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 ZUSAMMENFASSUNG 

 

Das Interesse von Seitens der Industrie und Wissenschaft in gedruckter 

Photovoltaik erfuhr in den letzten Jahren bedingt durch attraktive 

Schlüsseleigenschaften wie Semitransparenz, mechanische Flexibilität, 

Prozessierbarkeit und hoher Wirkungsgrad einen stetigen Anstieg. 

Allerdings besteht weiterhin eine hohe Diskrepanz zwischen dem 

Wirkungsgrad von Bauteilen, die auf Laborskala hergestellt werden 

(aktive Flächen von wenigen mm2) und Bauteilen, die mit grosser, 

wirtschaftlich relevanter aktiven Fläche auf Rolle-zu-Rolle gedruckt 

werden (aktive Flächen von mehreren cm2). Die vorliegende Arbeit 

erarbeitet zunächst das grundlegende Verständnis von 

Verlustmechanismen über optische und elektrische Simulationen, um 

dann Designregeln zur Erhöhung des Wirkungsgrades von gedruckten 

Solarzellen herauszukristallisieren. Die Kombination von Simulation 

und Experiment erlaubt einen erfolgreichen Zugang in die Entwicklung 

umweltfreundlicher Formulierungen ohne negativen Einfluss auf die 
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wichtige Mikrostruktur der photoaktiven Schicht und ohne Einbüßen im 

Wirkungsgrad. Ein Schlüsselergebnis dieser Arbeit ist die Demonstration 

von vollständig lösungsprozessierten Solarmodulen basierend auf 

organischen pi-konjugierten Halbleitern im Rolle-zu-Rolle Maßtab. 

Neuartige Fortschritte basierend auf umweltfreundlichen 

Formulierungen, Rolle-zu-Rolle Prozessierung, Laserstrukturierung und 

einem innovativen Layout von Modulen zur Minimierung von 

elektrischen Verlusten erlauben eine Erhöhung des Wirkungsgrades von 

bis auf 90% von Rekordzellen im Labormaßstab. 
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 ABSTRACT 

Printed photovoltaics technologies saw in the past years an increasing 

interest in the scientific and industrial communities due to their unique 

selling points, such as semitransparency, flexibility, easiness of process 

and relatively high efficiencies. However, a substantial efficiency gap 

(up to 40%) is usually reported between hero, lab prepared solar cells 

and large area, roll-to-roll produced modules. In this work we focus on 

understanding the losses mechanisms via optical and electrical 

simulations, developing design rules to increase the performances of 

printed solar modules. Together with the experimental verification of the 

findings, we show a successful approach for the design of green 

formulations to allow the proper microstructure formation of the 

photoactive layer on large area substrates, yielding no additional losses. 

Finally entirely solution processed modules employing organic 

semiconductors are presented. The employment of green formulations, 

together with processing methods roll-to-roll compatible, ultra-fast laser 

structuring and a module design minimizing the electrical losses yields 

high efficient modules, with PCEs up to 90% of the reference devices. 
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1.1 Solar Power 

 

With an average energy power density of 230 W/cm2 [1] reaching the 

earth every day, solar power constitutes one of the most attractive 

resources for renewable energy production.  The increasing power 

demand and rising pollution level due to the combustion of fossil energy 

resources have lead governments and research institutes to invest into 

renewable energies and photovoltaics more and more. 

In Germany, for example, in the last few years the percentage of 

electrical energy generated by renewable sources has increased 

significantly ( Figure I-1) achieving the 38% of the total consumption in 

2015. Wind energy and biomass supplied in 2015 more than 15% and 

almost 10% respectively of the total amount of the electrical energy; 

photovoltaics raised its contribution from 0.5% of 2005 to 7.5% of 2015 

with a strong momentum between 2010 and 2012. Hydropower is 

constant at about 4% and offshore wind energy production is now 

starting to gain importance (2%).  

However, the totality of the electrical energy production of the 

photovoltaic modules is obtained employing traditional inorganic 

technologies, such as crystalline silicon, cadmium telluride and CIGS in 

limited fields of application (rooftop installations, solar fields).  

New thin film solar technologies, such as OPV, can open the way to new 

applications, necessary to further extend the solar energy production in 

the future.    
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 Figure I-1:  Percentage of the renewable energy in the electricity consumption 

of Germany in the period 2005-2015. Graph reproduced from [2].  

 

1.2 New applications 

(Adapted from L. Lucera et al., Applications of OPV, in Thin Film Solar Cells2, 

Wiley, 2016) 

 

New photovoltaics technologies, such as organic photovoltaics, have 

opened the way to new applications not possible with conventional, 

inorganic solar panels. The unique selling points (USPs) of OPV allow 

this technology to open a new way into market applications, which 

could drive new investments and OPV to reach the status of a fully 

mature technology for large scale production and finally to integration in 

a variety of structures and products that cannot be covered by other PV 

technologies. In detail the USPs can be identified as (i) harvesting 

capability, (ii) freedom of form, (iii) transparency, (iv) aesthetics, (v) easy 

scalability and (vi) environmental friendliness. In fact OPV has unique 
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properties that allow a better energy harvesting at low light intensities 

and high temperatures (harvesting capability); furthermore the good 

performances under various incident light angles constitute a major 

advantage compared to standard PV technologies such as crystalline 

silicon, CIGS and CdTe. OPV cells and modules can be designed into 

many shapes (freedom of form) and printed on lightweight, flexible and 

ultra-thin substrates, offering the chance of truly transparent products 

(transparency). The transparency as well as the color can be tuned using 

thinner or thicker photoactive layers or just by changing the band gap of 

the active materials, boosting the interest in custom-made products 

where aesthetic beauty plays a significant role. From the production 

point of view OPV can be produced in printing presses using thin film 

coating technologies allowing high throughput and a low energy 

consumption (easy scalability). Compared to other emerging 

technologies (like Perovskite and CdTe) no heavy metals are needed, 

thus reducing the environmental impact and increasing the 

sustainability of the product (environmental friendliness). 

Based on the highlighted USPs several different applications can be 

considered, which, according to the OE-A (organic electronic association) 

will be accessible to OPV in a different time scale: (i) small consumer 

electronics chargers, solar lamps, architectural installations (already 

existing), (ii) mobile power, energy harvesting, building applied 

photovoltaics (BAPV) and consumer electronics (short term – 2018), (iii) 

off-grid, building integration (building integrated photovoltaics – BIPV), 

mobile power, (medium term – 2022) and finally remote sector, grid 

connected PV (2023+).  
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Figure I-2: Commercial products of Belectric OPV GmbH: Solar Garden lamp 

(left) and architectural integration of OPV modules (right) as appeared at the 

German Pavilion at EXPO Milan 2015 (source: www.solarte.de). 

 

1.2.1 Small consumer driven applications 

 

One of the market segments which are already today seeing OPV as a 

main predominant PV technology is definitely the one involving fast 

deployable applications, such as solar lamps, sun shades and light 

structures. Belectric OPV GmbH has already started the 

commercialization of small devices and OPV modules for architectural 

integration (Figure I-2). 

Although efficiency of OPV modules at standard conditions is lower 

compared to other PV technologies, for this specific field of application 

low light intensity performances can compensate for power 

requirements; furthermore the limited time frame of operation of solar 

lamps, sun shades allows for relaxed requirements regarding lifetime of 

the devices. In case of temporary installations the lifetime can even be 

http://www.solarte.de/
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seasonal, without compromising the appeal of the technology. However, 

small, consumer-driven applications have no perspective of large, 

massive scale production but they can definitely be considered as 

relevant for introduction into the market.  

 

1.2.2 BIPV, BAPV and energy harvesting 

 

First of all, it is necessary to make a distinction between BAPV and BIPV: 

BAPV is referred to PV modules that are retrofitted over a pre-existing 

building envelope[3], whereas BIPV is a multifunctional element of the 

building generating electricity. OPV modules can be easily integrated 

thanks to the high structural flexibility, freedom of form, transparency 

and low weight; the cost of integration of OPV is quite low, because no 

special care in handling is required due to the flexibility of the modules 

and compatibility to roll-to-roll production systems (for integration on 

steel facades, for example).  

Design is also an important feature, making OPV attractive for BIPV as it 

can as modulate the incoming light and add value to the appearance of 

the building. 
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Figure I-3: a) Power output of PV modules of different technologies under 

different white-light conditions normalized to the module power rating at 1000 

W/m² (1 sun or 100000 lux). The efficiencies in the legend were measured at 

1000 W/m². b) OPV cell performances under 1000 W/m² white light conditions 

as a function of cell temperature normalized to the values at 20 °C. The repeat 

measurements are shown by open symbols and dotted lines. Reproduced with 

permission from [3]. 

 

From the operational point of view, it is known the superiority of OPV in 

low light conditions (Figure I-3a): an OPV module generates 20% more 

energy per watt-peak than a-Si cells and 70% more than CIGS devices at 

0.05 Sun. Another important effect is the dependency of the efficiency on 

the module temperature. In Figure I-3b the performances of a 

P3HT:PCBM cell with compact Ag electrode are reported as a function of 

the temperature of the device: despite a lower Voc at increasing 

temperatures, both the FF and the Jsc grow significantly, leading to an 

overall improvement of the efficiency. 

Further tests regarding service lifetime and fire safety run on OPV[3] 

showed a good compliance to EU regulations. 
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Another field were semi-transparent OPV could serve as energy 

harvesting system is the implementation into greenhouses[4] as shown in 

Figure I-4a. This approach allows to harvest photons not relevant for the 

photosynthesis and use them for electricity generation. 

 

 

Figure I-4: a) Model of possible integration of semi-transparent modules into 

greenhouses and b) Crop growth factor (G) vs. efficiency of OPV modules for 

different commercially available active layers (reproduced with permission from 

[4]). 

 

Emmott et al. recently evaluated the impact of absorption of semi-

transparent modules on the growth of plants in a green house, defined as 

G (crop growth factor)[4]. It is defined as the ratio between rate of 

photosynthesis under a clear sky and the rate under an OPV covered 

roof. Figure I-4b shows G as a function of the estimated power 

conversion efficiency (PCE) for different active layer materials absorbing 

in different regions of the light spectrum. The largest G and thus the best 

material suitable for this purpose appears to be the low band gap 

material PMDPP3T. Economic sustainability calculations show however 
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that at a cost of 40 euros per m2 an efficiency of 10.2 % of the modules 

would be necessary to justify the investment. However, considering a 

much lower cost of the OPV modules (below 2 euros/Wp) efficiencies in 

the order of 2% would be already sustainable, making the application 

interesting for the market.  

 

1.2.3 Off-grid, transportation and innovative applications 

 

Many other applications can be outlined for elastic solar materials, 

suitable for off-grid applications where no other PV technology could be 

employed[5]. 

The capability of accommodating strains bigger than 10% makes these 

materials very interesting for integration with moving parts, as well with 

non-planar substrates. The most intuitive application can be the 

integration with components that deform regularly during operation, 

such as robotic limbs or parts which change according to the weather 

conditions, such as sails. Integration in textiles can also be forecast, as it 

has been on focus by the research community for a while[6]. Furthermore 

temporary base camps, both for military and disaster relief applications, 

can be a suitable field for stretchable OPV applications. 

Another sector which rarely employs PV energy is the transportation 

one, using up to 40% of the distributed energy[5]: automobiles, airplanes, 

trains and ships often have non-planar surfaces which could be easily 

covered with OPV. Automotive would not use solar as the only power 

source but as back-up system; in general a lifetime of 3-5 years is 

considered acceptable[7]. Also in this case esthetics and transparency play 
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an important role. Heliatek GmbH and Webasto Automotive already 

showed a possible integration of the HeliaFilm® into a curved car roof[8], 

helping cars to achieve their CO2 reduction goals. 

 

1.3 Motivation of the work 

 

So far we have seen how wide is the potential of applications for OPV; 

however, in order for this technology to be successful in industrial 

production, four aspects have to be completely addressed and are 

usually referred to the four corners of a square (Figure I-5):  

 Efficiency: OPV has recently proven to be able to overcome the 

10% PCE barrier and efficiencies up to 20% have been predicted[9], 

not far from the record performances of inorganic modules; 

 Design: the development of suitable routes allowing high 

transparency, freedom of shape is necessary to open markets 

where traditional inorganic technologies fail; 

 Cost: one of the great advantages of OPV is the solution 

processability, enabling the establishment of a roll-to-roll, high 

throughput production process thus leading to an overall 

reduction of the costs; 

 Lifetime: usually 20 years lifetime for glass modules and 10 years 

lifetime for flexible modules are regarded as the target for this 

technology, which allows for successful integration into consumer 

portable electronics and automotive applications, BIPV and 

BAPV. 
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Figure I-5: The “magic” square of OPV: high efficiency of the solar cells, 

freedom of design and shapes for different applications, low cost suitable for 

industrial production, long lifetime for integration into buildings, cars, 

greenhouses. 

This thesis will especially focus on the efficiency aspect, by using 

materials and methods developed to contain costs and enable the design 

aspect as well. In detail, it is well known in literature that the up-scaling 

process from small scale single cells to large area modules leads to 

prominent losses in efficiency (Figure I-6): efficiency drops of up to 45% 

are common for several active layer materials. 
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Figure I-6: Comparison of PCE of single cells processed on a small scale, PCE of 

single cells processed with R2R compatible methods and PCE of modules R2R 

processed for different active layers [10–12].  

 
Here we will analyze, by means of optical and electrical simulations, the 

losses mechanisms hidden in the upscaling process and establish 

suitable guidelines to minimize them. We will then prove these findings 

by experimentally optimize the processing conditions on roll-to-roll 

compatible printing machines showing that a no loss upscaling process 

is achievable. 
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2.1 Organic Solar Cells 

 

2.1.1 Basic working principles 

Organic solar cells (OSC) are characterized by extremely thin solution or 

vacuum processed layers, typically in the range of few hundreds of 

nanometers. The materials used as photoactive layers are generally 

conjugated polymers or small molecules with low molecular weights, 

which behave very differently compared to inorganic semiconductors. A 

scheme summarizing the working principle of an organic solar cell is 

shown in Figure II-1.  

 

 

Figure II-1: Simplified scheme showing the internal processes of photo-

generation, charges separation and charge extraction inside an OSC active 

layer. Reproduced with permission from [13]. 
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Due to the low dielectric constant of organic materials, the photo-

generated electron-hole couples are bound and form a Frenkel exciton. 

The two charges are strongly bound by Coulombian interaction; the 

binding energy is usually in the range of 0.5 eV and the exciton has a 

diffusion length of 10-20 nm before it recombines. The photo-generated 

excitons can recombine radiatively, non-radiatevely or dissociate into 

electrons and holes, the latter process being of particular importance for 

the photovoltaic process.  In OSCs, the dissociation of excitons only takes 

place at the interface between two materials, the electron donor and the 

electron acceptor, where the necessary energy for the dissociation is 

provided. The donor material is characterized by HOMO (highest 

occupied molecular orbital) and LUMO (lowest unoccupied molecular 

orbital) levels higher than the acceptor material ones. If the exciton can 

reach the interface between donor and acceptor material before 

recombining and if the energy difference between the LUMO levels of 

the two materials is at least equal to the binding energy of the exciton, 

the couple will dissociate. The negative charge will migrate within the 

acceptor material (photo-induced charge transfer), forming a so-called 

charge transfer state, which can decay (geminate recombination) or 

completely dissociate, forming free charges.  

It is thus clear how important is to carefully plan and control the 

morphology of the photoactive layer: due to the relatively short diffusion 

lengths of the excitons, bilayer structures (Figure II-2 – left) are very 

inefficient. 
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Figure II-2: Bilayer and bulk heterojunction structures: excitons dissociation at 

the interface donor-acceptor in an organic solar cell photoactive layer. 

Reproduced with permission from [14]. 

 

In a bilayer structure, most of the excitons cannot reach the interface 

between acceptor and donor and thus recombine.  In a bulk 

heterojunction (Figure II-2 – right) the interface area between donor and 

acceptor is relatively big if compared to the bilayer structure, as the two 

materials form an interpenetrating network. Thus, more excitons will be 

able to reach the acceptor and can dissociate. The bulk heterojunction 

structure generates a much higher photocurrent and consequently the 

power conversion efficiency (PCE) of the solar cell will be higher. 

 

2.1.2 Devices Architecture and Electrodes 

 

OSCs can be processed in different architectures, employing a big variety 

of extraction layers and electrodes. The two most common architectures 
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are the normal or conventional structure (Figure II-3a) and the inverted 

structure (Figure II-3b).  

 

 

Figure II-3: a) Normal or conventional structure solar cell and b) inverted 

structure solar cell. 

 

OSCs are usually processed on glass substrates on which an Indium-Tin-

Oxide electrode (ITO) is sputtered. When a normal structure is chosen, a 

hole-injection layer (HIL) is coated on the substrate; usually a conjugated 

semiconducting polymer like poly(3,4-ethylenedioxythiphene) 

:poly(styrenesulfonate) PEDOT:PSS is used. After that, the photoactive 

layer (PAL) is processed on top of the HIL, followed by the deposition, 

usually by thermal evaporation in high vacuum (~ 10-6 Torr), of a 

metallic electrode (Ca/ Ag, LiF/ Al, Al). In an inverted structure instead, 

an electron injection layer (EIL) is coated on the ITO electrode, usually 

ZnO-based. The PAL and HIL layers are then deposited. The HIL layer 

can be thermally evaporated (like MoO3) or solution processed (like 

PEDOT:PSS). A final evaporation of a metallic contact usually follows 

(Ag). Normal structure devices are commonly employed for screening 
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materials and yield generally higher power conversion efficiencies 

(PCEs) but are usually more unstable compared to inverted structure 

devices (ref.). For this reason, for up-scaling purposes the inverted 

structure is generally the most used architecture. 

However, the structure reported in Figure II-3b is far from being fully 

up-scalable; in fact the transition to a fully large-area, roll-to-roll 

compatible architecture involves the replacement of the brittle/ 

evaporated/ opaque electrodes with high performance, mechanically 

resistant, semi-transparent electrodes, either sputtered or solution 

processed.  

Often the quality of semi-transparent electrodes (independently of the 

processing technique) is expressed by introducing a figure of merit 

(FOM) linking the film transmittance (T) to its sheet resistance (Rs). 

Given the thickness t of a film, its transmittance can be expressed as: 

𝑇 = (1 +
𝑍0

2
𝜎𝑜𝑝𝑡)

−2

                                                 (2.1) 

Where Z0 is the impedance of free space (377 Ω) and σop is the optical 

conductivity (related to the absorption coefficient α as σop ≈ α/ Z0). 

Generally the expression for the sheet resistance for a bulk-like material 

is: 

𝑅𝑠 = (𝜎𝑑𝑐,𝐵𝑡)
−1

                                                     (2.2) 

Where σdc,B is the bulk conductivity of the film. By combining equation 

(1) and (2) it is possible to obtain an expression which does not depend 

on the film thickness t: 

𝑇 = [1 +
𝑍0

2𝑅𝑆

𝜎𝑜𝑝

𝜎𝑑𝑐,𝐵
]

−2

                                            (2.3)  
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The conductivity ratio σdc,B/σop is generally used as FOM for bulk-like 

materials, where the dc conductivity is invariant with the sample 

thickness. High values of the FOM correspond to films with high T and 

low Rs.  

However, σdc,B/σop fails to properly describe the behavior of films with T 

> 75%. This is generally explained by considering percolation effects; 

such effects become important for very sparse, transparent networks of 

nanoconductors. The dc conductivity of such networks is usually 

considered to be: 

𝜎𝑑𝑐 = (𝑡 − 𝑡𝑐)𝑛                                  (2.4) 

Where t is the thickness of the layer, tc is the thickness associated with 

the percolation threshold and n is the percolation exponent. A new 

relation between T and Rs can be thus derived: 

𝑇 = [1 +
1

Π
(

𝑍0

𝑅𝑠
)

1/(𝑛+1)

]

−2

                        (2.5) 

Where Π is the percolative FOM: 

Π = 2 [
𝜎𝑑𝑐,𝐵 𝜎𝑜𝑝⁄

(𝑍0𝑡𝑚𝑖𝑛𝜎𝑜𝑝)
𝑛]

1/(𝑛+1)

                     (2.6) 

Where tmin is the thickness below which the dc conductivity becomes 

thickness dependent. In general large values of Π and small values of n 

are desirable. 

Some of the most promising electrodes for up-scaling as appeared in 

literature are reported in Figure II-4. The solid lines in Figure II-4 

represent different values of the FOM; the highest value is obtained for 

silver nanowires (AgNWs, FOM = 415) whereas the lowest is obtained 

for graphene flakes (FOM = 0.25).  Indium-tin oxide (ITO) based 
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electrodes offer the best compromise in terms of transmittance and sheet 

resistance but do not constitute a realistic choice for large area R2R 

production due to their high costs and brittleness. Dielectric/ metal/ 

dielectric sandwich-like electrodes, such as ITO-Ag-ITO structures 

(DMD or IMI)[15] have already been reported, with transmissions higher 

than 85% at 550 nm and with sheet resistances as low as 8 Ω/sq. The 

major advantage of IMI electrodes over ITO based electrodes is the 

superior mechanical resistance against bending stress.  

Silver and copper nanowires (Ag NWs and Cu NWs)[16–19]  are the most 

promising candidates in terms of conductivity and transparency and, 

moreover, were shown to be compatible to solution processing. Another 

class of electrodes is macroscopic metallic (silver) grids in combination 

with highly conductive PEDOT as collector between the grid lines. 

Excellent properties in terms of transmission (higher than 80%) and sheet 

resistance (lower than 10 Ω/sq)[20–22] were already reported.  

PEDOT itself was reported to achieve conductivities beyond one 

thousand S/cm[23], which is at the absolutely lowest acceptable 

performance boundary for transparent electrodes. Single wall carbon 

nanotubes and graphene were suggested as promising options, but the 

currently reported performance (transmission less than 70 % and sheet 

resistances higher than 100-1000 Ω/sq)[24,25] impede their application in 

photovoltaics. 
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Figure II-4: Transmittance at 550 nm versus sheet resistance of some of the 

most popular and promising transparent electrodes for organic electronics 

applications[15,21,23,25,26]. The continuous line shows the bulk-like conduction 

behavior, and the dashed line describes the percolative-like conduction behavior, 

as described in [25]. Reproduced with permission from [27]. 
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2.1.3 Devices Characterization 

 

Figure II-5: Typical light and dark JV curves of an organic solar cell in (a) linear 

scale and (b) semi-logarithmic scale. Reproduced with permission from[28] 

 

In Figure II-5 is reported the current-voltage characteristic of a solar cell 

under illumination and in dark conditions.  The most used parameter to 

describe the performance of solar cells is the power conversion efficiency 

(PCE), derived from some of the parameters highlighted in Figure II-5 

(a): 

 Short circuit current, Jsc, where the maximum generated current 

flows under short-circuit conditions; 

 Open circuit voltage, Voc, where no current is flowing because of 

the flat band condition within the device; 

 Maximum power point, MPP. Between the shot-circuit and open-

circuit condition the solar cell generates power (P = V x I); at a 

specific point, the MPP, the power is maximized; the 

corresponding voltage is hence defined as VMPP and the current 
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IMPP. The MPP allows to introduce also the fill factor (FF) defined 

as the ratio between the yellow rectangle and the white rectangle 

(shown in Fig. 2.1.3.1 a), or as: 𝐹𝐹 =
𝑉𝑀𝑃𝑃 × 𝐼𝑀𝑃𝑃 

𝑉𝑜𝑐 × 𝐼𝑠𝑐 
. 

 Power conversion efficiency (PCE). In order to calculate the PCE it 

is necessary to consider the ratio between the generated power 

and the incident power on the solar cell[29]; we can thus write: 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝐹𝐹 × 𝑉𝑜𝑐 × 𝐼𝑠𝑐 

𝑃𝑖𝑛
. 

Generally the IV curve of an organic solar cell can be approximately 

described by using a model derived for inorganic solar cells, the 

Schokley diode equation[30]. It contains an exponential term as the 

increase of voltage causes injection of carriers in the solar cell, leading to 

an exponential increase of the current and a rectifying behavior in the 

ideal case (Figure II-6). However, in order to account for real solar cells, 

the model contains two resistors as well, the series resistance (Rs), in 

series with the diode, and the parallel resistance (Rsh), accounting for 

shunts between the two electrodes. The model is represented in Fig. 

2.1.3.2. The resulting current can be written as: 

𝐼(𝑉) = 𝐼0 [𝑒
(

𝑞(𝑉−𝐼𝑅𝑠)
𝑛𝑘𝑇 )

− 1] −
𝑉 − 𝐼𝑅𝑠

𝑅𝑠ℎ
− 𝐼𝑝ℎ 

Where j0 is the saturation current, q is the elementary charge, kT the 

thermal energy and n the diode ideality factor. The photocurrent Iph 

represents a shift of the IV curve down the current axis. 
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Figure II-6: One-diode model for the electrical description of a solar cell. 

Reproduced with permission from [29]. 

 

2.2 Processing of Organic Solar Cells 

2.2.1 Deposition Methods 

 

 

Figure II-7: Coating techniques: doctor-blading (left) and slot-die coating 

(right). 

 

Several printing/ coating techniques can be suitable for the deposition of 

thin functional films; non-contact coating techniques such as knife 

coating (also known as doctor-blading – Figure II-7a) and slot-die 
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coating (Fig. Figure II-7b) deposit wet films through a meniscus. Both 

these techniques do not require any physical contact between the coating 

head and the underlying web. The coating is continuous and cannot 

define 2-dimensional patterns in the printed layer; it is limited to 0-

dimensional coatings (full area coating) and 1-dimensional patterns, 

such as stripes. The knife coating process has an ink reservoir before the 

knife that supplies the meniscus while the web is moving. Slot-die 

coating instead has a coating head with an internal reservoir; the internal 

structure of the coating head with the relevant geometric parameters is 

shown in Figure II-8.  

It is possible to show that the following equations, derived from the 

continuity and Navier-Stokes equations, describe the pressure at the 

different positions in the coating region: 

𝑃0 − 𝑃1 = 1.34
𝐶𝑎

2
3⁄  𝜎

𝑊
                                    (2.7) 

𝑃1 − 𝑃2 = (1 − 2
𝑊

𝑑2
) (6

𝜇 𝑣 𝑙2

𝑑2
2 )                                    (2.8) 

𝑃2 − 𝑃3 = 6
𝜇 𝑣 𝑙1

𝑑1
2                                     (2.9) 

𝑃3 − 𝑃𝑢 =
𝜎

𝑟𝑢
                                    (2.10) 

 Where Ca is the capillarity number described by the equation: 

𝐶𝑎 = (
𝜇 𝑣

𝜎
)

2
3⁄

                                    (2.11) 

Where σ is the surface tension of the fluid, W is the wet film thickness, l1, 

l2, d1, d2 are geometric parameters of the slot-die head reported in Figure 

II-8, v is the coating speed and ru is a constant derived elsewhere. 
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Figure II-8: Internal structure of a slot-die head, with the relevant parameters 

highlighted. 

 

The pressure difference between Pu and P0 is responsible for the 

formation of the front meniscus while coating. From equations 2.7 to 2.11 

we can derive the pressure difference ΔP = Pu - P0: 

Δ𝑃 =  𝑃𝑢  −  𝑃0

= 1.34 
𝐶𝑎

2
3⁄  𝜎

𝑊
+  

6(1 − 𝑊)𝜇 𝑙 𝑣

𝑑
+ 

𝜎

𝑟𝑢
                                 (2.12) 

If we consider l1 = l2 = l, d1 = d2 = d. This equation can be handled easily 

with numeric simulations. An example of numeric simulations using 

equation 2.11 is shown in Figure II-9, depicting the formation of the 

meniscus during slot-die coating. The situation a) represents a back-

pinned concave meniscus (stable situation), b) shows a front-pinned 
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concave meniscus (edge of a stable situation) and c) shows an unstable 

meniscus, leading to defects in the coated layer. 

 

Figure II-9: Example of the various meniscus configurations in slot-die coating: 

a) back-pinned concave meniscus (stable), b)  front-pinned concave meniscus 

(stable) and c) unstable meniscus. Reproduced with permission from [31].   

 

An experimental verification of the above mentioned simulations is 

reported in Figure II-10. Here are reported several printed layers of 

PEDOT:PSS where the wet film thickness W is kept fix at 20 µm and the 

pressure difference ΔP is 0. In Figure II-10 is reported a comparison 

between simulated values of the edge of the coating window (W ranging 

from 20 µm and 7.5 µm) and experimental results (W=20 µm), showing a 

good agreement. Similar simulations can be run by varying other key 

parameters, such as the distance between the head and the substrate, the 

temperature of the substrate, the viscosity of the ink. It is possible with 
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simulations to show that stable coating regimes are achievable even at 

speeds up to 60 m/min[31]. 

 

 

 

Figure II-10: a) to d) PEDOT:PSS layers slot-die coated at Pressure difference = 

0, W=20 µm and different speeds. The border between stable and unstable 

coating regime is between 4 and 6 m/min. e) Coating window edges of 

experimental (black squares) and simulated (colored lines) PEDOT:PSS layers 

as a function of the coating head distance and coating speed. Reproduced with 

permission from [31]. 
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Figure II-11: Different printing techniques that can be used for printed OPV. 

Reproduced with permission from [22].  

 

Several other printing techniques can be employed for the production of 

OPV and are reported in Figure II-11. All these printing methods are 

usually referred to as contact printing methods, as a physical contact 

between an impression roller or a screen and the web takes place. 

Gravure printing is a standard printing technique commonly used for 

high volume printing of magazines, catalogues, packaging labels. 

Usually it can be operated up to very high speeds (15 m/s). The gravure 

operational principle is shown in Figure II-11: the pattern is given by 

engraved cells into the surface of the printing cylinder; the engraved 
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roller rotates in an ink reservoir, thus filling the image-elements. The 

excess ink on the roller is removed with a blade. The fluid is then 

transferred on the substrate with a high pressure imposed on the 

impression cylinder (1.5-5 MPa). The main parameters controlling the 

printed quality and ink transfer are several: ink viscosity, printing speed, 

cell dimensions, blade pressure, impression cylinder pressure, substrate 

roughness. Gravure usually requires very low viscosity inks (10-20 mPA 

s) in order to have an easier printability (being able to leave the cells and 

be transferred on the substrate).  

Flexographic printing has an opposite working principle compared to 

gravure printing: the elements transferring the image on the substrate 

are raised on the printing roller. The ink is transferred on the anilox 

roller by a fountain roller; the anilox cylinder has cells engraved in its 

structure to retain the ink. The excess ink is removed with a doctor-

blade. The ink is finally transferred on the raised cells of the printing 

roller and then deposited on the web, apply a pressure between 0.1 and 

0.5 MPa. As for the gravure printing process, the key factors regulating 

the ink transfer are: cell geometry of the anilox roller, anilox type and 

material, ink viscosity, printing speed and pressure applied. Usually 

viscosities of the inks are between 10 and 200 mPa s. 

Screen printing can be used both on sheet-to-sheet applications (flat bed 

screen printing) or roll-to-roll coating systems (rotary screen printing) 

for a wide number of applications: textiles, ceramics, electronics. The 

printing process is based on a push-trough process where the ink is 

squeezed through a fine grid, made of plastic or metal. The screen is 

flooded with ink and then pushed on the substrate with a squeegee. The 
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thickness of the obtained layer can be very high, up to 100 µm. The 

printing quality depends on elements such as screen material, fineness 

and thickness of the screen, ink viscosity, ink concentration.  

In Table II-1 is reported a summary of the performances of the different 

printing methods here mentioned, reproduced from[32].     
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Spin-

coating 
5 0 - 1 1 0-100 No 

Doctor 

blade 
2 0 - 1 1 0-100 Yes 

Casting 1 0 - 2 1 5-500 No 

Sprayin

g 
3 0 1-4 2 2-3 1-500 Yes 

Knife-

over-

edge 

1 0 2-4 2 3-5 20-700 Yes 

Meniscu

s 
1 0 3-4 1 1-3 5-500 Yes 

Curtain 1 3 4-5 5 1-4 5-500 Yes 

Slide 1 3 3-5 5 1-3 25-250 Yes 

Slot-die 1 1 3-5 2 2-5 10-250 Yes 

Screen 1 2 1-4 3 3-5 10-500 Yes 

Ink Jet 1 4 1-3 2 1 1-500 Yes 
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Gravure 1 2 3-5 4 1-3 5-80 Yes 

Flexo 1 2 3-5 3 1-3 5-200 Yes 

Pad 1 2 1-2 5 1 5-250 Yes 

 

Table II-1: Comparison of printing techniques, reproduced with permission from 

[32]. Inkwaste: 1 (none), 2 (little), 3 (some), 4 (considerable), 5 (significant). 

Pattern: 0 (0-dimensional), 1 (1-dimensional), 2 (2-dimensional), 3 

(pseudo/quasi 2/3-dimensional), 4 (digital master). Speed: 1 (very slow), 2 (slow 

< m min-1), 3 (medium 1–10 m min-1), 4 (fast 10–100 m min-1), 5 (very fast 

100–1000 m min-1). Ink preparation: 1 (simple), 2 (moderate), 3 (demanding), 4 

(difficult), 5 (critical). Ink viscosity: 1 (very low < 10 cP), 2 (low 10–100 cP), 3 

(medium 100–1000 cP),  4 (high 1000–10,000 cP), 5 (very high 10,000–100,000 

cP). Reproduced from [32]. 

 

2.2.3 Green formulations 

 

When considering the transition to large area and roll to roll production 

of modules, it becomes necessary to reconsider the use of toxic solvents, 

such as halogenated, aromatic solvents, which are commonly used 

worldwide as main solvents for the active layers of organic photovoltaic 

solar cells. Schröder et al. already discussed the impact of alternative 

solvents, such as xylene, toluene and tetrahydronaphthalene (THN) on 

the performances of roll-to-roll processed solar cells [33]. In these trials, 

non-halogenated solvents yielded a 10-20% reduced performance as 
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compared to halogenated solvents like chlorobenzene (CB) or 

orthodichlorobenzene (oDCB).  

Recently, Machui et al. showed the benefit of the Hansen solubility 

parameters (HSP) to determine and predict the solubility behavior of 

organic semiconductors[34]. In this work we extended the HSP method to 

analyze the solubility of whole blends, such as the commonly used 

P3HT:PCBM blend and determined suitable non-halogenated solvents or 

combinations of solvents that allowed slot-die coating of large area OPV 

modules with no losses as compared to halogenated solvents. [35],[36][15]. 

This method was further used for small molecule:fullerene blends[37], 

again showing excellent agreement between the HSP predictions and the 

experimental results. Overall, the HSP method was proven to be a 

reliable and efficient method for the determination of novel and greener 

solvents for the OPV production.  

Xylenes were recently confirmed as suitable candidates for a no-loss up-

scaling process of the active layers by various groups. PCEs higher than 

8.5% for spin-coated PTB7(poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2- 

b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl): PC70BM based solar 

cells were demonstrated[38]. Synooka et al. showed how xylenes could be 

successfully used also for the processing of PBDTTT-CT poly{[4,8-bis-(2- 

ethyl-hexyl-thiophene-5-yl)-benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl]-alt-

[2-(20-ethyl-hexanoyl)-thieno [3,4-b]thiophen-4,6-diyl]}: PC70BM based 

solar cells, yielding PCEs over 7% on small area, spin-coated samples[39]. 
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2.3 Monolithic interconnection of Cells  

2.3.1 Solar Modules 

 

Figure II-12: Scheme of a solar module where the single cells are connected in 

series. The inset shows a detail of the interconnection region. 

 

Solar modules are a technology developed for multiple reasons: the 

serial interconnection of several cells allows for an increase of the voltage 

generated by the solar device; most of the active materials deliver in fact 

Voc < 1V. Furthermore, this technology is particularly suitable for large 

area applications: the serial interconnection of multiple cells reduces the 

influence of parasitic electrical resistances on the performances of the 

devices, as explained in the following paragraphs, provided that the 

resistances of the interconnection regions are low. The most commonly 

used architecture for thin film solar module technologies is reported in 

Figure II-12 and will be the one considered throughout this work. 
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2.3.1 Printing Approach 

 

 

Figure II-13: Fully printed solar module. 

A possible approach to the fabrication of solar modules consists in using 

only printing methods and taking advantage of the resolution of the 

printing techniques used. A scheme explaining how the interconnection 

in series between the single cells is obtained is provided in Figure II-13. 

The main advantage of this procedure is given by the fact that no 

additional structuring technique is needed, thus providing a cost-

efficient way of achieving the monolithic interconnection in the module. 

However the resolution of the chosen printing techniques limits the 

performances of the resulting module: the dead area size might be 

significantly wide, compared to the dimensions of the active area. The 
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fact that the interconnect area does not contribute to the production of 

photocurrent generation is accounted for by the concept of the geometric 

fill factor (GFF), defined as the ratio between active area and total area of 

a monolithically interconnected module: 

 

GFF = 
Active Area

Total Area
 = 

n × w × L

n × w ×( L+l )
 = 

L

L+l
 

 

where n is the number of cells, w is the width of cells, L is the length of 

active area of one cell and ℓ is the length of the interconnect or of the 

dead area corresponding to one cell. 

Table II-2 summarizes the efficiencies and geometric parameters of 

modules as they were reported recently in literature. According to Table 

II-2, entirely printed P3HT:PCBM based modules with efficiencies 

higher than 2%  have not been reported.  

A module design with 5 mm long cells and a total monolithic inactive 

cell length of only 0.5 mm (GFF of 90 %) is not likely to be achieved if 

one considers available printing and coating techniques. This is well 

supported by the GFF values reported in the past for OPV modules 

(Table II-2). The shortest distance between neighboring cells (length of 

monolithic interconnection) which has so far been achieved using only 

printing techniques is 1 mm. This represents the cross web resolution 

limit of slot-die, flexographic, rotary screen and gravure R2R printing 

techniques for multilayer assemblies.  

In order to solve the problem, alternative patterning technologies need to 

be explored and implemented in the production process of high GFF 
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OPV modules: in the following section a processing alternative is 

proposed. 
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PCBM printing) 
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P3HT-
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Table II-2: State of the art of efficiencies for OPV modules and relevant geometrical parameters as reported in literature. 

PEDOT:PSS PCBM PEDOT:PSS 

10.5 2.5 9 PET 
Ag, 

PEDOT:PSS 
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PCBM 
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5 0.140 14 PET IMI 
P3HT-

PCBM 

Ag 

(evaporated) 
3.13 95 [15] 

5 0.2 8 Glass N/A N/A N/A 5.50 96 [54] 

N/A N/A 50 Glass ITO 
P3HT- 

PCBM 

PEDOT:PSS 

(spray-

coated) 

1.80 N/A [55] 

N/A N/A 4 PET ITO 
PCDTBT- 

PC70BM 

Al 

(evaporated) 
4.09 87 [56] 

C
H

A
P

T
E

R
 II: T

heoretical B
ackgrou

n
d

 

__
____

____
____

____
____

____
____

____
____

____
____

____
____

____
__  



CHAPTER II: Theoretical Background 

 

 

 

- 69 - 

2.3.2 Laser structuring 

 

Figure II-14: Full area coating and laser structuring: the method employed in 

this thesis to prepare monolithically interconnected modules. 

 

A suitable technology for this purpose is laser patterning (/ structuring). 

High speed and high resolution laser induced material ablation is a 

sound processing technique for OPV production. Typical beam focus 
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diameters of ultrashort lasers are in the range of 10 to 50 µm[57]. After 

successful demonstration of laser patterned transparent conductive 

layers (transparent conductive oxides (TCO)) deposited mainly on 

glass[58–61], laser micro-machining started to penetrate display[59] and 

thin-film photovoltaic (TFPV)[62] technology. Laser patterning thus 

represents a viable alternative to the process of wet chemical etching 

[57,62–67]. Laser patterning of non-transparent electrode materials that are 

present in some TFPV techniques like CIS and CIGS deposited on glass 

substrates were demonstrated as well [63,68]. Some work focused on the 

ablation of the absorber layer as a substitute of the mechanical or 

lithographical patterning[63,68–74], [75–77]. All the examples shown above 

utilize the unique properties of ultra-fast lasers. 

Stimulated by the impressive progress with ultrafast laser patterning of 

TFPV, Kubis et al. demonstrated only recently P3HT:PCBM based 

modules fabricated on glass as well as on PET substrates (the process 

flow is outlined in Figure II-14), where the monolithic interconnection 

was realized with the help of laser patterning [15,78]. Most important is the 

demonstration of flexible P3HT:PCBM modules where slot-die coating 

and laser patterning were combined and 14-cell modules with a total 

area of 3500 mm2 reached PCE > 3 % (on the total area)[15]. Further, Kubis 

et al. demonstrated GFF values over 95%, clearly underlining the 

superior resolution and registration of laser patterning vs classical 

printing methods. In this thesis we will focus on laser structuring as 

promising route towards the achievement of high GFFs. 
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2.2.3 Electrical Modeling  

 

Figure II-15:  Electrical model used to simulate a solar cell within a module: the 

cell is affected by the Rs,bottom, Rs,top  and Rint. Reproduced with permission from 

[79]. 

When modeling a solar cell within a module, several additional 

resistances affect significantly the performances. In Figure II-15 is shown 

an equivalent circuit where the key series resistances are highlighted: 

 Rs,bottom: series resistance of the bottom electrode; 

 Rs,top: series resistance of the top electrode; 

 Rint: interconnect resistance due to the contact between the top 

and bottom electrode in the patterning line P2; 

Furthermore we will call: 

 ℓ: length of the patterning region (distance between P1 and P3, not 

photoactive region) ; 

 L: length of the solar cell within the module. 

McGehee and coworkers recently discussed the correlation between 

reflection, absorption and resistive transparent electrode losses onto the 
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performance of thin film monolithically integrated modules and 

suggested electrode induced performance losses of 10-25%[80]. In detail, 

they showed that ITO based electrodes reduce the efficiency of a 

monolithically interconnected module by about 16% (considering an 

absorber delivering a Jsc of 20 mA·cm-2) when L is 10.5 mm (ℓ is 0.5 mm). 

The electrode induced losses for a 10 times less conductive electrode 

(based on the ratio of DC conductivity over absorptivity) can be kept as 

low as 29 % for an optimized electrode geometry L with 2.0 mm (ℓ is 0.5 

mm). 

Hoppe and coworkers studied the electrode induced losses for ITO (Rs of 

12.5±0.6 Ω/sq on glass and 50±3 Ω/sq on plastic) and PEDOT (Rs 100±20 

Ω/sq on plastic) based electrodes and derived a set of design rules for 

the optimized cell and module layout for P3HT:PCBM based devices [81]. 

An optimized module design with a length of the solar cell of about 5 

mm and a length of the interconnection of less than 0.4 mm was 

suggested to reach power conversion efficiencies of about 3% (with 

respect to the total area) for P3HT:PCBM based modules.   

  
High sheet resistances (Rs) of the electrodes cause serious limitations 

with respect to the width of the single cells in the module as it imposes a 

high electrical resistance on the current to be collected. Sheet resistances 

as high as several hundreds of Ω/sq were reported in the case of highly 

conductive PEDOT[23], inducing prohibitive losses.  
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2.4 Optical Effects within a Solar Cell 

 

2.4.1 TMF Theory and Methods 

(Partially adapted from L. Lucera, P. Kubis, F. W. Fecher, C. Bronnbauer, M. 

Turbiez, K. Forberich, T. Ameri, H.-J. Egelhaaf, C. J. Brabec, Energy Technol. 

2015, 3, 373) 

 

The substitution of the electrodes in the stack of the OSCs with up-

scalable alternatives and the transition to semi-transparent devices 

dramatically affects the optical response of the OSC. Optical simulations 

can help understanding the distribution of the intensity of the electrical 

field inside the stack and optimize it to achieve the highest 

performances. 

 

 

Figure II-16: A general multilayer structure having m layers between semi-

infinite ambient and substrate. Each layer has a dj thickness and its optical 
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properties are described by the complex index of refraction. The electric field that 

is propagating in the two directions is indicated by 𝑬𝒋
+and 𝑬𝒋

−. Reproduced with 

permission from [82]. 

 

Many different approaches allow to obtain reflection and transmission 

coefficients of the electromagnetic field in a stratified structure; here we 

will focus on the transfer matrix formalism approach (TMF). Inganäs and 

coworkers described the TMF method applied to thin film organic solar 

cells and how this could lead to a precise quantification of the 

distribution of the optical electric field inside a device[82].  

In a later work, Ameri et al.[83] showed how this method can be 

successfully used to analyze the impact of layer thickness variations in 

conventional versus inverted architecture OSCs. The thickness variation 

of the non-absorbing layers, the so-called optical spacers, was found to 

tune the electromagnetic field profile in an inverted architecture device 

less efficiently than in a normal architecture device. These findings were 

later confirmed by Andersson et al.[84]  

The importance and benefit of optical simulation further emerged with 

the progress of tandem cells: Dennler et al.[85] used the TMF to design an 

optimized tandem absorber stack by assuming  an equal absorption of 

photons in the top and bottom sub-cells. By today the TMF has become a 

standard tool for the R&D community to fine-tune the architecture and 

material selection for multi-junction solar cells, thus enabling the way to 

highly efficient solar cells [9,86–88] 

 OSCs are multilayered structures where each layer can be considered 

isotropic and homogeneous and all the layers have parallel interfaces. 
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Since the equations governing the propagation of the electric field are 

linear and the tangential component of the electric field is continuous, 

these systems can be described by 2x2 matrices.  

We consider now a planar structure with m layers between a semi-

infinite transparent ambient and a semi-infinite substrate (Figure II-16); 

each layer j has a thickness dj and its optical properties are described by 

the complex index of refraction 𝑛�̃� = 𝑛𝑗 + 𝑖𝑘𝑗, function of the wavelength 

of the incident light. The electric field propagating in the structure has 

two components, one in the positive x direction, one in the negative x 

direction, respectively 𝐄𝑗
+and 𝐄𝑗

−.  

The interface between the layers j and j-1 can be described with a matrix 

of reflection/transmission: 

Ij,j-1=
1

tj,j-1
(

1 rj,j-1

rj,j-1 1
)                                     (2.13) 

The terms 𝑡𝑗,𝑗−1 and 𝑟𝑗,𝑗−1 are the Fresnel complex reflection and 

transmission coefficients at the jth interface. Since we consider only TE 

waves, they can be defines as: 

rj,j-1=
ñj-ñj-1

ñj+ñj-1
                                    (2.14) 

tj,j-1=
2ñj-1

ñj+ñj-1
                                    (2.15) 

We can now introduce the phase matrix describing the propagation of 

the electric field within layer j: 

Lj= (e
-iξjdj 0

0 e
iξjdj

)                                     (2.16) 

Where ξ
j
=

2π

λ
q

j
. 
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By combining the equations 2.13 and 2.16 we can write the total system 

transfer matrix S, which relates the electric field at ambient side and 

substrate side as: 

(
𝑬0

+

𝑬0
−) =  𝑺 (

𝑬𝑚+1
+

𝑬𝑚+1
− )                                    (2.17) 

𝑺 = (
𝑆11 𝑆12

𝑆21 𝑆22
) = (∏ 𝐼(𝑣−1)𝑣𝐿𝑣

𝑚

𝑣=1

) 𝐼𝑚(𝑚+1)                                    (2.18) 

For the total layered structure the resulting complex reflection and 

transmission coefficients can be derived as: 

𝑟 =  
𝑬𝟎

−

𝑬𝟎
+ =

𝑆21

𝑆11
                                    (2.19) 

𝑡 =  
𝑬𝒎+𝟏

+

𝑬𝟎
+ =

1

𝑆11
                                    (2.20) 

Using the above mentioned equations, it is possible to simulate the 

internal electric field distribution for different wavelengths inside the 

OSC and especially inside the photoactive layer: 

𝑬𝑗(𝑥)  =  𝑬𝑗
+(𝑥) + 𝑬𝑗

−(𝑥)                                   (2.21) 

For plane, polarized waves propagating in the x direction, the module of 

the Poynting vector, depicting the energy flux can be written as: 

 

𝑃 =  𝑅𝑒(𝑬 × 𝑯∗) =
1

𝑐𝜇0
𝐸𝑚

2 𝑠𝑖𝑛2(𝑘𝑥 − 𝜔𝑡)                                    (2.22) 

And we can thus write the absorbed energy in the j layer as the 

difference between Pleft and Pright: 

𝑃𝑙𝑒𝑓𝑡 − 𝑃𝑟𝑖𝑔ℎ𝑡  =  
1

2
𝑐𝜀0𝛼𝑗𝑛𝑗|𝑬𝑗(𝑥)|

2
                                   (2.23) 
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Where 𝛼𝑗 =
4𝜋𝑘𝑗

𝜆
 is the absorption coefficient and nj the real part of the 

refractive index in the jth layer. From equation (2.23) we can then derive 

an expression for the short circuit current: 

𝐽𝑠𝑐,𝑗 = ∫
ℎ𝑐

𝑞
 (𝑒𝑞. 2.18) ∙ 𝐼𝑠𝑢𝑛(𝜆) ∙ 𝜆 ∙ 𝐼𝑄𝐸(𝜆) 𝑑𝜆                                    (2.24) 

Where Isun is the power intensity of the sun and IQE indicates the 

internal quantum efficiency of the photoactive layer. 

 

2.4.2 Transparency simulation and calculation 

 

Semitransparent solar cells, as already discussed in previous sections, 

can be employed in several applications; however, it is important to 

define the transparency of the solar cell based on the human eye 

sensitivity, thus allowing to tune the properties of the solar cell 

according to the application.  

The human eye is more sensitive towards certain light wavelengths and 

less sensitive towards other. In Figure II-17 is shown the sensitivity of 

the human eye versus the wavelength of the light, showing the peak of 

sensitivity at 550 nm. 
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Figure II-17: Sensitivity of the human eye under normal lighting conditions. 

Reproduced from [89]. 

By using the following equation we can determine the transparency of a 

semitransparent object to human eyes: 

 

𝑇𝑣𝑖𝑠 =
∫ Transmittance (λ) ∙ Sensitivity (λ) dλ

∫ Sensitivity (λ) dλ
                                   (2.25) 

 

Equation 2.25 will be used in the following chapters to simulate and 

optimize the transparency of OPV modules. 
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3.1 Materials 

 

The materials used in these thesis are either commercially available or 

synthetized by collaborating groups.  

 

3.1.1 Active layer materials 

 
Figure III-1: Chemical structure of the active layer materials used in this thesis: 

a) P3HT, b) PBTZT-stat-BDTT-8 and c) pDPP5T-2. 

The polymers mainly used for the production of cells and modules were: 

the P3HT polymer (Figure III-1a), provided by Merck Chemicals GmbH 

(Lisicon SP001, regio-regularity 94.2%, Mw = 54.2 kg mol-1). The polymer 

PBTZT-stat-BDTT-8 (Figure III-1b) was as well provided by Merck 
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Chemicals GmbH (Mw = 49.5  kg mol-1). The side groups R1 and R2 have 

not been disclosed. The polymer pDPPT-5T (Figure III-1b) was provided 

by BASF Chemicals (Mw = 47 kg mol-1). Another donor material, named 

gen-2, was provided by Merck Chemicals GmbH; no chemical structure 

has been disclosed. Two fullerenes, PCBM (99% purity) and PC70BM 

(99% purity), were employed as acceptors and were purchased from 

Solenne BV. Their chemical structure is provided in Figure III-2. 

 

Figure III-2: Chemical structure of the fullerene materials used in this thesis: a) 

PCBM and b) PC70BM. 

 

3.1.2 Hole and electron extraction materials 

The main material used as hole extraction layer was PEDOT:PSS, shown 

in Figure III-3. Several commercially available variations (from Heraeus 

GmbH) of water based PEDOT:PSS formulations were used: Clevios P 
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VP Al 4083 (resistivity 500-5000 Ω cm), HTL Solar SCA 388 (conductivity 

0.1 – 10 S/cm), FHC Solar (high conductive grade, 500 S/cm). 

 

 

Figure III-3: Chemical structure of the HTL PEDOT:PSS. 

 

For inverted structure devices several electron extraction layers were 

used:  

 A sol-gel synthetized AZO solution based on zinc acetate and 

aluminum nitrate in ethanol was used. The synthesis route was 

already published by Stubhan et al. [90]. Conversion of the 

precursor to AZO via hydrolysis was achieved by heating the 

samples to 140 °C for 10 min. 

 A ZnO nanoparticle dispersion in ethanol and isopropanol, 

received from Nanograde AG. 

 

3.1.3 Electrode materials 

The following materials were used as transparent/ opaque electrodes: 

 ITO coated glass at 20 Ω/□ was obtained from Weidner Glas, 

Nuremberg; 
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 ITO(40 nm)- Ag(10 nm)- ITO(40 nm) sputtered Melinex ST504 

PET substrates heat stabilized were received from Materion Inc, 

Windsor, CT, USA; 

 AgNWs dispersions in DIW and IPA were prepared by Cambrios 

Advanced Materials Corp., Sunnyvale, CA, USA; 

 Evaporated metallic Ag (Alfa Aesar GmbH) was thermally 

evaporated using shading masks in different thicknesses (0.1, 0.25 

µm); 

 

3.1.4 Solvents 

The solvents used in this Thesis are summarized in Table III-1. 

Solvent Supplier Purity Observations 

Isopropyl alchohol 

(IPA) 
Roth GmbH > 99.8%  

Orthodichlorobenzene 

(o-DCB) 
Roth GmbH > 98% For synthesis 

Chlorobenzene (CB) Roth GmbH > 99.5%  

o-xylene 
Merck Millipore 

GmbH 
> 98% For synthesis 

Tetralin (THN) 
Merck Millipore 

GmbH 
> 99%  

Anisole 
Merck Millipore 

GmbH 
> 99%  

 

Table III-1: Solvents used in this Thesis. 
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3.2 Devices and modules layouts 

 

3.2.1 Single cells 

 

Layout 1: ITO/ ZnO (AZO)/ PAL/ PEDOT:PSS/ Ag 

 

 
 

Figure III-4: Layout used for single cells with bottom electrode ITO or IMI. 

Reproduced with permission from [36]. 

 

Single cells were processed with layout shown in Figure III-4. ITO 

substrates were structured using a laser patterning machine and then 

cleaned in an ultrasonic bath in acetone for 5 min and then in IPA for 5 

min. The substrates were then dried with a nitrogen flow. After the 

deposition of the solution processed layers, the cells were completed by 

thermal evaporation of a thin Ag (100 nm) electrode. The active area is of 

10.4 mm2. 
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Layout 2: ITO (IMI)/ ZnO (AZO)/ PAL/ PEDOT:PSS/ AgNWs 

 

Single cells with solution processed electrodes were prepared 

accordingly to layout 2. Glass/ ITO substrates (Figure III-5 – left) and 

PET/ IMI substrates (Figure III-5 – right) were laser patterned, then 

washed in an ultrasonic bath of IPA and dried using a nitrogen flow. 

After the coating of ZnO(AZO)/ PAL/ PEDOT:PSS a solution processed 

electrode (AgNWs) was applied on top of it. 

 

 

Figure III-5: Layout of single cells with solution processed top electrode and 

glass/ ITO bottom electrode (left) and PET/ IMI bottom electrode (right). 

Layout 3: IMI/ ZnO (AZO)/ PAL/ PEDOT:PSS/ Ag 

 

Flexible PET substrates sputtered with IMI were laser structured 

according to the layout shown in Figure III-6. After being cleaned in an 

ultrasonic bath of IPA for 5 min, ZnO(AZO)/ PAL/ PEDOT:PSS were 
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coated on top of the substrate, followed by a thermally evaporated layer 

of Ag (100 nm). In Figure III-6 – right is shown the measurement holder 

used for the characterization of the solar cells. 

 

Figure III-6: PET/IMI cells fabrication: laser patterning layout and thermally 

evaporated electrode (left) and measurment holder (right). Partially reproduced 

from [36]. 

 

 

Layout 4: IMI/ ZnO (AZO)/ PAL/ PEDOT:PSS/ Ag 

 

Large area substrates containing 54 single cells were prepared according 

to the layout shown in Figure III-7. This layout was designed for large 

area coating (both with doctor blading technique and slot-die coating). 

After laser structuring of the PET/ IMI substrate, the samples were 

cleaned with a tissue and IPA, then dried with a dry air flow. 

ZnO(AZO), PAL and PEDOT:PSS were then coated onto the substrate; 

the squares were then cut with scissors and the edges cleaned from the 

excess material preventing to access the bottom electrode. A thermal 

evaporation of a thin (100 nm) Ag electrode completed the devices. 

LL 
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Figure III-7: Layout used for the preparation of single cells on flexible, large area 

substrates with the sheet-to-sheet slot die coater. Reproduced with permission 

from [36]. 

 

 

3.2.2 Modules 

Modules were prepared according to several layouts, which will be here 

reported. 

 

Layout 1: IMI/ ZnO (AZO)/ PAL/ PEDOT:PSS/ Ag 
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Modules coated on the doctor-blade or using the sheet-to-sheet coater 

used the layout reported in Figure III-8.  

Individual substrates of dimensions 110 mm x 164 mm were laser 

structured to achieve a P1 patterning according to the layout in Figure 

III-8a. After that the photoactive stack was deposited, again structured 

(Figure III-8b) and cleaned (Figure III-8c). The substrates were then 

inserted into an evaporation chamber were a thin Ag layer (250 nm) was 

deposited (Figure III-8d) and finally structured again. The modules had 

an active area of 35 cm2. 
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Figure III-8: a) Laser patterned PET/IMI substrate and preparation steps: b) P2 

structuring, c) cleaning, d) metal evaporation and e) P3 structuring. 
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 Reproduced with permission from [15]. 

 

Layout 2: IMI/ ZnO (AZO)/ PAL/ PEDOT:PSS/ Ag or (AgNWs) 

 

 

Figure III-9: One meter long substrates consisting of 5 modules and 18 squares 

(108 single cells). 

The modules and single cells processed on roll-to-roll compatible 

processing equipment were laser-patterned on one-meter long substrates 

(as shown in Figure III-9). This allowed to achieve a good statistic on the 

performances of the single cells (54 single cells on one substrate) and 

modules (5 modules; one large area module – 92 cm2, 4 35 cm2 modules – 

two with patterning aligned in the coating direction and two in the 

opposite direction). The processing/ patterning steps for the preparation 

of the individual modules are shown in Figure III-8. 

 

Layout 3: IMI/ ZnO (AZO)/ PAL/ PEDOT:PSS/ AgNWs 

 

The module layout was then changed to extend the active area up to 

73.15 cm2 and introduce additional electrical insulation on the edges 

(further explanations on this point will follow).   
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Figure III-10:  Layout of the modules (73.15 cm2 active area), with laser P1 

patterning lines (red), P2 patterning lines (green) and P3 structuring (light and 

dark blue). 

A detailed scheme showing the positioning of the laser patterning lines 

are is provided in Figure III-10. 

 

 

3.3 Processes 

 

Several machines were used for the production and optimization of OPV 

solar cells and modules in this thesis.  In this section an accurate 

description of each of them will follow. 
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3.3.1 Sheet-to-sheet coating equipment 

 

 
 

Figure III-11: a) doctor-blading machine and b) sheet-to-sheet slot die coater. 

 

Two different sheet-to-sheet coating machines were employed for the 

preparation of films and devices: a doctor-blade and a sheet-to-sheet 

coater. The doctor-blade, shown in Figure III-11a, was produced by 

Zehntner  GmbH. It is equipped with a hot plate (heatable up to 140 °C) 

and a stepping motor, pushing the blade at speeds between 1 mm/s and 

99 mm/s. Two blades were used: one with width of 6 cm and one with 

width of 20 cm.  

A sheet-to-sheet slot die coater produced from FMP GmbH was used as 

well. It is shown in Figure III-11b. The machine is constituted by a main 

core, where the slot-die coating head is installed. The slot-die head 

(available in dimensions of 10 and 20 cm in width) could be heated, as 

well as the tubing and the stainless steel syringe used for pumping the 

ink into the system. The coating took place onto a heatable granite plate 

moving at speeds between 0.3 and 10 m/min.  
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3.3.2 Roll-to-roll coating equipment 

Another slot-die coating machine was used for coating of large area 

flexible substrates, a mini roll coater produced from FOM technologies, 

Denmark.  

 

Figure III-12: a) mini roll coater and b) coating process of the active layer on the 

mini roll coater. 

The machine is equipped with a holder for slot-die heads (maximum 

coating width 8.8 cm – slot-die head width 10 cm) directly depositing the 

ink on the substrate which lies on a heatable backing roller. The roll has a 

diameter of 1 m, thus allowing to coat substrates up to 1 m in length. 

A picture of the mini roll coater is provided in Figure III-12a; the coating 

process of the active layer is instead shown in Figure III-12b. 

The ink is pumped into the slot-die head through a syringe pump 

(model AL-1000 from World Precision Instruments). The syringe, tubes 

and slot-die can be heated to a temperature up to 80 °C, thus ensuring a 

correct handling for inks that might gel at RT. 
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Figure III-13: Scheme of the loopcoater (a) and picture of the machine in the 

EnCN lab (b). 

Another coating machine was employed for the coating and curing of 

functional films. The scheme explaining the structure is shown in Figure 

III-13. The machine is composed by a first coating section, where a slot-

die (up to 15 cm wide) can be positioned and tilted from 0º (where the 

coating head is coating straight down) to -135º. The coated web enters 

then two ovens, which combine hot air curing and infrared curing, up to 
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140 ºC. The machine, where the substrates forms a “loop” and has no 

unwinder and rewinder, is from here on referred to as ”loopcoater”. The 

machine is further equipped with a splicing section, where the substrate 

can be cut and replaced, and an edge guide system, which keeps the web 

running straight (with a precision up to 150 µm). The tension of the web 

is controlled via a movable roller controlled by pressurized air. 

 

3.3.3 Laser structuring 

 

Figure III-14: Laser patterning machine LS-7xxP employed in this thesis. 

Copyright Energy Campus Nürnberg and Kurt Fuchs. 

The laser patterning process was carried out with a LS-7xxP setup (LS 

Laser Systems GmbH). The heart of the system is a laser from High Q 

laser (femtoREGEN UC – 1040-8000 fs Yb SHG) emitting at 1040 nm and 
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520 nm (first harmonic), with a pulse duration of <350 fs. The repetition 

rate is limited to 960 kHz. A galvanometer mounted mirror can deflect 

the beam at speeds up to 4000 mm/s. The system uses a camera system 

for the alignment of the sample with the beam and a software allows to 

recognize automatically pre-marked patterns, for a completely 

automatized laser patterning step. 

 

3.3.4 Encapsulation 

 
 

Figure III-15: Encapsulation process in a precision laminator from Fetzel 

GmbH. Copyright Energy Campus Nürnberg and Kurt Fuchs. 

The encapsulation of our solar modules was carried out with a precision 

laminator (model UVL 60 pro) from Austria GmbH. The modules were 

encapsulated in between two barrier foils (from different suppliers) with 
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an UV curable epoxy glue (katiobond lp 655) from DELO GmbH and 

then cured in a home-made UV setup (emitting strongly at 410 nm, 

absorption wavelength of the glue) until the glue hardened. 

 

3.4 Characterization techniques  

Solar cells and modules were characterized using a solar simulator Oriel 

Sol A1 under 1000 W/m2 illumination power, under AM 1.5 standard 

conditions. The optical properties of the functional layers (absorption, 

reflection, transmission) were measured with a UV-vis-NIR spectrometer 

from Pelkin Elmer (model Lambda 950). The thickness of the layers on 

glass was measured with a profilometer (Tencor Alpha Step 100); 

however thicknesses of layers on PET could not be measured with a 

profilometer. A correlation curve was used: the absorption and thickness 

on plain glass and the absorption on PET substrates of the layer were 

measured. The normalized absorption value of the highest peak 

(depending on the layer considered) was then correlated to the actual 

thickness value.  

Cross-sections as well as surface topologies were obtained using a 

focused ion beam setup (FEI Helios NanoLab 660) operating at various 

accelerating voltages. Atomic force microscopy was performed using a 

Nanosurf Easy Scan 2 model in contact or conductive mode. 

The external quantum efficiency of the solar cells was measured using an 

Enli Technology measurement setup (QE-R) and the light intensity at 

each wavelength was calibrated with a Si photovoltaic cell. 

Optical microscope images were recorder with a confocal microscope 

(µsurf explorer).  
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DLIT images were recorded to detect local heat distributions and 

characterize the presence of shunts and defects in the modules. The 

setup, built at the ZAE Bayern, included a computer, a power source 

(Agilent E360A), an IR camera EQUUS 327 SM with InSb detector. A 

cryostat was used to cool down the detector. 

The solubility tests were performed at room temperature. The powder 

was added into the solvents (or solvent mixtures) until an oversaturated 

solution was achieved. The solutions were then stirred for 12 hours 

before centrifugation at 15000 rpm for 10 minutes. In order to determine 

the concentration of the prepared solutions, optical density 

measurements were performed. The solutions were diluted until 

absorption measurements could be correlated to standard curves with 

known concentration. The solubility in [
𝑚𝑔

𝑚𝑙
] is then obtained by using the 

following relation: 

𝑆 =
𝐴𝑝𝑒𝑎𝑘𝑉2

𝑏𝑉1
                                              (3.1) 

Where S is the solubility, 𝐴𝑝𝑒𝑎𝑘 is the absorption value at the highest 

peak of the absorption spectrum, 𝑉2is the volume after dilution, 𝑉1is the 

volume before dilution and b is a constant depending on the chosen 

material.  
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4.1 Requirements for fully solution processed modules 

 

The transition from small scale, lab-produced solar cells to large area, 

roll-to-roll processed solar modules involves several challenges; it is thus 

important to outline all the possible sources of losses and try to minimize 

them. In this section we will evaluate them and outline how each of them 

can be addressed; Figure IV-1 summarizes the main challenges to be 

tackled. 

 

 

Figure IV-1: scheme depicting the main areas of research addressed in this 

Thesis to overcome up-scaling losses. 

Materials research – in order to achieve the highest performances it is 

necessary to choose appropriate PAL, delivering high PCEs on small 
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scale devices. However, high efficiencies are not the only criterion to be 

chosen: compatibility with solution processable interlayers (ETL and 

HTL) is as well crucial and stability plays a vital role for a future 

commercialization. Furthermore the electrodes (solution processed or 

sputtered) have to maximize the optical transparency in the visible range 

(350 – 800 nm) and minimize the sheet resistance to reduce the parasitic 

electrical resistances. Ideally these electrodes should yield T > 90 % and 

Rs < 10 Ω/□. Last, but not least, the PALs have to be processed and 

deposited using green (non-halogenated) solvents; toxic solvents cannot 

be processed in large volumes and can constitute a major hurdle for OPV 

production. 

 

Simulations – to understand the losses mechanisms from the optical and 

electrical point of view, simulations are necessary to understand: (i) how 

the substitution of materials is affecting the optical response of the stack; 

(ii) how much does the choice of having a semitransparent electrode 

affect the PCE of the solar module; (iii) what are the main parasitic 

resistances effects and how important they are in the limitation of the 

performances; (iv) how the processing methods (printing vs. coating + 

laser structuring) can negatively influence the solar modules. 

 

Process development – the choice of an appropriate device structure of 

the devices is fundamental; the structure has to guarantee high stability, 

semitransparency (if desired), low processing costs, easy printability and 

high efficiency. The structures considered in this thesis are reported in 

Figure IV-2. 
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Figure IV-2: Path to an up-scalable architecture. Reproduced with permission 

from[27] 

 

The structure named REF is an inverted structure OSC with bottom ITO 

and top evaporated metallic electrode, which is not up-scalable by 

solution processable techniques. In structure U1 the ITO electrode was 

replaced by an IMI sandwich electrode, mechanical resistant to bending 

stress[15] and with superior T vs Rs properties (see Figure II-4). Structures 

U2-1, U2-2 and U2-3 are fully printable. In U2-1 the top electrode is a 

composite Ag grid-PEDOT layer whereas in structure U2-2 an AgNWs 

layer is used. Structure U2-3 employs both solution processable 

electrodes, both Ag grid-PEDOT based. 

a) REF b) U1

c) U2-1 d) U2-2 e) U2-3
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Other crucial processing aspects are the chosen coating methods, which 

have to fulfill instead production requirements (such as roll-to-roll 

compatibility, low ink waste) but as well still yield high quality, uniform 

layers. In this thesis we chose slot-die coating as the deposition method, 

thanks to its great homogeneity properties and full compatibility to roll-

to-roll printing lines. 

Last, as mentioned before, the electrical interconnection of the cells has 

to be performed with a method yielding very low areal losses but still 

grant superior electrical interconnection properties: ultra-fast, high 

resolution fs laser structuring is the approach chosen to achieve an 

electrical interconnection in the solar modules. 

 

 

4.2 Efficiency loss estimation by optical simulations 

(Partially adapted from L. Lucera, P. Kubis, F. W. Fecher, C. Bronnbauer, M. 

Turbiez, K. Forberich, T. Ameri, H.-J. Egelhaaf, C. J. Brabec, Energy Technol. 

2015, 3, 373 and from L. Lucera, F. Machui, P. Kubis, H. D. Schmidt, J. 

Adams, S. Strohm, T. Ahmad, K. Forberich, H.-J. Egelhaaf, C. J. Brabec, Energy 

Environ. Sci. 2016, 9, 89 [79] ) 

 

 

As previously mentioned, TMF simulations allow to evaluate the optical 

losses occurring in OSCs for the different printing compatible 

architectures versus the REF architecture (U1 and U2, see Figure IV-2). In 

detail, TMF allows us to analyze the impact of individual material 

properties on the overall performance (Jsc, FF). Specifically, we will 

investigate variations in (i) the transparency of the front electrode, (ii) 
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the reflection from the top electrode and (iii) in the homogeneity of the 

coated layers.  

TMF calculations were carried out on the stacks REF, U1 and U2 

considering the following thicknesses for the REF structure: Glass 1 mm, 

ITO 350 nm, aluminum-doped zinc oxide (30 nm or 130 nm), photoactive 

layer (PAL) (a diketopyrrolopyrrole-quinquethiophene alternating 

copolymer (pDPP5T-2): phenyl-C61-butyric acid methyl ester (PCBM) 

(130 nm) or gen-2 (received from Merck Chemicals):PCBM (200 nm) or 

poly(3-hexylthiophene-2,5-diyl) (P3HT):PCBM (200 nm)), PEDOT:PSS 

(30 nm) and a highly reflective Ag electrode (100 nm). For the U1 

structure a PET substrate and a transparent electrode composed of a 

sandwich of ITO (40 nm), Ag (10 nm) and ITO (40 nm) (ITO-Metal-ITO = 

IMI) with extremely low sheet resistance (8 Ω/sq) and superior 

mechanical properties[15] is used, whereas for structure U2-2 a thin layer 

of silver nanowires (Ag NWs) was considered.   
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Figure IV-3: (a-c) Optical simulations obtained through TMF for the structures 

of Figure 1. The dotted line marks the highest thickness of the respective 

photoactive layer that allows to have fill factors higher than 60%[86]. (d) Optical 

constants n and k for Ag NWs and for the active layers (pDPP5T-2:PCBM, 

P3HT:PCBM, gen-2:PCBM). Reproduced with permission from [91]. 

 

Optical constants (n and k – shown in Figure IV-3d) of the AgNWs layer 

were determined from reflection and transmission measurements and 

using the software NIKA[92]. In the structure U2-3 the IMI electrode layer 

is substituted with a composite electrode: silver fingers and highly 

conductive PEDOT (200 nm). The shading area of the active layer due to 
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the presence of the silver fingers is considered as being 5% of the total 

active area[26].  

The results of the optical simulations are shown in  

Figure IV-3a-c, where the short circuit current is plotted against the 

thickness of the PAL. The internal quantum efficiency of the active layer 

is assumed to be constant at 80% over the entire wavelength range (350 

to 900 nm), as shown for P3HT and gen-2 by Li et al.[86] and by Kouijzer 

et al.[93] for pDPP5T-2.  The results with the calculated transparencies are 

also summarized in Table IV-1. The calculations of the PCE are done 

assuming a Voc of 0.6 V and FF of 65% for pDPP5T-2:PCBM, Voc of 0.75 V 

and FF of 65% for gen-2:PCBM, Voc of 0.58 V and FF of 65% for 

P3HT:PCBM. 

It is obvious from Table IV-1 that the optical losses between glass based 

and PET based reference devices (REF vs U1) are relatively small (less 

than 8% loss in Jsc) after a proper re-optimization of all the layers 

thicknesses). Semitransparent solar cells are found to deliver 

significantly lower short circuit currents. The loss in Jsc can be as high as 

50%, depending on the active layer thickness, as a consequence of 

balancing transparency and PCE of the module. Only recently, Guo et 

al.[16] have shown the importance of optical simulations for the 

optimization of ternary bulk heterojunction systems with respect to 

transparency vs device Jsc. 
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PAL-1: 

pDPP5T-2:PCBM 

PAL-2: 

gen-2:PCBM 

PAL-3: 

P3HT:PCBM 

[AZO 30 nm, PAL 130 nm, 

PEDOT 30 nm] 

[AZO 130 nm, PAL 200 

nm, PEDOT 30 nm] 

[AZO 30 nm, PAL 200 nm, 

PEDOT 30 nm] 

Name Structure 

Jsc 

(mA·cm-2) 

 

PCE (%) 

[FF=65%,  

Voc=0.6 V] 

(T %*) 

Jsc 

(mA·cm-2) 

 

PCE (%) 

[FF=65%, 

Voc=0.75 V] 

(T %*) 

Jsc 

(mA·cm-2) 

 

PCE (%) 

[FF=65%, 

Voc=0.58 V] 

(T %*) 

REF 

Glass/ ITO/ 

AZO/ 

PAL:PCBM/ 

PEDOT/ Ag 

15.04 
5.9 

(-) 
12.92 

6.3 

(-) 
9.80 

3.7 

(-) 

U1 

PET/ IMI/ AZO/ 

PAL:PCBM/ 

PEDOT/ Ag 

14.47 
5.6 

(-) 
11.98 

5.8 

(-) 
9.25 

3.5 

(-) 

U2-1 
PET/ IMI/ AZO/ 

PAL:PCBM/ 

7.66 

 

3.0 

(42.62%**) 
7.25 

3.5 

(21.74%**) 
7.00 

2.6 

(26.51%**) 
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PEDOT/ Ag grid 

U2-2 

PET/ IMI/ AZO/ 

PAL:PCBM/ 

PEDOT/ Ag NWs 

7.81 
3.1 

(46.70%) 
7.82 

3.8 

(22.70%) 
7.30 

2.8 

(27.31%) 

U2-3 

PET/ Ag grid/ 

PEDOT/ AZO/ 

PAL:PCBM/ 

PEDOT/ Ag grid 

9.53 
3.7 

(54.66%**) 
8.49 

4.1 

(31.37%**) 
7.58 

2.9 

(26.49%**) 

 

Table IV-1: A summary of the photovoltaic parameters Jsc and PCE for the opaque (REF and U1) and semi-transparent 

(U2) structures of figure 1. Active layer thicknesses are chosen as the largest possible for achieving fill factors above 60%. 

*The transparency was calculated on the sensitivity of the human eye[94]. **The calculations for the transparency of Ag grid 

based electrodes assumed a total shading area of 5% for the structure U2-1 and 10% for the structure U2-3. Reproduced 

with permission from [91]. 
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A new PAL with optical properties very similar to gen-2 was then 

investigated, PBTZT-stat-BDTT-8: PCBM. Small area solar cells were 

prepared on ITO, FTO and IMI substrates; the results reported in Table 

IV-2 show that the PCE losses of IMI and FTO based devices compared 

to the ITO ones occur mainly in current. In order to understand the 

reasons leading to such a prominent loss, we performed optical 

simulations with TMF on the following structures: (a) ITO (360 nm)/ 

ZnO (50 nm)/ PBTZT-stat-BDTT-8:PCBM/ PEDOT:PSS (50 nm)/ Ag 

(100 nm), (b) FTO (350 nm)/ ZnO (50 nm)/ PBTZT-stat-BDTT-8:PCBM / 

PEDOT:PSS (100 nm)/ Ag (200 nm) and (c) IMI (ITO 40 nm- Ag 10 nm- 

ITO 40 nm)/ ZnO (50 nm)/ PBTZT-stat-BDTT-8:PCBM / PEDOT:PSS 

(100 nm)/ Ag (250 nm). We assumed a constant IQE of the PAL of 

80%[27], a fill factor of 60% and Voc of 0.77 V. The results are shown in 

Figure IV-4 and summarized in Table IV-2. 

 

bottom 

electrode 

Jsc (mA cm-2) 

at 220 nm PAL 

thickness 

Voc (V) FF (%) PCE (%) 

exp. sim. exp. a.* exp. a.* exp. sim. 

ITO 13.51 14.39 0.78 0.77 58 60 6.11 6.64 

FTO 11.72 13.75 0.80 0.77 60 60 5.35 6.35 

IMI 10.65 10.98 0.75 0.77 56 60 4.47 5.07 

 

Table IV-2: Results of the optical simulations performed on single small area 

cells based on the architectures and materials chosen for the upscaling process. 
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Experimental results give average values on more than 6 cells with 10.4 mm2 

active area. *a. stands for assumption used for the optical simulations. 

 

 

Figure IV-4: a) Optical simulations of Jsc versus active layer thickness for a 

PBTZT-stat-BDTT-8: PCBM based device with different transparent electrodes: 

ITO, FTO and IMI. b) Calculations of Poynting vector, absorption rate and 



CHAPTER IV: Results 

 

 

- 111 - 

intensity of the electric field (|E2|) as a function of the position within the 

stack. Reproduced with permission from [79]. 

 

The simulations show a substantial agreement with the experimental 

results. The substitution of the ITO electrode with IMI causes, according 

to the TMF simulations (Figure IV-4a) and in agreement with the 

experimental results, a significant loss in short circuit current (about 3.4 

mA cm-2) and thus a predicted PCE loss of more than 24% compared to 

the reference device. In order to further investigate the reasons for the 

diminished Jsc in the IMI based device, we calculated the electric field 

intensity distribution in the stack[88,95] at λ = 650 nm, which is the 

absorption maximum of the PAL. Furthermore, we calculated the spatial 

distribution of the Poynting vector[95], depicting the energy flux in the 

stack and its spatial derivative, the absorption rate. This quantifies the 

absorption in each layer composing the stack. In Figure IV-4b the electric 

field intensity (|E|2), the Poynting vector and the absorption rate are 

shown as a function of the position in the stack for ITO, FTO and IMI 

based electrodes. The parasitic absorption of the silver layer in the IMI 

electrode reduces the photogenerated current in the PAL by around 0.9 

mA cm-2 in the wavelength range 350-900 nm, according to the TMF 

calculations. 

As previously mentioned, TMF allows as well to simulate the 

transparency of the devices, when a top semitransparent electrode is 

used. For most of the commercial applications of OPV, such as BIPV, 

BAPV and cars integration, the ability of tuning the transparency of the 

solar module is essential. For this reason, we performed additional 
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optical simulations with PBTZT-stat-BDTT: PCBM active layer with 

different bottom semitransparent electrodes (IMI, ITO, AgNWs) and 

AgNWs top electrodes. The results are shown in Figure IV-5.  

 

 

Figure IV-5: a) Jsc  vs PAL thickness for different couples of electrodes: ITO-Ag, 

IMI-Ag, IMI- AgNWs, ITO- AgNWs, AgNWs- AgNWs and b) simulated 

transparency vs active layer thickness for different couples of electrodes. 

 

The results indicate that transparencies up to 20% are achievable at 

active layer thicknesses up to 350 nm. The calculations do not include 

additional water/oxygen barrier foils and glues which are usually 

employed for the protection of the finished modules. 

 

As a summary we can state that optical simulations indicate, based on 

the chosen production process, design rules and materials choices to 

maximize the efficiency of devices. In detail: 

 Opaque modules processed on ITO substrates have the highest 

potential in terms of high efficiency achievable;  
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 Opaque modules processed on IMI substrates, depending on the 

chosen active layer, are subject to a new optimization to 

minimize the losses. A variation of thickness of the PAL might be 

necessary to obtain the highest efficiency;  

 Semitransparent modules are subject to a current loss due to lack 

of absorption of back-reflected photons. Depending on the active 

layer, current losses up to 40-50% are possible. 

 

 

 

 

4.3 Efficiency loss estimation by electrical simulations 

(Partially adapted from L. Lucera, P. Kubis, F. W. Fecher, C. Bronnbauer, M. 

Turbiez, K. Forberich, T. Ameri, H.-J. Egelhaaf, C. J. Brabec, Energy Technol. 

2015, 3, 373 and from L. Lucera, F. Machui, P. Kubis, H. D. Schmidt, J. 

Adams, S. Strohm, T. Ahmad, K. Forberich, H.-J. Egelhaaf, C. J. Brabec, Energy 

Environ. Sci. 2016, 9, 89 [79] ) 

 

 

Here we will discuss electrical losses associated with non-ideal 

electrodes. Typical electrode losses are due to the finite conductivity of 

the transparent electrode material.  Additional losses occur when 

considering modules. On the one hand there are electrical contact 

resistances of the interconnects (Rint), while on the other hand, the lack of 

photocurrent generation in the interconnection regions causes 

geometrical losses. In the following section, we will address all of these 

three loss factors.  
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The cross section of a monolithically interconnected module, the 

essential geometric dimensions and the replacement circuit are shown in 

Figure IV-6. All the previously mentioned parameters (Rs of the 

electrodes, interconnect resistance Rint, cell width L, interconnect width ℓ) 

differently impact the performance loss of the module as a function of 

the short circuit current (Jsc). With the evolution of novel low bandgap 

polymers the photocurrent has scaled from roughly 10 mA·cm-2 

(P3HT:PCBM) to more than 20 mA·cm-2[96] over the last few years. It is 

therefore important to carefully reconsider the impact of the short circuit 

current density on the electrode related losses.  

 

Figure IV-6: Cross section of a thin film solar module showing the key 

parameters for the monolithical integration: the interconnect width (P2), the 

patterning length (distance P1-P3, called here ℓ); L represents the active cell 

length and w the width of the solar cell; the active area is given by A = L·w. The 
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dead area of the module, where no photo-generation occurs, corresponds to D = 

ℓ·w. Reproduced with permission from [27]. 

Here we systematically investigated the correlation between (i) short 

circuit current density, (ii) electrode conductivity and (iii) the lengths of 

the individual cells. In this section we will address the optimization of 

the full parameter space by numerical simulations. The electrical 

replacement circuit is implemented into a quasi 3D electrical finite 

element model as explained by Fecher et al. [97]. In this model, the J-V 

characteristic of a reference single cell is stored in every node point of the 

active cell. Thus, the junction voltage and J-V working point are 

calculated locally. If no other values are mentioned, the reference cell has 

the following characteristics: Short circuit current density Jsc = 

7.66 mA·cm-2, open circuit voltage Voc = 0.6 V and fill factor (FF) = 65%.  

 

 

 

Figure IV-7: Electrical simulations showing the efficiency losses when changing 

two of the key parameters related to the choice of materials in the module: (a) 

photo generated current and (b) sheet resistance of the front electrode. 

Parameters kept constant: P2 = 40 µm, ℓ = 150 µm, Rs,top = 10 Ω/sq (for (b) this 
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parameter was changed), Rs,bottom = 8 Ω/sq, Rint = 5·10-3 Ω cm2, FF 65%, Voc = 

0.6 V, Jsc = 7.66 mA·cm-2 (for (a) this parameter was changed). Reproduced with 

permission from [27]. 

 

Further standard parameters are: Active cell length L = 5 mm, length of 

patterning region (= inactive cell length) ℓ = 150 µm, length of 

interconnect line (= P2-line) 40 µm, contact resistance of the interconnect 

line Rint = 5 ∙ 10-3 Ω·cm², sheet resistance of top electrode Rs,top = 

10 Ω/sq, sheet resistance of bottom electrode Rs,bottom = 8 Ω/sq. We 

divide the simulations into materials´ parameter variations (Figure IV-7) 

and into geometric parameters variations (Figure IV-8). 

 

 
 

Figure IV-8: Electrical simulations showing the efficiency losses when changing 

two of the key parameters related to the choice of materials in the module: (a) 

interconnect resistance and (b) patterning length. Parameters kept constant: P2 

= 40 µm, ℓ = 150 µm, (for (b) this parameter was changed), Rs,top = 10 Ω/sq, 

Rs,bottom = 8 Ω/sq, Rint = 5·10-3 Ω cm2, FF 65%, Voc = 0.6 V, Jsc = 7.66 mA·cm-2 

(for (a) this parameter was changed). Reproduced with permission from [27]. 
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In Figure IV-7a we analyze the impact of the active cell length on the 

module performance when the photoactive materials are capable of 

delivering short circuit currents of up to 30 mA·cm-2. We assume an 

interconnect length of 40 µm, a patterning length of 150 µm[15] and a 

contact resistance of 5 mΩ ∙ cm2, achievable with a very good electrical 

contact between top and bottom electrode[81]. What appears clear is that 

the limitations from the sheet resistances of both the bottom and the top 

electrode (8 and 10 Ω/sq in this case)  reduce the optimal length of the 

active cell from 5 mm for a material with a photo current density of 5 

mA·cm-2 down to 2.5 mm for a 30 mA·cm-2 one. Furthermore, the curve 

which is almost flat for the low current density materials becomes really 

sensitive to small changes in the length of the cell for the high current 

density materials, leading to a drop in efficiency of more than 10% at a 

fixed dimension of 5 mm for a 30 mA·cm-2 material. In Figure IV-7b we 

consider a standard stack, composed of electrode-1 / ZnO/ gen-

2:PCBM/ PEDOT:PSS/ electrode-2. We assume the sheet resistance of 

electrode-1 to be 8 Ω/sq, a value typical for IMI electrodes[15], and we 

vary the sheet resistance of electrode-2 in a range from 0.12 Ω/sq (bulk 

aluminum[81]) up to 10-20 Ω/sq (typical values for Ag grid-PEDOT 

composite electrodes[26]). The other parameters (P2, ℓ, and Rint) are kept 

constant as previously for the simulations in figure 4a. The photovoltaic 

parameters of the reference solar cell are set at Voc 0.6V, Jsc 7.66 mA·cm-2 

and FF 65%. We notice that in this case the sensitivity of the PCE curve to 

the change of sheet resistance of electrode-2 is rather low, and one can 

still achieve 96% of the efficiency of the reference cell by using a 20 Ω/sq 

electrode. 
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So far, we have considered and evaluated the impact of the materials 

chosen for the preparation of the modules, namely the sheet resistance of 

the electrodes and the photo-generated current of the active layers. 

However, it is also important to assess the impact of the other aspects of 

the geometric design, especially regarding the resistance of the 

interconnect and the length of the inactive patterning region. The results 

and impact of these two parameters on the performance of a module are 

shown in Figure IV-8. 

Figure IV-8a summarizes the impact of the interconnect resistance. As 

soon as the PAL delivers short circuit current densities as high as 30 

mA·cm-2, the drop in PCE becomes significant even at an interconnect 

resistance 0.1 Ω cm2. Such a high contact resistance does cause more than 

50% module performance loss, independent of the sheet resistances of 

top and bottom electrodes (10 Ω/sq in this case). 

In Figure IV-8b we analyze the impact of the length of the patterning 

region on the overall performance of the module: the PCE remains above 

80% of the nominal value when the length of the patterning region is 

shorter than 150 µm, whereas a patterning regime larger than 1 mm 

causes performance losses larger than 20%. 

Following the prescriptions given by the simulations, a suitable module 

layout was chosen for the fabrication of modules, using the following 

parameters: L+ ℓ = 5 mm, ℓ = 80 µm, P2 width = 20 µm. Subsequently, 

FEM simulations were performed to determine the potential of modules 

with this layout, inserting  the experimental values of Jsc, FF, and Voc of 

the best performing single cells and Rs,top = 0.1 Ω/sq. (evaporated silver) 

and Rs,bottom = 8 Ω/sq (IMI[15], FTO, ITO) for the sheet resistances of the 
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materials employed for top and bottom electrodes, respectively, and 

using the literature value Rint = 11 mΩ cm2 [81] for the interconnect 

resistance. The cells prepared had a PBTZT-stat-BDTT: PCBM as PAL. 

Bus bar induced losses were not accounted for in this simulation. 

 

 Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

Cells 

(exp.)  

Modules 

(FEM) 

Cells 

(exp.) 

Modules 

FEM 

Cells 

(exp.) 

Modules 

FEM 

ITO 13.45 13.44 0.77 64 59 6.6 6.2 

FTO 11.42  11.42 0.81 66 61 6.1 5.6 

IMI 11.50  11.46 0.77 62 58 4.9 4.5 

 

Table IV-3: Achievable performances of the different module chosen for the 

upscaling process, according to electrical simulations (FEM). The experimental 

performances (exp.) of single cells (best experimental results) were used as input 

for the simulations. 

 

In Table IV-3 the results of the FEM simulations are reported, showing 

that in the transition from single cells to modules we expect losses in the 

efficiency. For ITO based modules the loss expected is around 6% of the 

initial one, whereas for FTO and IMI based modules the losses are 

higher, at around 8% for both. 

 

As a summary, we can state that the key role of electrical simulations 

arises especially when the transition from a single cell to a module takes 

place: the effect of the relevant parameters Rint, ℓ, L, Rs, Jsc has to be 
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carefully addressed and understood. Low quality electrodes (in terms of 

Rs), large lengths of the patterning region, large active area cell sizes and 

a high interconnect resistance affect greatly the performance potential of 

a given PV technology.  

Electrical simulations serve another important purpose, that is 

distinguishing between parameters which can and those which cannot 

be varied easily (for example, due to the processing techniques chosen). 

For example Rint, as it is shown in  

Figure IV-9, can greatly affect the quality of the interconnection of the 

cells and limit the PCE of the module. However, this is a physical 

property arising from the materials chosen as top and bottom electrodes 

and their specific contact resistance. It can be changed by increasing the 

size of the P2 interconnection, but this will reduce the overall GFF. 

Hoppe et al. showed, for example, that interconnect resistances can reach 

values as high as 0.2 Ω cm2 for a contact between highly conductive 

PEDOT and ITO, more than one order of magnitude higher compared to 

an ITO-Al specific contact resistance[81]. Furthermore, for percolative-like 

electrodes, such as metallic nanowires, the electrical connection might 

present high specific contact resistances, thus causing Rint to be a 

determinant factor for the PCE losses. Lingiabing et al. already showed 

that contact resistances between carbon nanotubes layers and silver 

nanowire layers can be as high as 0.075 Ω cm2 [98]. 

The impact of the various module architectures on the PCE of the 

modules is best explained at the hands of the gen-2 module. The PCEs 

are obtained by optical and electrical simulations for four different 

electrodes (Ag NWs, Ag grid-PEDOT:PSS, compact Ag, IMI) and two 
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different patterning approaches (large ℓ (2.5 mm) and L (10.5 mm) and 

small ℓ (150 µm) and L (5 mm)) are chosen. Furthermore, the effect of 

different interconnect resistances is taken into account (10 to 100 

mΩ·cm2). Table IV-4 summarizes the resulting PCEs and the contribution 

of optical and electrical losses to the overall power loss. 

 

For architectures 2 and 3 a pie graph of the percentage contribution to 

the total losses for the different parameters (lack of back reflective 

electrode, Rint, ℓ, L, Rs,top, Rs,bottom) is shown in  

Figure IV-9: for small interconnection lengths and small cell lengths it 

becomes clear that the predominant loss is the lack of a reflective 

electrode, whereas for large interconnection lengths and large cell 

lengths the main losses are equally distributed between electrical and 

optical contributions, thus proving that in that case we are far from the 

optimal ℓ and L dimensions. 

 

Concerning the patterning length ℓ and the length of the single solar cell 

L, the choices are limited to the techniques chosen for the monolithical 

interconnection. Most importantly, all the resistances and dimensions 

need to be synchronized with the photocurrent density, which can be as 

high as 30 mA·cm-2. 

In summary we can affirm that:  

 Rint is a predominant factor of losses, which can cause, for high Jsc 

absorbers, losses up to 60-70% of the nominal efficiency when Rint 

is 0.1-0.2 Ω cm2; this value is strictly correlated to the choices of 

materials made for top and bottom electrodes. Furthermore the 
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choice of nanowire-based electrodes might cause high specific 

contact resistances. 

 ℓ is another key loss factor: for patterning lengths of about 1 mm 

(the smallest patterning length reported in literature for an all-

printing method[45]) losses of about 20% of the nominal efficiency 

for a 7 mA·cm-2 take place. The impact of ℓ can be significantly 

reduced (down to less than 5-10% of the nominal efficiency) only 

with the use of patterning systems (like laser structuring) 

allowing the patterning length to be as low as 100-150 µm. L is a 

loss factor that in general can be minimized by considering the 

electrical properties of the electrodes and the Jsc delivered by the 

PAL. Active cell lengths in the range of 3-5 mm allow, for Jsc up to 

30 mA·cm-2, sheet resistances of the two electrodes around 10 

ohm/sq and ℓ of 150 µm, to minimized the losses below 5% of the 

nominal efficiency of the materials. 

 Rs of the electrodes have to be carefully considered: for relatively 

low Jsc (for example 7-8 mA·cm-2), Rs up to 10 Ω/sq can be 

acceptable and lead to a PCE loss of around 5% of the nominal 

efficiency (with ℓ = 150 µm, L = 5mm). However, for increasingly 

higher short circuit currents, a 10 Ω/sq electrode might enforce a 

reduction of the active cell length below 3 mm to contain the 

losses around 10%. 



CHAPTER IV: Results 

 

 

- 123 - 

 

 

Figure IV-9: Summary of the relative weight of the simulated losses for gen-

2:PCBM based modules for two different approaches: (a) when an all-printing 

method is used (Rint = 10 mΩ · cm2, ℓ = 2.5 mm, L = 10.5 mm, Rs,top = 10 Ω/sq, 

Rs,bottom = 8 Ω/sq) and (b) when laser structuring is used (Rint = 10 mΩ · cm2, ℓ 

= 150 µm, L = 5 mm, Rs,top = 10 Ω/sq, Rs,bottom = 8 Ω/sq). Reproduced with 

permission from [27]. 
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IMI/ 

Ag 

NWs 

3.81 93.38 10.0 1.39 5.0 0.01 0.15 3.48 10.00 0.97 8.0 0.77 3.34 2 

IMI/ 

Ag 

NWs 

3.81 73.62 10.0 1.85 10.5 0.11 2.50 18.10 10.00 3.50 8.0 2.81 2.54 3 

IMI/ 

Ag 

NWs 

3.81 63.89 100.0 13.23 10.5 2.66 2.50 15.71 10.00 2.50 8.0 2.01 1.97 4 

Ag 

NWs/ 

Ag 

NWs 

3.90 93.22 10.0 1.39 5.0 0.00 0.15 3.47 10.00 0.96 10.0 0.96 3.33 5 
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____
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Table IV-4: Example of the up-scaling losses when taking into account optical and electrical simulations. The contributions 

to the total loss in columns Rint, cell length L , patterning length ℓ, Rs,top,  Rs,bottom are given as a percentage of the difference 

between PCEfinal and PCEopt, where PCEopt stands for efficiency given by optical simulations and PCEfinal is the efficiency 

after optical and electrical simulations. 

Ag 

NWs/ 

Ag 

NWs 

3.90 83.21 100.0 11.78 5.0 0.27 0.15 3.10 10.00 0.82 10.0 0.82 2.98 6 

Ag 

NWs/ 

Ag 

NWs 

3.90 63.57 100.0 13.43 10.5 2.28 2.50 15.63 10.00 2.54 10.0 2.54 1.95 7 

Ag 

grid/ 

PEDOT 

Ag 

grid/ 

PEDOT 

4.14 51.66 100.0 17.23 10.5 5.30 2.50 19.04 10.40 3.39 10.4 3.39 2.12 8 

C
H

A
P

T
E
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 IV
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esu

lts 
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____
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____

____
____

____
____
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4.4 Optimization of the active layers 

4.4.1 P3HT: PCBM 

(Partially adapted from F. Machui, L. Lucera, G. D. Spyropoulos, J. Cordero, S. 

A. Ali, P. Kubis, T. Ameri, M. M. Voigt, C. J. Brabec, Sol. Energy Mater. Sol. 

Cells 2014, 441.) 

 

 

In order to test different solvents suitable for P3HT and PCBM, we 

performed solubility tests at room temperature as described before. 

Compared to xylene, the solubility of P3HT in THN and anisole is lower, 

whereas higher solubility values are reached for PCBM using THN and 

anisole, as it can be seen in Table IV-5. In case of solvent blends for a 

xylene: THN blend, solubility is reduced in comparison to pure xylene 

and it is mainly governed by the component with the lower solubility. A 

comparable effect has already been seen in reference[99] for different 

solvent blends consisting of a good solvent and different bad solvents. 

Since THN is a high boiling point solvent, the drying process is sensibly 

slower when compared to xylene and anisole. In principle a slower 

drying should improve the polymer crystallinity since the system has 

more time to reach the thermodynamic equilibrium. THN shows quite a 

distinct solubility selectivity effect for PCBM. This promotes an 

enhanced phase separation as already reported in other publications 

[100,101]. Furthermore the addition of THN prevents a fast agglomeration 

and gel formation of the solution. The solubility values in Table IV-5 are 

quite low. Since processing of the materials usually takes place at higher 

temperatures a higher solubility results. Efforts in measuring the 
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solubility at processing temperatures (between 60-80°C) led to enormous 

increase in solubility. Due to gel formation the exact determination of the 

solubility was not possible. This was already reported by other groups 

[41]. Nevertheless a strong increase in solubility, especially for P3HT is 

known to take place [102].  

 

Material 

P3HT 

solubility 

[mg/mL] 

PCBM 

solubility 

[mg/mL] 

Boiling 

point 

[°C] 

Relative 

evaporation rate 

(butyl acetate = 

100) 

[-] 

xylene 2.7 22.1 144 80* 

THN 0.7 114.8 208 2.2* 

anisole 0.25 25.57 154 17.1* 

xylene:THN 

75:25 (v/v) 
0.7 36.9 - - 

anisole:THN 

70:30 (v/v) 
0.18 30.6 - - 

* from HSPiP software [103]. 

Table IV-5: Solubility values of the materials and parameters of the used 

solvents and solvent blends. 

 

Figure IV-10 shows the evaporation behavior of the analyzed solvent 

combinations. For pristine xylene a straight line is shown, since only one 

solvent is evaporating. The evaporation behavior after addition of THN 

differs significantly from that of pristine xylene. The addition of a high 
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boiling component prolongs the drying time as can be seen for xylene 

and anisole for addition of THN. 

 

Figure IV-10: Simulated evaporation curves for xylene and the analyzed 

solvents blend systems. Reproduced with permission from [36]. 

 

 

Compared to processing from pristine xylene, the addition of THN leads 

to a nearly 10 fold increase of the drying time. This lets the film enough 

time for a better film formation. After the complete evaporation of 

xylene (Figure IV-10) only the remaining low volatile THN is the main 

component of the wet film. This significantly slows the dried film 

formation. Since anisole still evaporates slower compared to xylene, the 

anisole:THN blend is drying even slower. In both cases mainly PCBM 

can be dissolved in the remaining THN wet film. This selective effect is 

known to be favorable for the microstructure formation[104]. Further, 

according to reference[105] the addition of THN increases the surface 

tension of the active layer solution from 25.8 mN/m to 29.5 N/m, which 
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is comparable with CB solutions, which is beneficial for the wetting 

behavior and the film formation process. 

For the transfer from lab scale to a sheet based process, first devices on 

glass were fabricated by doctor-blading. The results of glass devices are 

shown in Table IV-6. 

Furthermore, glass substrates were replaced by flexible PET substrates. 

For large area processing, the foils with dimensions of 160 mm x 110 mm 

were patterned with a layout of nine adjacent single substrates, with 

dimensions of 25 x 25 mm, which were laser patterned in 54 single 

devices with a cell size of 10.4 mm². The layout is reported in Figure III-7. 

These foils were first used for doctor-blading. The device performance of 

the doctor-bladed devices on PET can be seen in Figure IV-11 and Table 

IV-6. 

 

Doctor-bladed devices 

Solvent 

System  

substrate 

 

Voc 

(V) 

Jsc 

(mA/cm²) 

FF 

(%) 

PCE 

(%) 

o-xylene best glass 0.58 8.09 60 2.82 

o-xylene 6 devices glass 
0.57 ± 

0.02 
7.98 ± 0.33 

57 ± 

2.57 

2.59 ± 

0.18 

o-xylene best PET 0.56 8.63 63 3.05 

o-xylene 6 devices PET 
0.55 ± 

0.01 
8.34 ± 0.50 

60 ± 

3.34 

2.78 ± 

0.26 

o-xylene 38 devices PET 
0.51 ± 

0.04 
7.22 ± 0.25 

54 ± 

7.31 

2.02 ± 

0.39 

       
xylene: THN 

75:25 
best glass 0.56 9.78 63 3.44 

xylene: THN 6 devices glass 0.57 ± 7.88 ± 1.08 64 ± 2.85 ± 
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75:25 0.01 1.51 0.35 

xylene: THN 

75:25 
best PET 0.56 8.67 67 3.23 

xylene: THN 

75:25 
6 devices PET 

0.56 ± 

0.01 
8.22 ± 0.19 

64 ± 

1.20 

2.97 ± 

0.09 

xylene: THN 

75:25 
48 devices PET 

0.55 ± 

0.04 
8.13 ± 0.50 

59 ± 

8.85 

2.65 ± 

0.51 

       
anisole: THN 

70:30 
best glass 0.58 8.20 67 3.20 

anisole: THN 

70:30 
6 devices glass 

0.58 ± 

0.01 
7.37 ± 0.83 

66 ± 

1.10 

2.84 ± 

0.40 

anisole: THN 

70:30 
best PET 0.56 8.00 65 3.00 

 

Table IV-6: Cell performances of doctor-bladed cells on glass and PET 

substrates. 
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Figure IV-11: Comparison of distribution of efficiencies on two substrates for 

two solvent systems: o-xylene and o-xylene:THN 75:25. Reproduced with 

permission from [36]. 

 

For pristine xylene processed devices the best device efficiency on glass 

was 2.82%, whereas the mean value was only a bit lower with 2.59%. 

This was even improved when transferred to flexible, bigger substrates 

with best device efficiencies of 3.05% and mean values of 2.78% on a 

single substrate consisting of 6 devices. One of the disadvantages of a 

doctor-blading process for bigger substrates is that a thickness gradient 

is generated resulting from the fact that the solution reservoir is not 

continuously filled during the blading, but only at the beginning. This 

usually leads to an increased dry film gradient compared to small 

substrates. One further problem for big scale processing with xylene is 

the high amount of shunted devices. One of the reasons for this could be 

the tendency to form agglomerates in the solution, which is not 

beneficial for the film homogeneity. The addition of THN improved the 

device characteristics, mainly due to gains in the short circuit current 

density and the fill factor. Whereas the best devices with xylene had FF 

of 60%, the xylene:THN 75:25 (v/v) processed devices mostly were 

higher than 60%, in best cases 67% were reached. These improvements 

usually can be related to the slower drying behavior and increased phase 

separation. Previous experiments with lower drying temperatures 

processed from pristine xylene did not show an improvement of the 

devices. The same improving tendency was also found for the system 
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anisole:THN, which shows the same effect. Best devices with pristine 

THN showed efficiencies of 1.34%.  

As can be seen from the comparison of Table IV-6 and Table IV-7 the 

transfer from doctor-blade to slot-die coated devices worked very well 

for xylene and also for the xylene:THN devices. Figure IV-12 shows 

pictures of the drying process of the active layer and the slot-die coated 

substrates. Furthermore an improvement was recognizable for 

anisole:THN devices in comparison to the xylene:THN devices.  
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Figure IV-12: Pictures of the drying process and the slot-die coated substrates. 

Reproduced with permission from [36]. 

 

Slot-die coated devices 
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Solvent 

System 

N. of working 

devices 
Voc (V) 

Jsc 

(mA/cm²) 
FF (%) PCE (%) 

xylene 
best 

1/1 
0.55 8.94 62 3.05 

xylene 
substrate 

6/6 

0.52 ± 

0.07 
8.33± 0.26 

60 ± 

1.14 

2.77 ± 

0.09 

xylene 
foil 

47/54 

0.51 ± 

0.10 
8.04± 0.56 

56 ± 

10.8 

2.42 ± 

0.69 

      

xylene:THN 

75:25 

best 

1/1 
0.56 9.14 67 3.42 

xylene:THN 

75:25 

substrate 

6/6 

0.56 ± 

0.01 

8.33 ± 

0.06 

64 ± 

2.57 

2.98 ± 

0.13 

xylene:THN 

75:25 

foil 

53/54 

0.53 ± 

0.05 

8.39 ± 

0.42 

57 ± 

9.85 

2.59 ± 

0.52 

anisole:THN 

70:30 

best 

1/1 
0.57 9.09 65 3.37 

anisole:THN 

70:30 

substrate 

6 

0.58 ± 

0.01 

8.18 ± 

0.20 

65 ± 

1.28 

3.07 ± 

0.06 

anisole:THN 

70:30 

foil 

54/54 

0.57 ± 

0.01 

8.00 ± 

0.63 

63 ± 

3.45 

2.87 ± 

0.31 
 

Table IV-7: Cell parameters of slot-die coated active layer devices (10.4 mm² cell 

size) on a PET substrate. 

 

Besides the influence on the film homogeneity and the analysis of 

different small cells also devices with a cell size of 250 mm² were 

prepared and characterized. The results are reported in Table 3. These 
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cells were produced with xylene: THN. The best and the mean device 

performance of cells with 250 mm² cell size surpassed 3%.  

 

 
Device area 

(mm²) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

14 

devices 
250 0.58 ± 0.002 8.69 ± 014 

60.55 ± 

0.91 
3.03 ± 0.06 

best 250 0.57 8.86 63 3.13 
 

Table IV-8: Cell performances of slot-die coated active layer devices (250 mm² 

cell size). 

 

In order to effectively monitor and control the homogeneity of the slot 

die coated films, a flatbed scanner was used. Each laser patterned square 

(6.25 cm2) was analyzed and the data obtained normalized to pristine 

reference substrates. Thus, it was possible to obtain the light intensity D, 

defined as the difference between the brightness of the reference and our 

sample. As shown in equation 4.1, it was possible to define the 

homogeneity of the film by using an visual quality control parameter 𝜀, 

which is the ratio between the standard deviation SD and D. Equation 

4.1 allowed finding homogeneity values ε in average of 0.072 for xylene, 

0.045 for the xylene:THN and 0.047 for anisole:THN produced substrates 

shown in Figure IV-13. This corresponds to an improvement of the 

homogeneity of about 38%. 

 

 ε =
SD

D
                                                         (4.1) 
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Figure IV-13: Scanned substrates of a) xylene, b) xylene : THN and c) anisole : 

THN coated active layers. Reproduced with permission from [36]. 

 

Regarding slot-die coated substrates, despite the bad appearance of the 

coated film, even the xylene formulation can lead to fairly functional 

devices, resulting in an average PCE of 2.42% and FF of 56% on a large 

area. By adding THN to xylene a better homogeneity, FF and PCE is 

obtained. Another improvement is occurring by the substitution of 
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xylene with anisole. In this case all of the 54 devices on the foil were 

working, offering a mean PCE of 2.87 % and FF of 63%.  

 

 
 

Figure IV-14: Comparison of distribution of efficiencies on three slot-die coated 

substrates for the solvent systems: o-xylene, o-xylene:THN and anisole:THN. 

Reproduced with permission from [36]. 
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Figure IV-15: Dark (inset) and light JV curves for o-xylene, o-xylene:THN, 

anisole:THN processed devices. Reproduced with permission from [36]. 

It appears then clear that based on a mere visual quality control the 

addition of THN to xylene as well as using a blend of anisole:THN is 

dramatically improving the homogeneity of the layer (Figure IV-14). The 

analysis of the performances of the devices shows a reduced number of 

shunts and an improvement of the fill factor and short circuit current.  

 

Solvent 

system 

Number of 

working 

devices 

visual quality 

control ε (-) 

Voc 

(V) 

Jsc 

(mA/c

m²) 

FF 

(%) 

PCE 

(%) 

xylene 
foil 

47/54 
0.072 

0.51 ± 

0.10 

8.04± 

0.56 

56 ± 

10.8 

2.42 ± 

0.69 

xylene:

THN 

75:25 

foil 

47/54 
0.045 

0.53 ± 

0.05 

8.39 ± 

0.42 

57 ± 

9.85 

2.59 ± 

0.52 
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anisole

:THN 

70:30 

foil 

54/54 
0.047 

0.57 ± 

0.01 

8.00 ± 

0.63 

63 ± 

3.45 

2.87 ± 

0.31 

 

Table IV-9: Number of working devices, visual quality control and device 

performance of slot-die coated active layer devices (10.4 mm² cell size) on a PET 

substrate for the three different solvent systems: xylene, xylene:THN, 

anisole:THN. 

 

Figure IV-15 shows the JV curves of representative cells processed with 

the three different formulations and Table IV-9 summarizes the presented 

findings. By adding THN to a host solvent the number of working 

devices is either constant or even improved. Using a visual quality 

control parameter shows an improvement of the film homogeneity. A 

clear trend to higher FF and PCE is recognizable beginning from pristine 

xylene to xylene: THN and anisole: THN. This is accompanied by a 

reduced standard deviation of both parameters.  

 

Solar modules were as well prepared to verify the suitability of the 

xylene: THN formulation for large area (3500 mm2) processing. Modules 

on PET/ IMI substrates with a structure ZnO/ P3HT:PCBM/ 

PEDOT:PSS/ Ag (evaporated). The layout used is outlined in section 

3.2.2. A representative JV curve (dark and light) is provided in Figure 

IV-16.  
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Figure IV-16: Dark (left) and light (right) JV curves of a P3HT:PCBM based 

module consisting of 14 cells connected in series. Reproduced with permission 

from [15]. Reproduced with permission from [15]. 

 

 Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

Module 1 0.63 7.97 3.07 60.97 

Module 2 0.66 8.01 3.03 57.56 

Module 3 0.65 8.06 3.10 59.01 

Module 4 0.66 8.13 3.30 61.60 

Module 5 0.66 8.00 3.20 60.28 

Module 6 0.67 7.99 3.10 57.75 

Average 0.66 ± 0.01 8.03 ± 0.05 3.13 ± 0.09 59.53 ± 1.54 
 

Table IV-10: Performances of 6 modules processed with P3HT:PCBM green 

formulations. Reproduced with permission from [15]. 

Good efficiencies above 3.1% (on average) were achieved. The 

performances of 6 modules are reported in Table IV-10. A picture of a 

module is shown in Figure IV-17. 
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Figure IV-17: Picture of a flexible module. Reproduced with permission from 

[15]. 

 

Summarizing, one of the challenges for OPV devices is the upscaling 

process for industrial application. This demands the use of non-

halogenated solvents. Xylene is one of the promising solvent candidates, 

which was used in a sheet to sheet slot die process, showing reduced 

device performance in direct comparison to doctor-bladed solar cells. By 

using a combination of different solvents a performance improvement 

was found. The solvent blends xylene: THN and anisole: THN 

demonstrated to bring improved film forming characteristics for the 

active layer compared to pristine xylene, resulting in higher device 

efficiencies. This behavior is based on a slower evaporation rate due to 

the addition of a low volatile THN to a relatively fast evaporation 

xylene, which promotes a slower drying rate and consequently improves 

the formation of the right nano-morphology reflected in increased FF 

values. This is due, from one side, to the higher solubility of PCBM in 

THN and from the other side, of P3HT in xylene. In fact xylene supports 
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the dissolution of P3HT and promotes a significant increase of a nano 

scale phase separation of the composite during film formation, which is 

advantageous for the final performance. Besides improvements in the 

film homogeneity the addition of THN leads to a lower number of 

shunted devices, as well as higher mean values and lower standard 

deviations of FF and PCE. To the best of our knowledge this is the first 

report on slot-die coated active layers from non-halogenated solvents 

which shows device efficiencies over 3% on a flexible substrate on large 

areas. Thus a general design rule for the formulation of non-halogenated 

solvent systems can be proposed. By adding a higher boiling solvent, 

which preferentially dissolves one component better, to a host solvent, 

which offers sufficient solubility at the processing temperature a specific 

phase separation can be achieved. 

 
 
 

4.4.2 PBTZT-stat-BDTT:PCBM 

(Partially adapted from L. Lucera, F. Machui, P. Kubis, H. D. Schmidt, J. 

Adams, S. Strohm, T. Ahmad, K. Forberich, H.-J. Egelhaaf, C. J. Brabec, Energy 

Environ. Sci. 2016, 9, 89 [79] ) 

 

 

A new class of materials, the PBTZT-stat-BDTT polymer, was then 

employed for the fabrication of modules. Its chemical structure is 

reported in section 3.1.1. The active layer solution used as solvent a 

mixture of xylene: THN (9:1) in which 35 mg/ml of PBTZT-stat-BDTT: 

PCBM in a ratio 1:1.5 were dissolved.  
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The performances of small area devices prepared via doctor-blading are 

reported in Table IV-11 and were processed in a structure ZnO/ PBTZT-

stat-BDTT: PCBM/ PEDOT:PSS/ Ag. 

 

bottom 

electrode 

Jsc (mA cm-2) 

at 220 nm PAL 

thickness 

Voc (V) FF (%) PCE (%) 

ITO 13.51 ± 0.70  0.77 ± 0.01 59.83 ± 1.72 6.22 ± 0.15 

FTO 11.72 ± 0.44 0.78 ± 0.03 62.19 ± 2.55 5.77 ± 0.48 

IMI 10.65 ± 0.22 0.75 ± 0.01 55.00 ± 1.47 4.47 ± 0.11 

 

Table IV-11: performances of doctor-bladed devices on different substrates: 

glass/ITO, glass/FTO, PET/ IMI. 

 

The FEM simulations (section 4.3) show that efficiencies of 6.2% for ITO 

based modules, 5.6% for FTO modules and 4.5% for IMI modules are 

achievable. The slightly lower fill factors in the module with respect to 

the single cells are mainly due to the additional series resistance 

introduced by the interconnection. According to the simulations, Jsc 

should not be affected at all.  

Modules were prepared according to the layout described in section 3.2.2 

and following the prescriptions of the electrical simulations.  The 

geometric parameters chosen for the preparation of the modules are 

reported in Figure IV-18. The modules have dimensions L + ℓ = 5 mm, D 

= 50 mm and 14 cells in series. 
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Figure IV-18: (a) Scheme of the cross section and (b) top view of monolithically 

interconnected cells in a module, with L active cell length and ℓ patterning 

length. (c) Interconnection region of a flexible module with P1, P2 and P3 

visible. The total width of the interconnection region is 80 µm. Reproduced with 

permission from [79]. 

The active layer thickness was optimized to 220 nm through optical 

density measurements as explained in section 3.4. The calibration curve 

between optical density at 650 nm and the OD peak at 650 nm are shown 

in Figure IV-19, as well as the absorption measurements performed on 



 
 CHAPTER IV: Results 

 

 

- 145 - 

the active layer coated at different thicknesses on a flexible PET 

substrate. 

 

 

Figure IV-19: Calibration curve relating OD peak at 650 nm and active layer 

thickness (left) and absorption measurements on the pristine PAL film as 

deposited on the PET substrate (right). Reproduced with permission from [79]. 

Modules on glass/FTO substrates were coated by doctor-blading 

whereas PET/IMI modules were slot-die coated on a roll coater. The roll 

coating of the active layer is shown in Figure IV-20a-b. A finished 

glass/FTO module and a PET/IMI module are provided in Figure IV-20c 

and Figure IV-20d. Experimental IV curves of FTO and IMI based 

modules are provided in Figure IV-21. 
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Figure IV-20: (a) slot-die coating process of the active layer, (b) dried film on a 

pre-patterned substrate, (c) finished rigid and (d) flexible module. Reproduced 

with permission from [79]. 

 

The performances of the prepared modules are summarized in Table 

IV-12. Efficiencies as high as 5.3% are obtained for hero glass modules, 

corresponding to a negligible PCE loss of 3.5% compared to the reference 

hero device. Flexible hero modules on IMI achieve efficiencies higher 

than 4%, with a PCE loss of only 7% compared to the reference device, 

which is mainly due to a reduced Jsc. Interestingly, the average PCE 
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values for FTO, doctor-bladed modules are significantly lower compared 

to the hero module due to the fluctuations in Jsc from module to module. 

The average values for the slot die coated modules on IMI are instead 

consistent with the hero module, showing a variation in Jsc of only 2%.  

This shows that slot-die coating, with a continuous, precise ink supply 

while coating, is a suitable candidate for upscaling.  

 

Active 

area 

(mm2) 

I/module active 

area (mA/cm2) 

and  (Jsc 

(mA/cm2) of the 

single cells) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

PCE 

loss 

to ref. 

cell 

FTO best 

module 

3500 0.820 (11.48) 10.50 62 5.28 3.5 %* 

Average on 

6 modules 

(FTO) 

3500 0.775 (10.85) 10.38 56 4.49 16 

%** 

IMI best 

module 

3500 0.630 (8.82) 10.70 62 4.18 7.0 %* 

Average on 

6 modules 

(IMI) 

3500 0.619 (8.66) 10.70 60 3.97 11 

%** 

IMI  

Module 

9800 0.613 (8.58) 10.70 60 3.95 12 %* 

 

Table IV-12: Performances of printed modules on glass/FTO and PET/IMI 

substrates. The last column shows the PCE drop *in comparison to the best 
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small area devices (0.1 cm2) and ** in comparison to the average PCE of the 

small area devices (0.1 cm2). 

 

 

Figure IV-21: JV curves of FTO and IMI based modules in light conditions 

(left) and dark conditions (right). Reproduced with permission from [79].  

 

High quality, highly uniform coatings are necessary to have a uniform 

photo-generated current across the photoactive area. In order to verify 

the homogeneity of the printed active layer, we measured the optical 

density and calculated the dry film thickness of the slot die coated layer 

as shown in Figure IV-22.  
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Figure IV-22: Thickness distribution of the printed active layer on a flexible 

substrate as determined by absorption measurements. In brackets is given the 

corresponding Jsc as optically simulated. Each value is an average of two 

measurements performed on 2.5x2.5 cm2 squares. The red pattern defines the 

position of the printed active areas of the modules. Reproduced with permission 

from [79]. 

The spatially resolved map obtained shows that variations in thickness 

in the order of ± 20 nm can occur in the region of the printed layer 

corresponding to the active area of the module. According to TMF 

simulations this corresponds to changes in the predicted Jsc of ± 0.5-0.6 

mA/cm2, thus reducing the current delivered by the modules. Variations 
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of the thicknesses of the electron injection layer and hole injection layer 

can cause further oscillations of the Jsc and account for the losses of PCE 

of Table IV-12. 

The high quality of the slot die coatings is also confirmed by dark lock-in 

thermography (DLIT) measurements in the injection regime. A DLIT 

image of a slot-die coated 35 cm2 module is shown in Figure IV-23. The 

slot-die coated module (PCE 3.95% as prepared) shows a high 

homogeneity of the locally dissipated power, indicating a homogeneous 

current and voltage distribution in the cells [106,107].  

From Table IV-12 it can be seen that the few hot spots do not affect the 

cells and performances of the module[108]. Furthermore no 

interconnection issues between P1 and P3 could be detected. 

  

 

Figure IV-23: DLIT image of a slot-die coated, 35 cm2 module. The lock-in 

frequency was set to 10 Hz and the measurement was performed at 20 V for 

100s. Reproduced with permission from [79]. 
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Doctor-blading is instead affected by both batch-to-batch variations in 

the deposition procedure (due, for example, to the manual positioning of 

each substrate under the blade) as well as an intrinsic gradient of the 

thickness of the doctor-bladed layer. 

In summary we have identified a successful way towards the 

minimization of the losses between hero cells, usually prepared on glass 

substrates with ITO electrodes, and roll to toll produced modules on 

PET/IMI. The optimization route starts necessarily from a quantitative 

evaluation of the optically induced losses in the upscaling process, 

mainly due to the choice of the electrodes and thicknesses of the 

electron-injection layers and hole-injection layers. The short circuit 

current of the devices can be reduced quite significantly upon replacing 

ITO by  IMI electrodes, due to the lower transparency and interference 

effects of the latter, which in case of PBTZT-stat-BDTT-8:PCBM 

photoactive layer can be as high as 30% compared to a reference ITO 

based electrode. FEM simulations allow then to assess the impact of the 

electrical layout of modules consisting of monolithically connected solar 

cells.  The use of high resolution, ultra-fast laser structuring allows to 

achieve record geometric fill factors up to 98.5% and dead areas below 80 

µm, with P2 line width in the range of 20 µm yielding to simulated PCE 

losses of less than 8% compared to the hero devices. Furthermore, the 

use of high precision coating techniques, such as slot-die coating, allows 

for a very good control of the thickness of the coated layers yielding to 

small differences in performance between modules and reference cells. 

The combination of information from optical and electrical simulations 

allows a very precise estimation of the achievable efficiencies in 
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experimental trials, allowing to maximize the PCE of the modules and 

obtain, to the best of our knowledge, the highest PCE (4.2%) reported in 

literature for large area, roll coated, flexible OPV modules and a 

efficiency higher than 5.3% for large area coated rigid modules. The 

exclusive use of commercially available materials and the minimization 

of the efficiency drop between hero cells and large area modules finally 

open the way to a successful production of large volumes of highly 

efficient modules. 

 

 

4.5 Solution processed electrodes 

 

4.5.1 AgNWs as top electrode 

(Partially adapted from L. Lucera, F. Machui, P. Kubis, H. D. Schmidt, T. 

Ahmad, H.-J. Egelhaaf, C. J. Brabec, submitted) 

 

As outlined in previous sections, AgNWs show the best performances in 

terms of sheet resistance vs. transmission, compared to several solution 

processable electrodes (Figure II-4). For this reason they were chosen in 

this Thesis as the preferred alternative to sputtered or evaporated 

electrodes.   
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Figure IV-24: Transmission at 550 nm and wet film thickness versus Rs of slot-

die coated AgNWs layers. 

 

Slot-die coating optimization of the layers was performed, in order to 

obtain the desired Rs and T properties. The wet film thickness was 

optimized; coating speed and backing roll temperatures were kept 

constant at 0.6 m/min and 65 °C. The layers were then cured at 120 °C 

for 5 min before measuring the relevant properties (conductivity and 

transparency). The results are shown in Figure IV-24; the coating process 

is shown in Figure IV-25. 
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Figure IV-25: Coating process of the AgNWs layer on the loop coater. 

However, not only the Rs and T properties of the AgNWs layers are 

important for the fabrication of devices. The morphology conditions of 

the electrode, such as uniformity and roughness play an important role. 

For this reason we performed, in collaboration with MPI of Erlangen, an 

in depth analysis of the uniformity of the AgNWs layers. Large area SEM 

scans (200 µm x 200 µm) on 8 Ω/□ substrates were taken and stitched 

together with a specifically designed software. In Figure IV-26 121 single 

SEM images stitched together are reported. 
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Figure IV-26: 121 single SEM acquisitions stitched in a unique image. In the 

inset is reported a magnification with enhanced contrast of the AgNWs layer.  

An analysis of the percolation quality of the electrode followed: thanks 

to digital imaging techniques the number of NWs connected to each 

other could be estimated to be 99.95%. In Figure IV-27 is reported the 

result of the investigations. 
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Figure IV-27: Estimation of the percolation through digital imaging techniques. 

In this picture 99.95% of the NWs are connected to each other. 

 

Furthermore the density of NWs was calculated and the results are 

shown in Figure IV-28, qualitatively showing a thick network of 

nanowires and no regions without coverage.  
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Figure IV-28: Analysis of the local density of the AgNWs. The inset shows a 

magnification of a small portion of the substrate.   

 

 

 

4.5.2 Entirely solution processed, large area modules employing 

AgNWs electrodes 

 

Solar modules were then prepared by using AgNWs as top electrode and 

the layout shown in section 3.2.2. The structures of the modules are: (i) 

PET/ IMI/ ZnO/ PBTZT-stat-BDTT-8: PCBM/ PEDOT:PSS/ AgNWs 

and (ii) glass/ FTO/ ZnO/ PBTZT-stat-BDTT-8: PCBM/ PEDOT:PSS/ 
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AgNWs. According to section 4.2, optical simulations on these 

architectures were performed; a comparison between simulated and 

experimental results is provided in Table IV-13. 

 

bottom/ 

top 

electrode 

Jsc (mA/cm2) 

(75%-85% IQE) 

Voc (V) FF (%) PCE (%) 

 exp. sim. exp. a.* exp. a.* exp. sim. 

IMI / 

AgNWs 
9.1 

9.6 – 

10.2 
14.9 14.6 56.6 60 4.1 

4.43 – 

4.70 

FTO / 

AgNWs 
10.6 

9.9 – 

11.2 
22.3 23.1 52.5 60 4.8 

4.57 – 

5.17 
 

Table IV-13: Results of optical simulations and experimental data of cells with 

IMI/AgNW and FTO/AgNW electrodes for an active layer thickness of 290 nm. 

a* indicates the assumptions for the simulations. 

 

Experimental results show a substantial agreement with simulations 

when considering an IQE of the PAL between 75% and 85%, IMI devices 

instead show a deviation from the expected current (about 5% lower). 

We speculate this might be an effect due to processing induced 

inhomogeneities: the devices were doctor-bladed and their flexibility 

causes unevenness of the surface. 

Figure IV-29 shows the current voltage characteristics of the 

semitransparent modules on PET and glass substrates. The parameters 
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are shown in Table IV-14. Laser structuring was employed to achieve the 

electrical connection of the single cells, yielding GFF as high as 97%. 

 

  

Figure IV-29: a) Dark and b) illuminated curves of the semitransparent modules 
on PET/IMI and glass/FTO. 

 

 

Cell/ 

Module size 

Substrate and 

electrodes 
Jsc per cell Isc Voc FF PCE 

[cm2]  [mA/cm2] [mA] [V] [%] [%] 

0.1* 
PET/ IMI/ 

AgNWs 
8.8 88 0.8 59 4.1 

68.76 
PET/ IMI/ 

AgNWs 
9.6 34.9 14.9 57 4.3 

0.1* 
Glass/ FTO/ 

AgNW 
9.4 0.9 0.8 69 5.2 

197.40 
Glass/ FTO/ 

AgNWs 
10.0 65.8 24.0 60 4.8 

 

Table IV-14: Cell and module performance. *Average on at least 6 devices. 
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With an active area of 73.15 cm² and 19 single cells of 3.85 cm² the 

efficiency reaches 4.1% on flexible substrates. In comparison to single 

cells (active area 0.1 cm²) there is no efficiency loss. On glass substrates 

the achieved PCE is as high as 5.2% on small area devices and 4.8% on 

large area modules (about 200 cm2 active area). A picture of the modules 

is shown in Figure IV-30.  

 

 

Figure IV-30: Pictures of the processed modules on PET (left) and glass (right). 

 

In comparison to already published semitransparent OPV 

modules[109,110], this is currently the highest reported efficiency on glass 

and on flexible substrates. For BIPV and BAPV applications, it is 

important to consider the transparency of the modules.  

Figure IV-31 shows the transmission of fabricated modules in the range 

of 370-780 nm. The overall transparency of the glass modules is of about 
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10%, whereas the flexible ones have a transparency in the range of 15%. 

The transparency was calculated according to section 2.4.2.  

 

 

Figure IV-31: Transmission and transparencies of FTO/ ZnO/ PBTZT-stat-

BDTT-8: PCBM/ PEDOT/ AgNW and IMI/ ZnO/ PBTZT-stat-BDTT-8: 

PCBM/ PEDOT/ AgNW. 

 

4.5.3 AgNWs as bottom electrode 

(L. Lucera, K. C. Tam, P. Maisch, N. Gasparini, M. Salvador, H.-J. Egelhaaf, T. 

Przybilla, E. Spiecker, C. J. Brabec, in preparation) 

 

We have shown in the previous section how IMI (FTO)/ AgNWs based 

modules can be prepared achieving high PCEs. However, as mentioned 
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in section 1.3, OPV will be successful in the market if the production cost 

is as low as possible. Table II-1 presents a summary of the cost in €/ m2 

of some of the most common components in an OSC. No barrier 

materials’ costs are here considered. 

 

 

Table IV-15: Cost in €/ m2 of different components of the bill of materials for 

OPV in two scenarios: actual cost and low cost. Reproduced with permission 

from [27]. 

As it appears clear, the two major costs are associated with the PAL and 

the electrodes. AgNWs materials are in this sense very appealing: at the 

moment the market price is high (65 €/ m2), mainly due to the 

development costs of the material, but it has the potential to be reduced 

„Low cost“ 

scenario 
€/m2 

„Actual cost“ 

scenario 
€/m2 

IMI 10 IMI 10 

ZnO 0.001 ZnO 0.001 

gen-2 10 gen-2 100 

PCBM 1 PCBM 3.5 

PEDOT 0.33 PEDOT 0.33 

HC PEDOT 0.46 HC PEDOT 0.46 

Ag 4.13 Ag 6.22 

Ag NWs 5 Ag NWs 62.50 

Ag (grid) 0.35 Ag (grid) 0.52 

PET 1 PET 2 
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down to 5 €/ m2, if the production process will be up-scaled. IMI 

instead, has already achieved its lowest cost, 10 €/ m2 [27]. 

 

Table IV-16: Costs in €/ m2 and €/ Wp of the different architectures in Table 

IV-4 assuming two models: actual cost and low cost. 

# 

(from 

Table 

IV-4) 

Electrodes 

Cost  €/m2 

(low cost 

model) 

€/Wp (low 

cost 

model) 

Cost €/m2 

(actual) 

€/Wp  

(actual 

cost 

model) 

1 IMI/ Ag 28.47 0.48 124.56 2.11 

2 
IMI/ 

AgNWs 
29.34 0.88 180.84 5.42 

3 
IMI/ 

AgNWs 
29.34 1.15 180.84 7.11 

4 
IMI/ 

AgNWs 
29.34 1.49 180.84 9.17 

5 
AgNWs/ 

AgNWs 
24.34 0.73 233.34 7.00 

6 
AgNWs/ 

AgNWs 
24.34 0.82 233.34 7.84 

7 
AgNWs/ 

AgNWs 
24.34 1.25 233.34 11.96 

8 

Ag grid, 

PEDOT/ 

Ag grid, 

PEDOT 

15.97 0.75 109.97 5.19 
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In Table IV-16 are reported the total costs in €/m2 and €/Wp for different 

architectures reported in Table IV-4. IMI based devices are both in the 

low cost model and in the actual model more expensive (from 30 €/m2 

up to 180 €/ m2) compared to devices employing two AgNWs 

electrodes, that in the low cost model can yield to devices as cheap as 24 

€/m2.  

 

 

Figure IV-32: Efficiency loss of gen-2: PCBM based modules versus areic cost 

(€/ m2) of the materials used for production. Excluded from the bill of materials 

are the encapsulation material costs (barrier foil and glue) and solvents. The 

numbers 1-8 refer to the different architectures as found in table 4. Reproduced 

with permission from [27].  
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These costs translate in a cost of the produced electricity down to 0.7 €/ 

Wp for AgNWs/ AgNWs based modules. A graphical summary of the 

costs outlined in Table IV-16 can be found in Figure IV-32. 

For these reasons we prepared modules employing two AgNWs 

electrodes: AgNWs electrodes were as well used as bottom electrodes. 

However, the AgNWs electrode is considerably rough (Appendix A – 

Figure A-1) and thin intermediate layers typically used for OPV, such as 

30-50 nm thick ZnO or PEDOT layers are not enough for a planarization 

purpose. AFM pictures of one layer of ZnO np coated onto the AgNWs 

electrode show in fact peaks reaching 100-150 nm at the intersection 

between two or more NWs (Appendix A). For this reason we increased 

the thickness of the ZnO layer up to 120 nm, thus allowing a better 

planarization. SEM images shown in Figure IV-33 prove that the ZnO np 

are completely overcoating the NWs forming a uniformly closed layer. 

From the electrical point of view, a too thick ZnO layer might result in 

limitations to the performances of the solar cell[111] mainly in the FF, 

originating from an increased Rs in the device. A decrease in the Rsh 

compared to a device with ITO/thin ZnO layer takes as well place: the 

chances of photo-shunting increase as the ITO is substituted by the 

rougher AgNWs electrode. Overall the efficiency of the ITO/AgNWs 

devices is comparable to the AgNWs/AgNWs ones (Table IV-17). 
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Figure IV-33: SEM top view of a bare AgNWs layer with a magnification of a) 

10 Kx and b) 100 Kx and c) of a AgNWs and ZnO nanoparticles layer of 40 nm 

and d) 120 nm. 

In Figure IV-34a-b the EQE measurement and JV curves of ITO/AgNWs 

and AgNWs/AgNWs devices with PBTZT-stat-BDTT-8:PCBM active 

layers are shown. An SEM cross-section of the solar cell is provided in 

Figure IV-34c. 
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Figure IV-34: a) EQE of a solar cell with structure AgNWs/ ZnO/ PBTZT-stat-

BDTT-8:PCBM/ PEDOT/ AgNWs; b) JV curve under standard AM 1.5 

illumination of an ITO based solar cell (red) vs. AgNWs based one (blue) and c) 

SEM cross-section of a solar cell with two AgNWs electrodes. 

 

Active area 

10.4 mm2 

Jsc (mA/cm2) 

(verified by 

EQE) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

ITO/AgNWs 8.9 0.80 65 4.6 

AgNWs/AgNWs 10.4 0.80 55 4.6 
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Table IV-17: comparison of efficiencies of solar cells employing ITO/ AgNWs 

electrodes and AgNWs/ AgNWs electrodes. 

 

The main target was to achieve a reliable, efficient preparation method 

for AgNWs/AgNWs modules combining full area coating and laser 

structuring.  

 

 

Figure IV-35: a) scheme of the laser ablation of the PAL stack both shown in 3D 

view and top view and b) ablation thresholds calculations for AgNWs and for 

the PAL layer considering three different materials. 

 

AgNWs and the photoactive layer stack (PAL) composed of ZnO/ 

PV46:PCBM/ PEDOT:PSS have very similar ablation thresholds. In 

Figure IV-35 the experimental results of the determination of the ablation 

thresholds for AgNWs and for the PAL stack are reported. Since the PAL 

stack is composed by three different materials, the ablation threshold can 

be computed considering the ablation diameter of each one of the three 

materials. As it appears clear a complete ablation of the three materials 

requires an energy density which is above the ablation energy needed to 
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cause the AgNWs to be electrically divided. This makes the standard 

ablation protocol for the preparation of monolithically interconnected 

modules very difficult.  

 

 

Figure IV-36: Measurement procedure of the interconnect resistance: a) 

deposition of the bottom electrode and measurement of R12, b) deposition of the 

PAL stack, P2 structuring and measurement of R34; c) deposition of the top 

AgNWs electrode and d) measurement of R23 and calculation of Rint subtracting 

from R23 the Rs of the two electrodes via geometric considerations.  

 

The ablation of P2 requires great care in order to open the PAL stack 

without damaging the underlying electrode. For this reason we designed 

a layout allowing to check the functionality of the bottom electrode 

before and after the laser ablation of P2 and at the same time to measure 
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the interconnect resistance (Figure IV-36). In order to have good 

modules, where the interconnect resistance plays a minor role in 

determining the series resistance of the overall module, we know ρc has 

to be lower than 10 mΩ cm2 [27,81], value which is usually reported for an 

ITO-Ag interconnect.  

In Table IV-18 the ablation parameters for the optimization of P2 and the 

obtained interconnect resistances values are reported. For sample 11, the 

interconnect resistance was as well measured used a standard transfer 

line method approach, reported in Appendix A. 
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 mW mm/s % # mm um mΩ cm2 

1 350 2350 0 1 0.047 100 485 

2 400 2350 0 1 0.047 100 77 

3 450 2350 0 1 0.047 100 95 

4 500 2350 0 1 0.047 100 161 

5 350 235 90 1 0.005 100 135 

6 400 235 90 1 0.005 100 63 

7 450 235 90 1 0.005 100 23 

8 500 235 90 1 0.005 100 267 

9 350 470 80 1 0.01 100 1412 

10 400 470 80 1 0.01 100 11 

11 450 470 80 1 0.01 100 < 10 
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12 500 470 80 1 0.01 100 33 
 

Table IV-18: Ablation parameters varied for the optimization of the P2 and 

interconnect specific resistances measured. The best ones are highlighted in red. 

 

Figure IV-37: a) interconnection region of a module, where the P2 and P3 lines 

are highlighted, b) close-up on the edge of the P2 line (before deposition of the 

top electrode) and c) detail of the exposed AgNWs bottom electrode. 

 

SEM images (Figure IV-37) suggest that the interconnection region 

presents openings in the ZnO/ PAL/ PEDOT layer, exposing the 

AgNWs. This allows the top AgNWs layer, once deposited on top pf the 

P2 line, to contact directly the bottom electrode. An EDX analysis of the 

elemental composition of the materials shown in Figure IV-37c is 

provided in Figure IV-38: the data prove that AgNWs are still present at 

the bottom of the P2 line, surrounded by remains of ZnO nanoparticles. 
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Figure IV-38: EDX analysis showing that the partially molten structures at the 

bottom of the substrate in the P2 region are AgNWs surrounded by ZnO np. 

 

The parameters of sample 11 (Table IV-18) were chosen to prepare 

modules with two different active layers, PBTZT-stat-BDTT-8: PCBM 

and P2: PC70BM (P2 structure not disclosed). The results are reported in 

Figure IV-39 and Table IV-19.  

In conclusion entirely solution processed modules were prepared by 

carefully developing appropriate laser structuring parameters which 

allowed to achieve PCEs up to 4.5% for PBTZT-stat-BDTT-8: PCBM 

based modules and 4.8% for P2: PC70BM based ones. This is up-to-date 

the highest efficiency reported for entirely solution processed solar 

modules.  

 

PAL 

Active 

area 

(cm2) 

Jsc 

(mA/cm2) 
Voc (V) FF (%) PCE (%) 

PBTZT-

stat-BDTT-

1.1 3.7 2.3 53 4.5 

AgO Zn
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8: PCBM* 

P2: 

PC70BM* 
1.1 4.7 2.2 46 4.8 

 

Table IV-19: Performances of the solution processed modules with top and 

bottom AgNWs electrodes. *Average on 3 devices. 

 

 

Figure IV-39: a) structure of the prepared modules, b) picture of the two 

modules (PBTZT-stat-BDTT-8: PCBM, left and P2: PC70BM, right) in front of 

the Heilig-Geist-Spital in Nuremberg and c),d) light and dark IV curves. 

 

P2:PC70BM P2:PC70BM
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CHAPTER V: Outlook and perspectives 
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This Thesis aimed at showing that it is possible to identify and minimize 

the losses mechanisms hidden in the production processes of thin film 

printed modules. At first optical and electrical simulations were 

performed and then, accordingly to the findings, suitable modules 

layouts were developed. Green formulations, where no halogenated 

solvents were used, were successfully developed with no additional 

efficiency losses, proving that toxic solvents are not compulsory to 

achieve high efficiencies. 

Roll-to-roll, production compatible coating techniques were optimized 

and allowed to prepare OPV modules with minimal efficiency losses.  

Finally, highly efficient, entirely solution processed modules, with top 

and bottom AgNWs electrodes, were shown for the first time in 

literature. This proved that it is possible to reduce production costs and 

increase the processability (roll-to-roll coating equipment, laser 

structuring, green formulations, cheap solution processed electrodes) 

without compromise on efficiency.   

In order to further reduce production costs, it will be important to 

develop a method allowing to take advantage of the high precision and 

high GFF obtainable with laser structuring, but without the need of three 

inline laser structuring systems. A proposed roll-to-roll machine setup is 

shown in Figure V-1: the machine can operate in both directions and can 

be extended with additional coating stations; one laser structuring unit is 

in the middle of the machine and can subsequently structure P1, P2 and 

P3.  
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Figure V-1: Design of a new roll-to-roll machine needing only one laser for 

complete structuring. 

However, an even more desirable option would be to proceed with the 

laser structuring step entirely at the end of the production process. This 

would allow for: (i) complete customization of the shape of the modules 

after production and according to the customer’s wishes; (ii) reduction of 

the equipment costs, as only one laser structuring machine would be 

needed; (iii) storage of unfinished modules until a customer is asking for 

finished modules. 

In this case a complete new strategy would be needed. 

Two different approaches can be considered: (i) methods requiring laser 

structuring and additive printing at the end of the printing process and 

(ii) methods were the P2 line is not obtained with laser melting or with 

an additional inkjet printing step after the coating is completed. 

The first approach is shown in Figure V-2.  

Route A: after all the layers are fully coated and cured, three laser cuts 

are made (P1, P2, P3); the P1 groove has to be filled with an insulating 

material by digital printing (inkjet, for example). The P2 groove is 

instead filled with a conductive paste/ ink by digital printing methods 
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or screen printing, taking care that the conductive ink covers the 

insulating P1 line. 

Route B: P1 is achieved via back-laser structuring, whereas P2 and P3 are 

obtained with a traditional front-laser structuring approach. The last step 

requires the P2 line to be filled with a conductive paste. 

  

 

Figure V-2: Post-processing structuring where additive printing methods are 

needed to achieve a finished module. 

Another approach is s shown in Figure V-3. In this case P1 is achieved via 

back-laser structuring, whereas P3 is achieved via front-laser structuring. 

Route A: P2 is in this case achieved by laser-melting the top electrode 

down to the bottom electrode and create a contact between top and 

bottom electrode. 
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Route B: A conductive paste/ ink is printed on the P2 position and 

before drying it can diffuse through the solar cells stack, thus making an 

electrical contact between top and bottom electrodes. 

 

 

Figure V-3: Post-processing structuring where P2 is achieved by laser melting 

(a) or conductive ink printing (b). 

 

The proposed methods have to be confirmed as suitable by experimental 

trials. Anyway the establishment of such a method would definitely 

improve the chances of this technology to reduce the production costs 

and break-through in the market. 



 
 0 REFERENCES 

 

 

- 179 - 

REFERENCES 

[1] P. Würfel, Physics of Solar Cells, WILEY-VCH Verlag, 2000. 

[2] H. Wirth, Recent Facts about Photovoltaics in Germany, 2015. 

[3] B. van der Wiel, H.-J. Egelhaaf, H. Issa, M. Roos, N. Henze, Mater. 
Res. Soc. Symp. Proc. 2014, 1639. 

[4] C. J. M. Emmott, J. a. Röhr, M. Campoy-Quiles, T. Kirchartz, A. 
Urbina, N. J. Ekins-Daukes, J. Nelson, Energy Environ. Sci. 2015, 8, 
1317. 

[5] D. J. Lipomi, Z. Bao, Energy Environ. Sci. 2011, 4, 3314. 

[6] F. C. Krebs, M. Biancardo, B. Winther-Jensen, H. Spanggard, J. 
Alstrup, Sol. Energy Mater. Sol. Cells 2006, 90, 1058. 

[7] T. Aernouts, in Ind. Technol. 
http//www.industrialtechnologies2014.eu/wp-
content/uploads/2014/04/WS21_TomAernouts-2.pdf, 2014. 

[8] “Heliatek,” can be found under www.heliatek.com, 2015. 



 
 0 REFERENCES 

 

 

- 180 - 

[9] N. Li, D. Baran, G. D. Spyropoulos, H. Zhang, S. Berny, M. 
Turbiez, T. Ameri, F. C. Krebs, C. J. Brabec, Adv. Energy Mater. 
2014, 4, 1400084. 

[10] B. S. Li, K. Akimoto, A. Shen, J. Cryst. Growth 2009, 311, 1102. 

[11] J. E. Carle, M. Helgesen, M. V. Madsen, E. Bundgaard, F. C. Krebs, 
J. Mater. Chem. C 2014, 2, 1290. 

[12] M. Zhang, X. Guo, Y. Li, Adv. Energy Mater. 2011, 1, 557. 

[13] I. Botiz, S. B. Darling, Mater. Today 2010, 13, 42. 

[14] H.-J. Wang, C.-P. Chen, R.-J. Jeng, Materials (Basel). 2014, 7, 2411. 

[15] P. Kubis, L. Lucera, F. Machui, G. Spyropoulos, J. Cordero, A. Frey, 
J. Kaschta, M. M. Voigt, G. J. Matt, E. Zeira, C. J. Brabec, Org. 
Electron. 2014, 15, 2256. 

[16] F. Guo, X. Zhu, K. Forberich, J. Krantz, T. Stubhan, M. Salinas, M. 
Halik, S. Spallek, B. Butz, E. Spiecker, T. Ameri, N. Li, P. Kubis, D. 
M. Guldi, G. J. Matt, C. J. Brabec, Adv. Energy Mater. 2013, 3, 1062. 

[17] H. Guo, N. Lin, Y. Chen, Z. Wang, Q. Xie, T. Zheng, N. Gao, S. Li, 
J. Kang, D. Cai, D.-L. Peng, Sci. Rep. 2013, 3, 2323. 

[18] Y. Cheng, S. Wang, R. Wang, J. Sun, L. Gao, J. Mater. Chem. C 2014, 
2, 5309. 

[19] L. Hu, H. S. Kim, J. Lee, P. Peumans, Y. Cui, 2010, 4, 2955. 

[20] Y. Galagan, E. W. C. Coenen, S. Sabik, H. H. Gorter, M. Barink, S. 
C. Veenstra, J. M. Kroon, R. Andriessen, P. W. M. Blom, Sol. Energy 
Mater. Sol. Cells 2012, 104, 32. 

[21] S.-I. Na, D.-W. Park, S.-S. Kim, S.-Y. Yang, K. Lee, M.-H. Lee, 
Semicond. Sci. Technol. 2012, 27, 125002. 

[22] R. Sondergaard, M. Hosel, D. Angmo, T. T. Larsen-Olsen, F. C. 
Krebs, Mater. Today 2012, 15, 36. 



 
 0 REFERENCES 

 

 

- 181 - 

[23] Y. H. Kim, C. Sachse, M. L. Machala, C. May, L. Müller-Meskamp, 
K. Leo, Adv. Funct. Mater. 2011, 21, 1076. 

[24] F. Bonaccorso, Z. Sun, T. Hasan, a. C. Ferrari, Nat. Photonics 2010, 4, 
611. 

[25] S. De, J. N. Coleman, MRS Bull. 2011, 36, 774. 

[26] M. Hoesel, R. R. Sondergaard, M. Jorgensen, F. C. Krebs, Energy 
Technol. 2013, 1, 102. 

[27] L. Lucera, P. Kubis, F. W. Fecher, C. Bronnbauer, M. Turbiez, K. 
Forberich, T. Ameri, H.-J. Egelhaaf, C. J. Brabec, Energy Technol. 
2015, 3, 373. 

[28] C. Deibel, V. Dyakonov, Reports Prog. Phys. 2010, 73, 096401. 

[29] H. Hoppe, N. S. Sariciftci, J. Mater. Res. 2011, 19, 1924. 

[30] W. Shockley, H. J. Queisser, J. Appl. Phys. 1961, 32, 510. 

[31] F. Jakubka, M. Heyder, F. Machui, J. Kaschta, D. Eggerath, W. 
Lövenich, F. C. Krebs, C. J. Brabec, Sol. Energy Mater. Sol. Cells 
2013, 109, 120. 

[32] F. C. Krebs, Sol. Energy Mater. Sol. Cells 2009, 93, 394. 

[33] M. Schrödner, S. Sensfuss, H. Schache, K. Schultheis, T. Welzel, K. 
Heinemann, R. Milker, J. Marten, L. Blankenburg, Sol. Energy 
Mater. Sol. Cells 2012, 107, 283. 

[34] F. Machui, S. Abbott, D. Waller, M. Koppe, C. J. Brabec, Macromol. 
Chem. Phys. 2011, 212, 2159. 

[35] F. Machui, S. Langner, X. Zhu, S. Abbott, C. J. Brabec, Sol. Energy 
Mater. Sol. Cells 2012, 100, 138. 

[36] F. Machui, L. Lucera, G. D. Spyropoulos, J. Cordero, S. A. Ali, P. 
Kubis, T. Ameri, M. M. Voigt, C. J. Brabec, Sol. Energy Mater. Sol. 
Cells 2014, 441. 



 
 0 REFERENCES 

 

 

- 182 - 

[37] I. Burgués-Ceballos, F. Machui, J. Min, T. Ameri, M. M. Voigt, Y. 
N. Luponosov, S. a. Ponomarenko, P. D. Lacharmoise, M. 
Campoy-Quiles, C. J. Brabec, Adv. Funct. Mater. 2014, 24, 1449. 

[38] G. Susanna, L. Salamandra, C. Ciceroni, F. Mura, T. M. Brown, a. 
Reale, M. Rossi, a. Di Carlo, F. Brunetti, Sol. Energy Mater. Sol. Cells 
2015, 134, 194. 

[39] O. Synooka, K.-R. Eberhardt, H. Hoppe, RSC Adv. 2014, 4, 16681. 

[40] F. C. Krebs, H. Spanggard, T. Kjær, M. Biancardo, J. Alstrup, Mater. 
Sci. Eng. B 2007, 138, 106. 

[41] F. C. Krebs, Sol. Energy Mater. Sol. Cells 2009, 93, 465. 

[42] F. C. Krebs, S. A. Gevorgyan, B. Gholamkhass, S. Holdcroft, C. 
Schlenker, M. E. Thompson, B. C. Thompson, D. Olson, D. S. 
Ginley, S. E. Shaheen, H. N. Alshareef, J. W. Murphy, W. J. 
Youngblood, N. C. Heston, J. R. Reynolds, S. Jia, D. Laird, S. M. 
Tuladhar, J. G. a. Dane, P. Atienzar, J. Nelson, J. M. Kroon, M. M. 
Wienk, R. a. J. Janssen, K. Tvingstedt, F. Zhang, M. Andersson, O. 
Inganäs, M. Lira-Cantu, R. de Bettignies, S. Guillerez, T. Aernouts, 
D. Cheyns, L. Lutsen, B. Zimmermann, U. Würfel, M. Niggemann, 
H.-F. Schleiermacher, P. Liska, M. Grätzel, P. Lianos, E. a. Katz, W. 
Lohwasser, B. Jannon, Sol. Energy Mater. Sol. Cells 2009, 93, 1968. 

[43] E. Bundgaard, F. C. Krebs, 2010 35th IEEE Photovolt. Spec. Conf. 
2010, 001064. 

[44] F. C. Krebs, T. Tromholt, M. Jorgensen, Nanoscale 2010, 2, 873. 

[45] F. C. Krebs, J. Fyenbo, M. Jorgensen, J. Mater. Chem. 2010, 20, 8994. 

[46] Y. Galagan, I. G. de Vries, A. P. Langen, R. Andriessen, W. J. H. 
Verhees, S. C. Veenstra, J. M. Kroon, Chem. Eng. Process. Process 
Intensif. 2011, 50, 454. 

[47] M. Manceau, D. Angmo, M. Jorgensen, F. C. Krebs, Org. Electron. 
2011, 12, 566. 



 
 0 REFERENCES 

 

 

- 183 - 

[48] P. Kopola, T. Aernouts, R. Sliz, S. Guillerez, M. Ylikunnari, D. 
Cheyns, M. Vaelimaeki, M. Tuomikoski, J. Hast, G. Jabbour, R. 
Myllylae, A. Maaninen, Sol. Energy Mater. Sol. Cells 2011, 95, 1344. 

[49] D. Angmo, M. Hoesel, F. C. Krebs, Sol. Energy Mater. Sol. Cells 
2012, 107, 329. 

[50] D. Angmo, S. A. Gevorgyan, T. T. Larsen-Olsen, R. R. 
Sondergaard, M. Hoesel, M. Jorgensen, R. Gupta, G. U. Kulkarni, 
F. C. Krebs, Org. Electron. 2013, 14, 984. 

[51] D. Angmo, T. T. Larsen-Olsen, M. Jorgensen, R. R. Sondergaard, F. 
C. Krebs, Adv. Energy Mater. 2013, 3, 172. 

[52] P. Sommer-Larsen, M. Jorgensen, R. R. Sondergaard, M. Hoesel, F. 
C. Krebs, Energy Technol. 2013, 1, 15. 

[53] F. C. Krebs, N. Espinosa, M. Hoesel, R. R. Sondergaard, M. 
Jorgensen, Adv. Mater. 2014, 26, 29. 

[54] R. Andriessen, Solliance, 2012. 

[55] J. E. Lewis, E. Lafalce, P. Toglia, X. Jiang, Sol. Energy Mater. Sol. 
Cells 2011, 95, 2816. 

[56] H. Back, J. Kong, H. Kang, J. Kim, J.-R. Kim, K. Lee, Sol. Energy 
Mater. Sol. Cells 2014, 130, 555. 

[57] A. Schoonderbeek, V. Schuetz, O. Haupt, U. Stute, J. Laser 
Micro/Nanoengineering 2010, 5, 248. 

[58] M. Henry, P. M. Harrison, J. Wendland, in Phot. 06, 2006, pp. 1–6. 

[59] M. Henry, J. Wendland, P. M. Harrison, D. Hand, in Int. Congr. 
Appl. Lasers Electro-Optics, 2007, pp. 1–10. 

[60] R. R. Gattass, E. Mazur, Nat. Photonics 2008, 2, 219. 

[61] A. Risch, R. Hellmann, Phys. Procedia 2011, 12, 133. 



 
 0 REFERENCES 

 

 

- 184 - 

[62] M. C. Gower, Opt. Express 2000, 7, 56. 

[63] S. Zoppel, H. Huber, G. A. Reider, Appl. Phys. A 2007, 89, 161. 

[64] Q. Bian, X. Yu, B. Zhao, Z. Chang, S. Lei, Opt. Laser Technol. 2012, 1. 

[65] V. Matylitsky, H. P. Huber, D. Kopf, in Int. Congr. Appl. Lasers 
Electro-Optics, 2011, pp. 1–6. 

[66] S. Krause, P. T. Miclea, S. Schweizer, G. Seifert, in Photovolt. Spec. 
Conf., 2013, pp. 2432–2435. 

[67] S. Krause, P. T. Miclea, F. Steudel, S. Schweizer, G. Seifert, EPJ 
Photovoltaics 2013, 4, 40601. 

[68] G. Heise, M. Englmaier, C. Hellwig, T. Kuznicki, S. Sarrach, H. P. 
Huber, Appl. Phys. A 2010, 102, 173. 

[69] P. O. Westin, U. Zimmermann, M. Edoff, Sol. Energy Mater. Sol. 
Cells 2008, 92, 1230. 

[70] G. Raciukaitis, P. Gecys, in Laser Adv. Mater. Process., 2009, pp. 1–6. 

[71] G. Heise, M. Dickmann, M. Domke, A. Heiss, T. Kuznicki, J. Palm, 
I. Richter, H. Vogt, H. P. Huber, Appl. Phys. A 2011, 104, 387. 

[72] G. Heise, A. Heiss, C. Hellwig, T. Kuznicki, H. Vogt, J. Palm, H. P. 
Huber, Prog. Photovoltaics Res. Appl. 2012, 21, 1. 

[73] P. Gecys, G. Raciukaitis, A. Wehrmann, K. Zimmer, A. Braun, S. 
Ragnow, J. Laser Micro/Nanoengineering 2012, 7, 33. 

[74] B. Stegemann, F. Fink, H. Endert, Laser J. 2012, 9, 25. 

[75] E. Steiger, M. Scharnagl, M. Kemnitzer, 2009, 3. 

[76] S. Haas, S. Krumscheid, A. Bauer, A. Lambertz, U. Rau, Prog. 
Photovoltaics Res. Appl. 2012, DOI 10.1002/pip.2188. 



 
 0 REFERENCES 

 

 

- 185 - 

[77] D. Canteli, I. Torres, M. Domke, C. Molpeceres, J. Cárabe, J. J. 
Gandía, G. Heise, H. P. Huber, Appl. Phys. A 2013, 112, 695. 

[78] P. Kubis, N. Li, T. Stubhan, F. Machui, G. J. Matt, M. M. Voigt, C. J. 
Brabec, Prog. Photovoltaics Res. Appl. 2013, 23, DOI 
10.1002/pip.2421. 

[79] L. Lucera, F. Machui, P. Kubis, H. D. Schmidt, J. Adams, S. Strohm, 
T. Ahmad, K. Forberich, H.-J. Egelhaaf, C. J. Brabec, Energy 
Environ. Sci. 2016, 9, 89. 

[80] M. W. Rowell, M. D. McGehee, Energy Environ. Sci. 2011, 4, 131. 

[81] H. Hoppe, M. Seeland, B. Muhsin, Sol. Energy Mater. Sol. Cells 2012, 
97, 119. 

[82] L. a. a. Pettersson, L. S. Roman, O. Ingana ̈s, J. Appl. Phys. 1999, 86, 
487. 

[83] T. Ameri, G. Dennler, C. Waldauf, P. Denk, K. Forberich, M. C. 
Scharber, C. J. Brabec, K. Hingerl, J. Appl. Phys. 2008, 103, 084506. 

[84] B. V. Andersson, D. M. Huang, A. J. Moule ́, O. Ingana ̈s, Appl. Phys. 
Lett. 2009, 94, 043302. 

[85] G. Dennler, K. Forberich, T. Ameri, C. Waldauf, P. Denk, C. J. 
Brabec, K. Hingerl, A. J. Heeger, J. Appl. Phys. 2007, 102, 123109. 

[86] N. Li, D. Baran, K. Forberich, F. Machui, T. Ameri, M. Turbiez, M. 
Carrasco-Orozco, M. Drees, A. Facchetti, F. C. Krebs, C. J. Brabec, 
Energy Environ. Sci. 2013, 6, 3407. 

[87] W. Li, A. Furlan, K. H. Hendriks, M. M. Wienk, R. a J. Janssen, J. 
Am. Chem. Soc. 2013, 135, 5529. 

[88] C.-C. Chen, W.-H. Chang, K. Yoshimura, K. Ohya, J. You, J. Gao, Z. 
Hong, Y. Yang, Adv. Mater. 2014, 5670. 



 
 0 REFERENCES 

 

 

- 186 - 

[89] F. Guo, Material and Process Engineering of Printed 
Semitransparent Organic Solar Cells and Advanced Multi-Junction 
Architectures, 2015. 

[90] T. Stubhan, H. Oh, L. Pinna, J. Krantz, I. Litzov, C. J. Brabec, Org. 
Electron. 2011, 12, 1539. 

[91] L. Lucera, P. Kubis, F. W. Fecher, C. Bronnbauer, M. Turbiez, K. 
Forberich, T. Ameri, H.-J. Egelhaaf, C. J. Brabec, Energy Technol. 
2015, 3, 373. 

[92] A. Čampa, in 48th Int. Conf. Microelectron. Devices Mater. 
theWorkshop Ceram. Microsystems, 2012. 

[93] S. Kouijzer, S. Esiner, C. H. Frijters, M. Turbiez, M. M. Wienk, R. a. 
J. Janssen, Adv. Energy Mater. 2012, 2, 945. 

[94] T. Ameri, G. Dennler, C. Waldauf, H. Azimi, A. Seemann, K. 
Forberich, J. Hauch, M. Scharber, K. Hingerl, C. J. Brabec, Adv. 
Funct. Mater. 2010, 20, 1592. 

[95] N.-K. Persson, O. Inganäs, Sol. Energy Mater. Sol. Cells 2006, 90, 
3491. 

[96] K. H. Hendriks, W. Li, M. M. Wienk, R. a J. Janssen, J. Am. Chem. 
Soc. 2014, 136, 12130. 

[97] F. W. Fecher, A. Pérez Romero, C. J. Brabec, C. Buerhop-Lutz, Sol. 
Energy 2014, 105, 494. 

[98] L. Hu, J. Wook, Y. Yang, S. Jeong, F. La, L. Cui, Y. Cui, Proc. Natl. 
Acad. Sci. U. S. A. 2009, 106. 

[99] P. Vanlaeke, G. Vanhoyland, T. Aernouts, D. Cheyns, C. Deibel, J. 
Manca, P. Heremans, J. Poortmans, Thin Solid Films 2006, 511-512, 
358. 

[100] R. R. Sondergaard, M. Hosel, F. C. Krebs, J. Polym. Sci. Part B 
Polym. Phys. 2013, 51, 16. 



 
 0 REFERENCES 

 

 

- 187 - 

[101] R. Sondergaard, M. Hoesel, D. Angmo, T. T. Larsen-Olsen, F. C. 
Krebs, Mater. Today 2012, 15, 36. 

[102] F. C. Krebs, S. A. Gevorgyan, J. Alstrup, J. Mater. Chem. 2009, 19, 
5442. 

[103] S. Abbott, C. M. Hansen, Hansen Solubility Parameters in Practice 
Complete with Software , Data and Examples, 2008. 

[104] D. T. Duong, B. Walker, J. Lin, C. Kim, J. Love, B. Purushothaman, 
J. E. Anthony, T. Q. Nguyen, J. Polym. Sci. Part B Polym. Phys. 2012, 
50, 1405. 

[105] A. Lange, W. Schindler, M. Wegener, K. Fostiropoulos, S. Janietz, 
Sol. Energy Mater. Sol. Cells 2013, 109, 104. 

[106] J. Adams, M. Salvador, L. Lucera, S. Langner, G. D. Spyropoulos, 
F. W. Fecher, M. M. Voigt, S. a. Dowland, A. Osvet, H.-J. Egelhaaf, 
C. J. Brabec, Adv. Energy Mater. 2015, 1501065. 

[107] F. W. Fecher, A. Pérez Romero, C. J. Brabec, C. Buerhop-Lutz, Sol. 
Energy 2014, 105, 494. 

[108] S. Besold, U. Hoyer, J. Bachmann, T. Swonke, P. Schilinsky, R. 
Steim, C. J. Brabec, Sol. Energy Mater. Sol. Cells 2014, 124, 133. 

[109] F. Guo, P. Kubis, T. Przybilla, E. Spiecker, A. Hollmann, S. 
Langner, K. Forberich, C. J. Brabec, Adv. Energy Mater. 2014, 1. 

[110] S. Berny, N. Blouin, A. Distler, H.-J. Egelhaaf, M. Krompiac, A. 
Lohr, O. R. Lozman, G. E. Morse, L. Nanson, A. Pron, T. 
Sauermann, N. Seidler, S. Tierney, P. Tiwana, M. Wagner, H. 
Wilson, Adv. Sci. 2015, 1. 

[111] T. Stubhan, H. Oh, L. Pinna, J. Krantz, I. Litzov, C. J. Brabec, Org. 
Electron. 2011, 12, 1539.  

 



 
 0 Appendix A 

 

 

- 188 - 

 Appendix A 

 

Figure A-1: Atomic force microscopy topography of a ZnO (30 nm) and 

AgNWs layers coated on a PET substrate. The height profile shows a scan along 

the red line, proving that peaks as high as 100 nm can be found on the substrate. 
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