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1. Introduction  

It is assumed, that the organic electronics industries and organic solar cells in particular, are 
in the transition stage towards commercialization. The companies and R&D institutes in this 
area are moving now from research and development stage to manufacturing. The biggest 
challenges are how to scale from laboratory to full production, how to select the right tools 
and processes, and how to use tests and measurements to improve yield and quality. The 
step from lab-scale to volume production requires adjusting and optimizing of many system 
aspects, such as:  a) deposition techniques and drying conditions, b) substrates, c) ink and 
solvent systems, d) electrodes and e) dimension of individual cells and modules. Each 
parameter has its influence on the performance of the final product.  In this chapter we 
discuss a knowledge base concerning the influence of different parameters and process 
conditions on the performance, cost and lifetime of polymer solar cells.  

Deposition techniques  

The first step towards mass production is the choice of deposition techniques which will 
provide high yield and low cost of production. The key property which makes organic 
photovoltaics so attractive is the potential of roll-to-roll processing on low cost substrates 
with standard coating and printing processes. Printing or coating techniques like screen, 
inkjet, offset, gravure, slot die, spray and others are being established and demonstrated for 
organic photovoltaic (OPV) devices on lab scale. The next step is to transfer the lab scale 
know-how to industrial roll-to-roll production. Each technique has certain advantages and 
disadvantages, which makes a given technique more or less attractive in comparison with 
others. We will provide a short overview of different deposition techniques and evaluate the 
applicability of them for industrial manufacturing of different functional layers in organic 
photovoltaic devices. Different process aspects as line speed, stability of the process, 
capability, robustness and simplicity of it will be taken into account. However, in addition 
to process aspects, for successful benchmarking of the different deposition techniques, 
production aspects are equally important. Uniformity of the deposited layer, layer thickness 
and overall accuracy as well as excluding possible contamination and destroying the 
underlayers during printing, are also very important parameters which will determine the 
final choice. Apart from the process and production aspects, the properties of the ink can 
also have an influence on the final choice. The inks for each functional layer can be 
formulated taking into account the requirements of the deposition techniques. At the same 
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time the properties of inks such as viscosity, surface tension, solubility, etc. can limit 
sometimes the usage of certain deposition techniques. The relation between the deposition 
techniques and the inks will be discussed.         

Inks and solvents  

One of the main requirements for the industrial production is a safe and environmentally 
friendly process. It is well known, that currently the best solvents for organic photoactive 
materials are chlorobenzene or dichlorobenzene. However, these present barriers to mass-
production because of health and environmental issues. That is why, one of the major topics 
for the technology development is searching for alternative solvents which will provide the 
appropriate blend morphology and hence, high efficiency of the solar cell devices. The nature 
of the solvent used for the ink formulation of the OPV blend can have a dramatic effect on the 
ultimate performance of the solar cell as the solvent system is responsible for good wettability 
of the photoactive blend on the previous deposited layer, drying and phase separation in the 
photoactive layer. To provide effective donor-acceptor charge transfer and transport in bulk 
heterojunction solar cell, the photoactive layer needs to have the right morphology, which 
means the appropriate domain size, crystallinity and vertical distribution of both components. 
The choice of solvent or solvent mixture, the conditions of the drying process and the 
annealing temperature are the most critical factors determining the morphology for a given 
OPV blend system. The influence of different solvents and solvent mixtures on the 
performance of the photovoltaic devices will be analyzed. Also, the influence of the solvent on 
drying and morphology on both lab and roll-to-roll scale will be discussed. 

Substrates  

Substitution of glass substrates by flexible foils introduces several changes that will affect 
the ultimate performance of the OPV devices. The two most important are: (1) the 
transparency of the substrate and (2) the conductivity of the thin conductive oxide (TCO), 
which is deposited on the substrate and used as a transparent electrode. The influence of 
transparency and flexibility on the device performance will be evaluated. Moreover, the 
conductivity of TCO on flexible substrates will be discussed.   

Electrodes  

The strongest motivation for the development of organic photovoltaic (OPV) cell technology is 
the low cost potential, based on the use of low-cost materials and substrates, the use of non-
vacuum and relative low temperature processes (< 120°C) as well as the very high production 
speeds that can be reached by using roll-to-roll printing and coating techniques. Indium tin 
oxide (ITO) is one of the main cost consuming elements in present OPV devices due to high 
cost of indium, the necessity of vacuum deposition and annealing with relative low yields 
(typically sputtering is used with an average target consumption of about 50 – 60%) and its 
multi-step patterning. Omitting ITO from the device layout will significantly contribute 
towards lower production cost. A second argument to omit ITO from OPV devices is 
mechanical flexibility. The brittle ITO layer can be easily cracked, leading to a decrease in 
conductivity and, as a result, degradation of the device performance. This fact of course 
conflicts with the idea of having highly flexible OPV cells. A third argument to omit ITO in 
OPV applications is its limited conductivity when deposited on plastic foils. With typical sheet 
resistances of 40-80 Ohm/square, it only allows maximum individual cell widths around 6-10 
mm. Larger cell widths will have an immediate negative effect on efficiency. A forth argument 
to omit ITO in flexible OPV devices relates to the limited annealing temperature that can be 
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used on plastic substrates. This causes the higher sheet conductivities as mentioned before 
compared to 10–20 Ohm/square on glass. But moreover, these results also in a rougher ITO 
surface compared to ITO on glass. These unwanted roughness and occurring surface peaks 
will in turn mortgage the reliable deposition of the thin and homogeneous electro-active layers 
on top of the ITO. Alternative ITO-free electrodes will be presented and evaluated for use in 
large-area OPV devices. Moreover, methods of producing these ITO-free electrodes by 
printing and coating methods will be shown. 

Size (scaling up)  

The step from lab-scale processing towards industrial manufacturing implies upscaling of 
single cell sizes and producing modules. What happens when the size of the cell increases; 
what is the influence of the size on the performance of the OPV devices; what is the 
maximum size of a cell without substantial efficiency losses; how to minimize efficiency 
losses during upscaling, and what is the optimum dimension of a module? Answers on 
these questions will be given in this chapter. 
Roll-to-roll production of large area modules: For roll-to-roll production of large area solar 
cell modules, the correlation between all parameters and the final device performance has to 
be determined. It is important to find a balance and transfer this knowledge to a roll-to-roll 
process. First of all, inks with the required properties should be formulated, and the 
deposition method appropriate for this ink should be chosen. The influence of the 
deposition method and parameters on the layer properties has to be determined. The 
influence of drying conditions on the layer properties, such as morphology and uniformity, 
has to be analyzed. Depending on the deposition method, it is important to determine how 
the patterning of the layers will be applied. The design and the cell architecture should be 
optimized. The balance between all parameters can guarantee the successful manufacturing 
of large area OPV modules. 

2. Roll-to-roll deposition  

The main objectives in the field of Organic Photovoltaics (OPV) are achieving high 
efficiency, long term stability and low cost. Low cost can be achieved by combining low cost 
materials with fast roll-to-roll (R2R) manufacturing techniques. Indeed compared with Si-
based solar cells, organic solar cells should be less expensive and easier to manufacture, due 
to the non-vacuum processing, the relatively low temperatures uses during the processing 
and the possibility of direct patterning during coating or printing. However, in comparison 
to evaporation processes, solution based processes show quite more challenges in terms of 
ink formulation, wetting/dewetting, controlling the layer thickness and variations thereof, 
avoiding intermixing of layers, controlling the self assembly processes, controlling 
contamination and layer defects and ultimately developing a reliable and robust 24/7 
production process.  
Benchmarking of deposition techniques for roll-to-roll manufacturing is a complicated 
process. For the wet chemical deposition of organic semiconductors a large number of 
deposition techniques can be used. The choice is mainly based on the following factors:  
 stability of printing/coating step for the desired materials (viscosity of the ink),  
 the capacity of the technique to print/coat the desired feature sizes (lateral resolution, 

thickness and uniformity), 
 throughput of the process.  
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Deposition technique Roll-to-roll 
compatibility 

Materials 
waste 

Layer 
thickness 
accuracy 

(nm scale) 

Viscosity 
requirements 

(mP·s) 

Spin coating - very high very good 1-40 
Doctor blade coating - moderate good 1-1000 
Knife Over Roll Coating  + moderate moderate 50-1000 
Metering Rod Coating + moderate moderate 50-1000 
Slot Die Coating + low very good 1-10,000 
Curtain Coating + low moderate 10-500 
Pad printing +/- low moderate 10-200 
Flexographic printing + low moderate 15-200 
Gravure Printing + low good 15-500 
Screen Printing + low moderate 50-50,000 
Offset printing + low moderate 100-10,000 
Ink jet Printing + low good 1-40 
Spray coating + high low 1-40 
Air Knife Coating + moderate low 10-200 
Immersion (Dip) Coating +/- low low 1-200 
Brush coating - moderate low 1-50 

Table 1. Comparison of different deposition techniques (Brabec et al., 2008; Gamota et al., 
2004; Krebs 2009b). 

Each layer in an OPV device stack has its own requirements (layer thickness variations, 
annealing conditions, etc.) but also its own limitations (solubility, solvents, viscosity, surface 
tension, etc.). This can have an effect on the choice of deposition technique. The choice of the 
technique should be done individually for the each layer. Although most of the deposition 
techniques mentioned above have been tested for the deposition of the photoactive layer in 
organic photovoltaic devices, not all of them are suitable for roll-to-roll mass production. The 
factors which limit the usage of some deposition techniques are bad compatibility with roll-to-
roll processing, high materials waste, low speed, high contamination during the processing, 
low stability and robustness of the process, bad uniformity of the printed layer and minimum 
thickness of the wet layer. Sometimes the viscosity of the ink limits the usage of given 
technique for the deposition of a function layer. Typically the viscosity of the ink for a 
photoactive layer is very low due to the limited solubility of the photo-active compounds. For 
P3HT/PCBM (Poly3-hexylthiophene (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM)) solutions it is in the range of 1-5 mP·s. The viscosity of PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(4-styrene sulphonate) dispersions is typically in the range of 10-
30 mP·s. However, also high viscous pastes of PEDOT/PSS are also commercially available 
with viscosities higher then 50 mP·s. ZnO solutions or dispersions typically also have very low 
viscosities down to 1-2 mP·s. These low viscosities already exclude the proper use of 
techniques like screen printing or offset printing. Silver inks are available both as low viscous 
inks (for example, ink jet printing) and as pastes, (for example, screen printing). An overview 
of typical ink viscosity requirements for the different deposition techniques is given in Table 1. 
The viscosity of the ink is one of the critical factors for the choice of the deposition technology. 
Viscosity affects the inks flow and how the ink deposits on the substrate. Some techniques 
require relatively low viscosity, so that each individual printed pixel or cell may merge 
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together to form close layer. However, sometimes, too low viscosity can create problems, 
because it does not allow forming very sharp edges and to print very small features.  
The most commonly used deposition technique for the manufacturing of lab scale devices is 
spin coating, which is not roll-to-roll compatible. However, spin coating is still widely used 
for studying and understanding the fundamental principles of OPV. Roll-to-roll compatible 
methods, especially blade and wire bar coatings, are employed as intermediate steps 
towards real roll-to-roll processing (Schilinsky et al., 2006), (Chang et al., 2009). Roll-to-roll 
coating and printing of organic semiconductors become a focus of many companies and 
research groups. Applications based on organic semiconductors, such as organic light 
emitting diodes and organic photovoltaic devices, have strict requirements to the layer 
properties, (e.g., thickness, uniformity and overlay accuracy). Many different printing and 
coating techniques are applied and developed for the deposition of thin layers of organic 
semiconductors (Krebs, 2009b). For example, jet printing is a well-studied method for the 
deposition of PEDOT:PSS (Steirer et al., 2009), (Eom et al., 2009), and polymer-fullerene 
blends (Aernouts et al., 2008; Hoth et al., 2007; Hoth et al., 2008). The advantage of this 
method is the possibility to deposit patterned layers in one printing step. The challenge is to 
find appropriate solvent systems for polymer-fullerene blends, which will provide 
appropriate spreading and wetting of the ink on the substrate and homogeneous drying 
with the required morphology of the active layer.  
Gravure printing, which is widely used for the printing of organic transistors (Kaihovirta et 
al., 2008; Voigt et al., 2010), has also been applied for the deposition of OPV layers (Ding et 
al., 2009; Kopola et al., 2011; Kopola et al., 2010; Voigt et al., 2011). The main difficulty in 
gravure printing is the required viscosity of the ink, which is for most of the OPV blend 
systems difficult to reach due to the limited solubility of the components. The somewhat 
higher needed ink viscosity will also partially hamper the leveling process which is required 
to achieve high homogeneity of the layers after printing and drying.  
There are a number of publications on spray coating of photovoltaic inks (Green et al., 2008; 
Hoth et al., 2009; Ishikawa et al., 2004; Steirer et al., 2009; Vak et al., 2007; Park et al., 2011; 
Susanna et al., 2011; Girotto et al., 2011). This deposition method is very efficient especially 
for low viscosity solutions and is less demanding in terms of ink formulation. However, 
control on layer homogeneity and the current lack of easy-for-use patterning strategies 
makes it currently somewhat less attractive for roll-to-roll processes.   
Pad printing is a rather unconventional method which has been employed in a roll-to-roll 
process for the fabrication of OPV (Krebs, 2009c). Screen printing has been applied for the 
deposition of photoactive layers based on MDMO-PPV:C60-PCBM (Shaheen et al., 2001) and 
MEH-PPV:C60-PCBM (Krebs et al., 2004; Krebs et al., 2007). As well as a complete process for 
production of flexible large area polymer solar cells entirely using screen printing has been 
demonstrated (Krebs et al., 2009b). There are many publications where slot die coating was 
chosen for the deposition of several layers, including active layer, in polymer based solar cells 
(Blankenburg et al., 2009; Krebs & Norrman, 2010; Krebs, 2009e; Krebs, 2009a; Krebs, 2009d; 
Krebs et al., 2009a; Zimmermann et al., 2011). As one of the coating techniques, slot die 
deposition can provide very thin, uniform, non-patterned layers. One-dimensional patterning 
is possible by coating stripes which can be used for making OPV modules.  
Each deposition technique has advantages and disadvantages. The biggest disadvantage of 
coating techniques is a requirement of post patterning, which is not a problem for printing 
methods. Coating techniques can provide very thin uniform layers, but patterning in most 
of the cases should be done in a separate process step which will add costs to the production 
process. The typical post-patterned methods are laser ablation, photolithography (Lim et al., 
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2009), plasma etching (Colsmann et al., 2009) or solvent etching. Patterning can also be 
applied in one process step together with coating by self assembled coating based on 
wetting and dewetting process. However, printing, which typically can provide any feature 
or structure, can not compete in layer uniformity with coating techniques. 
The choice of the deposition technique depends very much on the characteristics of the 
methods and the criteria which made these methods attractive. The main criteria of selection 
are based on:  
 materials aspects such as viscosity, surface tension of the ink and surface energy of the 

substrate;  
 products aspects, which include uniformity of the layer, layer thickness, possibility of 

patterning; 
 process aspects, such as, roll-to-roll compatibility, speed of the process, stability of the 

process, capability, robustness and simplicity of the process. 
However, selection of a technique at this point of technology development very much 
depends on how this technique fit with the know-how of organization, their experience and 
availability of equipment. Collaborations and partnerships very often make some of the 
deposition techniques more attractive. The market attractiveness also has a lot of influence 
on the selection of the deposition method. Moreover, the possibility to generate sustainable 
IP position, publications and innovation sometimes is a leading factor for the selection. The 
cost of the equipment and total cost of the process are the final criteria of the selection.  The 
satisfaction of the aforementioned is a first step for successful selection, so that technological 
processes developed with the selected technique can be readily commercialized.  

2.1 Roll-to-roll coated PEDOT:PSS and photoactive layers (am example) 
The example of successful roll-to-roll coating of the hole transport layer (PEDOT:PSS) and the 
photoactive layer (P3HT/PCBM) by slot die is illustrated by (Galagan et al., 2011b). The 
PEDOT:PSS (OrgaconTM) formulation for slot die coating was delivered by Agfa-Gevaert. A 
thin layer of PEDOT:PSS was deposited with a speed of 10 m/min and dried with the same 
speed at 110ºC. The thickness of the dry layers was about 110 nm and illustrates high 
uniformity. The layer thickness variation was within ±2%. The thickness and uniformity of the 
layer was checked by ellipsometry. The results of these measurements are shown in Fig. 1. 
 

 
Fig. 1. Layer thickness of roll-to-roll slot die coated PEDOR:PSS layer, measured every 5 cm 
in coating direction (reproduced with permission from (Galagan et al., 2011b), Copyright 
2010, Elsevier B.V.).  
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The photoactive layer was coated from o-xylene solution. The concentration of the inks was 
10 mg/ml. The layer was coated and dried with a speed of 10 m/min. The drying has been 
performed at 90˚C during 30 seconds. Fig. 2 illustrates the roll of the PET foil with slot die 
coated PEDOT:PSS and OPV layers.  
 

 

Fig. 2. Roll of the PET foil with slot die coated PEDOT and photoactive layers (reproduced 
with permission from (Galagan et al., 2011b), Copyright 2010, Elsevier B.V.).  

3. Substrates 

The substrates for OPV devices must satisfy numerous requirements, such as: optical quality 
of transparency to let light reach the photoactive layer; substrate smoothness in the nanometer 
range to provide a surface that will promote high-quality deposition of subsequent layers and 
prevent the penetration of potential substrate spikes or irregularities into the device layers; the 
ability to support processing at high enough temperatures; good dimensional stability; good 
resistance to any chemicals used during processing; low water absorption.   

Optical properties  

Transparency is one of the main characteristics of substrates. Both transparent and non- 
transparent substrates are suitable for the manufacturing of organic solar cells. However, 
non transparent substrates constrain some device architectures. The usage of non-
transparent substrates requires transparent top electrodes with transparent top barrier 
layers. Devices on transparent substrates can have their transparent electrode either on top 
or on the bottom side of the devices or even on both sides, in case of semi-transparent solar 
cells. However, in most cases, the transparent substrate is combined with a transparent 
electrode. Such device architecture requires high optical transparency of the electrode as 
well as the substrate. Also the barrier (directly attached to the substrate or laminated 
afterwards) should have high optical transparency. In addition, substrates for OPV devices 
should have low birefringence.  

Surface roughness  

Thin film devices are very sensitive to surface roughness. High roughness structures over 
short distances must be avoided, as it can create shorts in the devices. However, an 
intermediate roughness over long distance is acceptable. Standard metal substrates usually 
are rough on both scales, while plastic substrates may be rough only over long distances. 
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Thermal and thermo-mechanical properties 

Some processes of solar cells fabrication such as drying annealing and thermal sintering 
require applying of high temperatures. It is important that maximum fabrication process 
temperature must be lower then the glass transition temperature of the substrate polymer.  

Dimensional stability  

Glass substrates have very high dimensional stability. But conventional processing on glass 
substrates can not be directly transferred on plastic. The thermal contraction mismatch 
between the substrates and the deposited device film and built-in stresses in these films lead 
to curving and changing in the in-plane dimension of the substrates. This change causes 
misalignment between the device layers. Plastic substrates will also change size on exposure 
to moisture. The first defense against these changes is the selection of substrates with low 
water absorption and low coefficients of hydroscopic expansion. Appropriate substrate 
selection and heat stabilization techniques can significantly reduce the size of changes, but 
they can not eliminate them completely.  

Mechanical properties  

A high elastic modulus makes the substrate stiff, and a hard surface support the device layer 
under impact.  

Chemical properties  

The substrates should not release contaminants and should be inert against process 
chemicals.  

Barrier properties  

Barrier properties of the substrates against permeation of atmospheric gasses such as water 
and oxygen can be the biggest advantage of the substrates. 

Electrical properties  

Some substrates, such as metal foil or ITO coated plastic foils are conductive. These 
conductive substrates may serve as an electrode in solar cell architecture.  
The main substrates used for the manufacturing of organic photovoltaic devices are glass, 
plastic and metal foil. The properties of typical substrate materials are given in Table 2. 
  

Property Glass PEN Stainless steel 
Weight, mg/m2 (for 100-μm-thik film) 220 120 800 
Transmission in the visible range (%) 92 90 0 
Maximum process temperature (ºC) 600 180 >600 
TCE (ppm/ºC) 5 16 10 
Elastic modulus (Gpa) 70 5 200 
Permeability for oxygen and moisture No Yes No 
Coefficient of hydrolytic expansion 
(ppm/%RH) 

0 11 0 

Planarization necessary No No Yes 
Electrical conductivity None None High 
Thermal conductivity 1 0.1 16 

 

Table 2. Comparison of PEN, stainless steel and glass substrates (Lawrence et al., 2004). 
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3.1 Metal foil substrates 
Metal foil substrates offer the advantages of higher process temperature capability, 
dimensional stability and excellent barrier properties for oxygen and water. The 
disadvantages and limitations of the metal foil substrates include non-transparency and 
surface roughness. However, non-transparent metal foils can be successfully used in some 
of the device architectures, where illumination of the OPV devices occurs from the top side. 
The smoothness of the metal substrates can be increased by polishing or by applying 
additional planarization layers. The planarization layer can be organic, inorganic, or a 
combination. With high content of organic components, thicker layer of planarization 
material can be applied without forming cracks and a very smooth surface can be achieved. 
It is very important for OPV devices, because the electro-active layers are very thin and the 
chance to have shorts in the devices is much higher with rougher surfaces. 
The conductivity of metal substrates can be considered both as an advantage and 
disadvantage. Sometimes the metal substrate can be served as back contact, but very often 
the conductive property of the metal substrate is not used. In such case conducting 
substrates are completely insulated from OPV device by an additional planarizaton layer. 
Stainless steel has been most commonly used in research because of its high resistance to 
corrosion and process chemicals, and its long record of application in amorphous silicon solar 
cells. Stainless steel substrates can tolerate process temperature as high as 1000ºC. These 
substrates are dimensionally stable and have excellent barrier properties against water and 
oxygen. Generally, stainless steel substrates are more durable then plastic substrates. 

3.2 Flexible plastic substrates  
Polymer foil substrates are highly flexible, can be inexpensive and are roll-to-roll 
compatible. Transparent plastic substrates have the advantage of being compatible with any 
organic solar cell architecture. The most common plastic substrates for fabrication OPV 
devices are polyethylene terephthalate (PET), polyethylene naphthalate (PEN), 
polycarbonate (PC), polyethersulfone (PES) and polyimide (PI). While polyimide (e.g., 
Kapton® from DuPont) absorbs in the visible region (has yellow colour), which makes it not 
suitable for all device architectures. However, the advantage of this plastic substrate is its 
high process temperature capability (>350ºC), while other plastic substrates have limited 
process temperature capabilities, as shown in Table 3.  
 

Property PET 
Melinex 

PEN 
Teonex 

PC 
Lexan 

PES 
Sumilite 

PI 
Kapton 

Tg, ºC 78 121 150 223 410 
CTE* (-55 to 85  ºC) 15 13 60-70 54 30-60 
Transmission (400-700 nm), % 89 87 90 90 yellow 
Moisture absorption, % 0.14 0.14 0.4 1.4 1.8 
Young’s modulus, Gpa 5.3 6.1 1.7 2.2 2.5 
Tensile strength, Mpa 225 275 - 83 231 
Density, gcm-3 1.4 1.36 1.2 1.37 1.43 
Refractive index 1.66 1.5-1.75 1.58 1.66 - 
Birefringence, nm 46 - 14 13 - 

Table 3. Properties of plastic substrates (Lawrence et al., 2004) (* - coefficient of thermal 
expansion). 
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Another disadvantage of plastic substrates is the lack of dimensional stability during 
processing at elevated temperatures. There are no polymeric substrates which meet the 
extremely demanding requirements for low moister and water permeability for OPV 
application. The typical water and oxygen permeation rates of flexible plastic substrates are 
1-10 g/m2/day and 1-10 cm3/m2/day, respectively, instead of typically required for organic 
electronic devices 10-3-10-6 g/m2/day and 10-3-10-5 cm3/m2/day. Ideal plastic substrates 
required additional barrier layer coatings. Barrier coatings can reduce the absorption and 
permeability of the atmospheric gasses, can raise the resistance to process chemicals, can 
strengthen the adhesion of the device layers, and can reduce the surface roughness. Despite 
some of these disadvantages, plastic substrates have a lower cost potential compared to the 
metal foil substrates. Table 3 summarizes the properties of the most common substrates 
which can be used in organic solar cells manufacturing.  

3.3 Glass substrates 
Plastic substrates offer the property of flexibility that is very important for roll-to-roll 
manufacturing. But at the same time, there are a lot of applications for solar cells where 
rigid substrate can be used - first of all, in solar windows. In this case a glass substrate 
makes a logical choice. Glass has also many advantages over plastic substrates. Glass is 
highly transparent over the total visible spectrum, it has a high homogeneity of the 
refractive index and it shows a high UV resistance. Compared with plastic substrates, glass 
has more advanced thermal properties like high temperature stability, high dimensional 
stability and a low thermal expansion coefficient. Additionally, glass has a high chemical 
resistance and excellent barrier properties against water and oxygen. Good barrier 
properties of the glass substrate can probably significantly decrease the cost of the solar 
cells, as in such case an extra barrier layer will not required. Moreover, the good barrier 
properties of the glass can improve the lifetime of the solar cells. Due to the high mechanical 
stability, glass substrates have also advantage in high scratch resistance.     

4. Inks and solvents 

The most widely studied materials for the photoactive layer for OPV devices are P3HT and 
PCBM, which are typically blended in a solvent or solvent mixture. The optimal solvents to 
reach good solubility and stability and ultimately high device efficiencies for this mixture 
are o-dichlorobenzene and chlorobenzene. However, chlorinated aromatic solvents can not 
be used in mass-production due to health and environmental reasons. That is why, the first 
topic for the technology development is searching for alternative lower-toxicity solvents 
which will provide appropriate morphology and hence, high efficiencies of the solar cell 
devices. The choice of solvent for OPV blend is one of the major factors which have 
influence on the performance of the solar cell. Indeed, the solvent is responsible for 
appropriate wettability of the photoactive blend on the previously deposited layer, drying 
behaviour and phase separation in the photoactive layer. To provide effective donor-
acceptor charge transfer and transport in bulk heterojunction solar cells, the photoactive 
layer has to demonstrate the right morphology, which means appropriate domain size, 
crystallinity and vertical distribution of both components. The choice of solvent, drying 
conditions and annealing temperature and time are the most critical factors determining the 
final morphology. The effect of morphology can be described by the formation of an 
effective network between donor and acceptor which creates effective routes for separated 
charge transport. The phase separation in P3HT/PCBM systems has been well studied in 
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several solvent systems (Baek et al., 2009; Berson et al., 2007; Jang et al., 2009; Janssen et al., 
2007; Kawano et al., 2009; Kim et al., 2011; He et al., 2011). The properties of the solvents, 
such as boiling point, vapor pressure, solubility and surface tension have a considerable 
impact on the final morphology of the photoactive layer. There are several publications 
where alternative more environmentally friendly solvents have been used for the deposition 
of the photo-active layer (Hoth et al., 2007; Hoth et al., 2009; Zhao et al., 2009). The use of 
solely toluene as a solvent demonstrated to yield a non-preferable morphology for 
P3HT/PCBM blend (Hoppe & Sariciftci, 2006). Xylene is also a well studied alternative 
solvent for this system and the solubility of both P3HT and PCBM in o-xylene is better in 
comparison with toluene. Moreover, the boiling point and viscosity of o-xylene are very 
close to the values of chlorobenzene (Table 4). For all these reasons we choose o-xylene as a 
solvent for this study.  
 

Solvent Vapor 
pressure 
[mm Hg] 

Boiling 
point 
[ºC] 

Surface 
tension 

[dynes cm-1] 

Viscosity 
 

[mPa s] 

Health hazards 
TLV-TWA 

[ppm] 
Chlorobenzene 11.80 (25˚C) 132 33.0 0.80 (20˚C) 10 
o-Xylene 5.10  (20˚C) 144 28.7 0.76 (25˚C) 100 

Table 4.  Solvent properties (Galagan et al. 2011b). 

Bulk heterojunction solar cells have been prepared by spin coating of PEDOT and OPV 
layers on ITO coated glass substrate. A LiF/Al top electrode was vacuum evaporated. The 
OPV blend consists of a mixture of P3HT (purchased from Merck, Mw = 20050 g/mol) and 
PCBM (purchased from Solenne) in a ratio of 1:1. The photoactive layer was spin coated 
from chlorobenzene as comparison and o-xylene solutions. The concentration of tP3HT was 
15 mg/ml. 
 

 
Fig. 3. Viscosity of the P3HT:[C60]PCBM (1:1) mixture in chlorobenzene and o-xylene as 
function of P3HT concentration (reproduced with permission from (Galagan et al., 2011b), 
Copyright 2010, Elsevier B.V.). 

The OPV ink was processed in ambient conditions. The solutions were stirred for 14 hours 
at 70ºC and subsequently cooled down to room temperature and processed within 30 min. 
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Upon cooling aggregation and gelation is often observed due to limited solubility of P3HT 
at room temperature. The time of gelation strongly depends on the molecular weight of the 
polymer (Koppe et al., 2009) and the solubility of the polymer in a certain solvent. The 
gelation of the P3HT:[C60]PCBM mixture, indicated by an increase in the viscosity of the 
mixture is shown in Fig. 3.  The viscosity was measured after 30 min when the solution was 
cooled down. o-Xylene solution of P3HT/PCBM mixture shows up a high tendency for 
gelation when the concentration of the solution increases. P3HT in o-xylene solution shows 
a rather fast gel formation at room temperature, causing particles, film defects and the 
reduction of solution’s shelf lifetime (Koppe et al., 2009; Malik et al., 2001).  
AFM topographic images of a P3HT/PCBM layer, deposited from o-xylene on top of  Pedot 
coated glass substrates, demonstrate higher roughness in comparison with chlorobenzene 
as-casted layer, as shown in Fig. 4 (a and c). The observed higher roughness of o-xylene 
deposited layer corresponds probably with the polymer aggregates which were formed in 
the solution. UV-Vis absorption spectra of as-casted P3HT/PSBM layers deposited from o-
xylene show a blue-shift in comparison with the same layer deposited from chlorobenzene 
(Fig. 5, a). The shift of the π-π* transition absorption peaks to higher energy indicates an 
increasing density of conformational defects, equivalent to non-planarity, and causes loss in 
conjugation (Hotta et al., 1987; Inganäs et al., 1988). The observed red-shift of the absorption 
maximum in chlorobenzene deposited layers indicates a better crystallinity of P3HT.  
 

 
Fig. 4. AFM images of OPV layer deposited from a) o-xylene without annealing, b) o-xylene 
annealed during 10 min at 110ºC, c) chlorobenzene without annealing and d) chlorobenzene 
annealed during 10 min at 110ºC (reproduced with permission from (Galagan et al., 2011b), 
Copyright 2010, Elsevier B.V.). The measurements were performed with a VEECO 
Dimension 3100 scanning probe microscope, using Si probes in tapping mode. 
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Thermal annealing at 110ºC during 10 min increases the crystallinity of the deposited 
photoactive layers both deposited from chlorobenzene or o-xylene. This is indicated in the 
UV-Vis spectra (Fig. 5, a). The topology of the chlorobenzene deposited layer after 
annealing shows an increase of roughness that typically also can be attributed to an 
increase in crystallinity. However, the roughness of the o-xylene deposited layer 
decreases after annealing. This might be caused by a (partial) destruction of amorphous 
aggregates. 
The solar cells, made from both chlorobenzene and o-xylene, illustrate a clear increase of the 
performance after thermal annealing (Table 5). The thickness of the photoactive layers has 
been optimized to 200 nm. J-V curves of the devices after thermal annealing are given in 
(Fig. 5, b). Current–voltage curves were measured using simulated AM 1.5 global solar 
irradiation (100 mW/cm2), using a xenon-lamp-based solar simulator Oriel (LS0104) 150W. 
The lower current in the device produced from o-xylene compared to chlorobenzene after 
annealing can probably be explained by a difference in the morphology of photoactive layer. 
Morphology difference is mainly caused due to differences in solvent properties such as 
boiling point, vapor pressure, viscosity, surface tension and polarity. Another important 
parameter is solubility which can lead to the formation of aggregates already in the solution. 
Aggregation and gelation can have a big influence on the final morphology and device 
performance. 
 

 
Fig. 5. a - UV-Vis spectra of P3HT/PCBM layers deposited from chlorobenzene and o-xylene 
before and after thermal annealing. The thicknesses of the layers are 200 nm (reproduced 
from (Galagan et al., 2011b) with permission); b- J-V curves of OPV devices, deposited from 
chlorobenzene and o-xylene solutions. The active area of the devices is 0.09 cm2 (reproduced 
with permission from (Galagan et al., 2011b), Copyright 2010, Elsevier B.V.). 

 

Device (solvent, annealing) 
Jsc 

[mA/cm2] 
Voc [Volt] FF η [%] 

Chlorobenzene, non annealed 3.64 0.572 0.296 0.62 
Chlorobenzene, annealed 7.75 0.546 0.572 2.42 
o-Xylene, non annealed 4.71 0.507 0.332 0.79 
o-Xylene, annealed 7.05 0.535 0.581 2.19 

Table 5. The characteristics of photovoltaic devices, produced from different solvents, with 
and without thermal annealing (110°C during 10 minutes) (Galagan et al., 2011b). 
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5. Scaling up 

Scaling up of the active area of the solar cell devices typically leads to efficiency losses (Al-
Ibrahim et al., 2004; Gupta et al., 2008; Lungenschmied et al., 2007; Manor et al., 2011). The 
trend of the losses strongly depends on the sheet resistance of the electrode. Thus, scaling up 
of the square shaped active areas from 0.09 cm2 to 6 cm2, results in about 20% efficiency loss, 
for ITO-based devices prepared on glass substrates (Table 6). The JV curves of the devices 
are shown on Fig. 6.  
 

Active area,  cm2 (cm x cm) Jsc [mA/cm2] Voc [Volt] FF η [%] 
0.09 (0.3 x 0.3) 7.75 0.546 0.572 2.42 
6 (2 x 3) 7.46 0.530 0.478 1.89 

Table 6. The characteristics of photovoltaic devices with different active areas (Galagan et 
al., 2011b). Devices produced from chlorobenzene solution. Solar cell parameters are 
corresponding to Fig. 6. 

The efficiency of the devices shows a rapid decay upon increasing the width of the solar 
cells (Lungenschmied et al., 2007). By adding on one side of a cell a charge collector or 
busbar for the anode and on the opposite side a charge collector or busbar for the cathode 
only the width of the electrode is relevant for the resulting device efficiency. To keep the 
resistivity losses in the electrode as small as possible, the width has to be narrow with the 
contacts taken on the long side. Based on the experimental findings (Al-Ibrahim et al., 2004; 
Gupta et al., 2008; Lungenschmied et al., 2007) and theoretical modeling (Lungenschmied et 
al., 2007), it was illustrated that significant loses in the efficiency of the solar cells are 
expected when the width of the cell is higher than 1 cm. The effective coverage of a large 
area is only possible by interconnecting several devices. 
 

 
Fig. 6. J-V curves of OPV devices, deposited from chlorobenzene solution with different 
sizes of active area: 0.09 cm2 and 6 cm2 (reproduced with permission from (Galagan et al., 
2011b), Copyright 2010, Elsevier B.V.). 

6. Electrodes 

The main attractiveness of organic solar cells is the low cost potential due to roll-to-roll 
solution based fabrication.  However, currently fabrication of the (transparent) electrodes is 
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usually done by vacuum deposition. Combination of printed organic layers and vacuum 
deposited electrodes will increase the cost of such OPV devices.  Thus, to reach the goal of 
low-cost manufacturing, all layers in OPV devices should be solution processed. There are a 
lot of publications where all-solution processed OPV devices with inverted structures have 
been reported (Krebs et al., 2011; Ming-Yi et al., 2010; Hagemann et al., 2008; Hsiao et al., 
2009). But in these publications only the top electrode is printed. The bottom electrode is still 
ITO, which is deposited in vacuum. ITO-free OPV devices with solution processed top 
electrode has been illustrated in (Manceau et al., 2011; Krebs, 2009e), but in these cases, the 
bottom electrode is a metal layer deposited in vacuum. All-solution processed polymer solar 
cells free from ITO and vacuum coating steps have been reported (Krebs, 2009a), where the 
bottom electrode is a solid layer of printed Ag and ZnO. Printing of a top electrode in a 
conventional device configuration is less studied, however, successful preparation of solar 
cells with nano-scale ZnO as a buffer layer and inkjet printed silver cathode have been 
described (Eom et al., 2008). Roll-to-roll processing of solution processable electrodes will 
significantly contribute towards low-cost manufacturing of OPV devices. 

6.1 ITO electrode 
The efficiency of a solar cell depends on the electrode dimensions and its sheet resistance. 
Typically, the sheet resistance of ITO/glass substrate is 10-15 Ω/□, while the sheet resistance 
of ITO on PET substrate is around 60 Ω/□. A rapid decay of the efficiency was shown upon 
increasing the width of the solar cell (Fig. 7, a). Moreover, a much faster decay was observed 
in case of a foil substrate with a higher sheet resistance. Thus, the efficiency of solar cells on 
plastic substrate drops down almost two times in comparison with the cell on glass 
substrate, for the devices with an active area of 2x2 cm2. The series resistance induced by the 
sheet resistance of the electrode can dramatically reduce the charge collection in the device. 
The J-V curves of the devices on glass and foil substrate are shown in Fig. 7, b.  
 

 
Fig. 7. a - Calculated theoretical power conversion efficiency of a P3HT:PCBM-based single 
rectangular organic solar cell as a function of the width of the electrode. Two cases are 
shown, an ITO sheet resistance of 15 Ohm/square (solid line) and 60 Ohm/square (dashed 
line) (reproduced with permission from (Lungenschmied et al., 2007), Copyright 2006, 
Elsevier B.V.); b - J-V curves of OPV devices with active area of 4 cm2, prepared on glass and 
foil substrate. The sheet resistance of ITO on glass is 13 Ohm/square, and on foil is 60 
Ohm/square (reproduced with permission from (Galagan et al., 2011b), Copyright 2010, 
Elsevier B.V.). 
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Within realistic ranges of substrate conductivities (15-60 Ω/□), the overall device efficiency 
heavily depends on the width of the electrode. To keep the resistivity losses in the electrode 
as small as possible, the width has to be narrow with the contacts taken on the long side. 
This minimizes the distance where the charges, extracted from the active layer, have to 
travel in the resistive ITO electrode. 
 

 
Fig. 8. AFM topology image of (a) ITO coated glass and (b) ITO coated PET foil (reproduced 
with permission from (Galagan et al., 2011b), Copyright 2010, Elsevier B.V.). 

Processing on plastic foils such as PEN and PET typically is limited to temperatures 
generally below 100ºC. Thus, the quality of ITO layer is not optimal. First of all, this results 
in a higher sheet resistance of ITO on plastic substrates, as is shown above. Additionally, 
low temperature processing leads to an increased surface roughness compared to ITO 
annealed at higher temperatures as for ITO on glass. The ITO coated PET foil is typically 
characterized by the presence of a huge amount of spikes, which create unwanted shorts in 
the OPV devices. Fig. 8 depicts the AFM topology images of ITO on glass and ITO on PET 
foil. The current leakage due to shorts is indicated by the lower fill factor and decreased 
value of short circuit current.  
Another disadvantage of TCO layers and ITO in particular, is their brittleness. The ITO 
anode has a critical bending radius of about 8 mm, up to which the film can stand the load 
without increasing in resistance (Paetzold et al., 2003). However, the number of bending 
cycles, even with low bending radius, will affect the resistance of ITO. ITO breaks down 
rather quickly and shows an increase in resistance, which will negatively affect the 
performance of the organic solar cells.  Furthermore, the limited availability of materials, 
such as indium, results in a high cost of ITO coatings. In (Krebs et al., 2010) it was estimated 
that the cost of typical commercial available PET/ITO substrates, used for roll-to-roll 
manufacturing of organic solar cells, takes more then half of the total material cost required 
for the manufacturing of OPV modules. 

6.2 ITO-free transparent electrode 
The biggest motivation for the development of organic solar cell technology is the low cost 
potential, based on the use of low-cost materials and substrates and the very high potential 
production speeds that can be reached by roll-to-roll printing and coating techniques 
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(Medford et al., 2010; Krebs, 2009d; Krebs, 2009e; Krebs, 2009b; Galagan et al., 2011b; 
Blankenburg et al., 2009). However, indium-tin oxide (ITO), which is commonly used as a 
transparent electrode, is one of the main cost consuming elements in present photovoltaic 
devices (Krebs, 2009e; Krebs et al., 2010; Espinosa et al., 2011). The second argument to omit 
ITO from OPV devices is mechanical flexibility. The brittle ITO layer can be easily cracked, 
leading to a decrease in conductivity and as a result degradation of the device performance. 
A third argument is the multi-step patterning of the ITO layer which involves a lot of 
chemicals. A lot of efforts have been directed on the development of highly conductive 
polymeric materials such as poly(3,4-ethylenedioxythiophene):poly(4-styrene sulphonate) 
(PEDOT:PSS). Replacement of ITO by highly conductive PEDOT:PSS has been intensively 
investigated and reported (Zhou et al., 2009; Winther-Jensen & Krebs, 2006; Hau et al., 2009; 
Chang et al., 2008; Ahlswede et al., 2008; Jun-Seok, 2011). However, organic photovoltaic 
devices with only a PEDOT:PSS electrode do not provide high efficiency for large area 
devices due to the limited conductivity of the PEDOT:PSS, which is typically up to 500 S/m. 
Increasing of the layer thickness can reduce the sheet resistance, but at the same time this 
decreases the transparency. Decreasing of the transparency has a negative influence on the 
short circuit current and results in efficiency losses (Hau et al., 2009). The JV curve of the 2 
cm2 device with the high conductive PEDOT:PSS (HC-Pedot) as electrode is shown in Fig. 9. 
Such type of device is characterized by a low fill factor due to the limited conductivity of the 
PEDOT:PSS layer. The fill factor depends on the series resistance (Rs) of solar cells. Here, the 
high sheet resistance of the electrode may, therefore, reduce the fill factor. At the same time, 
the Voc does not change. The decreased Jsc can be partly explained by the very high value of 
the series resistance. Normally, Jsc does not change much with increasing of Rs, and only 
starts to change with very large values of Rs (Servaites et al., 2010), as in this case. 
 

 
Fig. 9. JV-curves of OPV devices with an active area of 4 cm2 with different anodes: a) ITO 
on glass substrate,  b) ITO on PEN/barrier substrate, c) high conductive Pedot on glass 
substrate and d) high conductive Pedot with metal grid on glass substrate. 

Improving the conductivity of such polymeric electrode is possible by combining it with a 
metal grid, which is either thermally evaporated through micro structured shadow masks 
(Zimmermann et al., 2007; Glatthaar et al., 2005) or patterned by a lithographic method (Zou 
et al., 2010; Tvingstedt & Inganäs, 2007). However, photolithography is a complex and time 
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consuming multiple step process, which requires expensive facilities. Moreover, the 
photolithographic process generates large volume of hazardous waste. Vacuum deposition 
techniques for the fabrication of current collecting grids are not as costly as 
photolithography, but are energy intensive and give patterns with low resolution. Metal 
deposition by electroless plating is simpler than photolithography, but it is rather slow, 
environmentally undesirable as it creates a lot of waste. The deposition of an Ag grid by 
diffusion transfer reversal, which is a specific photographic technique, has been reported 
(Aernouts et al., 2004). This technique is fully compatible with large area roll-to-roll 
processing, yielding metallic conducting Ag-patterns on a plastic support. Another way of 
making grids is using laser ablation. However, this technique is not the best choice for the 
preparation of the grids due to low speed of the process, where more than 90 % of the 
surface has to be removed. Additionally, debris formation will complicate preparation of 
thin organic solar cells. Printing of the metal grid, however, is a good alterative and a 
prerequisite for fully printed OPV devices, enabling low-cost manufacturing. Screen printed 
silver grids (Krebs, 2009d; Krebs et al., 2011) were demonstrated in a roll-to-roll processed 
inverted OPV device, where the grid is the last printed layer in the devices. Inkjet printed 
current collecting grids as a part of a composite anode in a conventional OPV device 
significantly improved efficiency of ITO-free devices with PEDOT based transparent 
electrodes (Fig. 9). In this case the grid is the first printed layer in the device (Galagan et al., 
2010). Integration of a conductive grid significantly decreases the resistance of the polymer 
anode. Despite the fact that single pass inkjet printed current collection grids demonstrate a 
sheet resistance of 15Ω/□ for an grid area coverage of 7.2%, which is still a high value for 
large area devices, but anyhow, it is better than what can be reached with ITO on a flexible 
substrate and comparable with ITO on glass. The conductivity of the grid can be improved 
by increasing the line height, but the increase in topology of the grid might make it 
impossible to overcoat the grid with the subsequent thin electro-active device layers. 
 

 
Fig. 10. a) 50x optical microscope image and b) typical line profile of inkjet printed silver 
lines (grid) on barrier coated PEN film. (c) 50x microscope image and (d) typical line profile 
of screen printed Inktec TEC-PA-010 ink (c and d reproduced with permission from 
(Galagan et al., 2011a), Copyright 2010, Elsevier B.V.). 
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Integration of silver grids into the structure of organic solar cell, however, has some 
restrictions. Such silver grid covers a part of the surface, making this part non-transparent 
for light. That is why the surface coverage should be limited; another reason is the high 
price of Ag.  Ink jet printed honeycombs grids with a pitch size of 5 mm and the set value of 
the line width of 100 µm, should provide a surface coverage of approximately 4%. However, 
there is observed a mismatch in the theoretical and experimental values. Inkjet printed grids 
reported by (Galagan et al., 2010) have a mismatch geometry factor of 1.48. First of all, due 
to the bad pinning of the Ag ink on the receiving substrate (in this case the top layer of the 
barrier, SixNy) the observed line width is 180 µm instead of 100 µm. This increases the 
expected surface coverage from 4 % to 7.2%. Also, the measured sheet resistance of such 
grids is roughly a factor 2.4 higher than predicted. This can be partly explained by the 
amount of deposited ink which was factor 1.5 lower than expected and partly by the 
dependency of the line width on the resistivity (the thinner the lines, the higher the 
resistivity of printed conductive lines sintered at a given condition (time and temperature). 
The optical microscopic image and typical line profile of inkjet printed silver grid lines on 
barrier coated PEN film is shown in Fig. 10, a, b. 
Further improvement of the device performance is possible with improving the conductivity 
of the grid, which is possible by applying a larger amount of silver without increasing the 
area coverage of the grid.  With inkjet printing this is possible by using multi-pass printing. 
Another alternative is screen printing of the grids (Galagan et al., 2011a). Screen printing 
inks are more viscous, have higher content of solid material and as a result have higher lines 
profile (Fig. 10, c, d) and better conductivity. The effective line width of the screen printed 
grid lines is 160 µm (although set at 100 µm) resulting in 6.4% area coverage instead of 4%. 
The average printed line height was higher than expected (1.5 µm instead of 1 µm. After 
sintering, the grid showed a sheet resistance of 1 Ω/□, which is in a very agreement with the 
theoretically expected value. The low value of Rs should be very efficient for larger area 
OPV devices. However, over-coating of the grid with PEDOT:PSS using spin coating was 
not successful due to the height of the lines. This problem was solved by embedding the 
grid in the barrier layer as shown in Fig. 11.  In this way, a smooth surface, containing the 
current collecting grid, was obtained (See Fig. 11 c).   
 

 
Fig. 11. Schematic illustration of current collection grids: (a) printed on top and (b) 
embedded into the barrier. (c) Dektak profile of the surface with embedded grid 
(reproduced with permission from (Galagan et al., 2011a), Copyright 2010, Elsevier B.V.). 
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Fig. 12. a - JV-curves of flexible OPV devices with an active area of 4 cm2 with different 
anodes: (a) ITO on glass substrate, (b) and (c) high conductive PEDOT:PSS with, 
respectively, a honeycomb and a line pattern current collecting grid (reproduced with 
permission from (Galagan et al., 2011a), Copyright 2010, Elsevier B.V.); b - Transmittance of 
the device stacks: PEN/barrier/ITOwith40nmLC-PEDOT:PSS versus PEN/barrier/with 100 
nm HC-PEDOT:PSS (reproduced with permission from (Galagan et al., 2011a), Copyright 
2010, Elsevier B.V.). 

The JV curves of the 2x2 cm2 devices with embedded screen printed current collecting grids 
are shown in Fig. 12, a. The difference in current density for devices with such grids versus 
ITO-based devices can be partly explained by shadow losses due to the grids. With the 
honeycomb pattern, 6.4% of the surface is covered by the grid, while the line pattern covers 
8% of the surface. This explains the difference in the Jsc between two grid-based devices. 
Apart from shadow losses by the grid, the transparency difference between the double layer 
ITO/low conductive PEDOT and the highly conductive PEDOT needs to be taken into 
account. The 120 nm layer of ITO on PEN provides an average transmittance of 90% over 
the visible spectrum (400-700 nm). The subsequent 40 nm layer of low conductive PEDOT 
also absorbs a part of the solar spectrum. The question now is: will this double layer yield 
lower or higher transparency compared to the 100 nm thick layer of the highly conductive 
PEDOT combined with a grid with a given area coverage? The transmission spectra of the 
stacks PEN/barrier/ITO/40 nm LC PEDOT and PEN/barrier/100 nm HC PEDOT are 
shown in Fig. 12, b. 
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The transmission spectra indicate that the transmittance of the light into the photoactive 
layer is higher in case of the ITO based device. The 100 nm thick layer of high conductive 
Pedot has a relative high absorption in the visible region. Combined with a grid makes it 
only worse. This fact can partly explain the difference in the measured current in both types 
of devices. Also interference effects should be taking into account. The thickness of the 
active layer (~220 nm), according to optical modeling (Moule et al., 2006; Moulé & Meerholz, 
2007) was optimal for the ITO based devices with 40 nm thick PEDOT layer. Such ratio in 
the layer thicknesses provides a  maximum value of Jsc. Omitting of ITO and replacement of 
low conductive Pedot by high conductive with a different layer thickness could cause the 
interference induced maximum Jsc to be shifted. Only additional modeling on the optimal 
thicknesses of the layers can help explaining these results further. Non-optimized layer 
thicknesses can also contribute to the slightly lower values of Jsc in ITO-free devices. 
Additionally, as already mentioned above, the shadow effect of the grids results in a lower 
current density in the ITO-free devices. The sum of all these factors explains why the current 
density in ITO-based and ITO-free devices is different. Further improvements of the current 
density in ITO-free devices are possible by decreasing the shadow effect (by minimizing the 
line width in the grids), by increasing the transparency of the high conductive PEDOT and 
by further optimization of layer thicknesses. 
Solar cells containing the composite anode versus ITO-based devices show almost the 
same open-circuit voltage (Voc) values, but the fill factors significantly differ. Introduction 
of a conductive grid with a sheet resistance of 1 Ω/□ into the photovoltaic devices 
substantially improves the fill factor for 2 x 2 cm² devices. As the HC-PEDOT is still 
responsible for the current collection in the area between the grid lines, the high 
conductivity of this PEDOT is very important. Moreover, the distance between the grid 
lines is an important parameter for successful current collection. In (Zimmermann et al., 
2007) the optimum pitch size has been calculated in wrap-through OPV devices for 
PEDOT formulations with different conductivities. In (Galagan et al., 2011a) two different 
pitch sizes have been tested. The results illustrate that the device with the line pattern, 
with a pitch size of 2 mm, has a higher fill factor that the honeycomb pattern, which has a 
pitch size of 5 mm. 
As the data show, replacing the ITO by a composite anode consisting of combination of a 
metal grid and HC-PEDOT, results in a significant increase in efficiency for devices of 2 x 2 
cm2. Future work will concentrate in maximizing the cell area without substantial efficiency 
losses by using optimized grid structures. This will enable a substantial increase of the 
active area of OPV modules which in turn will increase the final Wp/m2.  
An additional and very significant argument to support the ITO-free approach with current 
collecting grids and high conducting PEDOT is the observed improved stability of such 
devices. In (Galagan et al., 2010) lifetimes of ITO based and ITO-free devices have been 
compared.  A study of the intrinsic stability of the ITO-free devices and a comparison with 
the “standard” ITO-based devices has been performed on devices with the following 
layouts: “glass/Ag-grid/HC-Pedot/P3HT:PCBM/LiF/Al/metal encapsulation” and 
glass/ITO/Pedot/P3HT:PCBM/LiF/Al/metal encapsulation”, respectively. Both types of 
devices were prepared on glass substrates, as glass provides good barrier properties from 
one side of the devices. The other side of the devices was protected by a stainless steel lid 
containng a getter material which was sealed by using epoxy glue. Identical sets of devices 
have been tested under three different conditions: in dark at room temperature, in dark at a 
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temperature of 45˚C and illuminated (1.5AM condition) at 45˚C. The cells, which were kept 
in the dark at room temperature, remained stable over time. At an elevated temperature in 
the dark, the efficiency of ITO-based devices drops. The efficiency of the ITO-free devices 
did not change substantially. The combination of light and elevated temperature shows a 
very rapid degradation of the ITO-based devices. At the same time the efficiency of the ITO-
free devices remains almost unchanged. The relative changes of the Voc, Jsc, FF and efficiency 
of the devices stored at 45˚C under the light, are given in Fig. 13. 
Light and temperature are the two main factors which speed up the degradation of the solar 
cells. In the described experiment encapsulated devices were used. Due to the presence of a 
getter material and the quality of the sealant, leakage of water and oxygen from the 
environment does not play a significant role during the test period. All observed changes in 
the device performance are related to the intrinsic stability of the devices. It is clear that 
devices containing ITO degrade much faster than ITO-free devices. This fast degradation of 
ITO-based devices is explained by the indium diffusion through all layers in such devices 
(Jørgensen et al., 2008; Krebs & Norrman, 2007). Indium migration results in conductivity 
losses in the ITO anode. These conductivity losses lead to an increase of the series 
resistances in the devices, and as a result the fill factor decreases.  But it should be stated 
that for some ITO/PEDOT:PSS combinations, this degradation is not observed. 
 

 
Fig. 13. Relative changes of the Voc, Jsc, FF and efficiency of device over time, stored at 45˚C 
with light exposure. 

This work demonstrates the possibility of excluding the expensive and brittle ITO electrode 
from organic photovoltaic devices and replace it by a composite anode containing a 
combination of a printed metal grid and a printed high conducting PEDOT:PSS layer. This 
should enable complete roll-to-roll printing of solar cells on large flexible plastic substrates. 
Devices with a composite electrode illustrate a reasonable efficiency. Integration of 
conducting grids significantly decreases the resistance of the anode. Moreover, the observed 
intrinsic stability of studied ITO-free devices is much higher than the stability of studied 
devices based on ITO. After 1000 hours at elevated temperature and light exposure, the 
encapsulated ITO-free devices maintained more than 90% of their initial efficiency, whereas 
the efficiency of devices with an ITO electrode was reduced to 40% of their initial efficiency. 
In the end, taking into account the cost, compatibility and simplicity of roll-to-roll 
production of the patterned electrode, the devices with silver grids and highly conductive 
PEDOT:PSS are evidently preferred.    
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7. Module design and size 

A standard single organic solar cell has an open circuit voltage below 1 V. In solar cells 
based on P3HT/PCBM blend this value is typical around 0.5 V. The voltage at maximum 
power point is lower, even at high illumination level. The value of current strongly depends 
on the light intensity and the size of active area of the device. Scaling up of the active area 
can increase the actual output current, but the voltage delivered by photovoltaic device will 
remain unchanged. For electrical powering of electronic tools and devices, very often a 
much higher voltage is required. This can be achieved by serial interconnection of several 
single cells for delivering a higher voltage. The interconnection can be performed by 
external wiring, which is commonly used in wafer-based Si solar cells. However, application 
coating and printing techniques for manufacturing of solar cells creates the possibility of 
direct patterning of the layers. Patterned printing opens new possibilities of manufacturing 
solar sell modules with internal interconnection (Fig. 14). Printing of complete modules 
provides a significant potential to decrease the manufacturing cost and to increase the 
stability of the solar cell modules. 
 

 
 

 

Fig. 14. a - Schematic illustration of the organic solar cell modules with ITO electrode and  
b - current collecting grids/high conducting PEDOT electrode. 

As explained before, due to the relatively high sheet resistivity of ITO, the width of 
individual efficient cells typically is limited to 0.5-1 cm. By this way the Ohmic losses are 
reduced. By serial interconnection of individual cells the total active area coverage of the 
module will be rather low as, certainly with printing techniques, the non-active 
interconnections will be in the same range, i.e. between 0.5–1 cm. The larger the ratio 
between active cell area and interconnection area, the lower the losses are. Hence, for 
reducing the losses, minimizing of the interconnection area and increasing the active area of 
single cell are the focus points. The concept with the current collecting grids can provide cell 
widths much larger then 1 cm without a substantial decrease in efficiency. In such a way, 
the active area of the module can be significantly improved (Fig. 14, b). This is one more 
advantage of using a composite electrode with current collecting grids in stead of ITO or 
other TCO’s.  

8. Conclusions 

Commercialization of organic photovoltaics is complicated as many parameters change 
when moving from lab scale manufacturing of devices towards low-cost, roll-to-roll 
manufacturing. . The main factors which have influence on the efficiency, stability, and 
cost of the final product of the devices are: solvent, layer thickness, deposition technique, 
drying time, thermal annealing, substrate, electrode roughness and sheet resistance, size, 
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design and architecture of the solar cells. Omitting expensive materials, such as ITO, and 
the development of a technology that allows for solution processed (composite) 
transparent electrodes seems to be a large step towards low cost manufacturing. ITO-free 
electrodes not only significantly decrease the cost but also provide better scalability and 
higher stability of the organic photovoltaic devices. Selection of the right deposition 
technique for each electro-active layer can enable successful low-cost manufacturing of 
complete OPV modules. We built a knowledge base concerning the influence of different 
parameters and process conditions on the performance, cost and lifetime of polymer solar 
cells. All these parameters can be used as an input for further development of roll-to-roll 
manufacturing.  
 

 
Fig. 15. ITO-free organic photovoltaic devices produced in Holst Centre (15x15 cm2, active 
area is 12x12 cm2).   
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panel of acclaimed PV professionals contributed these topics, compiling the state of knowledge for advancing

this new generation of PV.
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