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“Technology always develops from the primitive to the complicated 

and then to the simple.” 

Antoine de Saint-Exupéry 
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“Nothing inspires science as the chat with colleagues in the 

hallway.” 

(Arno Penzias, American physicist 20th century) 
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ABSTRACT 

Strategies to Improve the Efficiency of Hybrid Solar Cells 

Hybrid solar cells gained a lot of interest within the last decade, as they 

offer the possibility to combine the beneficial properties of organic and 

inorganic solar cells. Within this work, copper indium sulfide (CIS), which 

was synthesized from copper and indium O-2,2-dimethylpentan-3-yl 

dithiocarbonate via the in situ route, was used as acceptor material. It was 

tried to improve the performance and the roll-to-roll processability of this 

approach by several methods. The first part describes how the annealing 

temperature for polymer/CIS solar cells could be significantly reduced. It is 

shown that at mild conditions like 140 °C, the addition of a small amount 

of n-hexylamine leads to a higher crystallinity of the CIS nanoparticles and 

thus to an efficiency increase of more than 70%. Based on these results, 

flexible hybrid solar cells and solar cell modules are presented. 

The second part deals with the introduction of the inverted architecture to 

the hybrid system PSiF-DBT/CIS. An optimization of this architecture has 

been executed, as several different layer structures and there influences on 

the I-V characteristic were investigated. Thereby the light soaking effect of 

the titanium oxide interlayer was observed and studied. 

At the end, first steps towards highly ordered hybrid solar cells have been 

initiated by the fabrication of vertically aligned column- and 

comb-nanostructures of CIS, which were obtained by conversion of the 

respective metal xanthates via extreme UV-lithography. These structures 
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are of high interest, as they offer the possibility to fabricate hybrid layers, 

which exhibit high efficient charge separation and charge transport. 
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KURZFASSUNG 

Strategien zur Verbesserung der Effizienz von Hybrid-Solarzellen 

Im letzten Jahrzehnt gewannen Hybrid-Solarzellen an Aufmerksamkeit, da 

sie die Möglichkeit bieten, die positiven Eigenschaften von organischen 

und anorganischen Solarzellen zu kombinieren. Im Rahmen dieser Arbeit 

wurde Kupfer-Indium-Sulfid (CIS), das über die in situ Route aus 

Kupfer- und Indium O-2,2-dimethylpentan-3-yl dithiocarbonat 

synthetisiert wurde, als Akzeptormaterial verwendet. Es wurde versucht 

mit einigen Verfahren versucht, die Leistung und die Rolle-zu-Rolle dieses 

Ansatzes zu verbessern. 

Der erste Teil beschreibt, wie die Wärmebehandlungstemperatur für 

Polymer/CIS Solarzellen erheblich reduziert werden konnte. Es wird 

gezeigt, dass bei milden Bedingungen, wie 140 °C, die Beimengung einer 

kleinen Menge an n-Hexylamin zu einer höheren Kristallinität der 

CIS-Nanopartikel und somit zu einer Effizienzsteigerung von mehr als 70% 

führt. Basierend auf diesen Ergebnissen werden flexible Hybrid-Solarzellen 

und Solarzellen-Module hergestellt. 

Der zweite Teil der Arbeit beschäftigt sich mit der Anwendung der inversen 

Solarzellenarchitektur auf das Hybrid-System PSiF-DBT/CIS. Eine 

Optimierung dieser Architektur wurde anhand der Untersuchung mehrere 

unterschiedlicher Konstruktionen und deren Einflüsse auf die 

IV-Kennlinie, durchgeführt. Dabei wurde der „Light-soaking-Effekt“ von 

Titanoxid beobachtet und untersucht. 
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Am Ende wurden erste Schritte hin zu hochgeordneten Hybridsolarzellen 

gesetzt, in dem vertikal ausgerichteten Säulen- und Kammnanostrukturen 

von CIS durch Umsetzung der entsprechenden Metallxanthate mittels 

extrem UV-Lithographie hergestellt wurden. 

Diese Strukturen sind von großem Interesse, da sie die Möglichkeit bieten 

Hybrid-Schichten herzustellen, die hocheffiziente Ladungstrennung und 

hocheffizienten Ladungstransport aufweisen. 
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“I would put my money on the sun and solar technology. What a 

source of energy! I hope we do not have to wait for the exhaustion of 

oil and coal before we tackle that.” 

(Thomas Alva Edison, 1931) 
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1 Photovoltaics and the World Energy Market 

1.1 World Energy Consumption and the Role of Fossil Fuels 

White’s law, named after the American anthropologist Leslie White, says: 

“Culture evolves as the amount of energy harnessed per capita per 

year is increased or as the efficiency of the instrumental means of 

putting the energy to work is increased.”[1] 

The human wish to develop, advance, and evolve culturally was and still is 

the driving force for technological progress. This progress tremendously 

accelerated within the last 250 years. Around 1760 the industrial 

revolution started, in the late 19th and the beginning of the 20th century, 

electrification took place and electrical and mechanical engineering gained 

in importance. The chemical industry started to grow and the introduction 

of assembly lines and later automation led to an increase of productivity 

and therefore to an enormous increase in energy demand. Within the last 

50 years analog mechanical and electronic technology were displaced by 

digital technology and the situation became even more dramatic. The 

energy consumption increased drastically. 

Since technology has progressed, also the world’s population has increased 

(Figure 1), which is the second main cause of rising energy demand. This 

development is not about to stop in near future, as for 2050 a population 

of 9.6 billion is predicted by the United Nations (Ref [2]). 
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Figure 1: Development of the world population since 1950. Data taken from 

Ref [2]. 

To cover the growing demand on energy, since the beginning of the 

industrial revolution, oil is the most used energy source [3]. Together with 

gas and coal, still nearly 80% of our energy consumption is provided by 

fossil fuels (Figure 2) [4]; energy sources which are not renewable. 

Furthermore, the burning of fossil fuels produces carbon dioxide and 

therefore is one of the main causes of global warming. The International 

Energy Agency (IEA) predicts a long-term average global temperature 

increase of 3.6 °C [5,6], which might lead to a climate change. This would 

result in retreat of the glaciers and a higher risk for heavy rain [7], floods 

[8] and heat waves [9], and therefore have heavy impact on life on earth. 
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1.2 Renewable Energy 

“One day we will run out of oil, it is not today or tomorrow, but one 

day we will run out of oil and we have to leave oil before oil leaves 

us, and we have to prepare ourselves for that day.” 

(Fatih Birol, chief economist of the IEA, November 2011) 

To be ready for that day it is necessary to shift the energy production from 

fossil fuels to renewable energy sources. By now, renewables cover already 

19% of the global energy demand (Figure 2) and by 2015 they will become 

already the world’s second-largest source of power generation [5]. 

Renewable energy (like wind, solar, geothermal, wave and tidal), at an 

average annual growth rate of 6.7%, is expected to be the fastest growing 

segment of the energy industry over the period until 2030 [10]. But still 

there is a long way to go, to reach complete independence of non-renewable 

energy sources. 

 

Figure 2: Estimated renewable energy share of global final energy 

consumption, 2011. Data taken from Ref [4]. 
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Solar power is still covering just a very tiny amount of the whole energy 

demand. It is also not yet the strongest representative of the renewable 

energy section, but it is by far the fastest growing renewable technology [5] 

(growth rates are depicted in Figure 3). 

 

Figure 3: Growth rates of renewable energy technologies in 2012. Data taken 

from Ref [4]. 

Concentrated solar power (CSP) focuses a large area of sunlight onto a 

small area, by using optical devices like mirrors or lenses. Absorbing 

materials convert the sunlight to heat that drives a heat engine, which is 

connected to an electrical generator. In 2012 the global capacity was 2550 

megawatts, which means a sevenfold increase since 2006 [4]. 

The solar photovoltaic (PV) market has increased even more over the last 

years as it reached a global operating capacity of 100 gigawatts in 2012 

(Figure 4). 
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Figure 4: Global capacity of solar photovoltaics. Data taken from Ref [4]. 

Europe was the driving force for this development for years and still is 

dominating the PV market, with Germany being in the pole position, with 

7.6 GW of newly connected systems in 2012 (Figure 5)[11].  

 

Figure 5: A “World Power Map”, which shows that Europe is leading the way on 

the PV market at the moment (data from 2012 was used). © by the 

European Photovoltaic Industry Association (Ref. [11]). 
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Nevertheless Europe’s market share was reduced from 74% in 2011 to 55% 

in 2012, which is an indication, that the rest of the world is starting to use 

its potential, which is clearly bigger than the one of Europe [11], where the 

solar irradiation is relatively modest. In 2009, China was the only country 

located inside the world’s Sunbelt (region between the 35th parallel north 

and the 35th parallel south) and being listed within the top ten PV markets 

[12]. Since then also India and Australia became main markets, while 

several countries from regions with very high solar irradiation, like Africa, 

the Middle East, South East Asia and Latin America, are on the brink of 

starting their development [6]. There is definitely a lot of untapped 

potential for growth for photovoltaics. 

2 Photovoltaics – An Overview 

Photovoltaic (PV) cells convert incident photons into direct current. Solar 

cells are usually classified into three so-called generations. First generation 

PV is based on high-quality fabrication of crystalline silicon PV devices. 

The theoretical efficiency limit for solar cells with an ideal optical bandgap 

of 1.43 eV was calculated to be 31% by Shockley and Queisser, introducing 

the theory of the detailed balance limit [13]. According to its bandgap of 

1.1 eV, which is not perfectly matching the maximum of solar radiation, 

the limit for silicon is 29% [14]. State of the art crystalline silicon solar 

cells reach efficiencies up to 25% [15,16], which means that the gap for 

further improvement of this technology has become quite narrow. In order 

to reach such high efficiencies, very pure silicon is needed, and due to the 

energy-requiring and time-intensive process, the price is high compared to 

the power output [14]. Nevertheless, this technology is still dominating the 

commercial market. 
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Thin-film technology is the main developing step of second generation solar 

cells. Compared to crystalline silicon based cells they are only a few 

micrometers thick and can be made from layers of different 

semiconducting materials. Besides amorphous (a-Si) and microcrystalline 

(µc-Si) silicon, with which efficiencies slightly above 10% [17,18] can be 

reached, there are mainly two representative materials of this category 

namely cadmium telluride (CdTe), and copper indium gallium diselenide 

(CIGS), both showing efficiencies of about 20% [16,19,20]. The production 

of solar panels of this technology is much cheaper, due to using less 

material and lower cost manufacturing processes. 

2.1 Third-generation PV 

The term third-generation is used about many different technologies, 

which try to combine thin-film deposition techniques and higher efficiency. 

To reach that goal third-generation photovoltaics try to overcome the 

Shockley-Queisser limit, as they bypass at least one of the restrictions that 

were made by Shockley and Queisser and are valid for first-generation PV. 

A lot of research is done on different concepts of this young PV generation. 

Within this section I will give a short introduction into some of them. 

Organic and especially hybrid solar cells will be discussed afterwards in 

more detail. 

The two main loss mechanisms in a crystalline silicon solar cell are its 

inability to absorb photons with less energy than the bandgap and 

thermalization of photon energies exceeding the bandgap [14]. Further 

losses occur at the junction, the electrode contact and through 

recombination (Figure 6). 
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Figure 6: Loss mechanisms in a standard solar cell. 1) thermalization of 

photons exceeding the bandgap; 2) non-absorption of photons below 

the bandgap; 3) recombination of the charges; 4) junction loss; 5) 

contact loss 

2.1.1 Multijunction Cells 

By increasing the number of energy levels, multijunction solar cells 

eliminate losses through thermalization and non-absorption [21] (Figure 6). 

At this concept, multiple single cells, with slightly differing bandgaps are 

stacked over another, with the highest bandgap material being on top [21]. 

Therefore the photons get absorbed selectively after another from the 

energy-rich ones to the energy-poorer ones [21]. The larger the number of 

cells in the stack, the higher the theoretically achievable efficiency, with a 

limit of 86.8% for an infinite stack of independently operated cells [22]. 

According to Green et al. (Ref [16]) the efficiency record for multijunction 

devices has been extended by Sharp Solar to 37.9% for unconcentrated 

light by using a triple-junction system. 
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2.1.2 Multiband Cells 

Another way of introducing further energy levels is demonstrated by 

multiband cells. In this case an additional energy level is represented by a 

so called impurity band, which is also named intermediate band, due to its 

energetically location in between the conduction band (CB) and the valence 

band (VB) of the semiconductor. The introduction of such an impurity 

band is achieved by inserting elements like Cr [23], Se [24] or rare earths 

[21]. Therefore, again the losses through mismatching of photon energy 

and the semiconductors standard single-bandgap are reduced. The 

spectral sensitivity of this concept is significantly lower than in 

multijunction solar cells [21]. The current across the two lower energy 

levels still has to be equal, but the main current across the bandgap is 

independent [14]. 

2.1.3 Concentrator Systems 

Concentrated photovoltaic technology focuses a large amount of sunlight 

onto a small area of solar cells, by using optical lenses and mirrors. 

Therefore the photovoltaic cells are exposed to a solar radiation of higher 

intensity. Concentrator systems are very suitable for multijunction cells, 

because as the number of cells in the stack increases, the voltage-to-

current ratio increases, thus decreasing resistive losses in the high current 

densities of concentrator cells [14,25]. Thus, again Sharp Solar was able to 

increase the energy efficiency of a triple-junction solar cell in combination 

with concentrator systems to 44.4% (Ref [16]). 

However, concentrators require direct sunlight and in contrast to flat-plate 

cell modules, they do not work with a cloudy sky [14]. Concentrator 

systems are primarily suitable for regions of low cloud coverage and large 
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photovoltaic installations, as they represent the addition of another 

complex component to the whole PV system [14]. 

2.1.4 Hot Carrier Cells 

Hot carrier cells represent a further approach to increase efficiency. This 

technologies strategy is to allow the absorption of a wide range of photon 

energies and then collect the photogenerated carriers before they have a 

chance to thermalize [14]. This process can be achieved by slowing down 

the rate of photoexcited carrier cooling, which is caused by phonon 

interaction in the lattice [14]. Therefore the time gap in which the carriers 

can be collected while they are still “hot”, which means that they are still at 

their initial elevated excitation level, increases [14]. As a result hot carrier 

cells achieve higher voltages [26]. A key factor in this concept is the 

extraction of carriers from the device, which has to occur at a very narrow 

range of energies through selective energy contacts [14]. 

2.2 Organic Solar Cells 

Over the last years in particular, polymer-based solar cells moved into the 

point of interest. The working principle of organic semiconductors is 

intensively discussed at the beginning of the following chapter (page 21). 

But let me note at this stage that it is fundamentally different from a 

crystalline inorganic semiconductor with a 3D crystal lattice, where the 

individual LUMOs and HOMOs form a conduction band and a valence 

band throughout the material [27]. In organic semiconductors the 

intermolecular forces are too weak to form 3D crystal lattices and thus the 

HOMO and the LUMO do not interact strong enough to form a CB and VB 

[27]. 
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Polymer-based solar cells represent a very cheap source to harvest solar 

radiation energy [28]. Further they offer the possibility to fabricate flexible, 

light-weight solar cells by a high-throughput roll-to-roll process [28] as 

printing coating techniques can be used [29]. Although the technology is 

very new, a lot of research is going on in this field at the moment, and thus 

the 10% limit was exceeded recently [16,30,31]. An advantage of the 

technology is the fact that the possible combinations of donor and acceptor 

materials are almost infinite, and therefore the potential fields of 

application are numerous. At the same time their variability is kind of a 

trap for organic solar cells [32]. According to Jorgensen et al. [32] nearly 

9000 papers dealing with OPV have been published in 2012, but all this 

research is not focused on one or at least some specific variations of 

materials, as the “perfect” construction is not found yet [32]. Therefore, the 

authors have to deal with different problems and all the work, which is 

done, is not going towards the exact same purpose. Nevertheless the 

development of OPV in this millennium was and still is up-and-coming. 

This astonishing progress is apparent from the efficiency chart of the 

National Renewable Laboratory (NREL) of the United States (Figure 7), 

which depictures the progress of all different kinds of PV technologies. 
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Figure 7: NREL efficiency chart [33]. Watch the rapid progress of OPV (depicted 

as red dots) within the last 10 years.  

If the potential for commercialization of a PV technology is discussed, there 

are three aspects considered to be technology-driving: efficiency, costs and 

lifetime (Figure 8). Besides the already discussed increase in efficiency also 

quite promising lifetime studies of organic photovoltaics have been 

published [34,35]. Similar to efficiency, the stability of organic cells is 

improving, but not at the level first-generation cells yet. Due to the possible 

fabrication technologies (roll-to-roll, printing) and especially the low layer 

thicknesses and the resulting little amount of material per area needed, 

organic photovoltaics are considered to be competitive on the PV market 

concerning costs. There is still a way to go for this technology, but recent 

results and the fact that there is no end of progress in sight allows us to 

look positively to the future. 
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Figure 8: The critical triangle for PV. All types of new generation solar cells 

have to fulfil the three requirements, lifetime, efficiency and costs, 

simultaneously; otherwise they will not be able to compete with 

established PV technologies [36]. 

2.3 Hybrid Solar Cells 

The challenging goal for photovoltaic researchers is to optimize energy 

conversion of the incident solar flux to electrons in an external circuit [37]. 

One promising idea to manage that is represented by organic-inorganic 

hybrid cells based on conjugated polymers and nanocrystalline inorganic 

semiconductors, why they are often also named nanoparticle-polymer solar 

cells. The inorganic part provides high charge carrier mobility while the 

polymer part exhibits a high absorption coefficient [38], which guarantees 

a more efficient photon absorption. This technology offers the possibility to 

combine the beneficial properties of organic and inorganic solar cells. 

Energy saving processing technologies that are suitable for high 

throughput low cost production, such as roll-to-roll printing and coating 

and low temperature annealing, can be applied for hybrid solar cells as 

well as for organic PV. Additionally, the inorganic phase can contribute to 

the generation of charge carriers through the absorption of photons at 

wavelengths, which are not covered by the conjugated polymer [39,40]. At 

this point it has to be noted, that this effect was also detected and proven 
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for PCBM in organic PV [41], but is greater and more substantial in hybrid 

cells [42]. They offer the possibility of tailoring the complementary 

absorption profile of the inorganic nanoparticles [43]. This is made possible 

by the quantum confinement effect [44], which describes the change of the 

bandgap and thus the absorption profile of inorganic nanostructures in 

dependence of its size, shape and composition. Therefore, the photon 

absorption yield in hybrid solar cells is not only higher than in 

single-bandgap silicon solar cells of the first-generation, as silicon exhibits 

a low bandgap of 1.1 eV, but also than in OPV. Typical used inorganic 

materials in hybrid solar cells are cadmium selenides [45], cadmium 

sulfides [46], lead selenides [47], lead sulfides [48], copper indium 

selenides [49] and copper indium sulfides [50,51]. 

As mentioned above, promising stability data for organic solar cells [34,35] 

has been published recently. Nevertheless, hybrid PV technology should be 

able to achieve even better lifetime results, due to the fact that inorganic 

acceptor materials are more environmentally stable [52] and not that 

sensitive to solar radiation concerning degradation [53]. 

2.3.1 Polymer/Nanoparticle Network Formation 

To prepare photoactive hybrid layers (HL) mainly three different 

approaches have been established [38]. The classical approach is to 

synthesize the nanoparticles and then mix them with the conjugated 

polymer. The synthesized nanoparticles tend to agglomerate and as a 

result not only a inhomogeneous hybrid network is formed, but also the 

layers get very rough and thus the solar cells are shorted. To avoid 

agglomeration, the nanoparticle synthesis is done with capping agents. In 

the following, these capping agents have to be removed by a ligand 

exchange, as their presence would lead to an isolation of the nanoparticles 
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in the polymer matrix and therefore charge carrier generation and 

transport would be impeded [38]. At this stage it has to be noted that 

besides capping agents also by-products and generally any substances, 

which are not involved in the energy conversion process, should not be 

present in the photoactive layer in order to avoid above named negative 

effects. 

To synthesize a vertically-aligned highly ordered inorganic nanostructure, 

which is then infiltrated by an organic polymer is the second approach. 

Such a comb-like structure can be realized on different ways, which are 

discussed in more detail in the following chapter on page 31. The 

drawbacks of this approach might be the longer reaction times and higher 

temperatures that are needed, which are not suitable for roll-to-roll 

production processes [38]. 

The in situ formation of nanoparticles out of precursors directly within the 

polymer matrix is another, quite elegant approach. This is a 

one-step-process, where the synthesis of the nanoparticles is carried out in 

the presence of the polymer in the coating solution or in the active layer 

[38]. The polymer acts as capping agent and thus prevents agglomeration. 

Therefore, no stabilization ligands are necessary [38], which is a big 

advantage of the in situ approach. The separated synthesis offers a higher 

controllability of the nanoparticles size and shape, but the presence of 

capping agents inevitably leads to separation of the nanoparticles [54]. If 

the originally long-chained ligands are exchanged by smaller ones, the 

inter-particle distance reduces and some percolation pathways can be 

detected [54]. Compared to that in situ prepared nanoparticles show 

intimate contact to each other and lead to continuous inorganic pathways 

throughout the conjugated polymer matrix [54]. Thus the in situ approach 

leads to increased charge separation efficiency [38,54]. 
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2.3.2 Nanocomposite Layers via the Xanthate Route 

Metal xanthates proved to be suitable precursor materials for the synthesis 

of CdS [55] and CIS nanoparticles [56]. The basic process of this work is 

the in situ synthesis of copper indium sulfide by using copper and indium 

xanthates (copper and indium O-2,2-dimethylpentan-3-yl dithiocarbonate) 

as precursors. Many different xanthates were synthesized to finally get to 

the above named ones (the chemical structures are depicted in Figure 9), 

which show the requested high solubility in organic solvents like 

chlorobenzene (CB).  

 

Figure 9: Chemical structures of the used CIS-precursor materials:  

a) copper O-2,2-dimethylpentan-3-yl dithiocarbonate  

b) indium O-2,2-dimethylpentan-3-yl dithiocarbonate 

To form a hybrid polymer/CIS layer a bulk solution containing copper 

xanthate, indium xanthate and the polymer in the required ratios is 

applied to a substrate by doctor blading and subsequently annealed at 

temperatures below 200 °C. During this heating step the metal xanthates 

are converted to CIS and form a continuous network of nanocrystals within 

the polymer matrix. The byproducts of this reaction leave the layer, as all 

of them are volatile [56]. 
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Figure 10: Schematic depiction of the hybrid layer formation process via the in 

situ xanthate route. 

3 Aim of this Thesis 

The aim of this thesis was to investigate different approaches, which offers 

the possibility to enhance the efficiency of polymer/copper indium sulfide 

hybrid solar cells based on the xanthate route. In chapter III and IV the 

possibility to establish a low-temperature fabrication process for 

polymer/CIS solar cells, which should allow the use of polymer foil devices 

to build flexible hybrid solar cells by using a specific additive compound, is 

analyzed. The impact of the additive on the performance of polymer/CIS 

solar cells and on their stability was tested and its influence on the hybrid 

layer formation process was physically but also chemically investigated. 

Another idea to fabricate more efficient but also more stable solar cells was 

to introduce the inverted architecture, which is already used in organic 

PVs and in other hybrid system as well, to the polymer/CIS system. This 

work is summarized in chapter V. In dependence on that, chapter VI deals 

with fabrication of vertically aligned CIS-nanostructures from the 

respective copper and indium xanthate precursors by extreme 

UV-lithography. Ordered structures are a field of high interest due to the 
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fact that they can be infiltrated by a conjugated polymer and thus lead to a 

photoactive hybrid layer, which offers high efficient charge separation and 

charge transport at the same time. 

The basics and fundamental physical principles of all the work in this 

thesis are explained in chapter II. 
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“I learned very early the difference between knowing the name of 

something and knowing something.” 

(Richard P. Fineman, physicist, 20th century) 
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1 Physical Principle of Organic and Hybrid Solar Cells 

Compared to silicon or other typical inorganic semiconducting materials, 

organic semiconductors have a relative low dielectric constant (  =~3) 

[57,58]. Therefore the whole energy conversion process in a hybrid solar 

cell is not only different but also more complex and consists of several 

steps that are described in detail below (Figure 11). 

 

Figure 11: Scheme of the energy generation process in a hybrid solar cell for 

photons absorbed by the organic donor phase. 

Substeps of the energy conversion process: 1) light absorption, 

2) exciton generation, 3) exciton diffusion, 4) charge separation, 

5) charge transport, 6) charge collection. Photon absorption by the 

inorganic phase is neglected for clarity. 
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1.1 Light absorption 

The light absorption rate is determined by the optical absorption coefficient 

of the respective material. At the beginning, very common photoactive 

polymers like P3HT, MEH-PPV [59,60] or MDMO-PPV [61,62] have a 

bandgap of 2.0 eV or higher and thus the absorption is limited to about 

30% of the total photon flux under air mass 1.5 (AM1.5) [62]. AM1.5 

describes the spectrum of the sunlight, when it irradiates under a solar 

zenith angle ( ) of ~48.2°, which is the illumination that corresponds to the 

standard testing condition (STC). The air mass is defined as follows. 

   
 

    
 (1) 

Within the last ten years, intense research was directed towards the 

synthesis of photoactive polymers, which have a bandgap below 2.0 eV 

have been synthesized [63–65], in order to harvest a greater amount of 

photons. Nevertheless no polymer is able to cover the whole solar 

spectrum. Therefore in hybrid cells an inorganic material is chosen, which 

covers supplementary parts of the spectrum. As mentioned already, 

nanocrystals or nanoparticles in hybrid cells are able to contribute to the 

absorption in a considerably greater amount than PCBM in organic cells. 

The UV—Vis spectra of typical organic and inorganic materials, as they are 

used in hybrid solar cells are depicted in Figure 12. 

The extinction constant of organic semiconductors is higher than the one 

of inorganic photovoltaic materials [66]. A film of about 300 nm would be 

enough to absorb most of the incident light at the polymers photoactive 

spectral range [67]. Nevertheless, the layer thickness always is a 

compromise between light absorption and charge transport, due to the fact 

that the charge mobility in organic semiconductors is relatively low 
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compared to their inorganic counterpart. To secure good charge mobility 

and thus achieve efficient charge transport, it is crucial to keep the 

thickness of the polymer layer relatively thin [68]. The optimized layer 

thickness for most of the polymer solar cells is not more than 100 nm 

[69,70]. 

 

 

Figure 12: black: solar spectrum AM 1.5 (global tilt);  

green: absorption spectrum a typical inorganic semiconductor (CIS); 

red: absorption spectrum of a typical low bandgap polymer (PSiF-DBT) 

Furthermore the absorption of a solar cell can be increased, by light 

management approaches. Light scattering and trapping inside the cell 

structure is a possibility to increase the path length of incoming light. 

Such trapping schemes for instance can be realized by using textured 

transparent conductive oxides [71] or textured glass substrates [72]. These 

technologies are mainly investigated for silicon solar cells, but can be used 
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for any PV technology. Another way to increase the overall amount of 

sunlight which strikes the solar cell is to use reflective backsheets, which 

redirect the sunlight that is not absorbed by the solar cell in the first place, 

to strike the photoactive layer for a second time. On the other side, specific 

frontsheets can be applied, which reduce the reflection, and therefore 

increase the amount of photons that pass the top of the cell. 

1.2 Exciton Generation 

In an organic semiconductor, an incident photon leads to the excitation of 

an electron. This electron energetically “moves” from the highest occupied 

molecule orbital (HOMO) to the lowest unoccupied molecule orbital (LUMO) 

and the respective hole remains in the LUMO. Nevertheless, electron and 

hole are coulombically bound. The force of this coulomb attraction is 

proportional to      (relative permittivity) [66]. Compared to silicon or other 

typical inorganic semiconducting materials, organic semiconductors have a 

rather low relative permittivity (     ) [57,58]. This means that in an 

organic semiconductor a still quite strongly, coulombically bound 

electron-hole pair, a so called “exciton”, is formed, whereas in an inorganic 

semiconductor coulomb attraction can be neglected [66]. 

1.3 Exciton Diffusion 

To generate free charges out of an exciton, it is necessary to break the 

excitonic binding by transferring the electron to a second compound, 

named acceptor. This process, named charge separation, takes place at the 

donor-acceptor (D-A) interface and is explained in more detail in the 

following section of this chapter. Therefore, the exciton has to diffuse from 
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any place within the polymer matrix, where it might have been generated, 

through the polymer phase towards the donor-acceptor (D-A) interface, 

first. The exciton diffusion in conjugated polymers is limited to a length of 

about 10 nm [73–75]. That means that the exciton generation has to 

happen within the range of 10 nm from any point of the D-A interface, to 

get separated free charges. If an exciton is generated too far from the D-A 

interface, the diffusion would take too much time and therefore exciton 

annihilation processes appear to happen. The exciton will either decay via 

thermalization or its charges will recombine [66]. Thus it is necessary to 

realize a photoactive layer structure, where polymer regions, which are out 

of the exciton diffusion range, occur as little as possible. This can be 

achieved, by using a bulk heterojunction (BHJ) architecture, which is 

explained in more detail in section 2 of this chapter. 

1.4 Charge Separation 

 

Figure 13: General energy band diagram of a hybrid solar cell [53]. 
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The electron-hole binding of an exciton has an energy of about 0.4 eV 

[57,66,76]. The force to overcome the exciton binding energy and separate 

the charges is provided by the energy level offset of the LUMO of the donor 

and the conduction band edge of the acceptor material. In Figure 13, which 

shows a simplified general band diagram of a hybrid solar cell, this energy 

gap is named     , as it is the excited state energy offset. To dissociate the 

excitons, which are formed in the inorganic acceptor phase, an energy level 

offset between the HOMO of the donor and the valence band edge of the 

acceptor, the energy offset of the ground state (    ), is required. The 

energy level offsets      and      must be higher than the exciton binding 

energy; otherwise the respective charge-transfer reaction is energetically 

unfavorable. 

Charge separation is a process that happens within about 45 fs [77], which 

is much faster than the competing processes of luminescence (ns) and 

recombination (µs) [66]. Thus the charge separation is a high efficient step 

of the energy conversion process as long as the used donor and acceptor 

materials fulfil the energy level alignment requirements. 

1.5 Charge Transport 

The intrinsic characteristic of polymer molecules, high trap density and 

dead ends in the transport net are the main limiting factors of charge 

carrier mobility in hybrid solar cells [78]. Because of the relatively low hole 

mobility in conjugated polymers, the charge transport is strongly related to 

the active layer thickness. If the layers get too thick, the layer mobility is 

the most critical material property affecting charge transport and leading to 

a drop in short-circuit current [68]. 
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In addition, a morphology that offers continuous pathways for electrons 

and holes towards the respective electrode is necessary for efficient charge 

transport in hybrid cells. Isolated regions, as they appear in bulk 

heterojunction solar cells must be avoided or reduced to a minimum. 

1.6 Charge Collection 

The charge collection at the respective electrodes is a crucial step for the 

overall efficiency. The charge collection yield (   ) is a function of the energy 

levels of the photoactive materials and the electrodes [37,79]. High efficient 

charge collection requires the fulfilment of the following conditions: 

                         (2) 

                          (3) 

In words, the fermi level of the anode (         ) should be greater than the 

energy level of the donor’s HOMO (            ) and the fermi level of the 

cathode (           ) should be lower than the energy level of the LUMO of 

the acceptor (               ) (Figure 11) [79]. If base metals, such as 

aluminum are used as electrode material, they tend to form thin oxide 

layers at the interface between the electrode and the photoactive layer. 

These oxide layers represent a potential barrier, which must be overcome 

by the charge carriers to get extracted.  

1.7 The Entire Energy Conversion Process 

Every single step of the energy conversion process in a hybrid solar cell is 

crucial. Even though some steps run nearly perfect, every single 
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subprocess entails losses. It is tried to keep those losses as little as 

possible and hence convert as much incident sunlight as possible to usable 

energy. The total efficiency of a hybrid solar cell is the product of the 

efficiencies of every single sub-step of its energy conversion process (Figure 

14). 

 

Figure 14: Schematic depicture of the energy conversion process 

If only one of the energy conversion subprocesses in a hybrid solar cell is 

inefficient, its total yield will not be satisfying. Therefore a hybrid solar cells 

total efficiency can be described as follows: 

                                 (4) 

      ............. total efficiency 

    .............. photon absorption efficiency 

     ............. exciton generation efficiency 

       ........... exciton diffusion efficiency 

       ............ exciton dissociation efficiency 

     .............. charge carrier transport efficiency 

     .............. charge collection efficiency 
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2 Architectures in Hybrid Solar Cells 

2.1 Bilayer vs. Bulk Heterojunction 

 

Figure 15: Schematic depiction of a bilayer heterojunction architecture and a 

bulk heterojunction architecture. 

As in a bilayer solar cell the polymer film and the acceptor layer are 

successively applied separate from each other, the interface between these 

two compounds is very small in this kind of architecture. In this case only 

a minor part of the polymer is located within its diffusion length (ƖDiff). 

Therefore the most of the generated excitons will be annihilated before they 

would reach the D-A interface. 

A dispersed interface, which is much larger, can be produced by mixing 

donor and acceptor material to a bulk solution which is subsequently 

applied on top of the transparent anode. The scheme in Figure 15 shows 

clearly that by using this method a much bigger part of the polymer phase 

is located within the range of the diffusion length. One issue you have to 

deal with in dispersed heterojunction is that of solid-state miscibility [27]. 



Chapter II Basics 

 30  

Normally conjugated polymers are not miscible and the interaction between 

polymer and nanocrystals is repulsive [37]. This means that the 

equilibrium morphology of a polymer/nanocrystals layer is a completely 

phase separated structure, which is equal to a bilayer structure [37]. Thus 

the deposition of the bulk solution should be carried out in a fast way in 

order to avoid that equilibration takes place. Therefore solvents with low 

boiling temperatures and deposition techniques, which accelerate 

evaporation (spin coating, doctor blading on a heated plate) are favorable 

[27]. 

Another problem to solve is the limited solubility of the acceptor phase 

precursors in organic solvents. Fullerene derivatives with increased 

solubility were synthesized, to get rid of this problem in organic PVs 

[80,81]. The development of the in situ formation route for hybrid 

polymer/copper indium sulfide (CIS) solar cells was also accompanied by 

solubility problems of the respective precursor materials. Therefore, it was 

necessary to adjust the side chains of the CIS precursor in order to reach a 

satisfying solubility [56]. 

If these two problems are solved, the bulk heterojunction architecture still 

involves the danger to create isolated regions within the photoactive layer. 

If an area of polymer is not connected to the anode, the separated holes 

cannot be extracted. Vice versa, electrons, which remain in an acceptor 

region that is completely surrounded by polymer phase, are lost as they 

cannot be transferred to the cathode. For bulk heterojunction devices, 

there exists a trade-off between increasing interfacial area via the intimate 

dispersion of phases and the creation of efficient conductive pathways 

through which free electrons and holes may be transported [53]. Thus, the 

arrangement of donor and acceptor phase is crucial to the solar cell 

performance [53]. 
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Nevertheless, bulk heterojunction solar cells show much higher efficiencies 

than bilayer cells and thus are state of the art. 

2.2 Nanostructured Architecture 

Another interesting architecture for hybrid solar cells is based on the 

possibility to synthesize highly ordered vertically aligned nanostructures of 

the inorganic semiconducting material. Such a geometry can be infiltrated 

by a conjugated polymer and thus lead to a photoactive hybrid layer with a 

structured architecture (Figure 16). This structure can also be realized in 

organic PVs, but mainly by nanoimprint lithography (NIL) of the polymer, 

which is then infiltrated by PCBM [82,83]. Inorganic nanostructures are 

typically prepared by (template assisted) nanorod or nanotube growth, 

etching, or selected area epitaxy processes [84]. In chapter IV of this thesis 

the reader will be introduced to extreme UV-lithography, which represents 

a novel method of structuring inorganic semiconductors for photovoltaic 

applications. 

Structuring the acceptor phase and then infiltrating it with the donor leads 

to a twisted, so called inverted architecture of the hybrid cell, which 

consists of a transparent cathode at the bottom and a hole collecting metal 

as anode on top (Figure 16). The inverted architecture is intensively 

discussed in chapter V of this thesis. 
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Figure 16: Schematic depiction of a structured heterojunction architecture. 

As it can be seen from Figure 16, the D-A interface in nanostructured 

devices is very large, while there do not occur any isolated regions of any of 

the two photoactive phases. Therefore it can be denoted as an optimization 

of the bulk heterojunction architecture. If the structuring happens to be 

good and narrow, this architecture allows every exciton, wherever in the 

polymer matrix it might have been generated, to reach the D-A interface 

within the polymers diffusion length and thus recombination can be 

eliminated. As the diffusion length of polymers is about 10 nm [73–75] and 

the optimized layer thickness for hybrid cells is mostly in the range of 

100 nm [69,70], the nearly ideal nanostructure would consist of rods with 

a length of 80 nm and gaps of 20 nm (Figure 17). This structure allows 

simultaneously efficient excitonic dissociation and electron transporting 

pathways [53]. 
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Figure 17: Depiction of an idealized nanostructured architecture in hybrid solar 

cells. 

As the charge mobility of the inorganic acceptor material is much higher 

than the hole mobility of the donor, it is not compulsory that the width of 

the inorganic rods is not more than 20 nm. Nevertheless, in terms of 

interpenetration of the two phases a rod width of 20 nm or at least not 

much more would be favorable. However, the realization of nanostructures 

with geometries as depictured is tricky, due to the fact that such long and 

thin rods tend to break. Structures showing aspect ratios above 1 are 

difficult to synthesize. 

3 Characteristic Photovoltaic Parameters 

The electrical performance of a solar cell is determined by current-voltage 

( - ) measurements under illumination, where the current of the connected 

solar cell is detected, while voltage runs through a certain range. The area 
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adjusted current density   is received by dividing the current   through the 

active area of the solar cell  . 

  
 

 
 (5) 

For working solar cells the resulting graph shows a diode characteristic 

(Figure 18). 

 

Figure 18: Scheme of a typical J-V curve of a hybrid solar cell, with its 

characteristic parameters. 

The fourth quadrant of the  -  curve is the part of interest, as it represents 

the solar cells operating zone.     stands for the short circuit current, 

which is the measured current, when there is no potential applied to the 

cell. Vice versa    , the open circuit voltage, is the voltage, when no current 

flows through the cell. 

The product of voltage and the respective measured current represents the 

electric power of the cell ( ), which can be described as the area of the 

rectangle bordered by the two axes and the  -  curve. 
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      (6) 

The maximum power point (    ) should be the solar cells operating point 

with the respective current and voltage values named      and     . The 

maximum power point changes with solar radiation and temperature. Thus 

it is necessary to constantly adjust the operating point of an installed 

photovoltaic panel by a PV inverter. 

The fill factor (  ) describes the relation between the actual and the 

theoretical maximum power outputs and can be calculated as follows. 

   
         

       
 (7) 

The most significant parameter and the one by which solar cells are 

primarily judged is the power conversion efficiency (PCE). The PCE puts 

the power generated by the solar cell in relation to the incident light power 

(   ). 

    
    
   

      
         

   
      

              

   
      (8) 

The external quantum efficiency (EQE), often also named incident photon 

to current efficiency (IPCE), is a further important value, which is 

experimental accessible. EQE measurements, like all quantum efficiency 

measurements, are executed over a range of different wavelengths to 

characterize the solar cells efficiency at each photon energy level. It 

describes the ratio of generated electrons (  ) per incident photons (     ) 

and is defined in the following way: 
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      (9) 

The external quantum efficiency (EQE) is nothing but the overall 

conversion yield of a solar cell. Therefore it can also be described as the 

product of the yields of the specific steps of the light-to-power-conversion 

process, as mentioned already in section 1 of this chapter. 

                                     (10) 

It is important not to confuse the EQE with the internal quantum efficiency 

(IQE), which provides information about the ability of the respective hybrid 

solar cell to convert already absorbed photons to energy. More in detail it 

describes the ratio between generated electrons and absorbed photons 

(      ). 

    
   

      
 
   

   
                         (11) 
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1 Introduction 

Polymer/nanoparticle hybrid solar cells are intensively investigated 

because of their promising perspective of combining advantages of the 

polymer component such as high absorption coefficient and easy solution 

based processability [86] with those of the inorganic nanoparticular 

semiconductors such as adjustable shape (nanodot, nanorod, tetrapod) 

[87], tunable absorption properties (quantum confinement effect) [88], and 

high conductivity [89]. Various polymer/nanoparticle material 

combinations have been reported as absorber layers of bulk heterojunction 

hybrid solar cells, for recent reviews see e.g. Ref. [53,86,88,90–96]. Most 

prominent examples are combinations of conjugated polymers such as 

polythiophenes, poly-para-phenylenevinylenes, or various low bandgap 

polymers with nanoparticles of, for example, CdSe [97], CdS [52], CdTe 

[98], CuInS2 (CIS) [56], PbS [99] or ZnO [100]. Currently, the best 

polymer/nanoparticle hybrid solar cells exhibit maximum power 

conversion efficiencies (PCEs) between 4 and 5.5% [52,98,101,102]. 

Different synthesis approaches have been introduced for the preparation of 

organic-inorganic hybrid solar cells, which follow mainly three synthesis 

strategies: i) the classical approach, ii) the infiltration approach and iii) the 

in situ preparation [38]. The most applied route is the classical approach 

(i). In this case, the nanoparticles are prepared via colloidal synthesis 

routes. After a purification step and/or ligand exchange process the 

nanocrystals are subsequently mixed with a conjugated polymer to form 

the active layer of the hybrid solar cell. Recently, a modification of this 

method was introduced, in which the ligand exchange was done in the 

solid state after the coating of the polymer/nanoparticle solution. This has 

the advantage that smaller ligands can be used, which positively influences 
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electron transport through the layer as well as the charge separation at the 

polymer/nanoparticle interface [101]. In the infiltration approach (ii) 

inorganic nanostructures are created on one electrode and are afterwards 

filled with the polymer phase. In the in situ approach (iii), the nanoparticles 

are directly prepared in the polymer matrix and are consequently 

ligand-free. The major advantage of this route, is that thereby the intrinsic 

challenges of ligand exchange are avoided [95]. Amongst the in situ routes 

metal xanthates turned out to be well suited precursors for the preparation 

of polymer/metal sulfide nanocomposites due to the fact that their 

solubility in organic solvents can be tailored by variation of the organic side 

groups. Usually they show good stability (also in solution) and the thermal 

conversion step to the corresponding metal sulfide proceeds at moderate 

temperatures (well below 200 °C), whereby only volatile byproducts are 

formed, which evolve from the hybrid layer at the applied temperatures 

[56]. Following this route, hybrid solar cells with different material 

combinations (polymer/CdS [55,103], polymer/CIS [56,104,105], small 

molecule/CIS [50], polymer/Sb2S3 [106]) were already investigated and 

recently their application in hybrid tandem solar cells was also explored 

[107]. 

An important issue in organic and hybrid photovoltaics is also the 

processability of the solar cells on flexible polymer substrates, in particular 

on cheap and readily available poly(ethylene terephthalate) (PET) 

substrates. Only on flexible substrates all advantages of this emerging 

solar cell technology can be exploited, especially cheap production via high 

throughput roll-to-roll coating and printing technologies leading to unique 

light weight solar cell modules with a high flexibility in design, which will 

be important for many upcoming applications. 
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So far, the xanthate method uses conversion temperatures for the 

formation of the polymer/CIS layers typically of about 200 °C, e.g. 

polymer/CIS hybrid solar cells with PCEs up to 2.8% have been prepared 

using conversion temperatures of 195 to 210 °C [56,105]. This temperature 

range is far too high for processing on PET/ITO foil. For polymer/CdS 

systems, lower temperatures of approximately 160 °C have been used [103] 

but also 160 °C turned out to be problematic for PET/ITO. However, by 

applying lower annealing temperatures, a significant drop in PCE was 

observed in both cases. Also by applying higher temperatures the PCE 

decreased in a previous study using in situ prepared CIS nanoparticles 

[50]. The optimum annealing temperature for the respective hybrid 

material system seems to be a compromise between temperatures as high 

as possible to obtain well crystallized nanoparticles and temperatures as 

low as possible to avoid temperature induced degradation of the polymer 

phase, which would reduce the charge carrier mobility as well as the 

absorption properties of the polymer. 

Bansal et al. [108] recently showed that the crystallinity of CdS can be 

improved by the addition of a small amount of n-hexylamine to the coating 

solution. In the case of P3HT/CdS nanocomposite films this improved 

crystallinity resulted in more efficient solar cells due to significantly higher 

short circuit currents in hybrid solar cells annealed at 160 °C. 

As we assumed that in layers prepared at low annealing temperatures the 

crystallinity of the inorganic phase is most likely the limiting factor 

regarding charge generation in the absorber layers, we extend this method 

to polymer/CIS hybrids in order to reduce the processing temperature to a 

level which allows us to use PET foils as substrates. In addition, we explore 

the xanthate route toward the preparation of hybrid solar cell modules by 

demonstrating that polymer/metal xanthate precursor solutions can be 
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coated over larger areas using doctor blading as coating technique. The 

fulfillment of both issues, low temperature processing on PET substrates 

as well as the possibility of convenient large area coating, are crucial 

prerequisites for continuous roll-to-roll coating and processing on cheap 

and light-weight flexible substrates. A first assessment of the stability of 

the polymer/CIS hybrid solar cells is finally addressed by testing 

glass-glass encapsulated devices. 

2 Experimental 

2.1 Sample Preparation 

PEDOT:PSS (Clevios P VP.AI 4083, Heraeus) was coated on glass/ITO 

substrates (Xin Yang Technology Ltd., RS = 10 Ω/sq), cleaned by sonication 

in isopropanol and O2 plasma etching (FEMTO, Diener electronic, 3 min) 

and thermally dried under nitrogen (150 °C, 15 min), or on PET/ITO sheets 

(Sigma-Aldrich, Co., 100 Ω/sq, cleaning procedure as above) and dried at 

room temperature under nitrogen for 2 hours. Afterwards nanocomposite 

films were prepared by doctor blading of a chlorobenzene solution 

containing copper xanthates, indium xanthates (copper and indium O-2,2-

dimethylpentan-3-yl dithiocarbonate; purchased from Aglycon, Austria; the 

chemical structures are depicted in the supporting information of this 

chapter, page 63, Figure 28) and PCDTBT (Poly[[9-(1-octylnonyl)-9H-

carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-

thiophenediyl], 1-Material, Chemscitech Inc., St. Laurent, Canada) at 

40 °C. The concentration of PCDTBT in the precursor solution was 5 

mg/mL, the weight ratio PCDTBT:CIS was 1:9 and the Cu:In molar ratio 

1:1.7. For n-hexylamine (HA) modified samples, 4 wt% of HA were added to 
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the precursor solution. Subsequently, the precursor films were annealed 

for 30 minutes (except for the annealing duration test (Figure 29 on 64 - 

supporting information)) on a programmable heating plate (MCS 66, CAT 

Ingenieurbüro M. Zipperer GmbH). The heating temperature was varied as 

mentioned in the following and the heating rate was 11 °C/min. The 

thicknesses of the polymer/CIS absorber layers of the prepared solar cells 

were between 70 and 100 nm. 

200 nm thick aluminum electrodes with a 2 nm (nominally) silver 

interlayer were deposited using a thermal evaporation chamber mounted 

inside a glovebox system (LABmaster dp, MBRAUN Glovebox Technology, 

Germany) at a base pressure of 5×10–6 to 1×10–5 mbar (nitrogen 

atmosphere) as reported elsewhere [104]. The substrates were not cooled 

during evaporation. 

2.2 Characterization 

I-V curves were recorded using a Keithley 2400 SourceMeter and custom-

made LabVIEW software. The solar cells were illuminated using a Dedolight 

DLH400D (used in conjunction with Dedolight DEB400D electronic 

ballast). To obtain long term stability measurements the illumination was 

carried out by using a K.H. Steuernagel (KHS) SolarConstant 1200 solar 

simulation system. The intensity of the incoming light was set to 

100 mW cm–2 providing a spectrum quite similar to AM1.5G (determined 

using a KippZonen-CMP-11 pyranometer, no spectral mismatch was 

considered) in both cases. The effective device area (0.04 cm2) was defined 

by shadow masks applied to the solar cells. The aperture areas of the 

modules on glass were 56.0 cm2 (active area 33.6 cm2) and on polymer 

substrate 12 cm2 (active area 7.2 cm2). 
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External quantum efficiency (EQE) spectra were recorded using a 

monochromator MuLTImode4 equipped with a Xenon lamp provided by 

AMKO and a Keithley 2400 source meter. 

The X-ray powder diffraction profiles were obtained on a Siemens D 501 

diffractometer in Bragg-Brentano geometry operated at 40 kV and 30 mA, 

using Cu Kα radiation (λ = 1.54178 Å) and a graphite monochromator at 

the secondary side. The experimental line width was determined to be 

0.12° at this 2θ position by measuring a Si reference standard (NIST 640c). 

TEM-BF and high resolution (HR)-TEM-BF analyses were conducted on a 

Tecnai F 20 microscope (FEI Company, 200 kV, Schottky emitter) equipped 

with an UltraScanCCD camera and an energy dispersive X-ray 

spectrometer. 

UV-vis spectra were acquired using a Perkin Elmer Lambda 35 UV/Vis 

System. Layer thicknesses were specified on a DekTak XT surface profiler 

(Bruker). 

High resolution mass spectra were recorded on a Waters GCT Premier 

equipped with electron impact ionisation (EI, 70 eV; pion source ≈ 1.05 x 

10-6 mbar) and a direct insertion probe (DI). Powder from a freshly 

prepared precursor layer - which was obtained from a chlorobenzene 

solution of the metal xanthates, the polymer, and 4 wt% n-hexylamine - 

was placed into the direct insertion probe and rapidly transferred into 

vacuum. The acquisition of mass spectra (mass range: 50–800 Da; 1 

spectrum/s) was started immediately after the transfer. Spectra were 

continuously acquired while the sample was heated from room 

temperature to 250 °C (heating rate: 10 °C/min). 
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3 Results and Discussion 

At low annealing temperatures the crystallinity of the inorganic phase is 

most likely the limiting factor regarding charge generation in the absorber 

layers. Inspired by the work of Bansal et al. [108] showing that by adding 

hexylamine the crystallinity of CdS nanoparticles were significantly 

improved using annealing temperatures of 160 °C, we investigated the 

influence of adding n-hexylamine (4 wt%) to the precursor solution on the 

characteristic parameters of the resulting PCDTBT/CIS hybrid solar cells 

annealed at different temperatures, namely 195 °C, 180 °C, 160 °C and 

140 °C. The lowest temperature (140°C) is just about the onset 

temperature of the decomposition of a mixture of the metal xanthates [56] 

and therefore should be high enough to form CIS nanoparticles. However, 

it is rather unlikely that at this temperature a similar crystallinity as in the 

case of annealing at 195 °C is obtained. As it can be seen in Table 1, in the 

absence of n-hexylamine PCDTBT/CIS solar cells reach their best 

efficiencies at an annealing temperature of 195 °C, which corresponds to 

the results of previous studies [50,56]. 

However, in the presence of n-hexylamine the maximum is shifted to 

180 °C. Also at 140 °C and 160 °C the performance of the 

n-hexylamine-modified solar cells is significantly higher than of solar cells 

prepared at any temperature without the addition of n-hexylamine. 

All the solar cells prepared at the different temperatures were annealed for 

30 min (heating rate: 11 °C/min), an annealing procedure which turned 

out to be best for the preparation of hybrid polymer/CIS solar cells at a 

temperature of 195 °C in earlier studies [56]. To verify the influence of the 

duration at low temperature annealing (140 °C) on hybrid solar cells 

prepared with n-hexylamine, the annealing time was varied from 30 to 75 
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minutes. This turned out to be not crucial for the solar cell performance as 

there was no significant difference detected (detailed results can be found 

in the supporting information of this chapter, page 64, Figure 29). Keeping 

in mind, that a shorter annealing time is more suitable for an industrial 

process and of course energy saving, all the cells were annealed for 30 

minutes. 

 

Composition VOC / mV ISC / mA/cm2 FF / % PCE / % 

At 140 °C     

PCDTBT/CIS 344 ± 9 9.60 ± 0.26 41.6 ± 0.4 1.37 ± 0.01 

PCDTBT/CIS:HA 515 ± 22 9.40 ± 0.33 48.8 ± 2.0 2.36 ± 0.02 

At 160 °C 

    PCDTBT/CIS 332 ± 12 9.46 ± 0.24 41.4 ± 1.0 1.30 ± 0.01 

PCDTBT/CIS:HA 487 ± 16 9.53 ± 0.43 47.9 ± 0.8 2.22 ± 0.02 

At 180 °C 

    PCDTBT/CIS 419 ± 8 10.07 ± 0.44 44.2 ± 0.8 1.86 ± 0.04 

PCDTBT/CIS:HA 501 ± 8 9.71 ± 0.09 50.5 ± 0.6 2.45 ± 0.05 

At 195 °C 

    PCDTBT/CIS 447 ± 27 9.58 ± 0.52 46.8 ± 0.9 2.00 ± 0.02 

PCDTBT/CIS:HA 479 ± 23 9.18 ± 0.88 48.1 ± 2.5 2.10 ± 0.03 

Table 1: Influence of n-hexylamine on the performance of PCDTBT/CIS solar 

cells at different annealing temperatures (mean values of each best 

ten cells are given). 

At 195 °C the devices prepared with and without n-hexylamine do not 

show a significant difference in the PCE (2.00% and 2.10% respectively). 
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However, these values are significantly lower than those of devices 

prepared with n-hexylamine at 180 °C (2.45%). Figure 19 shows the impact 

of the addition of n-hexylamine on the I-V curves of PCDTBT/CIS solar 

cells, which were annealed at 140 °C and at 195 °C. 

 

Figure 19: I-V curves under illumination (100 mW/cm2) of PCDTBT/CIS solar 

cells prepared at annealing temperatures of (a) 140 °C and (b) 195 °C 

with and without hexylamine (Ref. [85]). 

As we can see from Figure 19 and, in particular, from Table 1, the presence 

of n-hexylamine significantly improves the open circuit voltage and the fill 

factor at any temperature. At 140 °C the VOC is increased by more than 

170 mV and the fill factor rises from 41.6% to 48.8%, whereas the short 

circuit current nearly stays the same. At 195 °C the hybrid solar cell 

prepared with n-hexylamine shows only a slight improvement in fill factor 

(+1.3%) and VOC (+30 mV); an advantage which is nearly canceled by a 

lower ISC (-0.4mA/cm2). The short circuit current, in general, tends to be 

slightly lower for the samples containing n-hexylamine, which we would 

not have expected based on the study by Bansal et al. [108] where 

primarily the ISC was improved in the P3HT/CdS hybrid solar cells 
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prepared upon addition of n-hexylamine to the precursor solution. These 

different observations could stem from the fact that the material 

combinations PCDTBT/CIS and P3HT/CdS are quite diverse. In particular, 

the morphology of the absorber layer of both systems is quite different. In 

the case of P3HT/CdS the CdS nanocrystals in the P3HT matrix tend to 

agglomerate to bigger units [109], while usually in polymer/CIS layers 

agglomeration is not that pronounced and the nanoparticles seem to be 

more homogeneously distributed in the polymer matrix [56,110], which 

could lead to the fact that the addition of n-hexylamine is influencing 

different parameters. 

For further studies of the influence of n-hexylamine on the PCDTBT/CIS 

absorber layer, the solar cells and absorber layers prepared at 140 and 

195 °C were investigated in more detail. 

 

Figure 20: (a) EQE spectra of the hybrid solar cells prepared in presence and 

absence of n-hexylamine at 140 °C and 195 °C in comparison to (b) 

the absorption spectra of the respective nanocomposite layer 

(Ref. [85]). 

Figure 20 shows the external quantum efficiencies of the PCDTBT/CIS 

hybrid solar cells and the absorption of the respective nanocomposite 

layers. In the regions of the spectra, where the nanocomposite layers show 
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maximum absorption, the respective solar cells show the highest EQE 

values. The only significant difference in the EQE, which should be 

mentioned, can be found in the wavelength range between 500 and 600 

nm, at the main absorption maximum of the polymer PCDTBT. The charge 

generation in the devices prepared with n-hexylamine is slightly improved 

in this region compared to the devices without n-hexylamine. However, the 

differences in the absorption spectra are negligible and the higher charge 

generation efficiency is unlikely from a higher crystallinity of the polymer 

phase. 

The phase separation, morphology, particle size, and size distribution of 

PCDTBT/CIS films were investigated by TEM-BF. The TEM-BF 

micrographs are depicted in Figure 21. The images show quite even 

distributed nanoparticles (dark regions) and polymer phases. In contrast to 

our earlier work with PCDTBT (Ref. [105]), we have not observed 

agglomerates of the polymer phase which can be explained by the higher 

molecular mass and therewith lower mobility/viscosity of the used 

PCDTBT in this study. A lower viscosity of the polymer phase during the 

conversion at the lower temperature probably prevents or at least retards 

larger phase separation. In the TEM-BF images, the single nanoparticles 

and thus their size and size distribution are not determinable because of 

the high nanoparticle loading in the films (neither in the HR-TEM-BF 

images in the first row, nor in the TEM-BF images in the second row). 

Furthermore, also no other differences in phase separation are visible. 

However, paying attention on the lattice fringes of the CIS nanoparticles in 

the HR-TEM-BF images, the n-hexylamine containing sample prepared at 

140 °C is more similar to both samples prepared at 195 °C, where the 

lattice fringes of the CIS nanoparticles are more clearly visible as in the 

sample prepared without n-hexylamine at 140 °C. This observation 
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indicates that the addition of n-hexylamine leads to higher crystallinity of 

the nanoparticles, in particular at lower temperatures. 

 

Figure 21: Transmission electron microscopy images of PCDTBT/CIS 

nanocomposite layers prepared at 140 °C and 195 °C (Ref. [85]). 

To exclude an influence of varying Cu/In ratio on the performance of the 

devices prepared with and without addition of n-hexylamine, EDX analyses 

were made of these films. The measurements revealed that the CIS 

nanoparticles in all 4 samples have the same Cu/In ratio, which is 

approximately 1/1.8. This is, keeping the uncertainties of EDX 

measurements in mind, in line with the Cu/In ratio of 1:1.7 in the 

precursor solutions. This excess of indium has been shown to be beneficial 

for the efficiency of this type of solar cells [51,56]. 

Additionally, X-ray diffraction investigations were carried out on 

PCDTBT/CIS samples (for sample preparation see experimental section). In 

Figure 22 the diffraction patterns of the samples with/without 

n-hexylamine annealed at 140 °C and 195 °C, respectively, are presented. 

The main diffraction peaks at 27.9°, 46.3° and 55.0° 2 as well as the 
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smaller peak at 74.6° 2 of all samples match well with the reference data 

for CIS. Although, the reference data include a small peak at 17.9° 2 the 

peak detected in this 2 range cannot be unambiguously attributed to CIS, 

as PCDTBT also exhibits a diffraction peak at that angle [105]. Whereas the 

primary crystallite size in the samples at 195 °C is approximately 2.5 nm 

for both samples as estimated by the Scherrer equation, a distinct 

difference in the primary crystallite size is observed in the materials 

prepared at 140 °C. The broadening of the reflexes is much more 

pronounced for the sample prepared without n-hexylamine indicating a 

smaller crystallite size or a lower crystallinity of the material. The value for 

the sample prepared with n-hexylamine is approx. 2.4 nm and, thus, 

almost the same as in the samples annealed at higher temperatures but 

much higher than the primary crystallite size of the sample without 

n-hexylamine having an estimated value of 2.0 nm. The results of the 

X-ray diffraction experiments corroborates the assumption that 

n-hexylamine increases the crystallinity of the CIS nanoparticles at lower 

temperatures. 
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Figure 22: X-ray diffraction measurements showing the influence of 

n-hexylamine during the thin film preparation on the crystallinity of 

the nanocomposite films as a function of the annealing temperature; 

(a) 140 °C, (b) 195 °C; (c) reference pattern for CuInS2 (PDF-27-159) 

(Ref. [85]). 

To investigate the influence of n-hexylamine on the CIS formation process 

a thermogravimetric analysis was done. Figure 23 shows the mass loss of 

the precursor material (metal xanthate and PCDTBT) with and without 

n-hexylamine. 
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Figure 23: Thermogravimetric analysis of PCDTBT/CIS precursor material with 

and without n-hexylamine (Ref. [85]). 

Both samples showed rather comparable mass loss. Keeping the typical 

accuracy of the used equipment in mind (approx. 1-3%), it is practically 

not possible to answer, whether n hexylamine already evaporates during 

the drying process, if it remains in the films without any reaction, or if it 

participates in a chemical reaction. Nevertheless, the precursor mixture 

without n-hexylamine exhibits a single step conversion of the metal 

xanthates to CIS, having its onset (mass loss of 5 wt%) at 141 °C, whereas 

the n-hexylamine modified sample shows a slightly earlier onset at already 

125 °C. The presence of n-hexylamine obviously reduces the onset 

temperature of the decomposition of the metal xanthates, what finally 

might be the reason of enhanced formation and thus crystallization of CIS 

at lower temperatures. 

The thermal decomposition of the xanthates in the presence of n-

hexylamine was also investigated by means of high resolution mass 

spectrometry (HRMS) on an instrument equipped with DI-EI. During this 

investigation, a powder taken from a freshly prepared precursor layer 

(copper/indium xanthates, PCDTBT, 4 wt% n-hexylamine) was heated from 
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room temperature to 250 °C. Products evaporating from the DI were 

continuously monitored by acquisition of EI mass spectra. 

First of all, it is important to note, that no residual n-hexylamine was 

observed. Loss due to evaporation during transfer of the sample into the 

vacuum is excluded, since comparable amounts of the amine were 

detectable without any problems in the course of analogous experiments 

with pure n-hexylamine. 

 

Figure 24: High resolution mass spectrum (EI-DI) acquired during the thermal 

decomposition of the precursor material with n-hexylamine at a 

temperature of the DI probe of approx. 115 °C (Ref. [85]). 

The most important result of the investigation by MS is reproduced in 

Figure 24 which shows the spectrum obtained at a temperature of the DI 

probe of approximately 115 °C. In comparison to data obtained for samples 

prepared without n-hexylamine, significant additional peaks were observed 

at m/z = 259.1977, 162.0956 Da, and 128.1080 Da, respectively. The first 

peak corresponds well to the exact mass calculated for the monoisotopic 
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peak of the molecular ion of O-2,2-dimethylpentan-3-yl-N-

hexylthiocarbamate A (compare Figure 6). The other signals are assigned to 

corresponding fragment ions with the formula C7H16NOS 

(m/zcalc = 162.0953 Da), and C7H14NO (m/zcalc = 128.1075 Da), 

respectively. EI reference spectra of thiocarbamate A are yet not available. 

But it is important to note, that the observed fragmentation is in line with 

the fragmentation observed for other dialkylthiocarbamates (e.g. NIST EI 

spectrum of O-isopropyl N-ethylthiocarbamate). Thus, both the exact mass 

data as well as the fragmentation indicates the formation of thiocarbamate 

A. A possible mechanism is the reaction of the metal xanthates with 

n-hexylamine as illustrated in Figure 24. Since no residual amine was 

detected by HRMS, it is suggested that i) the reaction occurs already in 

solution and/or during the drying step, and that ii) unreacted amine 

evaporates together with the chlorobenzene. To our knowledge, these are 

the first results indicating the formation of dialkylthiobarbamates by 

reaction of metal xanthates with amines. But it has to be mentioned that 

analogous reactions of dialkylxanthates with amines are well known [111]. 

Consequently, it is suggested, that the addition of n-hexylamine enables 

alternative routes for the thermal decomposition with reduced onset 

temperatures due to the reaction discussed above. However, within this 

work only a deficit of n-hexylamine was used, since higher amounts of 

n-hexylamine did not lead to enhanced performances of the solar cells up 

to now. Thus, a large part of the metal xanthate groups still has to react 

via the Chugaev elimination. This was also confirmed by HRMS, 

corresponding reaction products (i.e. COS, 4,4-dimethyl-2-pentene) were 

monitored at increased temperature of the DI probe. Note, that these 

results can be used to explain the differences observed during 

thermogravimetric analysis (Figure 23). 
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Additionally, these findings also strongly suggest that similar chemical 

reactions could take place in the work of Bansal et al. using cadmium ethyl 

xanthate and n-hexylamine [108] and in the work of Kharkwal et al. using 

a mixture of copper indium ethylxanthates and n-butylamine [112]. 

3.1 Flexible Hybrid Solar Cells 

As shown in Table 1, by using n-hexylamine as additive, the annealing 

temperature can be decreased to 140 °C without having losses in PCE 

compared to a device prepared at 195 °C without n-hexylamine. Even more 

astonishing, the PCE is even about 18% higher. This is a good precondition 

to produce efficient hybrid solar cells also on flexible substrates, due to the 

fact that a process temperature of 140 °C is compatible with the use of 

flexible PET/ITO substrates. Therefore, hybrid solar cells on a PET/ITO foil 

were prepared using the same coating methods as for the glass/ITO 

substrates (spin coating for the PEDOT:PSS layer; doctor blading for the 

PCDTBT/CIS absorber layer). 

A photograph of a flexible hybrid polymer/CIS solar cell as well as the I-V 

curves measured in the dark and under illumination (100 mW/cm2) is 

presented in Figure 25. The flexible device exhibits a PCE of about 1.6%, 

which is a bit lower than for the similarly processed device on glass 

substrates and may be attributed to the higher sheet resistance of the 

PET/ITO substrate (100 ohm/sq) compared to the glass/ITO substrates 

(10 ohm/sq). In any case, this example demonstrates the good suitability of 

the n-hexylamine modified xanthate route for the fabrication of flexible 

hybrid solar cells. 
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Figure 25: I-V curves of a flexible PCDTBT/CIS:HA hybrid solar cell (Ref. [85]). 

3.2 Hybrid Solar Cell Modules 

The xanthate route leads to smooth, non-porous and homogeneous 

polymer/CIS layers over larger areas using doctor blading, despite the fact 

that a large quantity of organic compounds evaporates during the 

decomposition process of the metal xanthate. Thus, in the next step we 

demonstrated the suitability of this process for homogeneous coating of 

larger areas (8 x 8 cm2) and the series connection of several stripe-shaped 

(7 x 0.6 cm2) solar cells to a hybrid solar cell module (Figure 26(a)). The 

size of the module is thereby limited by the size of our laboratory coating 

systems. The doctor blading of the PCDTBT/metal xanthate solution can 

be done without problems on a glass/ITO substrate also in larger area and 

the prepared films of about 8 x 8 cm2 showed a high homogeneity and 
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smoothness. Thus, it was possible to realize a hybrid solar cell module 

consisting of eight single cells, 4.2 cm2 each, leading to an overall active 

area of 33.6 cm2 by an aperture area of 56.0 cm2 (details on the geometry 

of the module are given in the supporting information, page 65, Figure 30). 

The conversion of the precursor layer to the polymer/metal sulfide 

absorber layer was also in this case done at 140 °C and in the presence of 

n-hexylamine. The I-V characteristics of such a hybrid solar cell module 

are shown in Figure 26(b). The module has an ISC of 26.9 mA and a VOC of 

3.6 V. Considering the 8-fold series connection. This corresponds to a VOC 

of 450 mV per single cell. The FF of the module is about 34%. This leads to 

a power conversion efficiency of 1% considering only the active area and to 

an efficiency of 0.6% taking the total aperture area into account. This 

rather large difference is mainly because of the fact that the focus was not 

set on keeping the dead areas as small as possible but in demonstrating 

that hybrid solar cell modules with reasonably big areas can be prepared 

via the xanthate route. 

Homogeneous coating of larger areas of thin PET/ITO foils by the available 

doctor blading set-up (without vacuum plate) was challenging as it is 

difficult to place the foil completely flat, which is essential to obtain a 

homogeneous layer thickness. However, we were able to fabricate a small 

flexible hybrid solar cell module with an overall active area of 7.2 cm2 

(aperture area 12 cm2), which consists of eight single cells, 0.9 cm2 each 

(Figure 26(c), for details concerning module geometry see supporting 

information, page 65, Figure 30). The conversion of the n-hexylamine 

doped PCDTBT/metal xanthate precursor solution was carried out at 

140 °C. The I-V characteristics of the flexible hybrid solar cell module 

(Figure 26(d)) exhibit an ISC of 2.7 mA and a VOC of 3.15 V. The FF of the 

module is about 27% giving an overall power conversion efficiency of 0.32% 
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for the active area (0.2% for the aperture area). This lower values can be 

explained by the higher sheet resistance of the PET/ITO foils (vide supra) 

but mainly with the not optimum coating process of the flexible foil with 

the used laboratory doctor blading setup. Thus, we are convinced that a 

more homogeneous coating of PET/ITO foils is achievable with more suited 

techniques such as slot die coating in a roll-to-roll equipment, which would 

lead to not only larger but also more efficient flexible hybrid solar cell 

modules produced via the xanthate route. 

 

Figure 26: (a) Picture of a PCDTBT/CIS:HA hybrid solar cell module on a 

glass/ITO substrate and (b) the corresponding I-V curves. (c) Picture 

of a flexible PCDTBT/CIS:HA hybrid solar cell module on a PET/ITO 

substrate and (d) the corresponding I-V curves (Ref. [85]). 
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3.3 Stability 

A first investigation of the stability of the prepared solar cells was started, 

as besides PCE this is a further very important property of solar cells, 

which is often not addressed in publications concerning hybrid solar cells 

and only a few studies contain detailed stability data (see for examples refs. 

[51,113–117]). As in all other polymer-based PV technologies the hybrid 

solar cells have to be protected towards moisture and oxygen using 

suitable encapsulation materials [113,118]. However, if so, such devices 

reveal already promising life time [119]. In our first tests, n-hexylamine 

containing PCDTBT/CIS solar cells were encapsulated with glass using 

epoxy glue. Figure 27 summarizes the characteristic parameters of two 

devices (prepared at 140 °C and 195 °C) measured every 30 min over 1000 

hours under continuous illumination by a KHS SolarConstant 1200 solar 

simulator using an automated measuring setup. After encapsulation, both 

samples had a PCE of around 2% at the beginning of the measurements. 

The results of this long term stability study show that the sample, which 

was annealed at 195 °C exhibits a very heavy burn in phase which drops 

its PCE down to 50% of the starting value within the very first hours. In 

the following, the degradation slowed down but still was quite strong, 

which led to a decrease of 80% in PCE after 400 hours and to a total 

degradation of the solar cell after 1000 hours. 

In contrast to that, the PCDTBT/CIS hybrid solar cell annealed at 140 °C is 

much more stable. After a continuous illumination of 1000 hours the solar 

cell exhibits still more than 60% of the initial PCE. At the beginning of the 

stability test, the drop in efficiency is mainly due to the decrease of the ISC 

in the first 50 hours. After a burn in phase the ISC stays constant for the 

whole study. For the VOC barely any loss can be detected, while the fill 

factor even increases slightly in the first 100 hours before a slight decrease 
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can be observed. Nevertheless, even after 400 hours the FF retains 96% of 

its initial value. From then on the FF is the main parameter causing the 

further moderate but steady loss in PCE. These tests are still ongoing. 

 

Figure 27: Comparison of the stability of PCDTBT/CIS nanocomposite solar cells 

prepared with n-hexylamine annealed at (a) 195 °C and at (b) 140 °C 

(Ref. [85]). 

4 Conclusions 

The addition of a small amount of n-hexylamine to the polymer/metal 

xanthate precursor solution, increases the crystallinity of the CIS 

nanoparticles at low annealing temperatures (140 °C), while at higher 

temperatures (195 °C) no significant further improvement of the 

crystallinity of the CIS phase can be detected. This effect is also reflected in 

the performance of the prepared hybrid solar cells. For devices annealed at 

195°C, hardly any difference is observable regarding PCE. However, by 

lowering the annealing temperature for the absorber layer of the devices to 

180, 160 and 140 °C the difference becomes more and more significant and 

at 140 °C the PCE of the devices is almost doubled by the modification with 
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n-hexylamine. N-hexylamine thereby initiates the decomposition of the 

metal xanthates at lower temperatures by reacting with them to give the 

corresponding dialkylcarbamate and thus facilitates the nucleation and 

crystallization at lower temperatures. However, the major part of the metal 

xanthates still decomposes via the Chugaev elimination as only a 

sub-stoichiometric amount of n-hexylamine was used. 

By using this low temperature method, we were able to prepare hybrid 

solar cells on flexible PET foils, which show typical PCEs of 1.6%. 

Moreover, we showed that the precursor solutions used in the metal 

xanthate route can be coated very homogeneously also over larger 

substrate areas. After the thermal conversion of the precursors to the 

polymer/CIS hybrid layer, the film still retains homogeneous and smooth. 

This enabled us to fabricate first hybrid solar cell modules on glass and 

also on flexible substrates with aperture areas up to 56 cm2. 

Also the lifetime of the devices prepared at low temperatures is very 

promising. Even though, using aluminum electrodes, glass-glass 

encapsulated devices prepared at 140 °C show good stability during 

continuous illumination over 1000 hours. In the hybrid solar cells 

prepared at 140 °C, after 1000 hours testing, more than 60% of their initial 

PCE is retained, while the solar cells prepared at 195°C are completely 

degraded after this testing period. By using metal oxide interlayers or, e.g. 

silver electrodes, the lifetime of the hybrid solar cells might be further 

improved. 
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6 Supporting Information 

6.1 Structures of the Used Materials 

 

Figure 28: Chemical structures of  

(a) copper O-2,2-dimethylpentan-3-yl dithiocarbonate,  

(b) indium O-2,2-dimethylpentan-3-yl dithiocarbonate and  

(c) PCDTBT (Ref. [85]). 
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6.2 Variation of the Annealing Duration 

The influence of the annealing time on low temperature annealed (140 °C) 

PCDTBT/CIS:HA solar cells was verified. 

 

Figure 29: Dependency of the characteristic solar cell parameters of low 

temperature annealed (140 °C) PCDTBT/CIS:HA solar cells on the 

annealing time. The average values of 10 cells are depicted. No 

significant difference could be detected (Ref. [85]). 
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6.3 Geometries of the Hybrid Solar Cell Modules 

 

Figure 30: Geometries of the prepared hybrid solar cell modules on glass (A) and 

on flexible PET substrates (B) (Ref. [85]). 
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1 Introduction 

The results that are presented in this section give further information on 

the effect of the addition of n-hexylamine, but were not included in the 

scientific article, which is reproduced in chapter III of this thesis [85]. 

These further investigations give a deeper insight into the chemical 

processes, which appear to happen by adding n-hexylamine to the copper 

indium sulfide precursor solution. The results have not yet been published. 

2 Influence on the System PSiF-DBT/CIS 

The best efficiencies for hybrid polymer/CIS solar cells synthesized via the 

xanthate route were achieved by using poly[(2,7-silafluorene)-alt-(4,7-di-2-

thienyl-2,1,3-benzothiadiazole)] (PSiF-DBT, chemical structure is depicted 

in Figure 31) as organic donor [56]. 

 

Figure 31: Chemical structure of the conjugated Polymer PSiF-DBT 

Therefore, the effect of n-hexylamine on the performance of PSiF-DBT/CIS 

solar cells at different temperatures was also investigated (Table 2). These 

experiments confirm that n-hexylamine has a positive impact, although the 

results exhibit a trend, which is slightly different to the results for 

PCDTBT/CIS. 
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Composition VOC / mV ISC / mA/cm2 FF / % PCE / % 

At 140 °C     

PSiF-DBT/CIS 481 ± 11 6.06 ± 0.14 39.1 ± 0.5 1.12 ± 0.02 

PSiF-DBT /CIS:HA 533 ± 10 6.68 ± 0.23 41.5 ± 0.7 1.46 ± 0.04 

At 160 °C 

    PSiF-DBT /CIS 456 ± 18 6.50 ± 0.20 44.2 ± 0.7 1.30 ± 0.03 

PSiF-DBT /CIS:HA 546 ± 20 7.41 ± 0.11 44.5 ± 1.7 1.80 ± 0.06 

At 180 °C 

    PSiF-DBT /CIS 443 ± 16 7.91 ± 0.33 41.3 ± 0.8 1.43 ± 0.04 

PSiF-DBT /CIS:HA 506 ± 8 7.80 ± 0.27 38.7 ± 0.8 1.51 ± 0.03 

At 195 °C 

    PSiF-DBT /CIS 462 ± 10 8.32 ± 0.32 43.8 ± 0.7 1.66 ± 0.06 

PSiF-DBT /CIS:HA 520 ± 10 8.76 ± 0.37 49.3 ± 0.5 2.22 ± 0.15 

Table 2: Influence of n-hexylamine on the performance of PSiFDBT/CIS solar 

cells at different annealing temperatures (mean values of each best 

ten cells are given). 

Analogical to the presented results for PCDTBT/CIS solar cells, the 

addition of n-hexylamine led to significantly higher VOC values (+11% to 

+20%) at all temperatures. At 140 °C, 160 °C and 195 °C the n-hexylamine 

doped solar cells show an increase in fill factor and surprisingly also a 

slight improvement of ISC, which was not the case for PCDTBT/CIS, where 

the current density even dropped a bit. However, the increase in fill factor 

was weaker in the case of PSiF-DBT/CIS, except for 195 °C, where also the 

efficiency increase is surprisingly high (+34%). This might be attributed to 
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the performance of the sample without n-hexylamine at this temperature, 

which was not as good as expected. 195 °C and no additive represent 

standard preparation conditions for this system at our working group for 

already quite some time. Naturally, the performance is not always the same 

and somewhat fluctuating, but in general for these conditions values in the 

range of 2% represent the mean efficiencies of all solar cells that were 

fabricated during the 3-year period of this thesis. At this stage, it also has 

to be noted that the slight differences between the two hybrid systems 

might have occurred due to the differing scope of work. These experiments 

were executed just once to prove the effect for this system, while the 

primary experiments for PCDTBT/CIS were much more comprehensive. 

This might also be the reason that the samples at 180 °C somehow not in 

line with the other data. It is believed, that further experiments at this 

temperature would confirm the effect of n-hexylamine. Typical I-V curves of 

low- and standard-temperature annealed (140 °C and 195 °C) hybrid 

PSiF-DBT/CIS solar cells in the presence and in the absence of 

n-hexylamine are depicted in Figure 32. 

(a) 

 

(b) 

 

Figure 32: I-V curves of PSiF-DBT/CIS solar cells prepared at (a) 140 °C and 

(b) 195 °C with and without hexylamine. 
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To sum up, at 140 °C, 160 °C and 195 °C the presence of n-hexylamine 

resulted in a significant performance improvement of 30%, 38% and 34%. 

These results definitely corroborate the positive influence of n-hexylamine 

on the crystallinity of the copper indium sulfide nanocrystals in 

polymer/CIS hybrid solar cells, which has been extensively discussed and 

investigated above. It was decided to forego further layer investigations like 

they were done for PCDTBT/CIS. The fact that the addition of 

n-hexylamine had the same effect on a second hybrid system, using a 

different polymer, confirms that it influences thermal composition of the 

inorganic part. 
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3 Vanadium Oxide as Anode Buffer Layer 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is commonly used as anode 

buffer layer in organic and hybrid photovoltaics. It is a high conductive 

(~300 S/cm) polymer, which is positively charged but unfortunately hardly 

soluble in any common solvent [120]. This problem is solved by using 

poly(styrene sulfonic acid) (PSS), which is a negatively charged 

water-soluble polyelectrolyte, as charge-balancing dopant [120]. The 

combination PEDOT:PSS (for the chemical structure see Figure 33) is a still 

highly conductive (10 S/cm), water-soluble polyelectrolyte system, which 

exhibits good layer forming properties, good stability and a high visible 

light transmittance [120]. It is usually applied on top of the ITO electrode 

and thereby also improves the surface roughness [121]. 

 

 

Figure 33: Chemical Structure of PEDOT:PSS 

So far PEDOT:PSS was used as interlayer in all hybrid polymer/CIS solar 

cells, which were fabricated to investigate the effect of n-hexylamine. To 

exclude the possibility that the reason for the shown effect is any 

interaction between the amino group of the additive and the 

poly(styrene sulfonic acid), PEDOT:PSS was replaced. Beside PEDOT:PSS, 

inorganic materials, particularly vanadium oxide (V2O5), are extensively 

used as anode buffer layers (ABL), due to their hole extraction properties 
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[122–125]. Thus V2O5 was used as ABL for one experiment. The results are 

given in Table 3. 

 

Composition VOC / mV ISC / mA/cm2 FF / % PCE / % 

At 140 °C     

PCDTBT/CIS 276 ± 19 6,15 ± 0,19 30,6 ± 0,9 0,52 ± 0,05 

PCDTBT/CIS:HA 419 ± 21 5,35 ± 0,46 42,8 ± 1,7 0,96 ± 0,17 

Table 3: Influence of n-hexylamine on the performance of PCDTBT/CIS solar 

cells at 140 °C (mean values of each best ten cells are given); V2O5 

was used as ABL. 

Again the presence of n-hexylamine leads to a significant performance 

improvement of the hybrid solar cells, which is caused by a tremendous 

increase in fill factor and VOC. The efficiency values were not as good as 

they were when PEDOT:PSS was used, which was expected, as the V2O5 

interlayer was not optimized at all. Nevertheless, the effect of n-hexylamine 

is completely the same in the case of V2O5, even more significant, and 

therefore absolutely independent from the use of PEDOT:PSS as anode 

buffer layer. A comparison between the I-V curves of a sample with and 

without n-hexylamine is depicted in Figure 34. 
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Figure 34: I-V curves of PCDTBT/CIS solar cells prepared at 140 °C with and 

without hexylamine; V2O5 was used as ABL. 
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1 Introduction 

This chapter is dealing with the introduction of the inverted architecture 

for in situ synthesized hybrid polymer/CIS solar cells. In an inverted solar 

cell, the charge flow is reversed. Thus the electrons are transported 

towards the ITO electrode at the bottom, which consequently acts as 

cathode (Figure 35). Vice versa the holes travel through the cell towards 

the top of it, where they are collected by an appropriate metal, which acts 

as anode in this case. To realize this geometry the top electrode has to have 

a work function higher than the one of ITO in order to reach an inversion 

of the internal electrical field. A way to support the reverse of the charge 

flow is to insert an electron blocking layer above or a hole blocking layer 

below the hybrid layer (Figure 35). 

 

 

Figure 35: Schematic comparison of the architecture and the electrical cycle in 

(a) a normal hybrid solar cell and (b) an inverted hybrid solar cell. 
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The inverted architecture was already successfully used in hybrid 

polymer/CdS solar cells, which were synthesized via a quite similar in situ 

route [55]. Using this architecture offers the possibility to introduce a 

crystalline titanium oxide (TiOx) interlayer, which is reported to have a 

positive effect on the solar cells performance. TiOx is used in organic and 

hybrid solar cells as cathode buffer layer (CBL), as it is a good electron 

transporting material. Additional the use of a TiOx interlayer reduces the 

sensitivity of the solar cell to oxygen and humidity and thus enhances the 

solar cells lifetime and stability [126,127]. The positive effect of the inverted 

approach with a TiOx interlayer on the air-stability of organic P3HT/PCBM 

solar cells has already been shown [128]. This factor is of high interest, as 

most of the organic and hybrid solar cells are insufficient in terms of long 

term stability. 

As mentioned above, TiOx is a CBL and therefore has to be applied on top 

of the photoactive layer, if the normal solar cell architecture is used. There 

is one way to apply a titanium oxide layer using only a mild heating step 

(80 °C) published in literature [129,130]. Nevertheless, in experiments this 

method turned out to be not suitable for polymer/CIS solar cells, as no 

beneficial effect could be detected. Other ways to apply titanium oxide 

require a high-temperature annealing step at temperatures high above the 

decomposition temperature of the photoactive polymer. Therefore, they are 

not applicable for normal arranged polymer based solar cells. In contrast to 

that the TiOx layer formation is the first step of the solar cell fabrication 

process, if the inverted architecture is used, which offers the possibility to 

use a high temperature annealing step (see experimental section, page 77). 
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2 Experimental Section 

2.1 Sample preparation 

2.1.1 Pre-Treatment of the Substrates 

The patterned glass/ITO substrates (Xin Yang Technology Ltd., RS = 

10 Ω/sq) were cleaned with acetone, ultra-sonicated in isopropyl alcohol 

for 30 minutes and exposed to a O2 plasma etching process (FEMTO, 

Diener electronic, 3 min). 

2.1.2 Titanium Oxide Interlayer 

2.1.2.1 Formation via Spray Pyrolysis 

Cleaned substrates were heated to 450 °C (ceramic glass heating plate) and 

subjected to spray pyrolysis deposition of titanium oxide from a 0.1M 

solution of di-isopropoxytitanium bis(acetylacetonate). 600 mL of the 

titanium oxide precursor solution were used for the deposition. The devices 

were kept on a ceramic glass heating plate for 15 minutes. 

2.1.2.2 Formation via Doctor Blading 

For the formation of the TiOX layer, a 0.1M di-isopropoxytitanium 

bis(acetylacetonate) solution in isopropanol was deposited on an ITO-

substrate by doctor blading, which was subsequently heated to 350 °C if 

not another temperature is mentioned. Precursor solution deposition and 

annealing, which was done on a ceramic glass heating plate for 15 

minutes, were carried out in ambient conditions. 
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2.1.3 Cadmium Sulfide Interlayer 

The CdS interlayer was formed out of a 0.1M cadmium-2,2-

dimethylpentan-3-yl xanthate precursor solution in chlorobenzene, which 

was applied by doctor blading at 40 °C. The thermal conversion was 

carried out on a heating plate at 150 °C for 10 minutes. The whole process 

was done under inert conditions. 

2.1.4 Hybrid Layer 

The photoactive hybrid films were prepared by doctor blading of a 

chlorobenzene solution containing copper xanthates, indium xanthates 

(copper and indium O-2,2-dimethylpentan-3-yl dithiocarbonate; purchased 

from Aglycon, Austria; the chemical structures are depicted on page 63, 

Figure 28) and PSiF-DBT (poly[(2,7-silafluorene)-alt-(4,7-di-2-thienyl-2,1,3-

benzothiadiazole)], purchased from 1-Material, Chemscitech Inc., St. 

Laurent, Canada, chemical structure see Figure 31 on page 67) at 40 °C. 

The concentration of PSiF-DBT in the precursor solution was 5 mg/mL, the 

weight ratio PSiF-DBT:CIS was 1:9 and the Cu:In molar ratio 1:1.7. 

Subsequently the samples were heated from room temperature to 195 °C if 

not another target temperature is mentioned in the text. The annealing 

step was carried out on a programmable heating plate (MCS 66, 

CAT Ingenieurbüro M. Zipperer GmbH), for 30 minutes with a heating rate 

of 11 °C/min. 

2.1.5 PEDOT:PSS Layer 

PEDOT:PSS (Clevios P VP.AI 4083, purchased from Heraeus) was diluted 

with isopropanol (ratio (PEDOT:PSS):isopropanol = 1:5) and 0.13 vol% 

2,5,8,11-Tetramethyl-6-dodecyn-5,8-diol ethoxylate (Dynol 604 Surfactant, 
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purchased from Air Products Chemicals Europe, chemical structure is 

depicted in Figure 36) was added for better wetting properties. This 

solution was applied by doctor blading at 60 °C under ambient conditions. 

 

Figure 36: Chemical structure of Dynol 604 Surfactant 

2.1.6 Metal Electrode 

200 nm thick silver or gold electrodes were deposited using a thermal 

evaporation chamber mounted inside a glovebox system (LABmaster dp, 

MBRAUN Glovebox Technology, Germany) at a base pressure of 5×10–6 to 

1×10–5 mbar (nitrogen atmosphere). The substrates were not cooled during 

evaporation. 

2.2 Characterization 

The layer thicknesses of the titanium oxide layers were determined by 

scanning electron microscopy (SEM). The SEM images were obtained from 

a Zeiss Ultra 55 using an energy selective backscattered electron (EsB) 

detector at 2 kV. To obtain a planar cross section ion beam polishing 

(argon) was executed by using the Gatan Ilion+ (model 693, 4 kV, -50 °C, 1 

hour, both ion guns were at an angle of 0 °). The thicknesses of all other 

layers were characterized on a Bruker DekTak XT surface profiler. 
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I-V curves were recorded using a Keithley 2400 SourceMeter and custom-

made LabVIEW software. The solar cells were illuminated using a Dedolight 

DLH400D (used in conjunction with Dedolight DEB400D electronic 

ballast). The intensity of the incoming light was set to 100 mW cm–2 

providing a spectrum quite similar to AM1.5G (determined using a 

KippZonen-CMP-11 pyranometer, no spectral mismatch was considered). 

The effective device area (0.04 cm2) was defined by shadow masks applied 

to the solar cells. 

3 Results and Discussion 

3.1 Formation of the Titanium Oxide Layer 

3.1.1 Layer Thickness 

At first the formation of the titanium oxide layer was executed by spray 

pyrolysis of di-isopropoxytitanium bis(acetylacetonate) (chemical structure 

see Figure 37), as described in the experimental section. The resulting 

titanium oxide layers were investigated by scanning electron microscopy 

with a backscattered electron detector (SEM-BSE). 

 

Figure 37: Chemical structure of di-isopropoxytitanium bis(acetylacetonate). 
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These measurements exhibit a layer thickness of about 1.4 µm with 

thinner parts down to approximately 800 nm and thicker positions up to 

about 2 µm (Figure 38). Such a structure implies two main problems. First 

of all the thickness is too high, as the ideal thickness is reported to be in 

the range of 20-50 nm [128,131,132]. The thickness, which was obtained 

by spray pyrolysis, might cause a decrease in electron extraction, as a 

thick titanium oxide layer might not show adequate electron mobility. 

However, the titanium oxide layer thickness could be reduced by reducing 

the amount of precursor solution, which is used for the spray pyrolysis. A 

bigger problem is the inhomogeneity of the layer surface. Such a rough 

layer (maximum surface roughness (Rmax) ≈ 1.2 µm) cannot be completely 

covered by the photoactive layer, which has a typical layer thickness of 

approximately 60-80 nm. Therefore, the required solar cell architecture 

cannot be obtained, and the solar cell might be shorted. 

 

 

Figure 38: SEM-BSE cross section image of a titanium oxide layer on glass/ITO 

substrates prepared via spray pyrolysis. 1: glass, 2: ITO, 3: TiOx layer 

As a consequence of these results the titanium oxide precursor solution 

was applied to the glass/ITO substrate by doctor blading and subsequently 

annealed in order to form a thinner and especially smoother titanium oxide 

layer. Figure 39 is a cross-section image of titanium oxide layer formed by 
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doctor blading, which exhibits that the layer is very smooth and about 

20-25 nm thick. 

 

 

Figure 39: SEM-BSE cross section image of a titanium oxide layer on glass/ITO 

substrates prepared via doctor blading and subsequent annealing. 

1: glass, 2: ITO, 3: TiOx layer 

Therefore the titanium oxide layer was formed by this method for all 

further experiments. 

3.2 Inverted Solar Cells 

3.2.1 Optimization of the Electron Extraction 

In the first experiments on the inverted architecture, solar cells consisting 

of titanium oxide as hole blocking layer, PSiF-DBT/CIS as hybrid layer and 

gold as anode material on top were prepared (Figure 40(b)). PSiF-DBT and 

CIS as compounds of a hybrid layer as well as the signification of titanium 

oxide interlayers have been discussed in detail in previous sections of this 

work. Gold was chosen as anode material, because it has a work function 

in the range of 5.3-5.5 eV [133,134], which is well above the values that 

are specified for ITO. The work function of ITO is reported to be in a range 

of 4.3-4.7 eV, as long as it is not objected to any special treatment, but O2 

plasma etching [135–137]. 
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(a) 

 

(b) 
 

 

 

Figure 40: (a) I-V curve and (b) a schematic depiction of a simple inverted hybrid 

solar cell. The I-V data was obtained after a photo-annealing step, 

which is explained in detail on page 88 et seq. 

These inverted cells showed rather poor efficiencies of up to 0.40%. The ISC 

showed low average values up to 5.5 mA/cm2. Nevertheless, the bad 

performance of these cells can be primarily attributed to their low open 

circuit voltages, which stayed constantly below 250 mV, and their fill 

factors, which did not reach more than 30%. The respective I-V curve is 

depicted in Figure 40(a). 

Therefore, a CIS layer was introduced between the titanium oxide and the 

hybrid layer (Figure 41(b)) in order to improve the efficiency, as it was 

shown for a similar hybrid system by Dowland et al. (Ref. [55]), who 

reached an improvement in PCE of 50%. The effect, this acceptor phase 

interlayer might or should have on the solar cell is not completely clear 

[55]. Again it might have an influence on the electron transport from the 

hybrid layer towards the cathode. However, in this case the insertion of a 

CIS interlayer did not have any positive effect on the solar cell performance 

as you can see from the I-V curve in Figure 41(a). 
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(a) 

 

(b) 
 

 

 

Figure 41: (a) I-V curve comparison to show the effect of a CIS interlayer and (b) 

a schematic depiction of an inverted hybrid solar cell with a CIS 

interlayer. The I-V data was obtained after a photo-annealing step, 

which is explained in detail on page 88 et seq. 

Compared to the inverted hybrid solar cells without a CIS interlayer, this 

construction exhibited a slightly higher VOC of up to 300 mV, which is still 

a low value though. The other two parameters dropped, as the ISC was 

limited to a maximum of 4 mA/cm2 and the FF was in the range of 25%. As 

it can be seen from Figure 41(a), the I-V curve of the inverted hybrid solar 

cell containing a CIS interlayer does not show a characteristic diode curve, 

but a nearly linear gradient. Thus PCEs of only 0.36% could be obtained 

for this construction. The CIS layer thickness (dL) was 20-30 nm. 

Because of the bad performance of these hybrid solar cells, the CIS 

interlayer was replaced by a cadmium sulfide interlayer (dL ≈ 20 nm) in the 

next step (Figure 42). 
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(a) 

 

(b) 
 

 

 

Figure 42: (a) I-V curve comparison to show the effect of a CdS interlayer and (b) 

a schematic depiction of an inverted hybrid solar cell with a CdS 

interlayer. The I-V data was obtained after a photo-annealing step, 

which is explained in detail on page 88 et seq. 

The CdS interlayer lead to an improvement of all characteristic photovoltaic 

parameters and thus to a tremendous increase of the power conversion 

efficiency. The open circuit voltage increased up to nearly 400 mV and the 

highest ISC values were just below 7 mA/cm2. Especially the fill factor 

exhibited very satisfying values of up to 47.6% and thus power conversion 

efficiencies up to 1.25% could be reached with this construction. The 

results of all different inverted structures are summarized and compared in 

Table 4 on page 87. 

The type of influence of the CdS interlayer and its difference in mode of 

action compared to a CIS interlayer were not investigated in this work. 

Nevertheless, its effect on the solar cell performance is that impressive that 

the implementation of a CdS interlayer became obligatory for all further 

experiments on inverted hybrid solar. 
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3.2.2 Optimization of the Hole Extraction 

As mentioned before, PEDOT:PSS is often used as interlayer to improve the 

hole transport from the photoactive layer towards the anode. Therefore, the 

insertion of PEDOT:PSS was investigated. In this case gold was replaced by 

silver (WA ≈ 4,3-4,7) as top electrode, as the internal electrical field is 

already inverted aligned by the arrangement of the selective interlayers. In 

some control experiments no differences between gold and silver electrodes 

could be detected for this solar cell construction. 

The insertion of a PEDOT:PSS layer lead to a further improvement of the 

VOC, which reached high values of up to nearly 600 mV. The ISC increased 

in a similar way as more than 8 mA/cm2 were detected. Therefore, power 

conversion efficiencies of up to 1.6% could be achieved with this 

construction, although the fill factor decreased to values in the range of 

34%. A comparison of the I-V characteristics is given in Figure 43(a) beside 

a schematic depiction of the most effective inverted hybrid polymer/CIS 

solar cell construction. 
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(a) 

 

(b) 
 

 

 

Figure 43: (a) I-V curve comparison to show the effect of a PEDOT:PSS interlayer 

and (b) a schematic depiction of the most effective inverted hybrid 

solar cell construction. The I-V data was obtained after a 

photo-annealing step, which is explained in detail on page 88 et seq. 

Composition VOC / mV ISC / mA/cm2 FF / % PCE / % 

ITO/TiOx/HL/Au 236 ± 18 5,30 ± 0,27 29,5 ± 0,9 0,36 ± 0,04 

ITO/TiOx/CIS/ 

HL/Au 292 ± 20 3,94 ± 0,32 25,7 ± 2,4 0,30 ± 0,04 

ITO/TiOx/CdS/ 

HL/Au 386 ± 8 6,39 ± 0,49 46,3 ± 1,3 1,13 ± 0,07 

ITO/TiOx/CdS/HL/ 

PEDOT:PSS/Ag 549 ± 45 7,95 ± 0,23 33,3 ± 2,1 1,45 ± 0,11 

Table 4: Summary and comparison of the characteristic photovoltaic 

parameters of the investigated types of inverted hybrid solar cell 

construction (mean values of each best ten cells are given). 
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3.2.3 Light Soaking Effect 

At this stage it has to be noted that all the I-V curves, which are depicted 

in this chapter were recorded after a light soaking period. The light soaking 

effect is well studied for devices containing electron selective metal oxide 

interlayers such as ZnO [138] and TiO2 [129,139–141]. This effect is often 

also called photo-annealing effect. Solar cells containing metal oxide layers 

often exhibit lower efficiencies immediately after the fabrication as they do 

after a post-processing illumination period. 

For the solar cells that were fabricated within the experiments described in 

this chapter, an improvement in PCE was already reached after 12 hours of 

storage at inert conditions, were the cells were exposed to no special 

illumination but the normal light in the laboratory. However, the direct 

illumination (100 mW/cm2) for 30 minutes leads to a further increase. 

Interestingly the solar cells containing a PEDOT:PSS interlayer showed 

much lower PCEs immediately after their fabrication than the ones 

without, but exhibited a much higher increase due to the light soaking 

process. Solar cells with a PEDOT:PSS interlayer reached an increase in 

PCE of up to 360% after 12 hours of storage and 30 minutes of direct 

illumination, whereas solar cells without PEDOT:PSS reached a PCE 

improvement of not more than 30% compared to their initial values. A 

comparison of the data is given in Figure 44 and the influence of the light 

soaking process on the respective I-V curves is depicted in Figure 45. 
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Figure 44: Light soaking effect on the PCE of inverted hybrid polymer/CIS solar 

cells with and without a PEDOT:PSS interlayer. 

(a) 

 

(b) 

 

Figure 45: Light soaking effect on inverted hybrid polymer/CIS solar cells 

(a) with a PEDOT:PSS interlayer (fabricated at ambient conditions) 

and (b) without a PEDOT:PSS interlayer (fabricated at inert 

conditions). 

The different intensity of the photo-annealing effect on these solar cells is 

strongly assumed to be not related to the presence of the PEDOT:PSS 

layer, but to the fact, that the PEDOT:PSS coating was executed at ambient 
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conditions. This had to be done due to the fact that the PEDOT:PSS 

solution is water-based and thus would be harmful to the inert conditions 

in the glove box system, were all the other solar cell production steps take 

place. This means that the PEDOT:PSS containing solar cells were exposed 

to oxygen and water during the fabrication, whereas the other cells were 

completely fabricated and stored under inert conditions. Therefore the cells 

without PEDOT:PSS do not show the typical inflection point behavior and 

the resulting tremendous increase after illumination. The weaker but still 

significant improvement of these cells might be attributed to the improved 

conductivity of titanium oxide under UV-illumination [139] or be a result of 

a thermal effect [142]. This assumption also goes along with the fact that 

especially the cells, which contain a PEDOT:PSS layer and thus were 

exposed to oxygen and humidity showed an increase in PCE of up to 220% 

just by storing them in the glove box for half a day. By storing them under 

inert conditions with constant gas purification, the oxygen ratio in the 

whole cell and especially the humidity in the not tempered PEDOT:PSS 

layer (see experimental section, page 78) might be reduced already 

significantly. 

As it can be seen from Figure 45(a), primarily responsible for the poor 

performance of the PEDOT:PSS containing solar cells immediately after 

their fabrication, is a low fill factor. The I-V curves are “S-shaped”, which 

means that they have an inflection point in the 4th quadrant. The inflection 

is often attributed to an energy barrier within the solar cell, which is 

caused by a poor carrier transport in one of the layers or at one of the 

interfaces which prevents charge extraction [142]. The photo-annealing 

process that leads to the removal of the inflection point is attributed to 

photoconductivity of the metal oxide layer, and an oxygen redistribution 

process within the cell [142]. The illumination might also be advantageous 
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for the degradation of impurities in the metal oxide layer [142]. It was also 

shown that the temperature increase, which goes along with the 

illumination, is beneficial for a fast removal of the inflection point [142]. 

This effect was expected, as higher temperatures will enhance the rate of 

most chemical and transport processes [142]. Nevertheless, 

photo-annealing is not a merely thermal but a photoactive process. This is 

confirmed by investigations, which showed that the solar cell performance 

rises faster with increasing illumination intensity and that the absence of 

UV light at the post-processing illumination leads to a significant slower 

performance increase [142]. The UV-depending behavior was observed for 

different metal oxides [143,144]. In the case of titanium oxide it is assumed 

that the UV-light illumination leads to a high density surface state, which 

may result in improved electron transport [143]. The origin of these surface 

states could be an oxygen vacancy [145] or Ti3+ states induced by the 

photoreaction under light soaking [146]. 

3.2.3.1 Reappearance of the Inflection Point 

The performance of the PEDOT:PSS containing inverted hybrid 

polymer/CIS cells stayed nearly constant but after some time of storage at 

inert condition without illumination, the inflection point started to come 

back. However, the execution of a further photo-annealing step of just 

5 minutes led to a normal kink-free diode curve again (Figure 46). These 

results are in agreement with literature, as the appearance of the inflection 

point is reported to be partially reversible. The inflection point can 

re-appear after a storage in the dark but also can be removed again by a 

light soaking step [142]. 
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Figure 46: Re-appearance and repeated removal of the inflection point. Solar 

cell construction: ITO/TiOx/CdS/HL/PEDOT:PSS/Ag 

4 Conclusion 

Different constructions of inverted hybrid polymer/CIS solar cells were 

fabricated and investigated. The titanium oxide layer formation was 

optimized for its use as electron selective interlayer. Further, it has been 

found that the presence of a cadmium sulfide interlayer, although its mode 

of action is not totally clarified yet, is crucial for the solar cell performance 

as well as a PEDOT:PSS electron blocking layer. The appearance of an 

inflection point immediately after the preparation of the inverted hybrid 

solar cells was shown to correlate with the presence of oxygen and 

humidity during the fabrication process. The inflection point behavior was 

removed by a post-process photo-annealing step for solar cells stored at 

inert conditions. A reappearance of the inflection point can again be easily 

removed by illumination. Overall the inverted structure was successfully 

introduced to in situ synthesized hybrid polymer/CIS solar cells and 

efficiencies up to 1.6% were achieved. Nevertheless, there is still room for 
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improvement as the efficiencies obtained for the normal architecture [56] 

could not be reached for the inverted architecture. Thus this approach 

should be the point of interest for further investigations as it applicability 

was proven and it offers advantages concerning the use of electron 

selective interlayers. 
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1 Introduction 

Organic-inorganic hybrid solar cells based on conjugated polymers and 

inorganic semiconducting nanostructures are currently a field of intensive 

research because of their promising properties due to combining 

advantages of both organic and inorganic semiconductors. A large variety 

of organic-inorganic material combinations may be blended to form bulk 

heterojunction absorber layers for hybrid solar cells [90,91]. Most 

prominent examples are combinations of a conjugated polymer with CdSe 

[97], CdS [52], CuInS2 [56], PbS [99], or ZnO [100]. Up to now, maximum 

power conversion efficiencies (PCEs) between 4 and 5% are reported for 

organic-inorganic hybrid solar cells [52,98]. One very promising strategy to 

further improve the PCE of hybrid solar cells is to modify the bulk 

heterojunction toward a more ordered morphology. Ordered heterojunction 

structures of the organic and the inorganic component, which are vertically 

bicontinuous and interdigitized, can significantly improve charge transport 

properties, while maintaining a high interfacial area [83]. 

In fully organic polymer/[6,6]-Phenyl C61 butyric acid methyl ester (PCBM) 

solar cells, such ordered bulk heterojunctions are mainly prepared using 

nanoimprint lithography (NIL) to pattern the polymer layer, which is 

infiltrated by PCBM [82,83]. In the case of hybrid material systems, mainly 

the inorganic semiconductor is patterned and infiltrated with the organic 

donor material [82]. Nanostructured hybrid solar cells were realized so far 

with several material classes including mostly metal oxides [82,147] but as 

well also e.g. silicon [148–150] or gallium arsenide [151]. The 

nanostructures were typically prepared by (template assisted) nanorod or 

nanotube growth, etching, or selected area epitaxy processes. 
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To date, ordered polymer/metal sulfide heterojunctions have not been 

explored at all. This may originate in the fact that only a very limited 

number of methods for the preparation of nanostructured metal sulfide 

layers exist, even though semiconducting metal sulfides are a very 

important class of materials which are widely used in hybrid as well as in 

inorganic thin film solar cells. Furthermore, they are important in a wide 

range of further applications like waveguides, sensors, photodetectors, 

electroluminescent devices or photocatalysts, where nanostructured layers 

can be beneficial [152–155]. While, in particular in hybrid solar cells, 

structured metal sulfide layers can find prospective application for the 

formation of a well-defined ordered heterojunction in the absorber layer to 

enhance device performance [82], in inorganic thin film solar cells, 

nanostructured layers can be used as light trapping layers to optimize 

absorption properties [156], or to improve carrier collection [157]. 

So far, structured metal sulfide layers were mainly prepared by 

lithographic patterning of functional surface molecule layers or self-

assembled monolayers on the substrate followed by selective growth or 

deposition of the metal sulfide [152,153,158–160], via electron-beam 

lithography (EBL) [161,162] or by molecular printing techniques [163,164]. 

Following the first method, the organic layer remains between metal sulfide 

layer and substrate after structuring, which may limit possible applications 

of the nanostructured layers. With the latter mentioned methods only very 

small areas can be structured in reasonable time. 

2 Results and Discussion 

In this work, we introduce an exciting strategy for the fabrication of 

column structures as well as comb structures showing periodicities of 
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140 nm with the potential to reach periodicities far below 100 nm. The 

fabrication process is the direct patterning of the functional 

nanostructures and does not involve pattern transfer such as lift-off or 

etching. In this route metal xanthates are used as precursors, which can 

be thermally converted to metal sulfides [56,165], but also by UV-light 

[166]. This offers the possibility for the formation of structured metal 

sulfide layers via a photochemically induced solid state reaction. The used 

metal xanthates show strong absorption at wavelengths below 300 nm 

leading to their decomposition and subsequent formation of the 

corresponding metal sulfides upon UV- or extreme UV (EUV)-illumination 

under reduced pressure. We demonstrate the potential of this method with 

the semiconducting metal sulfide copper indium sulfide (CIS), a well-

known absorber material in thin film photovoltaics, and also already 

successfully incorporated in organic-inorganic hybrid solar cells [56]. 

Figure 47 shows FT-IR spectra of a layer containing a mixture of copper 

and indium xanthates before and after UV-illumination (mercury medium 

pressure lamp). The characteristic peaks of the xanthates (for a detailed 

assignment see Table 5 on page 109 in the supplementary information of 

this chapter) vanished completely after 20 min of UV-illumination. The 

concerted formation of the copper indium sulfide is proved by the selected 

area electron diffraction (SAED) pattern of a sample after UV-illumination. 

The SAED pattern shows diffraction rings, indicating that the sample is 

nanocrystalline and that the crystals have no preferential order. The 

positions of the main diffraction rings (112, r = 3.19 nm-1; 200, 

r = 3.70 nm-1; 204/220, r = 5.21 nm-1; 116/312, r = 6.11 nm-1) are in good 

agreement with reference data for chalcopyrite CIS (PDF 27−159). The 

principle possibility of a formation of nanocrystalline CuInS2 solely by UV-

treatment of precursors is in agreement with a report by Nairn et al. [167] 



Chapter VI EUV-Lithographic Conversion of Metal Xanthates 

 99  

who prepared CuInS2 nanocrystals in an organic solvent by photochemical 

decomposition of a single-source metal-thiolate precursor. 

 

Figure 47: A) FT-IR spectra of a metal xanthate precursor layer before and after 

20 min UV-illumination under reduced pressure; B) SAED image and 

the corresponding radial intensity profile of the UV-illuminated 

sample (Ref. [84]). 

Furthermore, scanning electron microscopy - energy dispersive X-ray 

(SEM-EDX) measurements were conducted to analyze the chemical 

composition of the nanocrystalline CIS layer formed by photolysis of the 

metal xanthates. The EDX spectrum reveals a copper/indium molar ratio 

of about 1/1.6, which is close to the copper/indium ratio of the precursor 

layer (1/1.7). A surplus of indium is necessary as this leads to n-type CIS 

[168], which is essential for an application of this material in hybrid solar 

cells, as only n-type CIS leads to well performing polymer/CIS hybrid solar 

cells [51,56]. 

The formation of copper indium sulfide is additionally confirmed by X-ray 

photoelectron spectroscopy (XPS). The corresponding spectra of the metal 

xanthate precursor film, of the film after UV-illumination and after thermal 
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treatment are presented in Figure 48. The XPS signals of the 

photochemically prepared CIS layer match well with a thermally (195 °C) 

converted reference sample and for all elements shifts in binding energy 

between precursor layer and CIS layer are observed. For the elements Cu 

and In, the binding energies between the precursor layer and the UV-

treated sample are shifted about 1 eV to higher energy, for S, the peak is 

shifted about 0.5 eV to the lower energy region. In the photochemically 

prepared sample, the binding energies of Cu2p1/2 and Cu2p3/2 are 952.6 

and 932.9 eV, these of In3d3/2 and In3d5/2 are 452.6 and 445.1 eV and the 

binding energy of S2p corresponds to 162.1 eV. The found binding energies 

match very well to reference data for CIS from literature [169]. 

 

Figure 48: XPS spectra of the elements Cu (A), In (B) and S (C) in the precursor 

film (black), after thermal annealing (red) and after UV-treatment 

(blue) (Ref. [84]). 

The presented data show that it is possible to produce crystalline copper 

indium sulfide thin films in a solid state reaction by UV-treatment of a 

precursor layer. This opens the unique possibility for photolithographic 

structuring of metal sulfide layers. In this structuring process, the metal 

xanthate precursor can be viewed as negative resist. UV-illuminated areas 

are cured and become insoluble due to the formation of the metal sulfide, 
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while the non-illuminated areas remain readily soluble in organic solvents. 

The principle of the photolithographic structuring process using metal 

xanthate precursor layers is schematically shown in Figure 49. 

 

Figure 49: Schematic illustration of the photolithographic process for the 

preparation of metal sulfide comb structures from metal xanthates 

(Ref. [84]). 

To realize a comb structure as shown in Figure 49, in a first step, a thin 

and continuous CIS layer is prepared by thermal or UV-conversion from 

metal xanthates on a suitable substrate. Subsequently, a metal xanthate 

precursor layer, which is coated from solution onto the first CIS layer, is 

UV-illuminated through a shadow mask. Thus, CIS is formed in the 

illuminated areas, which leads to shrinkage in volume due to the 

evaporation of the volatile decomposition products of the metal xanthates 

[56] and an increase in density in the material. Finally, the structure is 

developed by short dipping of the substrate into an organic solvent like 

chloroform or toluene leading to dissolution of the unexposed xanthate. 

Using standard UV-photolithography, we could realize comb structures 

with periodicities down to 5 µm using contact masks. However, for many 

applications including also the application in absorber layers of 

organic/inorganic hybrid solar cells, much smaller structures (periodicities 

of 20-200 nm) are desired. To achieve structures far below 1 µm, we 

identified extreme ultraviolet interference lithography (EUV-IL) to be an 
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ideally suited method for this purpose. Also laser interference lithography 

(LIL), as well as EBL [162] were considered as generally suitable 

techniques. However, compared to LIL, EUV-IL has the advantage that 

resolutions far below 100 nm can be achieved. Resolutions in this range 

would be also possible with EBL; however, using this method, the 

throughput is limited due to the serial nature of EBL. 

In contrast to this, EUV-lithography is currently considered to be the 

next-generation technique for high-volume semiconductor chip production 

with feature sizes down to the sub- 10 nm region [170,171]. Interference 

lithography using EUV radiation gained increasing attention in academic 

as well as industrial research as a powerful tool providing high resolution, 

high throughput, and large-area patterning [172,173], which makes this 

technique also considerably interesting for our application. 

In initial series of EUV-IL experiments, we used a “multi-pattern mask” 

which offered the possibility to create various structures (dots, lines) and 

periodicities during one exposure using two- and four-beam interference 

schemes. Besides exposure times, also the thickness of the precursor layer 

had to be optimized before impressively homogeneous column-like 

structures with periodicities of 283 nm as well as 141 nm could be 

achieved. AFM and SEM-SE images of the prepared nanostructures are 

shown in Figure 50. The height of the nano-columns is about 29-35 nm 

(corresponding height profiles are included in the supplementary 

information of this chapter, page 110, Figure 53). 
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Figure 50: AFM images (A, D) and SEM-SE micrographs (B, C, E, F) with different 

magnifications of copper indium sulfide column structures with 

periodicities of 283 nm (A-C) and 141 nm (D-F) prepared via 

four-beam interference. The height of the structures is about 

29-35 nm (Ref. [84]). 

Regarding a future application of these nanostructured layers in absorber 

layers of hybrid solar cells, the column structures were not fabricated on 

silicon substrates, which would be the standard substrates for EUV-IL, but 

they are already prepared on the layer structure glass/ITO/TiOx/CdS (see 

methods section) which can be directly implemented in hybrid solar cells 

with inverse device architecture [55]. Prior to the lithographic preparation 

of the structured CIS layer from the Cu- and In-xanthate precursor layer, a 

5 nm thin continuous CIS layer was applied on the glass/ITO/TiOx/CdS 

layer stack. By the introduction of this thin CIS layer, it is provided that 

the conjugated polymer, with which the nanostructured CIS layer is 

infiltrated to form an interdigitized network of donor and acceptor in the 

absorber layer, does not have direct contact to the subjacent layer. This 

would adversely influence the electronic properties of the final device. After 

the infiltration with a conjugated polymer, the preparation of hybrid solar 
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cells can be finished by applying a PEDOT:PSS layer and metal electrodes. 

Keeping in mind that the nanostructured layers are prepared on a stack of 

multiple solution-processed layers, the achieved nanostructures are 

impressively well defined and homogeneous (see Figure 50 F). 

The smallest gap between two columns in the sample with the periodicity 

of 141 nm (Figure 50 D-F) is about 35 nm. This is already quite close to an 

ideal feature size for efficient charge separation in hybrid bulk 

heterojunctions, which would be approximately 20 nm, the doubled exciton 

diffusion length in conjugated polymers [82]. The fact that the structures, 

even with this very small gaps, are clearly separated and well defined, 

strongly suggests that the realization of even smaller structure sizes should 

be possible by further optimization. Thus, the pre-conditions for a 

successful incorporation of EUV-lithographically structured metal sulfide 

layers, having feature sizes close to the exciton diffusion length, in 

absorber layers of hybrid solar cells are fulfilled and future research will be 

directed to this topic. 

The discussed column structures were achieved via four-beam 

interference. Keeping in mind that the metal xanthate resist needs 

comparably long exposure time for curing, column structures were easier 

to realize than line structures, which are reached by interference of two 

beams, leading to lower intensity. Using standard EUV-IL masks, line 

structures could not be prepared using exposure times of up to 4 minutes 

(dose ~ 8000 mJ/cm2). We note that this value is the dose on mask level 

and the dose on wafer level is about 5-10% of this value due to the 

diffraction efficiency of the grating and absorption of the supporting SiN 

membrane of the masks. To achieve the goal of realizing line structures 

and to overcome the above mentioned challenges of exposure time, we also 

worked with ASFM (achromatic spatial frequency multiplication) technique 
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in further experiments. In this technique, which is based on the 

achromatic Talbot effect, all transmitted light contributes to image 

formation leading to much higher efficiency but also to higher background 

intensity [174]. This means that exposure times are considerably shorter; 

however, they have to be most accurately adjusted, as overexposure leads 

to curing of the full area, and underexposure only to a curing in surface 

near areas of the film, which leads to full removal of the film during the 

developing step. Fortunately, metal xanthates appear to provide a well 

suited sensitivity curve and CIS comb structures with a periodicity of 

280 nm could be prepared using an exposure dose of less than 

5000 mJ/cm2. 

AFM as well as SEM-SE images of the line-structures are presented in 

Figure 51. The comb-structure is regular and has a height difference of 

25 nm, as measured with AFM (the corresponding height profile can be 

found in the supplementary information this chapter on page 111, Figure 

54). Using the ASFM technique, areas of 1x1 mm² were structured in one 

exposure step and even bigger nanostructured areas can be easily realized 

by stitching or using scan exposure mode [175]. 
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Figure 51: AFM image (A) and SEM-SE micrographs (B, C) with different 

magnifications of copper indium sulfide comb structures with a 

periodicity of 280 nm and a structure height of 25 nm (Ref. [84]). 

In conclusion, we presented a versatile strategy for the preparation of 

nanostructured metal sulfide layers using metal xanthate precursors. We 

identified the photosensitivity of metal xanthates as powerful tool for 

lithographic structuring and successfully realized column as well as comb 

structures with a periodicity of 140 nm using EUV-IL and we certainly see 

the potential to achieve nanostructures with resolutions far below 100 nm. 

To tackle this goal, on the one hand, an optimization of the metal xanthate 

precursor materials (variation of the alkyl chains) will be necessary in order 

to reduce the volume shrinkage and to increase their sensitivity to 

UV-illumination, which will also help to reduce remaining carbon in the 

nanostructured material. On the other hand, further optimization of the 

EUV-IL exposures, also including testing of new masks with higher 

resolution may enable realization of nanostructures with sizes of a few ten 

nanometers. 
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3 Experimental Details 

3.1 Sample preparation and UV-illumination 

The used metal xanthates (copper O-2,2-dimethylpentan-3-yl-

dithiocarbonate and indium O-2,2-dimethylpentan-3-yl-dithiocarbonate) 

were synthesized according to a previously published procedure [56]. The 

precursor layers were prepared via spin coating from chlorobenzene 

solutions on silicon substrates covered with a thin CIS layer or on 

glass/ITO substrates covered with TiOx, CdS and CIS layers. The TiOx layer 

was prepared by doctor blading a titanium diisopropoxide 

bis(acetylacetonate)-precursor dissolved in isopropanol and subsequent 

annealing of the substrate at 450 °C in ambient conditions, the CdS as well 

as the CIS layer were formed by thermal conversion (160 °C and 195 °C, 

respectively) of the corresponding metal xanthates. For the photochemical 

conversion, the metal xanthate layers were illuminated in a quartz glass 

tube under reduced pressure (approx. 10 mbar) using an Omnicure S1000 

lamp (1.1 W/cm2, measured with a spectroradiometer, Solatell, Sola Scope 

2000TM, spectral range from 230 to 400 nm). 

3.2 Extreme UV (EUV) interference lithography 

Samples coated with metal xanthate layers were exposed to EUV light at 

the XIL-II beamline of the Swiss Light Source (SLS). Exposures were 

performed in vacuum (<5 x 10-6 mbar). The beamline uses undulator light 

with a central wavelength of 13.5 nm (92.5 eV photon energy) and 4% 

spectral bandwidth. The incident EUV power on the mask was about 

30 mW/cm2 and the exposure time in the range of up to 5 minutes was 
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controlled using a beam shutter. Structure definition was achieved by 

irradiation through silicon nitride masks with chromium gratings of 

different periods and arrangements [157] or through gold-plated ASFM 

masks [174]. 

3.3 Characterization techniques 

The thicknesses of the layers were characterized on a Bruker DekTak XT 

surface profiler. IR-spectroscopy was performed on a Perkin Elmer 

Spectrum One. XPS studies were done using a K-Alpha photoelectron 

spectrometer (Thermo Scientific). AFM measurements were carried out in 

TappingMode® in air on a Dimension IIIa instrument (Veeco, Germany). 

The AFM images were analyzed using WSxM software (Nanotec Electronica) 

[176]. SEM-SE characterizations were done on a Zeiss Ultra 55 equipped 

with an EDAX Phoenix detector for EDX measurements. SAED was 

performed on a FEI Tecnai 12 electron microscope. 
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5 Supplementary Information 

 

Figure 52: Chemical structures of the used Cu- and In-xanthates (copper O-2,2-

dimethylpentan-3-yl-dithiocarbonate; indium O-2,2-dimethylpentan-

3-yl-dithiocarbonate) (Ref. [84]). 

IR frequency / cm-1 Assignments 

2967 -CH2- str. asym. 

2872 -CH2- str. sym. 

1367 sym. CH3 bnding 

1345 CH wagging 

1257 C(CH3)3 

1240 

asym. C-O-C str. 

1213 

1129 sym. C-O-C str. 

1082 

C=S str. 

1056 

1037 

1019 

902 CH3 out of phase rocking 

Table 5: Assignment of the peaks of the Cu- and In-xanthate precursor layer 

in the FT-IR spectra [177,178] (Ref. [84]). 
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Figure 53: Height profiles of the column-structures presented in Figure 50 

extracted from the AFM images in the diagonal (A, B) and in x-

direction (C, D). For the sample with a periodicity of 282 nm (A, C), 

the height difference in the structure is about 30-35 nm, for sample 

P = 141 nm (B, D) it is about 29 nm in x-direction and about 16 nm in 

the diagonal (Ref. [84]). 



Chapter VI EUV-Lithographic Conversion of Metal Xanthates 

 111  

 

Figure 54: Height profile of the comb-structures presented in Figure 51 

extracted from the AFM image. The height difference in the structure 

is about 25 nm (Ref. [84]). 
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“There must be a beginning of any great matter, but the continuing 

unto the end until it be thoroughly finished yields the true glory.” 

(Francis Drake, English circumnavigator of the 16th century) 
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1 Summary 

The topic of this thesis was the investigation of strategies to improve the 

performance of hybrid polymer/CIS solar cells. The first goal was to reduce 

the conversion temperature, which was achieved by the addition of a small 

amount of n-hexylamine to the polymer/metal xanthate precursor solution. 

Thereby a significant improvement of the crystallinity of the CIS 

nanoparticles that were annealed at 140 °C could be detected by TEM-BF 

analyses, whereas the polymer/CIS films prepared at 195 °C showed no 

difference (Figure 55). 

 

Figure 55: TEM-BF and HR-TEM-BF images of PCDTBT/CIS nanocomposite 

layers prepared at 140 °C and 195 °C (Ref. [85]). 

The crystallinity increase for 140 °C was confirmed by XRD-measurements, 

whereas no dependence on the presence of n-hexylamine was found at 

195 °C. This is a consequence of the fact that the decomposition rate of the 

xanthates is temperature-dependent. If a polymer/metal xanthate 
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precursor solution is objected to an annealing step at 140 °C, the 

decomposition of the xanthates takes much longer than at 195 °C, where 

the decomposition happens immediately. As it was shown, n-hexylamine 

reacts with the metal xanthates under formation of the respective 

thiocarbamate. The reaction scheme is shown in Figure 56. 

 

Figure 56: Schematic depiction of the xanthate decomposition benefitting 

reaction with n-hexylamine. 

This reaction is beneficial for the decomposition process of the metal 

xanthates and thus the presence of n-hexylamine catalyzes the formation 

of CIS nanoparticles in the polymer matrix at lower temperatures. 

However, at 195 °C the decomposition process happens so fast that the 

presence of n-hexylamine does not further improve crystallinity. 
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Figure 57: I-V curves under illumination (100 mW/cm2) of PCDTBT/CIS solar 

cells prepared at annealing temperatures of (a) 140 °C and (b) 195 °C 

with and without hexylamine (Ref. [85]). 

The Figure above, which shows the I-V curves of solar cells fabricated with 

and without n-hexylamine at the respective temperatures confirm the 

investigations on the decomposition process. They show nearly no 

difference at 195 °C, whereas at 140 °C the efficiency could be almost 

doubled by the addition of n-hexylamine. The respective I-V curves are 

depicted in Figure 57. The stability of the devices prepared at low 

temperatures is also very promising, as glass-glass encapsulated devices 

prepared at 140 °C show good stability during continuous illumination 

over 1000 hours. 

As it was possible to fabricate efficient hybrid polymer/CIS solar cells at 

140 °C, which is an annealing temperature that is also suitable for polymer 

foil substrates, this method was used to prepare flexible solar cells. These 

cells exhibited PCEs of up to 1.6%. The drop compared to the solar cells 

fabricated on glass substrates (2.4%) is mainly attributed to the deposition 

method that was used. The polymer/CIS precursor solution was applied by 
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doctor blading. This technique requires the substrate to be completely flat, 

which is very difficult to realize for foils. This low temperature annealing 

process, which is schematically illustrated in Figure 58, was also used to 

fabricate hybrid polymer/CIS solar cell modules on glass and on PET foil. 

These modules exhibited efficiencies of 1.0% and 0.33% respectively. 

 

Figure 58: Schematic depiction of the low-annealing temperature for flexible 

hybrid polymer/CIS solar cells in the presence of n-hexylamine. 

The second aim was to introduce the inverted architecture to the hybrid 

polymer/CIS system. This architecture offers the possibility of a high 

temperature annealing step to form an electron selective interlayer, such 

titanium oxide, out its precursor material. A suitable method to obtain a 

smooth titanium oxide interlayer with a suitable layer thickness of about 

25 nm was found by doctor blading and a subsequent heating step (Figure 

59). 
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Figure 59: SEM-BSE cross section image of a titanium oxide layer on glass/ITO 

substrates prepared via doctor blading and subsequent annealing. 

1: glass, 2: ITO, 3: TiOx layer 

Based on this titanium oxide layer, inverted hybrid polymer/CIS solar cells 

of different compositions were fabricated, investigated and compared (Table 

6). 

Composition VOC / mV ISC / mA/cm2 FF / % PCE / % 

ITO/TiOx/HL/Au 236 ± 18 5,30 ± 0,27 29,5 ± 0,9 0,36 ± 0,04 

ITO/TiOx/CIS/ 
HL/Au 292 ± 20 3,94 ± 0,32 25,7 ± 2,4 0,30 ± 0,04 

ITO/TiOx/CdS/ 
HL/Au 386 ± 8 6,39 ± 0,49 46,3 ± 1,3 1,13 ± 0,07 

ITO/TiOx/CdS/HL/ 
PEDOT:PSS/Ag 549 ± 45 7,95 ± 0,23 33,3 ± 2,1 1,45 ± 0,11 

Table 6: Comparison of the characteristic photovoltaic parameters of the 

different inverted hybrid solar cell constructions (mean values of 

each best ten cells are given). 

Concurrent use of a CdS interlayer at the cathode side and a PEDOT:PSS 

interlayer at the anode side turned out to lead to the best performance. 

With this construction efficiencies of up to 1.6% were reached. 

In the context of these experiments a photo-annealing effect was observed 

and consequently investigated. The solar cells, which were exposed to 

oxygen and humidity, exhibited an I-V curve with an inflection point in the 
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4th quadrant immediately after their fabrication. This unfavorable kink 

could be removed by storage under inert conditions and especially by 

exposing the cell to a light soaking step. This light soaking effect is 

illustrated by a comparison of the respective I-V curves, which is given in 

Figure 60. 

 

Figure 60: Light soaking effect on inverted hybrid polymer/CIS solar cells that 

were fabricated at ambient conditions. 

The inflection point behavior is attributed to an energy barrier resulting 

from a poor carrier transport in one of the layers or at one of the interfaces. 

Therefore charge extraction is prevented [142]. The photo-annealing step 

might then increase the photoconductivity of the titanium oxide interlayer 

and further support the oxygen redistribution process within the cell. A 

much weaker but still significant photo-annealing effect was detected for 

inverted hybrid solar cells of another construction type, which were not 

objected to oxygen and humidity during their fabrication. This confirms 

that light soaking has a positive influence on the conductivity of the metal 

oxide interlayer. This effect is mainly attributed to UV-light [142]. The 

removal of the inflection point by photo-annealing was observed to be at 
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least somehow reversible if the solar cell is stored in the dark, but it turned 

out that the reappeared inflection point can again be removed by a further 

light soaking step. 

 

The third goel that was covered in this thesis was dealing with fabrication 

of highly ordered vertically aligned structures of copper indium sulfide. 

Again copper- and indium-xanthates were used as precursor material for 

the formation of the CIS structures. However, in this case the conversion 

process was not thermally induced, but promoted by extreme 

UV-illumination. More precisely the extreme UV-illumination was done 

through a shadow mask, whereby only the illuminated areas were cured 

and became insoluble due to the formation of the metal sulfide. The 

non-illuminated areas remained soluble and could thus be easily removed 

by briefly dipping the substrate into an organic solvent. 

 

Figure 61: Schematic illustration of the photolithographic process for the 

preparation of metal sulfide comb structures from metal xanthates. 

Figure 61 illustrates the principle of this photolithographic structuring 

process, which offers the possibility for the formation of structured metal 

sulfide layers via a photochemically induced solid state reaction. In order 

to obtain a comb structure after the photolithographic structuring process 

a continuous CIS layer was first applied by thermal conversion of the 

respective metal xanthates. 

Dissolution of
Unirradiated Areas

UV -Light

Comb Structure

Metal Xanthate Precursors

Metal Sulfide

Illumination Development
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To obtain structures at the nanoscale, interference lithography was used. 

Consequently impressively homogeneous column-like structures with 

periodicities of 283 nm and 141 nm and a height of about 29-35 nm could 

be achieved (Figure 62). 

 

Figure 62: AFM images (A, D) and SEM-SE micrographs (B, C, E, F) with different 

magnifications of copper indium sulfide column structures with 

periodicities of 283 nm (A-C) and 141 nm (D-F) prepared via 

four-beam interference (Ref. [84]). 

The above shown column structures were obtained via four-beam 

interference. With two-beam interference, comb structures could be 

obtained at the cost of having only half the illumination intensity. We 

avoided very long exposure times by using ASFM masks, where in contrast 

to interference masks, all transmitted light contributes to image formation. 

Thereby CIS comb structures with a periodicity of 280 nm and a height of 

25 nm could be successfully prepared (Figure 63). 
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Figure 63: AFM image (A) and SEM-SE micrographs (B, C) with different 

magnifications of copper indium sulfide comb structures with a 

periodicity of 280 nm and a structure height of 25 nm (Ref. [84]). 

2 Outlook 

The presented highly ordered nanostructures of an acceptor phase 

material, CIS, are perfectly suited to be infiltrated by an organic polymer in 

order to form an inverted hybrid layer for photovoltaic applications. The 

finer these structures are, the bigger the donor-acceptor interface in the 

respective hybrid PV cell, leading to high efficient charge dissociation and 

transport. The periodicity of 140 nm that was obtained is already very 

promising. Further work should concentrate on the application of these 

structures in inverted hybrid solar cells. 

The low-temperature annealing method suddenly offers the possibility to 

produce flexible hybrid polymer/CIS solar cells with efficiencies which 

could only be obtained on glass substrates until now, as the performance 

disadvantage at 140 °C is almost completely compensated by the addition 

of n-hexylamine. Further investigations could concentrate in more detail 

on the optimum amount of n-hexylamine, which is added to the 
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polymer/CIS precursor solution. Within the scope of this work, some tests 

on different concentrations were done, but there might be still room for 

improvement if a detailed study is executed. Moreover, knowledge about 

the mode of operation might be the basis for novel synthesis routes of 

metal sulfide precursors with the involvement of n-hexylamine in order to 

reach faster decomposition characteristics at lower temperatures and thus 

even reach higher efficiencies. 

The investigations on the inverted architecture for polymer/CIS solar cells 

were very extensive already. Nevertheless, a more detailed investigation on 

the role of the CdS interlayer would be interesting and might give 

information on the not given applicability of CIS as electron selective 

interlayer. A further performance improvement of inverted polymer/CIS 

hybrid solar cells could result from a combination with the experiments on 

n-hexylamine. 
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1 List of Abbreviations 

a.u. arbitrary units 

ABL anode buffer layer 

AM air mass 

BHJ bulk heterojunction 

c speed of light 

CB conduction band 

CB chlorobenzene 

CBL cathode buffer layer 

CIS copper indium sulfide 

CIS copper indium sulfide 

dL layer thickness 

e elementary charge 

EQE external quantum efficiency 

   Relative permittivity 

FF fill factor 

h planck constant 

HL hybrid layer 

HOMO highest occupied molecule orbital 

Impp current at the maximum power point 

IPCE incident photon to current efficiency 
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ISC short circuit current 

ITO indium tin oxide 

ldiff diffusion length 

LUMO lowest unoccupied molecule orbital 

NIL nanoimprint lithography 

OPV organic photovoltaics 

P3HT Poly(3-hexylthiophene-2,5-diyl) 

PCBM [6,6]-phenyl-C61-butyric acid methyl ester 

PCBM(C70) [6,6]-phenyl-C71-butyric acid methyl ester 

PCDTBT poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-

thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-
thiophenediyl] 

PCE power conversion efficiency 

PEDOT poly(3,4-ethylenedioxythiophene) 

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

PET polyethylene terephthalate 

Pin Incident light power 

Pmax maximum power point 

PSiF-DBT poly[(2,7-silafluorene)-alt-(4,7-di-2-thienyl-2,1,3-
benzothiadiazole)] 

PSS poly(styrene sulfonic acid) 

PV photovoltaic(s) 

Rmax maximum surface roughness 

SEM scanning electron microscopy 
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TEM transmission electron microscopy 

VB valence band 

Vmpp voltage at the maximum power point 

VOC open circuit voltage 

XRD x-ray diffraction 

ΔEES energy offset of the ground states of donor and acceptor 

ΔEGS energy offset of the excited states of donor and acceptor 

η efficiency 

θ angle (x-ray diffraction) 

λ wavelength 

σ standard deviation 
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