in all limits their 

applications. Other semiconducting materials based on thin-film PV technologies (second 

generation) such as gallium-arsenide (GaAs), cadmium-telluride (CdTe), and cadmium-

indium-selenide (CIS) have attracted attention due to being more applicable for solar 

panels on spacecraft due to their lightweight, lower cost and lower material consumption. 

However, these materials are based on toxic chemicals, like cadmium and arsenic making 

them not ideal for PV production [6].  

In the last decades, scientific research was directed towards the next generation of 

emerging photovoltaic technologies, raising hopes on commerciality and availability of 

material used, easier processability and scalability. Between these photovoltaic 

technologies, organic photovoltaics (OPV) is an attractive candidate with remarkable 

improvements in the device efficiencies 16% reported in Science China, and reaching 

16.5% for single junction – certified – (Figure 3), 16% reported in Science China and over 

17% for tandem cells (Meng et al., 2018)[8][9][10]. 

 

 



22 
  

 

 

 

 

 

 

 

 

 

 

Figure 3 Research Cell Efficiency of different technologies collected by NREL (The National 

Center for Photovoltaics) [11] 

1.2.1 Organic Photovoltaics  

Organic Photovoltaics (OPVs) as one of the emerging photovoltaic technologies are an 

attractive energy source that gained tremendous attention in recent years. Owing to their 

novel properties, from providing a low-energy-production photovoltaic (PV) solution, as a 

result of their low-material consumption and their compatibility with low-temperature 

solution printing and coating techniques which makes the production of low cost, 

lightweight, semi-transparent and flexible OPV devices possible [12].   

Organic photovoltaic active layers are composed of organic semiconducting materials, 

where the term organic indicates that these materials are carbon-based. The most used 

organic semiconducting materials in the photoactive layer of OPVs can be classified into 



23 
  

 

two main groups which are polymers and small molecules, where both groups have 

conjugated π-electrons in common as part of their electronic structure, where the 

delocalized electrons in those orbitals are the ones responsible for their semiconducting 

properties. 

In inorganic semiconductors, atoms are obeying the typical band theory where atoms are 

connected by covalent bonds. The conduction band is almost empty, while the valence 

band is almost full and the transfer of electrons from the valence to conduction band 

determines the semiconducting behavior. (Figure 4 a). However, in Organic 

semiconductors, occupied and unoccupied molecular orbitals (MOs) are not closely 

packed, and the energy level diagram representations (Figure 4 b). 

 

Figure 4 Energetics for (a) inorganic semiconductors and (b) organic semiconductors. 

For organic semiconductors, the charge transfer occurs between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied orbital (LUMO), rather than valence 

and conduction band. Where hole transport happens in the HOMO level, caused by the 

overlapping molecular π-orbitals and the electron transport happen in the LUMO as a result 
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of the overlap between the anti-bonding π-orbitals (π*). Defining the band gap Eg, as the 

energy required to transfer an electron from the HOMO level to the LUMO level.  

However, the absence of energy bands in organic materials has its drawback as it results in 

a narrower absorption profile compared to their inorganic counterpart, and the charge 

transport mechanism is based on hopping of charges between localized states resulting in 

a low charge carrier mobilities.  

Furthermore, the excitation of the electrons in organic semiconducting materials forms a 

strongly bound electron-hole pair, localized in the same molecule called Frenkel exciton. 

This exciton has binding energy in the range of 0.2-0.4 eV and has a low dielectric constant 

(2-4) lowering the probability to free the charges upon light absorption [12][13] . 

1.2.1.1 Bulk Heterojunction  

With the development of solution-processed bulk heterojunction (BHJ) concept by 

Heeger’s group in 1995, the limitation of small exciton diffusion length which caused 

charges to recombine before reaching the interface was solved by blending donor and 

acceptor materials (Figure 5). Minimizing the distance 

that the exciton should overcome to reach the donor-

acceptor interface. This BHJ structure is the most 

commonly used up to date and has been showing to result 

in generating higher photocurrent, enhancing the photon 

absorption and the carrier transport of the photoactive 

layers [14][15]. 

 Figure 5 Structure of a bulk 

heterojunction solar cell [15]. 
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Figure 6 Standard bulk heterojunction device architecture, inverted architecture, tandem 

geometry from left to right [16].  

1.3 Organic photovoltaic working principle 

1.3.1 Basic processes 

The fundamental processes occurring in BHJ photovoltaic cells upon radiation can be 

broken down into four key processes (Figure 7). 

 

 

 

 

 

Figure 7 Key processes occurring in BHJ upon radiation [15][17]  

• Exciton formation resulted by photon absorption, assuming the incident photons have 

sufficient energy. 
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• Exciton diffusion to the donor-acceptor interface within its lifetime, for sufficient 

absorption and dissociation at the interface. 

• Exciton dissociation where electron-hole pair are separated due to the electrical field. 

Electrons are transferred to an electron acceptor from electron donor material in the charge 

separation process. 

• Charge transport and collection a photocurrent is generated in OPV cell when the holes 

and electrons move to the corresponding electrodes and collected [16][17][18].  

1.3.2 Characterization of organic solar cell 

Analyzing the fourth quadrant of the current-voltage (J-V) curve, important device 

performance parameters can be determined such as Open Circuit Voltage (𝑉𝑜𝑐), Short 

Circuit Current (𝐽𝑠𝑐) and Fill Factor (FF). 𝑉𝑜𝑐 is defined as the maximum voltage when 

there is zero current flowing through the solar cell. 𝐽𝑠𝑐 is the current available when there 

is zero voltage flowing across the solar cell. FF is defined as the ratio between the 

maximum power point (MPP) (The point where the product of the current and voltage is 

maximum) to the product of 𝑉𝑜𝑐 and 𝐽𝑠𝑐,  

                                                          FF = 
𝐽 𝑀𝑃𝑃.𝑉𝑀𝑃𝑃

𝐽𝑠𝑐.𝑉𝑜𝑐
                                                     (1.1) 

FF describes how close the J-V curve is close to a rectangular shape and is an indication of 

how quickly the photocurrent decreases while increasing the photovoltage. 
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Figure 8 J‐V curves of a solar cell under dark and illumination conditions [19]. 

Dividing the maximum power by the optical input power gives the power conversion 

efficiency (PCE),  

                                             PCE = 
𝐽 𝑀𝑃𝑃.𝑉𝑀𝑃𝑃

𝑃𝑖𝑛
 = 

𝐹𝐹.𝐽𝑠𝑐.𝑉𝑜𝑐

𝑃𝑖𝑛
                                              (1.2) 

Where for a standard characterization, the optical input power (𝑃𝑖𝑛) is defined as the 

incident light intensity of 100 mW/cm2 with an air mass 1.5 global spectrum (AM 1.5G) 

also referred to as “1 sun” and used at a temperature of 25 °C [21]. 

1.4 Processability of organic solar cells, Materials and solvents selection 

Processability of organic solar cells by different printing and coating methods, is one of 

the key advantages compared to inorganic counterparts, lowering both the production costs 

and material consumption. Meanwhile, controlling the layer thicknesses and making 

durable and stable devices. 
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1.4 Processability of organic solar cells, Materials and solvents selection 

Processability of organic solar cells by different printing and coating methods is one of the 

key advantages compared to inorganic counterparts, lowering both the production costs 

and material consumption. Meanwhile, controlling the layer thicknesses and making 

durable and stable devices. 

1.4.1 Coating and Printing Techniques  

 

 

 

 

 

 

Figure 9  Some of the most commonly used coating and printing techniques for organic solar 

cells production. 

Spin Coating is one of the most commonly used techniques in organic electronics, with the 

advantage of high-speed processing, it is also a low-cost technique, it allows the deposition 

of multilayered materials and the control of the film thicknesses by a combination of 

spinning speed, time, solutions viscosity and volume (Figure 10 a). 

However, there are some drawbacks for this technique, such as the high material losses 

(>90%), the limitation of substrates size (6-8 inches) which makes it incompatible with 
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roll-to-roll processing, the sensitivity to environmental conditions and the fact that this 

technique does not allow patterning of the films which is crucial for some applications. 

Doctor Blading (Figure 10 b) was demonstrated to overcome some of the disadvantages of 

Spin Coating, even though both techniques are comparable in terms of instrument operation 

and costs, and ink formulation requirements. Doctor Blading minimizes the solution loss 

to less than ~5%. And compared to Spin Coating, it is transferable for roll-to-roll 

production. 

 

 

 

 

Figure 10 A schematic illustration of Spin Coating (a) and Doctor Blade Coating (b) [20]  

Parameters determining the film formation here are, the solution viscosity, speed of the 

blade, defined as the distance between the substrate and the blade as well as the temperature 

which all contribute to the film drying kinetics.  

However, no structuring or patterning is allowed with Doctor Blading; therefore patterning 

method is necessary. Beside other coating and printing techniques (Figure 9), two coating 

techniques have been found useful for roll-to-roll polymer solar cells production, which 

are Slot-die Coating and Knife Coating (Figure 11) Where it has been proven that Doctor 

Blading laboratory results are transferable quite easily to roll-to-roll production using Knife 

Coating technique.  

b. a. 
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Figure 11 A schematic illustration of knife coating (left) and Slot-die coating (right) [21] 

 

For the case of Slot-die Coating, the method had the advantage of giving the possibility to 

coat well-defined stripes along the coating direction. And was the only film-forming 

technique allowing one-dimensional patterning enabling this technique to be used for 

polymer solar cells production. 

Differently, Ink-jet Printing has been growing in popularity for organic solar cells 

production, allowing two-dimensional patterning addressing each pixel generating high 

resolution, low throughput films.  

With advantages such as being a low-cost production technique, requiring smaller amounts 

of materials and giving the possibility and flexibility in designing and patterning, inkjet 

printing promises to be an invaluable technique for OPV production. Another attraction for 

this technique is that it could be integrated easily in roll-to-roll processes for industrial 

upscale applications. And as the processing technique of choice for this work, we will 

discuss this method in detail in the next chapter [21]. 
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1.4.2 Photoactive Materials 

Organic photovoltaic (OPV) cells are composed of several layers. As discussed before, the 

photoactive layer in bulk heterojunction is made of a mixture of a donor and acceptor 

materials, formulated as active solutions that are then coated or printed, resulting in the 

photoactive layer.  

Traditionally, organic photovoltaic active materials are conjugated polymers or small 

molecule donor materials in combination with fullerene derivatives acceptors. 

However, nowadays the chemistry is open with more materials such as the non-fullerene 

acceptors (NFAs) which is where recently a lot of research has been going leading to 

significant improvements in the power conversion efficiencies (PCE) (Figure 12) Showing 

the chemical structures of some molecules used as electron-donors and electron-acceptors 

in OPV [22][17].  

 

 

 

 

 

 

 

 

Figure 12 Chemical structures of illustrative molecules used as electron-donors and electron-

acceptors in organic solar cells. 
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1.4.3 Solvents  

Some of the most commonly used solvents and additives for formulating the active solutions 

are based on Chlorobenzene (CB), Dichlorobenzene (DCB) and Chloroform (CF). Those 

chlorinated solvents in combination with other additives have been showing good solubility for 

the donor-acceptor materials and resulting in a high PCE, which is the reason why researchers 

preferred using them [23]. 

1.5 Motivation, Objectives and Chapters 

One of the drawbacks of organic photovoltaic technology for real-world application is that most 

of record efficiencies were achieved for devices processed from chlorinated, i.e. toxic, solvents 

such as CB, DCB, and CF as mentioned earlier. This is one of the major contributors in 

increasing the production costs, besides them posing some environmental and health concerns. 

Therefore, there is a need to find alternative hydrocarbons for OPV production utilizing their 

processability with low-cost, and eco-friendly coating and printing techniques.   

Inkjet printing promises to be an invaluable processing technique with key advantages such as 

low material consumption, freedom of design, and compatibility with different types of flexible 

substrates, making it suitable for large-area production.  

However, using the conventional Polymer:Fullerene as the photoactive materials, limits the 

ability to upscale when changing the coating technique. In fact, the transformation in the coating 

method leads to a noticeable change in device performance. (Figure 13) shows the device 

performance drop by pointing the highest achieved power conversion efficiency reported in 

literature using different coating techniques [24-38]. 
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Figure 13 A comparison between power conversion efficiencies achieved using 

Polymer:Fullerene based photoactive solutions using different coating techniques. P3HT:PCBM 

data are acquired from [24-32] , PTB7-Th:PCBM data are from [33-38]. 

As known, the three key parameters of a successful OPV research is concerned with cost, 

efficiency and stability. Hence, efforts of the research community are going on boosting the 

power conversion efficiency while lowering the overall production costs and maintaining the 

device stabilities. 

Thus, this work demonstrated the engineering of environmentally friendly inks using a blend of 

non-halogenated benzene derivatives solvents optimized to meet the inkjet printing process 

requirements. Using different commercially available donors and non-fullerene acceptors 

(P3HT:O-IDTBR, PTB7-Th:IEICO-4F) contributing in both boosting the device performance 

and increasing device stability, yielding in high efficiencies comparable with the ones obtained 

using different processing techniques, paving the way of closing the lab to fab gap in organic 

photovoltaic using the low-cost, high throughput inkjet printing technology. 

The following chapter will discuss the theoretical framework of inkjet printing technology, the 

working principle of printing and then focus on the Piezoelectric drop-on-demand system, 
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which is the system used in this work. Then, we will give an overview of inkjet printing for 

photovoltaic applications, ink engineering, and the use of NFAs as well as halogen-free 

solvents. Finally, the printability requirements and challenges will be presented, from jetting 

and drop to substrate interaction to drop spacing and line formation. 

The third chapter will be on Materials and Methods, showing the chemical structures of the 

donor-acceptor compounds as well as the green solvents used in this thesis, the solar cells 

structure and the energy levels of the different layers. An overview of the deposition technique 

(inkjet printer used), printability analysis, as well as printing optimization, will be mentioned. 

Finally, solar cell fabrication steps and the different characterization techniques used for this 

work will be stated. 

The fourth chapter will be focus on results and discussion, starting from the screening of a 

variety of solvents, and measuring their rheological properties such as viscosity, surface tension, 

in order to calculate their Z number for constructing the printability chart. Followed by 

optimization of all waveform, drop spacing and temperature, starting with P3HT:O-IDTBR 

which was tested with different halogen-free solvents, and ending with the highly efficient 

PTB7-Th:IEICO-4F system, and finally, presenting a novel approach for producing more stable 

devices. 

The last chapter will include conclusions and future perspectives, showing some of our ongoing 

work, including a promising initial result on the use of AgNWs as a transparent top electrode, 

and HSP analysis, where we plan to utilize it in finding greener solvents alternatives that meet 

the solubility requirements. 
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Chapter 2: Theoretical Framework of Inkjet printing technology 

Printed electronics bridges between two fields, allowing the fabrication of inexpensive 

electronic components using simple methodologies such as different printing techniques. Some 

advantages of the utilization of these printing techniques include the precision and flexibility, 

the freedom of shape, the high processing speed, the ease of customization, reducing 

manufacturing costs, and offering the possibility of printing on inexpensive, flexible substrates 

such as plastic and paper.  

Between those, inkjet printing using functional inks as an alternative for other coating methods 

offers many possibilities for new developments and is promising in the field of electronic 

applications such as OPVs, Organic thin-film transistors (OTFTs), Organic light-emitting 

diodes (OLEDs), sensing and other practical applications.  

2.1 Inkjet printing technology  

In 1878, Lord Rayleigh described the physics behind inkjet for the first time, studying the 

mechanism of the liquid jets’ instability.  

Later on, in the early 1960s at Stanford University, a model has been developed by Sweet, 

assuming that the trajectory of the ejected droplets can be electrostatically controlled through 

the application of an external electric field, and called this process, continuous inkjet (CIJ).  

A few years later, the drop-on-demand (DOD) model was proposed by Zoltan, Kyser, and Sears 

in 1972. Where a single droplet is formed and detached by each nozzle of the printhead’s. By 
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the 1990s inkjet became a daily used technology, that led to the development of different 

printing systems (Figure 14). 

 

 

 

 

 

Figure 14 Inkjet printing technology. 

2.2 Inkjet printing working principle 

Inkjet printing is based on the formation and ejection of ink droplets, where those droplets are 

released under variation of an external set of pressure in the printhead cavity and through the 

nozzles. The ejection of this ink depends on rheological parameters such as surface tension, 

viscosity, and density of the used ink.  

The printing resolution can be up to 20 µm depending on the diameter of the nozzle, surface 

energy of the substrate and the drop spacing (spacing between one drop to the subsequent drop). 

2.2.1 Continuous inkjet printing (CIJ) 

CIJ printing technology occurs through the generation and ejection of continuous droplets. 

Whereas offering industrial advantages, such as good resolution of the printed layers (down to 

50 µm), high ejection frequency subsequent to a high printing speed, and good printing stability; 

where there is no clogging of the nozzles during the printing process. This technique has its own 

drawbacks that makes it unfavorable for printed electronics, from limitations of the ink 
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properties to the design and customization restrictions; due to the difficulty of producing 

complex designs with a continuous ejection of the drops.  

2.2.2 Drop-on-demand inkjet printing (DOD) 

DOD inkjet printer creates individual droplets when needed by pressure pulses at the precise 

spot. In contrast to CIJ, this technique provides higher accuracy in droplet deposition and allows 

the ability of producing complex design with higher resolution. 

DOD inkjet printing technique is divided into four categories, which are: piezoelectric, thermal, 

electrostatic, and acoustic inkjet printing (Figure 15). With Piezoelectric and thermal being the 

most adopted ones in both industry and laboratories.   

 

 

 

 

 

 

 

 

 

 

 

Figure 15 Drop-on-demand Inkjet-printing ejection mechanisms: (a) Thermal; (b) piezoelectric; 

(c) electrostatic; (d) is acoustic inkjet printing [40]  
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In both cases, the ejection of the functional inks is based on a regular pulse pressure applied to 

the printing nozzles. This pressure is generated by either mechanical deformation of the 

piezoelectric transducer (PZT) for the piezoelectric inkjet printing or by the collapse of thermal 

bubbles generated by the heating of the ink reservoir for the case of thermal inkjet printing. With 

the preference of Piezoelectric inkjet printing technique on Thermal inkjet printing for research 

application, due to the wider functional ink variety and the ability to control drop size and 

velocity with simple adjustments on the pulse voltage for the case of Piezoelectric DOD 

technique. 

The Piezoelectric inkjet printing nozzles can generate droplets volume of a few picolitres with 

printing resolution down to 20 µm. Several companies developed inkjet printers using this 

technology, where parameters such as the voltage applied, drop spacing, the waveform and the 

temperature of the print-head and printing bed can be tuned with ease and flexibility [39]. 

2.3 Inkjet printing for Photovoltaic applications  

It is essential for inkjet printing for photovoltaic applications to consider uniformity of the 

printed films, where large homogenous – pinhole-free – coated layers are a requirement for 

achieving higher power conversion efficiencies in these devices.  

Inkjet printing provides a low-cost processing, low material consumption, the advantage of 

being a mask-less and contact-free process that utilizes digital print patterns modification and 

freedom of design. Inkjet printing demonstrates the possibility to generate active layer 

morphologies having comparable performance to the ones achieved with the commonly used 

lab methods, such as spin and blade coating.  
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Since the first demonstration of the inkjet printing fabrication of a solar cell, showing the 

possibility of producing highly efficient polymer:fullerene BHJ solar cells using this technique 

[41], there have been many developments, yet all efforts in ink formulations were almost 

exclusively using fullerene derivatives with chlorinated solvents.  

However, for scale-up applications, one of the major challenges is to find environmentally 

friendly solvent and additive alternatives of the commonly used halogenated ones, which are 

suitable for large-area printing of OPV devices.  

Unfortunately, to this date, most of the common solvents and additives used for making high-

performing OPV devices are based on chlorinated solvents. Besides the serious concerns of their 

impact on human health and the environment, these solvents do not exist in nature, and their 

production is expensive and energy-intensive which excludes them from being the ultimate 

choice for large scale applications 

Some of the developments in inkjet printing with non-halogenated solvents were in achieving a 

maximum of 2.7% efficiency for PFDTBTP:Fullerene active layer devices in comparison with 

3.5% maximum achieved using chlorinated ones [43]. 

Shortly after, researchers showed a new halogen-free solvent strategy by using a good volatile 

solvent combined with a less volatile miscible solvent to achieve the desired film 

micromorphology for printing poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester 

P3HT:PCBM films deposited using different non-halogenated solvents at different platen 

temperatures. Showing the best inkjet printed P3HT:PCBM devices with a PCE of 2.2% for 8:2 

v/v BB:TOL (butylbenzene: Toluene) devices, which is three quarters of that achieved from 

spin-coated devices processed from CB or DCB. Demonstrating the potential for both this 

printing technique as well as the solvents alternatives. Nevertheless, most the attempts of 
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halogen-free based inkjet-printed solar cells were still mostly focused on fullerene-based inks 

[44-45].   

Recently, researchers have been investigating the formulation of inks combining NFAs with 

green solvents, though it was mostly for spin-coated devices. Still, they demonstrated that high-

efficiency devices are achievable with green‐solvent processing, comparable to the ones 

prepared from chlorinated based inks [46-48].   

Even though the ability to produce devices with inkjet printing comparable to the ones achieved 

by other techniques such as spin coating in terms of device performance was proven. Inkjet 

printing of NFA based inks processed from greener solvents is a relatively new field, and a lot 

of research and optimization for both ink formulation and printability is still needed.  

2.4 Ink engineering  

Functional inks for printed electronics can be classified into three main categories: 

semiconducting, conducting, and dielectric inks.  

The Semiconducting inks formulated for OPV photoactive layers consists of polymers or small 

molecule donors and Fullerene or Non-fullerene acceptor mixed together to form a BHJ, 

processed using different solvents (see Chapter 1). 
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As discussed before, with the emerge of novel NFAs, a significant improvement in the power 

conversion efficiency has been observed. Overcoming some of the fullerene acceptors 

shortcomings such as the weak absorption in the Vis-NIR range, limited energy levels tunability 

and lower stability, NFAs have been proved to be good alternatives to the fullerene counterparts 

(Figure 16) shows the chemical structure and energy levels of NFAs and some fullerene 

derivatives.  

 

Figure 16 Chemical structures and energy levels of NFAs and some fullerene derivatives 

(Gurney, Lidzey, & Wang, 2019) [50]. 

Nevertheless, for large scale applications and commercialization, the use of halogen-free 

solvents alternatives for ink formulation is required. However, choosing halogen-free solvent 
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alternatives is not as straight forward, due to different donor-acceptor molecules exhibiting 

different solubility in these solvents.  

In order to process a high PCE OPVs from green solvents, the light-harvesting layer 

(Photoactive layer) should form a favorable morphology, which occurs if the solvent of choice 

has a good solubility of the active materials (>10 mg/ml), as well as having suitable rheological 

properties required for printing applications. 

Thus, several groups have proposed the screening of low toxicity single or mixed Halogen-free 

solvents alternatives (Figure 17) using Hansen Solubility Parameters (HSP) analysis to find 

solvents with similar parameters to the halogenated ones [49][51-52]. 

 

 

 

 

 

 

 

 

 

Figure 17 Chemical structures of the most frequently used solvents in OPV fabrication: Left 

showing halogenated solvents and right showing halogen-free or greener solvents [53]. 
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2.5 Printability requirements  

2.5.1 Parameters affecting printability and drop formation  

Inkjet printing technology works with the transfer of ink from the printhead to the substrate. 

This transfer or “ejection” of ink from the nozzle happens due to a quasi-adiabatic reduction in 

the volume of the chamber that is caused by the piezoelectric action. The ink droplets then fall 

under gravity action and air resistance until it meets the substrate, hits with the momentum it 

acquired while falling and spreads on the surface. 

Some parameters should be taken into consideration during ink formulation to assure the correct 

formation of droplets, jetting, and spread for uniform film formation.  

Ink viscosity and surface tension play important roles in this process. Thus these parameters, as 

well as other factors, should be taken into account during ink formulation. 

In order to generate uniform droplets, the functional ink should have low viscosity in the range 

of 1-10 cP and surface tension from 20-40 mNm−1.  Other factors that can affect the jetting is 

the solubility of the donor-acceptor materials in the solvents of choice, the solvents boiling point, 

and vapor pressure as well as the miscibility of the donor-acceptor materials. 

Printability of ink can be characterized by two dimensionless numbers, which are the Reynolds 

number (Re) and the Weber number (We).  

                                                                Re = 
vρa

η
                                                          (2.1) 

                                                               We = 
v2ρa

γ
                                                         (2.2) 

Where v is the droplet speed, η is the viscosity, γ is the surface tension, ρ is the solution density, 

and a is the nozzle diameter. 

The Ohnesorge number identified by Fromm [54]  
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                                                        Oh = 
We

√𝑅𝑒
  = 

η

√γρa
                                                     (2.3) 

The Z number  

                                                         Z= Oh-1 = 
√γρa

η
                                                      (2.4) 

 

Figure 18 Printability Chart. Derby B.2010 [55] 

The fluid rheological properties depend directly on the Z number, Reis and Derby suggested 

that the Z value for an ink should fall between 1 and 10 (1 < Z < 10) (Figure 18) in order for the 

ink to be printable and forms stable droplets and used successfully for inkjet printing (Figure 

19).  

Although, some suggested that 4 < Z < 14 may be more appropriate [56]. Low Z number values 

correspond to high viscosity inks where problems such as clogging can arise, and high Z number 

values can lead to problems such as the generation of satellite droplets which in both cases can 

cause issues with print resolution.  
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Figure 19 Satellite droplets of ink via inkjet printing. A: Different stages of drop formation. B: Drops 

formation with Z value between 1 and 10; C: satellite droplets forms with Z value larger than 10 (J. Li, 

Rossignol, & Macdonald, 2015) [57]. 

2.6 Printing Challenges  

Some of the challenges of inkjet printing technology post ink formulation process includes the 

accurate jetting or transfer of ink from the printhead to the substrate, the spreading of the ink, 

the continuity and interconnections of the jetted lines. A brief on these challenges will be stated 

ahead. 

2.6.1 The jetting and Spreading (drop substrate interaction) 

 

 

Figure 20 Drop substrate interaction [55]. 
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Many factors affect the jetting beside the ink rheological properties such as the nozzle 

diameter, the jetting voltage, the stand-off distance, and the temperature of the printhead. 

For instance, the nozzle diameter controls the deposited drop size, thus the printing 

resolution. The jetting voltage affects the speed of the droplet and can be adjusted for each 

functional ink, depending on its rheological properties which then effects the drop 

spreading at the moment of impact (usually between 3-8 ms−1), and it could be adjusted by 

changing the amplitude of the driving pulse for each nozzle [56]. 

The stand-off distance between the nozzle and the substrate can affect the satellite droplet 

formation, thus the film formation. The temperature of the printhead is also important since 

the evaporation of the ink at the nozzle can cause local changes in the composition of ink 

as well as its rheological properties. Thus the printhead temperature should be adjusted for 

each individual ink to ensure a good uniform jetting. 

 

The interaction between the ink and substrate once it hits the surface, as well as the drying 

behavior of the printed layers, plays a decisive role in the final film formation, which 

subsequently affects the overall device performance. 

Spreading and coalescence of the printed droplets on the substrate is affected by the surface 

energy of the ink. For a good surface wetting the surface energy of the substrate must be 

much higher than that of the ink.  

Surface treatments can control the wetting, changing the substrate properties, and 

increasing the contact angle (Figure 21) shows the wetting states of a droplet on an ideal 

substrate. Hence processing the substrate surface, prior printing can improve the wetting, 

adhesion, and thus the film formation (Plasma treatment and UV treatment are commonly 

used for this purpose).  
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Figure 21 Wetting states of a droplet on top of an ideal substate: (a) Perfect wetting, the contact 

angle is approximately 0° (b) Partial wetting, contact angle is less than 90° (c) Bad wetting or 

non-wetting, contact angle is larger or equals to 90°. 

Another important factor is the drying behavior of the ink. In contrast to other faster drying 

processing techniques such as spin coating, inkjet printed layers dry slower, which can lead 

to glitches in the final film formation for certain inks. 

One of the common drying behavioral related problems is the formation of a coffee ring 

(Figure 22). The coffee ring effect or coffee stain effect happens due to the migration of 

the deposited material to the printed film edges, creating a gradient in concentration of the 

active layer thus a gradient in the film thickness.  

One of the suggested solutions in avoiding the rise of this effect lays in solvents design. As 

proposed by de Gans et al. Using a mixture of solvents where the first has a high boiling 

point – low surface tension mixed with another solvent that has a low boiling point and a 

high surface tension, can assist in the drying thus the homogeneity of the printed films. 
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Figure 22 Evaporation of droplets (a) outward flow generates a coffee stain effect. (b) 

recirculating Marangoni flow generates a uniform film. 

The choice of a high boiling point solvent can also assist with one of the predominant 

challenges for inkjet printing mentioned earlier (nozzle clogging), which occurs due to the 

ink evaporation inside the nozzle of the printhead, where the high boiling point solvent in 

ink formulation prevents the drying from occurring [58]. 

2.6.2 Drop spacing and line formation 

While inkjet printing has a great potential as a processing technique for photovoltaic, as 

pre-discussed it is essential for such an application to control the formation of uniform 

homogenous layers while printing, for the overall device performance. 

Drop to drop placement (Drop spacing) plays a critical role in the line formation, hence the 

final film formation and print resolution. Thus, ensuring the drop overlapping or managing 

the interactions between these drops on the surface is essential, where the coalescence 

between a pair of droplets is vital to these interactions. 

Two successive deposited droplets will coalesce into one, and so forth creating a line in the 

process. This will only occur if the previously deposited droplet did not dry before the 

deposition of the next drop and if the space between those deposited droplets is within a 
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sufficient range to allow the accurate interaction and coalescence. Hence, factors like the 

boiling point of the ink, platen temperature, and the space between the droplets is crucial 

in this process.  

Droplets need to overlap within a critical range, since ‘too close’ deposited droplets will 

form irregular lines and ‘too far apart’ droplets will not interact resulting in a 

nonhomogeneous film or noncontinuous film respectively [56]. 

 

 

Figure 23 A stable line is formed with the overlap within a range. (a) Droplets are too far apart. 

(b) Drops overlap but not sufficiently. (c) sufficient overlapping formed a uniform line (d) Drops 

are too close together forming an unstable line [59] 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 

(d) 



50 
  

 

Chapter 3: Materials and Methods 

3.1 Materials and solar cells structure 

The materials used in this thesis are commercially available. (Figure 24) shows the 

chemical structures of the polymers, small molecules as well as the non-halogenated 

solvents used in the ink formulation for the photoactive layer. The donor materials are 

purchased from: P3HT (Rieke Metals), PTB7-Th (1-Material). The NFA materials: O-

IDTBR (1-Material) IEICO-4F (1-Material). All the solvents are purchased from Sigma 

and used as it is.  

 

 

 

 

 

 

 

 

Figure 24 Chemical structures of the donor-acceptor materials and non-halogenated solvents 

used. 
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All devices were fabricated using an inverted device architecture based on ITO/ZnO/active 

layer/MoO3/Ag. (Figure 25) shows the device architecture and the HOMO and LUMO 

levels of the different layers were taken from literature [60][61]. 

 

 

 

 

 

 

 

Figure 25 Device architecture and energy levels for (a) P3HT:O-IDTBR (b)PTB7-Th:IEICO-4F. 

Sol-gel Zinc oxide (ZnO) was used as electron transport layer (ETL), the solution was 

prepared by dissolving 2.4g of zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 99%, Sigma) 

with 0.647 ml of ethanolamine (NH2CH2CH2OH, 98%, Sigma) in 30 ml of 2-

methoxyethanol (CH3OCH2CH2OH, 98%, Sigma), leaving the solution stirring overnight. 

For the front contact, pre-patterned Indium Tin Oxide (ITO) glass substrates with sheet 

resistance of 10 Ohm/sq and size of (24.8mm x 24.8mm x 1.1mm) (Figure 26) were 

purchased from Xinyan Technology, HK. Before the device fabrication, the substrates were 

cleaned through sonication in detergent, deionized water, acetone, and isopropyl alcohol 

(10 min each) followed by plasma treatment to increase the wettability of the substrates 
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right before the deposition of ZnO. The ZnO solution was spin-coated in air onto the ITO 

substrates at 4000 rpm for 30 s and then annealed for 10 mins at 200 °C. 

 

Figure 26 Patterned ITO glass substrates. 

ITO can be used for either collecting electrons or holes and is widely used for solar cells 

due to its high optical transparency (higher than 90% in the visible range), low sheet 

resistance, stability, where ZnO is an n-type metal oxide that has a suitable work function 

and is used on top of ITO to modify its polarity so it can be more efficient electron-

collecting electrode. The Inkjet-printed BHJ active layer was sandwiched between a coated 

ETL, and an evaporated hole transport layer (HTL) and top electrode.  

A 25 mg mL−1 P3HT:O‐IDTBR (1:1) and 15 mg mL−1 PTB7-Th:IEICO-4F (different D:A 

ratio) in different solvent, were inkjet printed using Dimatix DMP 2800 printer under 

different conditions for each ink. The printed films were then annealed at 140 °C for 10 

min for P3HT:O-IDTBR films and at 110 °C for 10 min for PTB7-Th:IEICO-4F films in 

the glove box. 

To create the back contact, a 7 nm Molybdenum Oxide (MoOx) (Alfa) and 100 nm Silver 

(Ag) (Kurt Lesker) were thermally evaporated through a shadow mask. Devices with areas 

spanning from 0.033 and 0.16 cm2 were fabricated.  
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Where, MoOx is a p-type semiconducting transition metal oxide and used here as an HTL. 

Silver is a high work function air-stable highly conductive metal, used as a top electrode 

(anode) to extract holes. 

3.2 Deposition technique: Inkjet Printing 

The Dimatix DMP 2800 Drop-on-Demand inkjet printer as shown in (Figure 27) was used 

to deposit the active layer for several inks. An optimized waveform governs the formation 

of the droplets and was modified for each individual ink by changing the voltages applied 

to the piezoelectric components.  

 

Figure 27 (a) Dimatix 2800 inkjet printer and camera view of ink drops jetting from the 

printhead. (b) The piezoelectric waveform setup and printing process. 

3.2.1 Ink Rheological Properties and Printability measurements 

Before the printing process, to ensure the printability of each ink, viscosity and surface 

tension measurements were obtained for both pure solvents and functional inks. Viscosity 

was measured through a shear stress viscometer (m‐VROC RheoSense), and the surface 
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tension measurements were acquired through pending drop method on a drop shape 

analyzer (Kruss DSA100) at room temperature.  

Measuring the density and fixing the velocity to 6 ms-1 with fixed diameter of 9 µm for 1 

picolitre cartridge and using the Z number formula Z= 
√γρa

η
  , we constructed our 

printability chart for different pure solvents and inks (see chapter 4, Figure 28). 

3.2.2 Cartridge Preparation and Printing  

Then, starting the cartridge preparation with filtering the active ink through a (IC Acrodisc 

(PES), 0.45 µm, 13 mm) filter and injecting it into a cartridge with a specific needle.  

However, before deposition, the cartridge is left to set inside the printer for 30-60 mins in 

order to de-gas and for the ink to reach the nozzles of the printhead. Then, by utilizing the 

DMP 2800 Drop Manger software, we control and optimize the printing resolution for each 

ink by changing parameters such as the waveform, the voltages to optimize the jetting, drop 

spacing, the temperature of both the printhead and the platen as well as the printhead Hight. 

3.3 Solar Cells Characterization Techniques  

After solar cell fabrication, several electrical, optical and morphological characterization 

techniques were used to test and analyze these devices. Here, we will indicate the 

characterization techniques and instruments used specifically for this work. 
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3.3.1 Current Density-Voltage (J-V) Characterization 

The current density-voltage characteristics were recorded by illuminating the sample with 

a solar simulator (Wavelabs Sinus70) calibrated to 1 sun condition, AM1.5 G in the 

glovebox and a Keithley 2400 was used for scanning the devices.   

The figures of merit, i.e. short circuit current (Jsc) (V=0), open-circuit voltage (Voc) (J=0), 

fill factor (FF), and the power conversion efficiency (PCE) were determined from the J-V 

characteristics of the solar cells (see chapter 1) 

3.3.2 External Quantum Efficiency (EQE) 

The external quantum efficiency measurements (EQE) were performed at zero bias by 

illuminating the device with monochromatic light supplied from a 75 W xenon arc lamp in 

combination with a monochromator (Enlitech QE‐R solar cell quantum efficiency 

measurement system). The number of photons incident on the solar cell were calculated 

for each wavelength using a silicon photodiode calibrated by NIST. This method is usually 

used to observe solar cells' behavior in a specific range of wavelengths to measure how 

efficiently incident photons of a given wavelength are converted into extractable charge 

carriers. Allowing the measurement of the fraction of extracted charge carriers per incident 

photon. 

3.3.3 UV-Vis-NIR spectrophotometry 

The absorbance, transmission spectra of the active layer films were measured via 

ultraviolet-visible spectrophotometry (Agilent Cary 5000), and Perkin Elmer Lambda-950 

UV-Vis-NIR spectrometer.  
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Measurements were done in the range of (350-800nm) for P3HT:O-IDTBR films and (350-

1200nm) for PTB7-Th:IEICO:4F films. 

3.3.4 Atomic Force Microscopy (AFM) 

AFM was used to evaluate the printed films surface quality and roughness under ambient 

conditions. The surface morphology of the resulting films were analyzed through atomic 

force microscopy (NT‐MDT Solver Next). 

3.3.5 Profilometer 

Film thicknesses were measured with a Tencor stylus profiler surface measurement system 

(Tencor P‐6) by applying a 0.5 mN force on the probing tip. Where the film thickness is 

typically measured across a scratch. 
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Chapter 4: Results and Discussion 

The scope of this thesis is the engineering of environmentally friendly inks using a variety 

of non-halogenated benzene derivatives solvents optimized for OPV active layer 

processing using the low-cost, high throughput inkjet printing technology. Starting by 

measuring the rheological properties of these solvents, such as viscosity, surface tension, 

and density, taking into account both boiling point and solubility of the donor-acceptor 

compounds in these solvents.  

Among these, we compared some non-halogenated solvents candidates that met the 

aforementioned requirements with o-DCB, which was the chlorinated solvent that we 

successfully used to formulate and print our photoactive layer, for details see Corzo et al. 

(62). Then we constructed the printability chart for both solvents and inks, to confirm their 

printability. 

Afterwards, we performed printing tests and started with the optimization process for the 

waveform to control the jetting as well as the drop spacing vs temperature, to control the 

film's resolution for each ink.  

Starting with several potential inks using P3HT:O-IDTBR as our photoactive material, we 

constructed organic solar cells (see chapter 3) followed by characterizing and comparing 

the results obtained from the different inks, by performing different measurements to test 

the device J-V characteristics, EQE, absorption and transmission profiles, and AFM 

imagining of the printed films. Then, we moved to printing high-efficiency system using 
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PTB7-Th:IEICO-4F, formulated using the hydrocarbon solvents combination that 

performed best with the previous system.   

With pure hydrocarbon ink, we achieved a power conversion efficiency of about 10% for 

PTB7-Th: IEICO-4F system, which is the highest inkjet printed-based OPV reported up to 

date. Followed by the same procedure to characterize these devices, we then focused on 

device stability, in both shelf-life and under thermal stress, by adopting an elegant 

methodology of changing the donor to acceptor ratios presented by our group. In particular, 

we optimized three of these ratios for inkjet printing (R1,R5 and R10), demonstrating that 

by using ratio R5 we were able to achieve a halogen and additive-free inkjet-printed devices 

with comparable PCE to devices produced using other coating methods, such as spin and 

blade coating with chlorinated solutions.  

Finally, we fabricated devices at an even broader range of dilution ratios and measured the 

absorption spectra as well as the PCE change for these different dilution ratios over time 

to study device stability. 

4.1 Printability analysis  

As discussed in chapter 2, in order to form stable droplets ink Z number must fall between 

1 and 10, and in order to measure the Z number for different solvents or inks we need to 

take into account some important characteristics such as Viscosity, Surface Tension as well 

as boiling point of these solvents for printability analysis. Based on our previous experience 

on inkjet printing o-DCB based active layer, we compared solvent characteristics to o-DCB 

and formulated inks using these solvents to measure their printability (Table 4.1). 
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Solvent Boiling Point (⁰C) Viscosity at RT 
(mPa.s [cP]) 

Surface Tension 
(mN.m [dyne/cm]) 

o-DCB 180.1 1.324 36.61 

Tetralin 207 2.012 35.5 

o-xylene 144.5 0.76 29.76 

Indan 176 1.73 37.6 

Anisole 155.5 1.27 35 

 
Table 1 Viscosity, Surface Tension, Boiling Points of pure solvents of choice. 

 

Figure 28 Printability chart for our choice of solvents and formulated P3HT:O-IDTBR inks. 

The printability chart displays how some of the pure solvents such as CB, o-DCB and 

xylene are falling outside of the printability range, with Z values higher than 10, putting 

them in the satellite droplet region, where some solvents such as Tetralin falls within the 

printable range. However, we noticed that the Z values of almost all the formulated inks 

using these solvents and solvents combinations fell inside the printable range, except for 

the CB ink (Figure 28). 
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4.2 Inkjet-Printed Fullerene-free Organic Photovoltaics using Hydrocarbons 

4.2.1 P3HT:O-IDTBR system 

Recently, we published how to successfully inkjet print P3HT:O-IDTBR from o-DCB ink 

[62]. However, for the purpose of this work, we will exclusively show the latest results 

achieved with inks formulated with halogen-free solvents for high-efficiency systems.  

Later we will show a comparison of the different inkjet printed P3HT:O-IDTBR devices 

characteristics using the halogen-free inks in compared to the o-DCB one.  

4.2.1.1 o-xylene Tetralin ink 

As discussed in Chapter 2, printing parameters such as drop spacing and temperature, play 

an important role in the final film formation and consequently on the overall device 

performance. For example, by increasing or decreasing the drop spacing above or below 

certain thresholds, we noticed problems with the homogeneity of the films, which leads to 

shortage where pinholes within the films appear or a big variation in device performance 

where thickness changes from one pixel to another.  

In addition, for the case of temperature, changing the bed temperature is significant, since 

again surpassing or going below certain temperature thresholds can cause issues, where 

either the printed lines dry too fast before connecting, or the temperature is not sufficient 

enough for the drying of the films, which in both cases affects the device performance. 

Therefore, finding the optimum range of combinations of drop spacing (DS) and 

temperature is an important starting point for each ink. Thus we started by the optimization 
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of these parameters (Figure 29), and we found that for xylene tetralin ink, the most 

homogenous printed layer was for drop spacing of 10 µm at 50°C.  

 

 

 

 

Figure 29 Drop spacing vs temperature optimization for o-xylene tetralin ink. 

Following the optimization of o-xylene tetralin ink, we tested 10 µm DS at an even higher 

temperature, resulting in the photoactive layer shown in (Figure 31) followed by fabricating 

solar cell devices. OPV devices achieved a device efficiency of 4.3% with an active layer 

of DS10 µm at 60°C using a 1pl cartridge with device thickness of 382 nm.  

 

Figure 30 J-V curve for P3HT:O-IDTBR o-xylene tetralin ink champion device. 
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After undertaking multiple trails to optimize both the device performance and thickness, 

we obtained a PCE of 4.7% with device thickness of 144.3 nm, achieved by printing 

parameters of DS25 µm at 60 °C, which is now optimized for the 10pl cartridge (Figure 

30). 

 

 

 

 

Figure 31 Printed P3HT:O-IDTBR Photoactive layer and constructed solar cells using the o-

xylene tetralin ink. 

We then test the devices by printing the photoactive layer at 40, 50 and 60°C for two 

different optimized drop spacings across 6-11 solar cell at each condition. A power 

conversion efficiency of 4.7% was achieved with the combination of drop spacing of 25 

µm at a bed temperature of 60°C resulting in the highest PCE, open-circuit voltage and 

short circuit current density for this ink. 

Although we were able to accomplish similar device power conversion efficiencies under 

other conditions, such as DS 20 µm at 50 and 60°C, we can see that devices produced at 

these conditions were not very reproducible in terms of power conversion efficiency and 

short circuit current density. Therefore, we see the large variation in the devices 

performance when repeated under these conditions which could be attributed to the film 

formation under drop spacing of 20 µm (Figure 32). 
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Figure 32 Showing devices performance for P3HT:O-IDTBR o-Xylene: Tetralin ink, printed 

with different drop spacing at different temperatures. 

4.2.1.2 Tetralin ink 

 

 

 

 

 

 

Figure 33 Drop spacing vs. temperature optimization for tetralin based ink. 
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We started the optimization of Tetralin based ink by following the same procedure 

discussed in the previous section. We observed that the most homogenous films were 

achieved for DS 10 to 15 µm at 50 and 60 °C. Therefore, we constructed six solar cells at 

each condition, varying the drop spacing between 8-14 µm at the two optimized 

temperatures. 

After testing these devices for the Tetralin based ink, we found that the combination of 14 

µm DS at 60 °C resulted in the highest PCE of 3.9%. With both high and very reproducible 

open-circuit voltage of 0.75 V and high Fill factor of 63%, a decent short circuit current 

density of 8.3 mA.cm-2 comparable to the ones printed at different conditions and average 

device thickness of 260 nm (Figure 35). 

 

Figure 34 J-V curve for P3HT:O-IDTBR tetralin ink champion device. 
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Figure 35 Showing devices performance for P3HT:O-IDTBR Tetralin based ink, printed with 

different drop spacing at different temperatures. 

 

4.2.1.3 Indan Tetralin ink  

 

 

 

 

 

Figure 36 Drop spacing vs. temperature optimization for Indan tetralin ink. 
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Optimizing for this ink we found that drop spacing in the range of 10 to 15 µm at 50°C 

showed the most homogenous film formation. Followed by constructing devices in the 

range of DS 10-14 µm at three different temperatures with six solar cells at each condition, 

resulting in the best device efficiency of 1.7% achieved for DS12 µm at 50°C.  

 

Figure 37 J-V curve for P3HT:O-IDTBR Indan tetralin ink champion device. 

However, even though this efficiency was the best for this particular system, we notice that 

the combination of drop spacing of 12 µm at 50°C is not actually the finest, since there is 

a big variation in terms of power conversion efficiencies, fill factor as well as short circuit 

current density of devices produced under the same conditions. Where, for instance, 

lowering the temperature to 40°C and increasing the drop spacing to 14 µm seems to 

generate more reproducible devices with comparable device efficiency (Figure 38). 

However, even after several trails to optimize the printing of this system, 1.7% remained 

the highest PCE achieved, and problems within printing kept on raising where we obtained 
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photoactive layers as shown below, which could be attributed to the solubility of donor-

acceptor compounds in Indan. 

 

 

Figure 38 (a) Printed photoactive layer, (b) Showing devices performance for P3HT:O-IDTBR 

Indan Tetralin based ink, printed with different drop spacing at different temperatures. 

(a) 

(b) 
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4.2.1.4 Anisole-Tetralin 

For this ink, homogenous layers were achieved within a big range of temperatures tested 

at drop spacing of 20 and 25 µm. Hence, we constructed six solar cells at each condition, 

changing the temperatures from 20 up to 60 °C increasing 10°C each time for both drop 

spacings to observe the varying effect on the overall device performance.  

We achieved a high power conversion efficiency of 3.42% with devices printed with 25 

µm at 50 °C. 

 

Figure 39 J-V curve for P3HT:O-IDTBR Anisole tetralin ink champion device. 

 

However, the power conversion efficiency for those devices are still lower than the ones 

achieved from devices processed with other solvents such as o-xylene:Tetralin, due to 

reduction in both Jsc, Voc and FF in these devices.  
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Figure 40 Showing devices performance for P3HT:O-IDTBR Anisole Tetralin based ink, printed 

with different drop spacing at different temperatures. 

We compared the device performance for all printed P3HT:O-IDTBR hydrocarbon inks to 

the highest reported one previously achieved using o-DCB Where by using P3HT:O-

IDTBR we demonstrated the ability to inkjet print devices that have comparable 

performance to those fabricated using other coating methods such as spin and blade coating 

(Figure 42). 

Figure 41 shows the J-V curves, external quantum efficiency, and normalized absorption 

for all the above hydrocarbon inks along with device thicknesses, a table of the champion 

devices characteristics of each ink. 
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Figure 41 (a) J-V curves comparison between champion devices for each P3HT:O-IDTBR ink, 

(b) device characteristics of each, (c) Normalized absorbance, (d) EQE measurements. 

Notice, across the P3HT:O-IDTBR photoactive layers processed from different 

hydrocarbons, o-xylene:Tetralin (1:1) was the best. Devices processed from o-xylene 

tetralin were lower in power conversion efficiency in comparison to DCB based devices, 

which could be attributed to the difference in thickness as well as printed active layers 

morphologies and surface roughness that will be discussed later which affects the Fill 

factor. Nevertheless, 4.7% PCE is still the highest reported for P3HT:O-IDTBR 

hydrocarbon-based device, inkjet-printed.  
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Figure 42 J-V curves comparison of P3HT:O-IDTBR based devices using different techniques. 

 

4.2.1.5 Surface analysis  

To get in depth into surface topography of these devices, we show 30x30 µm area Atomic 

Force Microscopy (AFM) topography scans of Height and Phase of the champion device 

for each ink, demonstrating how the roughness varied, which can be related to the 

performance of those devices. We found that the o-xylene Tetralin based devices shown 

the least root-mean-square (RMS) roughness with a value of 16.5 nm, while, the highest 

roughness was observed for the Indan Tetralin based ink (22.9 nm), which correlated well 

with the highest and lowest PCE sequentially. 
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Figure 43 AFM Height and phase topography images for all champion devices of each ink, 

denoting the surface roughness of each. 
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4.2.2 High efficiency semi-transparent inkjet printed PTB7-Th:IEICO-4F solar cells 

 

Figure 44 PTB7-Th:IEICO-4F printed solar cell. 

 

Figure 45 Device performance of PTB7-Th:IEICO-4F processed from o-Xylene Tetralin based 

ink, printed with a fixed optimized drop spacing at two different temperatures. 
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PTB7-Th:IEICO-4F based solar cells demonstrated high power conversion efficiency, 

using conventional coating techniques, such as spin coating [61]. One of the attractive 

properties of the use of this system is the complementary absorption spectra, spanning from 

UV-VIS and extending to NIR, absorbing up to 1000 nm. This wide absorption profile is 

owing to the ultranarrow bandgap NFA IEICO-4F, alongside being beneficial in absorbing 

more photons, NIR absorbing photoactive materials generate the potential of producing 

semi-transparent solar cells, which was one of the goals of this work. 

After several trials to inkjet print this active layer system and find the optimum 

concentration for our ink, printing with 10, 15 and 20 mg/ml concentrations, we were 

successfully able to print devices with a concentration of 15mg/ml of PTB7-Th:IEICO-4F 

(1:1 D:A ratio) using o-xylene Tetralin (1:1) ink as the Hydrocarbon of choice, as it was 

the optimum for the previous material system. Via a 10 pl cartridge, we optimized drop 

spacing and temperature and found that DS 30 µm printed at lower temperatures was the 

best. Hence, we printed our active layers at room temperature as well as 30°C.  

We obtained the highest power conversion efficiency of a halogen-free, semi-transparent 

inkjet-printed solar cell, which was achieved with the devices printed at room temperature, 

having a PCE of 10%, fill factor of 60%, short circuit current of 23.2 mA cm-2, open-circuit 

voltage of 0.72 V and active layer thickness of around 115 nm.  

Noting that all devices are fabricated in air using halogen-free and additives-free inks, 

hence 10% efficiency is high, compared to the highest efficiency for this material system 

of 12.8% spin-coated devices using chlorinated solvents and solvent additives [61]. 
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Figure 46 Showing (a) J-V curves curve of the champion device (b) EQE measurements (c) 

Normalized absorbance. 

4.2.2.1 PTB7-Th: IEICO-4F at different ratios  

Although high boiling point solvent additives boost device performances using lab 

methods, it is known that it is detrimental to device shelf life and stability in the long term 

due to undesirable morphological changes such as phase segregation or stimulated photo-

oxidation. Thus, hinders applications in real life using printing/roll-to-roll coating methods 

[63]. 

Therefore in this work, we present additive-free and halogen-free printed solar cells, and 

we adopt a strategy to produce more stable devices by lowering the donor to acceptor 

amount.  

 

Figure 47 Printed solar cells with different donor to acceptor ratios in the photoactive layer. 

We formulated three different o-xylene Tetralin (1:1) inks at different Donor:Acceptor 

(D:A) ratios (R1, R5 and R10) adjusted for the inkjet printing process – this discovery is 
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under patent, hence ratios are not specified-. Following with the previous optimization of 

fixing both drop spacing and temperature, 30 µm at room temperature. Finally constructing 

the solar cells and testing the device performance across many samples, we can show a 

comparison of these inkjet-printed devices characteristics.  

 

Figure 48 Showing devices performance for PTB7-Th:IEICO-4F o-Xylene Tetralin based ink 

inkjet printed at different ratios. 
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Figure 49 Showing (a) J-V curves, (b) device characteristics of champion devices, (c) Abs., (d) 

EQE at the three different ratios. 

As shown in Figures 49, we tested device performances across the three different ratios for 

this hydrocarbon o-xylene tetralin based inks showing how the devices characteristics 

changes across these ratios R1, R5 and R10 while still maintaining relatively high 

efficiency of 10%, 8% and 5.2% respectively. It is not surprising that the efficiency is going 

down across ratios since the donor ratio is reduced going from R1 to R10, as we can see 

from the change in absorption profiles, which results in harvesting less light which is 

affecting both PCE and current density which is supported by EQE measurements. Finally, 

we showed the possibility of the production of devices with Ratio R5, that is very 

comparable to Spin and blade coated devices using chlorinated solvents. 
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Figure 50 Device performances (PCE%) Comparison achieved with ratio R5 using different 

techniques. 

After that, we measured the transparency across these ratios and compared it to human eye 

sensitivity to demonstrate their transparency. Finally, we took AFM topography images to 

display the surface characteristics and roughness across the ratios. 

 

Figure 51 Eye sensitivity response curve (green) compared to the optical transmission profiles of 

printed devices at three different ratios. 
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The highest transparency was seen for the R10 ratio with transparency of about 81% 

followed by R5 with about 75% transparency, where the devices produced with R1 ratio 

were the opaquest in comparison with the others with transparency value of about 48.5%. 

IEICO-4F absorbs in the Vis-NIR, with stronger absorption in the NIR range (700-1000 

nm) which makes it suitable for semi-transparent applications. In contrast, PTB7-Th 

absorbs in the UV-Vis (300-800 nm) range. The dilution concept, therefore, allows more 

transparent devices, as depicted in Figure 51. 

However, in terms of surface roughness obtained from AFM images, we can see that the 

samples with highest efficiency R1 ratios were fairly smooth with a root-mean-square 

(RMS) roughness of 1.6 nm, while the R10 device had a surface roughness of about six 

times higher. The increase of RMS could be attributed to the reduction of FF, which besides 

the other factors mentioned earlier, caused a reduction in devices PCE. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52 Topography images of 30x30 um scale for printed devices at three different ratios. 
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4.2.2.2 Stability investigation 

Organic solar cells usually show a drop in efficiency over time even in inert ambient 

conditions which raise doubts on the feasibility of commercialization, where polymers such 

as PTB7-Th is known to have poor environmental stability, and it easily oxidizes in the 

presence of oxygen and light. Hence, in this work by adopting the novel concept, we show 

the possibility of commercialization of PTB7-Th: IEICO-4F solar cells. 

We monitor the change in PCE over time as well as the absorption profiles for over 840 

hours under three different conditions (shelf life both in air and glove box as well as thermal 

degradation at 85°C in the glovebox). 

Shelf life (PCE over Time) 

 

Figure 53 Normalized power conversion efficiency for six D:A ratios over time (up to 240 

hours). 
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Figure 54 Shelf life absorption profiles for six D:A ratios over time (up to 840 hours) in air-dark 

conditions. 

 

 

 

 

 

 

 

 

 

 

Figure 55 Shelf life absorption profiles for six D:A ratios over time (up to 840 hours) in nitrogen-

dark conditions. 
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Figure 56 Thermal degradation absorption profiles for six D:A ratios over time (up to 840 hours) 

under 85°C-Nitrogen-dark conditions. 

 

Stability over Time 

From the shelf life (PCE over time) measurement, we can notice a drop-in device efficiency 

that is visible for the D:A 1:1 ratio, showing a drop in efficiency of about 20%. However, 

there is a less noticeable change when we lower the donor ratio in the photoactive layers, 

resulting in more stable devices. 

However, for the case of absorption spectra over time under different conditions (Figure 

4.26), we can see that we do not observe any noticeable change in the absorption profiles 

of the films since absorption curves are almost identical and photostability over time does 

not have any significant change. Hence, we speculate that the change in PCE is may be 

coming from a microstructural change in the photoactive layer. 
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Absorption spectra was tracked at the maximum peak for each donor and acceptor ratio 

(donor maxima was observed in the range of 708-768 nm and acceptor maxima was 

observed between 836-852 nm). 

 

Figure 57 Photostability for six D:A ratios layers over time (up to 840 hours) under three 

conditions. 
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Chapter 5: Conclusions and Future Perspectives 

In conclusion, we demonstrated the possibility to close the laboratory to fabrication gap, 

through inkjet printing solar cells, replacing the chlorinated solvents with halogen-free 

alternatives, which is an important step towards large scale production and 

commercialization of OPV. We present the highest performances of chlorine-free P3HT:O-

IDTBR and PTB7-Th:IEICO-4F inkjet-printed solar cell with power conversion efficiency 

of 4.7% and 10% respectively. Moreover, we introduce a novel approach consisting of 

lowering the donor:acceptor ratio (i.e. R5, R10 D;A) in the photoactive layer ink 

formulations which results in high efficiency, transparency as well as device stability with 

comparable power conversion efficiencies to those achieved by other coating methods.  

Future Perspectives  

OPV demonstrated a promising future as an efficient, low-cost energy harvesting 

technology, providing a high potential in a border range of applications where visible 

transparency is important, such as Building-integrated photovoltaics where it can be 

employed as windows providing natural light transmission as well as produces electricity. 

 

In order to produce fully transparent solar cells, we started by lowering the thickness of the 

evaporated silver from 100 nm to 15 and 12 nm. However, we experienced a noticeable 

drop in PCE of those devices from 8% to 5.5% and FF drop from 59% to 53%, as well as 

Jsc from 19 mA cm-2 to 15 mA cm-2 resulting from increased series resistance in the thin 

Ag-based devices. However, as depicted in Figure 54 the resultant electrodes were still 

opaque and not suitable for semi-transparent devices.  
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Figure 58 PTB7-Th:ITICO-4F solar cells with 100, 15 and 12nm of evaporated silver top 

electrode respectively from left to right (ITO/ZnO/PTB7-Th:IEICO-4F/MoOx/Ag) 

 

Another approach to obtain semi-transparent devices was the use of Silver Nanowires 

(AgNWs) as a top electrode in collaboration with another group in KAUST. We tried three 

different silver nanowires solutions (Water-based, Ethanol-based and IPA-based), 

followed by an optimization of the silver nanowires coating parameters using Doctor 

Blade, applying several layers to achieve a sheet resistance < 20 ohm/sq.  

 
 
Figure 59 Left Transmittance measurements of two different AgNWs at two different number of 

layers, right coated glass with the optimum number of AgNWs layers demonstrating film 

transparency with sheet resistance of 8.4 ohm/sq. 

After the optimization of the AgNW films, we achieved sheet resistance as low as 8.402 

ohm/sq for our optimum number of layers, Figure 55 shows the transmission of the 

AgNWs, showing transparency above 80% for three different number of layers. and we 
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constructed solar cells in the inverted device architecture based on ITO/ZnO/P3HT:O-

IDTBR(DCB ink)/PEDOT:PSS/ AgNWs. 

 
 

Figure 60 Left shows the inkjet-printed active layer, PEDOT:PSS coating then AgNWs, right 

shows the solar cell structure as well as the device after etching and painting silver for contact. 

 

Table 2 Champion device performance with inkjet-printed active layer and blade coated top 

electrode. 

We achieved a maximum PCE of 5.1%, with an inkjet-printed P3HT:O-IDTBR o-DCB 

based active layer followed by blade coating of PEDOT:PSS as an HTL and optimized 

number of AgNWs layers resulting in a transparent top electrode. 

Finally, we took AFM topography of the solar cells viewing the AgNWs, in which the 

topography images show the AgNWs networks, with an RMS of 44.8 nm. 
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Figure 61 AFM topography 10x10 and 20x20 um of the solar cells, showing the SNWs. 

Since we achieved promising results with the AgNWs, we plan, in the future, to optimize 

the printing parameters for the high-efficiency semi-transparent PTB7-Th:ITICO-4F based 

solar cells. 

Besides, we want to test a wider range of environmentally friendlier solvents using an 

interesting method, which is the use of Hansen Solubility Parameters to theoretically find 

solvents alternatives that fit the solubility for both donor and acceptor compounds. As one 

of the reoccurring challenges especially with halogen-free solvents, where solubility varies 

between donor-acceptor, and it is hard to find a suitable solvent for both compounds which 

in turn can affect the nanoscale morphology of our solar cells affecting device efficiency.  

Hence, we want to have a fundamental understanding and use HSP modeling to predict the 

solubility of our materials in various green solvents. Where we want to implement HSP for 

both material systems, especially for the highly efficient PTB7-Th:IEICO-4F, since the 

result of 10% PCE was using o-xylene:Tetralin 1:1, which was the optimum for P3HT:O-

IDTBR based ink.  



88 
  

 

Although 10% PCE is high, there is a possibility of achieving even higher, since this 

particular solvent system may not be the optimum hydrocarbon combination for the highly 

efficient material system. 

 

Figure 62 Hansen solubility parameters HSP analysis for P3HT:O-IDTBR. 

 

Lastly, we are working on optimizing the printing of all solar cell layers and interfaces and 

aiming to use these fully printed solar cells for powering biosensors and use them in other 

innovative applications.  
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Supplementary Information 

 

 

 

Optimized Waveform and jetting 

 

 

 
 

 
 

Noting that the waveform was optimized for o-xylene:Tetralin ink, and the voltage was 

adjusted for the other solvents to ensure uniform droplet formation.  


