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1. Introduction 

With increasing global population, rising economics of 3rd world countries 

and the hunt for higher life standards, the demand on energy is 

continuously increasing. The energetic hunger is satisfied almost 

exclusively by so far easily accessible fossil fuels. Aside from their limited 

earth-abundance, a considerable and partially irreversible pollution of the 

biosphere is inevitably associated with their gain and consumption.  

Recognizing the problem, world leading economics on governmental and 

private business level invest significant material and human resources into 

research on green and regenerative energy sources. Among those, solar 

energy conversion is a very promising field. Though it is by far not able to 

cover the whole energy demand, it can still considerably contribute to the 

diversified network of energy “production”. Especially for remote regions 

aside from power transmission lines, an island photovoltaic system is 

often the only possible robust power source.  

Traditionally, solar cells are based on inorganic semiconductors, most 

prominently silicon. Very recently, the field of organic photovoltaics (OPV) 

has attracted significant attention. Here, organic semiconductor materials, 

predominantly based on the element carbon are used. Much effort in 

modelling and synthesis of novel efficient and stable materials allowed to 

break the 10% efficiency barrier for polymer:fullerene organic solar cells 

(OSCs).[1-3]  

Due to high absorption coefficients of organic materials, thin film devices 

exhibiting pronounced mechanical flexibility and light-weight can be 

realized.[4-10] This even allows for covering objects, which are curved in 

three dimensions, in static, mobile and design applications. The unique 

spectral absorption properties of organic materials allow for semi-

transparent solar cells that may open entirely new markets of e.g. window-

embedded see-through [11-14] power-generating devices.  
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However, photo-active organic materials typically exhibit low charge 

carrier mobilities, which results in rather moderate performance compared 

to conventional inorganic PV. The competitiveness of OSCs relies, 

therefore, on cheapness, quick energetic payback and simultaneously 

large-area high-throughput production, which in turn requires roll-to-roll 

(R2R) liquid processing of device layers in order to avoid time- and 

energy-intensive vacuum processing steps.[15, 16]  

R2R processing of OPV on flexible foil substrates, typically plastics, brings 

technological restrictions regarding the processing temperatures. Even 

though the polymer:fullerene light-absorbing blends fulfill the R2R 

requirements, as they can be processed at moderate temperatures 

(<120°C) from solution, this is not enough for a market-ready device. Due 

to the physics of OSCs, low-temperature liquid-processed interlayers are 

required to facilitate the charge extraction of the photo-generated charges. 

Last but not least, high quality low-temperature liquid-processed 

electrodes are required for large-area applications. 

 

This work addresses the technological issues stated above and proposes 

suitable concepts for liquid-processing of functional building blocks in 

organic solar devices. After a brief introduction into the OSCs physics 

(Chapter 2), it is for the first time demonstrated that vanadium oxide and 

molybdenum oxide thin films with a high work-function can be processed 

by a sol-gel technique at temperatures as low as room-temperature. They 

are used as hole-extraction interlayers in OSCs with equivalent 

characteristics, as of those based on vacuum-processed metal oxides 

(Chapter 3). Notably, a substantially enhanced long-term stability is 

evidenced compared to devices based on established solution-processed 

anode interlayers. In the same context, it is demonstrated that for inverted 

OSCs these high work-function metal oxides can even be wet-processed 

on top of the sensitive organic photo-active layers.  
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In Chapter 4, a direct modification of the indium-tin oxide (ITO) cathode in 

inverted OSCs by deposition of ultra-thin conjugated polyelectrolyte films 

and avoiding the use of additional low work-function metal oxide layer is 

presented.  

The realization of, at the moment, one of the best performing stable and 

indium-free solution-processed composite transparent electrodes 

(Chapter 5) based on silver nano-wires and moderately conductive metal 

oxides at low temperatures, down to room-temperature, is considered.  

Ultimately, based on this groundwork, the realization of efficient all-

solution-processed semitransparent OSCs comprising room-temperature 

solution-processed metal oxide interlayers and composite transparent 

electrodes is demonstrated. 

In Chapter 6, a conclusion to the main part of this thesis is given. In the 

Appendix A, an excursus on the optimization of so called low-bandgap 

OSCs is introduced.  
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2. Basics of organic solar cells 

2.1. Materials and charge transport 

For polymer:fullerene OSCs the conjugated polymers with alternating 

single and double bonds are used. In order to establish an energetically 

favorable spatial orbital orientation, sp2-hybridization of the backbone 

carbon orbitals takes place. The spatial overlap of z-oriented π-orbitals of 

carbon leads to delocalization of the electrons in these orbitals over 

several repeat units of the conjugated polymer. The energetic splitting of 

overlapping πz-orbitals results in narrow charge transport “bands” 

consisting of bonding (lower-energy, occupied) and antibonding (higher-

energy, unoccupied) orbitals separated by a bandgap. Therefore, the 

conjugated molecule resembles a one-dimensional (intrinsic) 

semiconductor with the bandgap defined as the energetic difference 

between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). 

Conjugated molecules exhibit high optical absorption coefficients (on the 

order of 105 cm-1) due to the pronounced overlap of electronic wave 

functions of ground and excited state.[17] In addition, the absorption 

spectrum is broadened by vibronic molecular levels.[18] The bandgap of 

conjugated polymers can be tuned to some extent by varying the 

conjugation length. The absorption spectrum of the polymer becomes red-

shifted for more pronounced π-electron delocalization.[19] 

Due to a great degree of disorder and rather small overlap of electron 

wave functions of adjacent molecules, the mostly amorphous films of 

organic semiconductors typically exhibit modest charge carrier mobilities 

of 10-6 to 10-3 cm2/Vs strongly linked on the film morphology.[20-22] The 

charge transport in electric field occurs via phonon-assisted intermolecular 

hopping between the localized states.[23] The efficiency of this process is 

typically limited by a rather moderate thermally activated hopping 

probability. 
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2.2. Polymer:fullerene solar cell device physics  

Unlike in the inorganic semiconductors, the absorption of light by organic 

molecules does not immediately yield separated charge carriers, but 

results in a generation of coulombically bound electron-hole pairs, so 

called Frenkel excitons. The strong coulomb attraction within these 

excitons is governed by a relatively low dielectric constant of van-der-

Waals bound ensemble of molecules and typically accounts for binding 

energies of several tenth of an eV.[24-26] Importantly, the exciton is 

electrically neutral and does not oblige to movement in electric field. 

Instead, a spatially limited (typically several tens nm) [27-32] Brownian 

diffusion of exciton via complex intermolecular energy transfer can take 

place before recombination. 

For exciton dissociation, a further material with a LUMO level positioned 

below that of the polymer must be typically positioned in the vicinity of the 

polymer (Figure 2.2.1) to offer energetically more favorable states for an 

electron. The fullerene is one of the classes of the materials used in OPV, 

which exhibit the deeper LUMO compared to many absorber polymers, 

providing the energetic off-set on the order of the exciton binding energy. 

Thereupon, the polymer is usually signified as an electron donor (D) and 

the fullerene moiety as an acceptor (A). The D-to-A electron transfer was 

witnessed to be ultrafast (~50 fs) and, thus, very effective in comparison to 

competitive (non-)radiative exciton decay processes (~ns, µs).[33-36] After 

exciton dissociation, the propagation of electrons and holes to the outer 

electrodes occurs via LUMOA and HOMOD states respectively (Figure 

2.2.1).[37-39] 

For an efficient light harvesting, 70-200 nm (dependent on material 

extinction coefficients) of absorbing organic layer is required. In such thick 

layers, the D/A phase boundary must be accessible within an exciton 

diffusion length. In addition, the transport of separated charges toward the 

electrodes must occur via continuous percolation pathways in phase of 

each material in order to avoid the recombination of charge carriers. To 
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meet these requirements simultaneously, the concept of a so called bulk 

heterojunction (BHJ) was introduced.[40] Here, the polymer and the 

fullerene are blended previous to layer deposition. To adjust the 

sophisticated thermo-dynamically driven self-organizing morphology with 

crystalline and amorphous domains [41, 42] and for a proper nano-scale 

phase separation, selective co-solvents [43, 44] with different vapor 

pressures and/or post-deposition thermal annealing [45] are typically 

applied.  

 

Figure 2.2.1. Energetic scheme of a D/A interface, exciton generation. diffusion and 

dissociation. Natural limit of open-circuit voltage (Voc) is illustrated. 

 

Ideally, the thickness of the active layer and the bandgap of the polymer 

predominantly determine the amount of absorbed photons in overlapped 

spectral region and, thus, the photo-generated current. Meanwhile, the 

energetic difference between LUMOA and HOMOD (Figure 2.2.1) 

determines the maximal achievable open-circuit voltage (Voc) of the OPV 

device. Strictly speaking, the Voc is defined as a difference between the 

quasi Fermi-energies of D/A upon splitting due to reasonable amount of 

free charge carriers in respective orbitals.[46]  
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2.3. Device characteristics and equivalent circuit 

The analysis of OSC performance is essentially associated with a JV-

curve of the device (Figure 2.3.1.-a), which is approximated by a JV-curve 

derived from the Shockley-equation (Equation 2.3.1) known from ideal 

inorganic p-n-junctions.[47] Under illumination, a negative offset due to a 

photo-generated current density (Jph) is found. Here, Jph is determined by 

pure photon-to-electron conversion. The series (Rs) and parallel (Rp) 

resistances account for parasitic effects in a realistic device, according to 

the equivalent circuit (Figure 2.3.2.-a).  

Rp reflects the macroscopic effect of leakage currents in the device 

independent on their origin and is also affected by recombination.[47] Rs 

may arise from energetic interface barriers, limited lateral electrode 

conductivity and limited charge carrier mobilities within the BHJ and 

reduces the device current (Figure 2.3.2.-b).[47] 
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with J – current density through the diode, Rs – series device resistance, Rp – parallel 

device resistance, Js – dark saturation current density, q – elementary charge, V – 

voltage, A – device area, n – ideality factor, k – Boltzmann constant, T - operation 

temperature, Jph – photo-generated current density. 
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For the device performance, it is only the resulting mobility for a given D/A 

system at given treatment steps and resulting morphology that matters. 
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Figure 2.3.1. Schematic JV- and PV-curve of a solar cell under illumination with marked 

characteristic points (a); schematic energetic diagram of MIM model for organics 

sandwiched between two electrodes with different WF (anode with EF,a and cathode with 

EF,c) at different applied voltages along the JV-curve (b). 

 

From the Equation 2.3.1, the characteristic points on the curve, open-

circuit voltage (Voc) and short-circuit current density (Jsc) can be derived by 

substitution of J=0 and V=0 respectively (Equation 2.3.2 and 2.3.3; 

Figure 2.3.1.-a).[47] 

For an ideal device, Rp is infinitely high, which makes the Voc dependent 

only on the current of photo-generated charges. Also, if Rs in an ideal 

device is infinitely small, Jsc is nearly equal to the Jph. In general, the Voc of 

OSCs increases logarithmically with the intensity of incident light and 

finally saturates upon reaching of the maximum Fermi-level splitting 

possible in the D/A system.[48] Recombination at (non-selective) interfaces 

and within the photo-active layer due to poor nano-morphology leads to 

apparent lowering of the shunt resistance and reduces the Voc (Figure 

2.3.2.-b).[49, 50]  

The Jsc is limited by the efficiency of a number of individual processes in 

the device: light absorption, exciton dissociation, charge transport in 

organics and collection at the electrodes. For a device with an optimized 

morphology and suppressed bimolecular recombination rate, the Jsc 

depends linearly on the light intensity, until the charge photo-generation 
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overwhelms the charge extraction and the current becomes space charge 

limited.[51] Interestingly, the photo-current increases at higher operation 

temperatures due to thermally enhanced charge carrier hopping transport 

mobility.[51] 

 

Figure 2.3.2. Equivalent circuit of a solar cell in the fourth quadrant of the JV-curve (a); 

schematic illustration of the FF evolution for increasing series resistance (Rs+) and 

decreasing parallel resistance (Rp-) in the solar cell (b). 

 

In the power generating regime (fourth quadrant), the maximum possible 

generated power of the device for a given illumination can be derived from 

the power-voltage (PV) curve (Figure 2.3.1.-a). The corresponding point 

of the JV-curve is assigned to maximum power point (MPP), as shown in 

Figure 2.3.1.-a. With voltage and current density at device MPP being 

Vmpp and Jmpp respectively, the quality of the device can then be described 

by the following expression for the device fill factor (FF): 

 

   
         

       
        (2.3.4) 

 

In general, FF is a combinatory device characteristic, which describes an 

interplay of the effects introduced by device Rs and Rp, associated with 

underlying physical processes in the device, as discussed above.[52-55] As 

demonstrated qualitatively in Figure 2.3.2.-b, the device FF is reduced 
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either via increasing Rs (red curve), or decreasing Rp (green curve), as the 

MPP moves closer to the coordinate origin.[56].  

Finally, the power conversion efficiency (PCE) of the solar cell is 

calculated from discussed characteristic device values: 

 

    
    

   
 
         

   
 
         

   
,    (2.3.5) 

with Pout – generated maximum power density, Pin – standardized illumination power 

density of AM1.5G (air-mass global) spectrum of 100 mW/cm
2
. 

 

For better understanding of the JV-curve and the rectifying behavior of 

OSC, the metal-insulator-metal (MIM) model (Figure 2.3.1.-b) may be 

applied, as the organic materials are usually intrinsic semiconductors. 

After a photon absorption and exciton dissociation, free charge carriers 

must undergo drift through the BHJ, which relies on the built-in potential 

stemming from the difference of electrode WFs.[57] Following this 

difference, the electrostatic potential changes linearly for a non-doped 

semiconductor in-between. 

For V<0 (Figure 2.3.1.-a and b), the built-in potential difference in the 

device is enhanced by external field, increasing with an absolute value of 

V, which is favorable for pronounced useful current of holes to the anode 

and electrons to the cathode. The reverse current through the ideal device 

under illumination is independent from negative bias and saturated by the 

finite number of incident photons that generate excitons. For V=0, the 

driving force for Jph is supplied by the built-in potential and the associated 

built-in field, which is ideally sufficient to provide Jsc(V=0)=Jph(V<0). As this 

built-in field is overcompensated via externally applied positive voltage 

close to Voc, the Jph becomes more limited and is canceled at the open-

circuit condition (V=Voc). For positive external voltages V>Voc, the injection 

of holes via anode and electrons via cathode prevails and determines the 

positive diode injection current in the first quadrant.  
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According to MIM model, the Voc of the device is restricted by the WF 

difference between anode and cathode [58], which should be at least as 

large as the energetic offset between LUMOA and HOMOD in order to 

benefit from the entire potential given by polymer:fullerene system. 

However, additional interface phenomena (Fermi-level pinning, interface 

dipoles – to be discussed in the Chapter 2.4) specific for a particular 

material and material combination may substantially influence the 

electronic alignment on contact and, therefore, the Voc.
[59-63]  

 

2.4. Charge extraction interfaces 

As summarized in the previous chapter, energetic interface extraction 

barriers due to non-ohmic contacts and leakage currents due to non-

selective charge extraction layers induce a massive loss of internally 

photon-to-electron converted energy. Therefore, a proper energetic 

alignment between organics of each phase to the corresponding charge 

extraction (inorganic) layers is required. 

Even though the energetics at the organic/inorganic interface can be very 

complex, the first approximation of general trends relying on equilibrium of 

chemical potential on contact can provide essential insight into relevant 

interface formation (Figure 2.4.1). 

First, the interface of donor and acceptor with ITO substrate is analyzed, 

as ITO is typically used as a transparent bottom electrode for OPV. Being 

highly doped, ITO demonstrates quasi-metallic behavior. Its Fermi-energy 

typically falls in the gap of both D-polymers and A-fullerenes. On contact, 

charge transfer typically occurs in order to equilibrate the Fermi-levels of 

ITO and organics.[64] The Fermi-levels of photo-active polymers lie 

typically deeper than the EF of ITO (4.7-4.9 eV), which initiates electron 

transfer from ITO into the polymer. For the fullerenes the opposite charge 

transfer takes place regarding their Fermi-level above the EF of ITO.[65] 

The band bending and the formation of the space charge region as a 

consequence of the charge transfer occurs (Figure 2.4.1.-a).  
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Figure 2.4.1. Simplified vacuum-level-aligned energetic scheme of organic / inorganic 

interfaces (D/substrate, A/substrate) with substrates: ITO (a), low WF metals (b), medium 

WF metals (c), low WF metal oxides (d), high WF metal oxides (e); an example of the 

experimentally observed band bending combined with the formation of the interface 

dipole at the high WF metal oxide/organic interface (f) 
[66]

. 

 

The width of the bended region is limited by the screening due to charge 

carriers and the relatively small dielectric constant of organic materials. In 

addition, a spatial overlap of conducting orbitals between the van der 

Waals bound molecules is rather small for a long-range charge transfer. 

Thus, the band bending is spatially confined to the very first tens of nm [67] 

from the interface. In the ITO, bend bending can be neglected due to a 

high carrier density and typically large amount of ITO surface trap 

states.[64, 68, 69] The resulting electrostatic scheme reflects the Schottky-

type contact at both ITO/polymer and ITO/fullerene interfaces.[70, 71] With 

this, ITO can be neither used efficiently as an anode, nor as cathode, as 

the holes from HOMOD and the electrons from LUMOA experience the 

charge extraction barriers. In addition, there is no charge carrier type 
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selectivity and no exciton blocking at the interface between the ITO and 

typical photo-active layer moieties, as the electrons from LUMOD and the 

holes from HOMOA can easily access the ITO and leak. If interface dipoles 

are formed at these interfaces additionally to the band bending, they are 

found to typically further enhance the extraction barriers.[72-74]  

Also for metal-organic interfaces (Figure 2.4.1.-b and c), the charge 

extraction efficiency cannot be predicted simply by the difference of 

individual electronic structure relying on vacuum level (Evac) alignment.[75-

77] A sophisticated interplay of Pauli “push-back” (repulsion of the electron 

density that is evanescent into vacuum at the substrate surface back into 

the substrate bulk due to the interaction with the frontier orbitals of 

adsorbing molecules), charge transfer and formation of interfacial dipoles 

takes place determining the final contact energetics.[78-81] However, as an 

interface dipole (supported by metal electrons) formed upon adsorption of 

organics on metal typically decreases the metal WF and the Fermi-level of 

metal pins to the LUMO of fullerene, low WF metals (Ca, Al) can be used 

to form an ohmic contact [82-84] with fullerenes for facilitated electron 

extraction, while simultaneously blocking the holes from the polymer 

(Figure 2.4.1.-b). In analogy to highly doped ITO, the formation of a space 

charge region is neglected in the metal. As the WF of the metal increases 

(Figure 2.4.1.-c), a charge extraction barrier for the electrons from the 

fullerene arises. Simultaneously, the charge extraction barrier for holes 

from the donor decreases, but still remains due to insufficient difference of 

chemical potentials of the polymer and the metal. Therefore, the medium 

WF metals (Ag with 4.6 eV, Au with 4.8-5.0 eV) cannot be used either for 

electron, or for hole extraction. 

To modify the ITO/organics or metal/organics interfaces in order to gain 

efficient and selective charge extraction, n-type (due to entropy driven 

oxygen deficiency) [85] metal oxides have found wide-spread application on 

both anode and cathode side  (discussed in detail in Chapter 3). Note, 
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some high WF p-type metal oxides, like NiOx
[86] and CuOx

[87], were also 

shown to favorably modify the anode WF in OSCs. 

The energetic alignment of the organics at the low WF oxide surface 

results in enhanced electron extraction from the fullerene (oxide WF < EA 

of fullerene) with simultaneous blocking of holes from the fullerene and the 

polymer (Figure 2.4.1.-d). This makes the low WF metal oxides ideal 

candidates for the cathode interface. 

At the anode side, high WF n-type metal oxides are expected to match the 

HOMOD and effectively p-dope [66, 88-91] both the polymer and the fullerene, 

thus, creating the prerequisites for efficient hole extraction from the 

polymer and rejection of electrons from both LUMOD and the fullerene 

(Figure 2.4.1.-e). Interestingly, for exceedingly large metal oxide WF, the 

enhanced electron transfer from the polymer to the metal oxide is 

expected to push the HOMOD into the resonance with the Fermi-level level 

of the D and, thus, would ultimately degenerate the organic 

semiconductor. In reality, the bended HOMOD pins several tenth of an eV 

below the Fermi-energy of the oxide.[92, 93] In addition, the formation of an 

interface dipole is often found (Figure 2.4.1.-f) [66] enhancing the built-in 

field in the device.[59, 94]  

 

2.5. Device architectures 

Regarding the device architecture of OSCs, one distinguishes the regular 

layer sequence with the anode as bottom (substrate) electrode. Opposed 

to that, in the inverted setup the bottom electrode is the cathode. The 

regular OSC stack structure is depicted in Figure 2.5.1.-a. The 

transparent substrate (glass, plastic foil etc.) is coated with a transparent 

conductive oxide (TCO) as a bottom electrode. Typically a mixed phase 

ITO is used as TCO for it exhibits a high transparency and low sheet 

resistance. In regular device structure, the TCO is modified by thin films of 

high WF (>5.1 eV) transparent materials (polymers, oxides) or dipole-

inducing ultra-thin organic films to form the anode interface and facilitate 
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hole extraction. Afterwards, the photo-active organic BHJ layer is 

introduced. At the cathode side, a low WF interlayer combined with a 

metal to electrode or directly a sufficiently low WF metal is used (see 

Chapter 2.4) for efficient electron extraction.  

 

Figure 2.5.1. OSC stack in regular (a) and inverted (b) layout. 

 

For enhanced device lifetime, the inverted stack layout (Figure 2.5.1.-b) 

might be beneficial to some extent.[95]  For this “flipped” structure, 

environmentally stable high WF materials are utilized at the top electrode 

avoiding the oxidation of low WF metals (Ca, Al, etc.) typically used in 

regular devices. In addition, it was demonstrated that polymer:fullerene 

BHJs often exhibit thermo-dynamically driven vertical concentration 

gradients of donor and acceptor.[96, 97] If the acceptor fraction is increased 

towards the substrate, the deposition of the cathode interlayer on the TCO 

results in more efficient electron extraction.[98, 99] 

The concrete stack materials and details of device fabrication within this 

work are discussed in detail in Appendix B.1.  
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3. Solution-processed high work-function metal oxides 

The photo-active organic materials used in OPV are not intentionally 

doped. Thus, unlike in inorganic p-n-junctions, no space charge region is 

formed on contact between polymer (D) and fullerene (A). For this reason, 

the built-in potential difference over the device, which is a driving force for 

spatial “free” charge separation, must be provided from charge extraction 

electrodes. In other words, the photo-active film must be sandwiched 

between two materials with significantly different work functions: high WF 

material on the anode and low WF material at the cathode. In addition, to 

facilitate the extraction of generated charges, these materials must 

electronically match the HOMOD and LUMOA at the anode and the 

cathode side respectively. 

Specifically on the anode side, a high WF (5.1 eV) material, polyethylene-

dioxythiophene:polystyrenesulfonate (PEDOT:PSS), is typically applied 

[100-107], for it is relatively cheap and can be comfortably processed from an 

aqueous dispersion. Unfortunately, PEDOT:PSS is also known for its 

structural and electrical inhomogeneity [108, 109] and it is capable of 

deteriorating the device performance on a relatively short time scale due 

to its acidic nature and aqueous residue in a device after the processing 

[110-114]. 

As an alternative to PEDOT:PSS, high work-function (up to 7 eV) 

transition metal oxides (TMOs), like V2O5, MoO3 and WO3, have been 

proven to be promising candidates for hole extraction.[92, 115-119] These 

materials are typically processed under high vacuum conditions via 

physical vapor deposition. 

These materials have been shown to be n-type semiconductors with 

unusually high electron affinity (EA) of 6.5 to 6.7 eV and a valence band 

edge close to 10 eV.[67, 91, 92, 119-121] Thus, the extraction and transport of 

photo-generated holes via the valence band of the metal oxide is 

prohibited. Instead, a mechanism was proposed, according to which an 

equivalent flow of electrons via the CB or gap states (of sufficient density) 
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of the metal oxide towards the organics and electron injection into the 

HOMOD with immediate recombination with a hole takes place (Figure 

3.1).[93, 119, 122-124] 

 

Figure 3.1. Energy level alignment at the MoO3/4,4’-bis(N-carbazolyl)-1,1’-biphenyl 

(CBP) interface deduced from the UPS spectra (left) and proposed hole-

injection/extraction mechanism (right).
[93]

 

 

As the minimum of CB is typically several eV below the LUMO of the 

electron-conducting fullerenes used in the BHJs, no electron blocking 

properties can be assigned to this class of metal oxides. Nevertheless, 

parasitic recombination losses at flat band condition are somewhat 

suppressed due to a space charge region formation at the interface and 

an upward band bending [67, 117, 125-128] rejecting the electrons. In addition, 

due to their extraordinary high WF these metal oxides are capable to 

interface to organic materials even with energetically deep HOMO 

levels.[92, 93, 129, 130]  

With growing understanding of the energetics of high WF oxides, much 

effort has been undertaken in recent years to process these materials 

from solution. This will be the subject of the following sections.  
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3.1. Evaluation of existing solution-based deposition techniques for 

high work-function metal oxides 

Meeting the technological issues of R2R processing, this work is focused 

on low-temperature preparation of metal oxide films from solution. The 

solvent of the dispersion or the precursor solution must be compatible with 

plastic substrates or the organic photo-active material, if deposited on top 

of it. Typically, environmentally benign alcoholic solvents are preferred. 

Further, depending on the chemistry of the metal oxide dispersion or 

precursor solution and the processing temperature, organic residues might 

be present in the layers after processing, whose impact on device 

characteristics is to be evaluated individually.  

An intensive study was carried out in recent years on high WF metal 

oxides (MoO3, V2O5, WO3, NiOx) spin-casted from nano-particle (NP) 

dispersions.[131-138] The great advantage of this approach is the possibility 

to prepare the materials with their required electronic properties even 

under chemically aggressive conditions and without limitations in process 

temperatures. The subsequent deposition on the sensitive substrates or 

organic active layers can be done under inert and low temperature 

conditions. Despite that, several drawbacks drive this approach less 

attractive. Relatively large particle size (15-100 nm) results often in 

incomplete or inhomogeneous surface coverage or high surface 

roughness of the films and may cause short circuits or recombination 

losses in devices.[131, 139] The proper functionality of NP-layers is 

guaranteed only for thicker coatings (30–100 nm), which mostly 

corresponds to higher series resistance in the device. In order to avoid the 

agglomeration of NPs in polar solvents, driven by the low surface energy 

of relatively large particles, for the ink formulation polymeric dispersing 

agents are often used. They must be subsequently removed e.g. by O2-

plasma or UV-ozone treatment to access the unique electronic structure of 

the metal oxide. In addition, post-bake at 200-350°C is often needed to 

“glue” the NPs together. Very recently, it was demonstrated that the 
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mixing of NPs with the conductive polymeric matrix of PEDOT:PSS can 

smoothen the film surface by filling the voids [140], but usage of 

PEDOT:PSS in OE devices should be minimized for reliability issues 

discussed above.  

The hybrid NP/sol-gel approach, were the sol-gel formulation is prepared 

by H2O2- or H2O-oxidized metal oxide powder, shares essentially the 

same obstacles, as the pure NP-route.[141-144]   

In contrast to that, the sol-gel technique (see also Appendix B.3 for 

detailed mechanism) based on highly reactive metal-organic precursors 

might allow for low-temperature (down to RT) processing and uniform 

metal oxide coatings. Many sol-gel recipes are adopted from previous 

works focused on catalytic, gas sensing and electrochromic 

applications.[144-162]  The films must have undergone high temperature 

treatment 250-600°C, as a specific crystallinity or stoichiometry was 

desired. Nevertheless, the needs of OE are often satisfied already by the 

corresponding materials in their amorphous phase. With this in mind, 

several groups successfully lowered the processing temperatures to 100-

150°C by utilizing metal-alkoxides and β-diketonates.[163-166]  

In this work, even milder wet-chemical processing of high quality 

vanadium and molybdenum oxide films is presented keeping the focus on 

the efficiency of OSCs. It should be mentioned that due to processing on 

ambient air, influence of adsorbates and imperfections of the sol-gel 

technique, slightly substoichiometrical (to be discussed in the following) 

metal oxides are formed. Therefore, the modified notation of VOx and 

MoOx (instead V2O5 and MoO3) is to be used for the discussion. 

 

3.2. Sol-gel processing and device application of vanadium (V) oxide 

In the following, VOx films for hole extraction spin-coated from a solution of 

vanadium(V)oxitriisopropoxide (Figure 3.2.1) in anhydrous isopropanol 

are studied. 
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Figure 3.2.1. Molecular structure of vanadium(V)oxitriisopropoxide. 

 

The DLS analysis on a pre-hydrolyzed and partially cross-linked precursor 

solution reveals clusters with 3 nm in size. As can be seen in Figure 3.2.2, 

a sVOx-surface with extremely low surface roughness of 0.4 nm rms is 

obtained, which is attractive especially for large-area thin-film devices. The 

nano-scopic voids seen on the AFM image are typical for films processed 

under these conditions and are the result of solvent evaporation.[167, 168] 

Their eventual influence on the macroscopic electronics is shown to be of 

minor importance. The XRD analysis of the film doesn’t reveal any 

characteristic diffraction peaks related to (poly) crystal phases. It can be 

therefore stated that the sVOx films are predominantly amorphous.[146]  

 

Figure 3.2.2. AFM tapping mode topography image of the sVOx layer. 
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No heat or plasma-cleaning is applied to the films after deposition. As the 

sol-gel layer is formed as a result of chemical reaction between the metal-

organic compound and moisture, a small fraction of residual organics 

originating from alcoholic byproducts and/or non-reacted species may be 

expected. Probing the elemental composition of the films via XPS (Figure 

3.2.3) reveals the carbon 1s peak for sVOx, indicating a portion of carbon 

of 15 at%, which is in contrast to carbon-free surface of the thermally 

evaporated counterpart eV2O5. The C 1s peak can be found in case of 

thermally evaporated vanadium oxide layers after an exposure to ambient 

air (cV2O5). This hints to adsorbates as the source of the carbon signal.  
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Figure 3.2.3. The characteristic carbon (C 1s) peak in XPS spectrum of vanadium oxide 

layers: sol-gel processed sVOx, thermally evaporated in high vacuum eV2O5 and through 

air-exposure contaminated evaporated cV2O5. Collaboration with Princeton Univ.  

 

The appearance of V 2p3/2-peaks (Figure 3.2.4) for solution-processed 

and air-contaminated evaporated films is broadened to lower binding 

energies, as compared to clean V2O5. Applying the Lorentzian-Gaussian 

fit to the broadened spectral region reveals an additional peak at 515.5 

eV, which is in the very proximity to reported crystalline VO2 
[169]. 
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Therefore, the formation of reduced sub-stoichiometric species with V4+ 

states at V 2p3/2 during air exposure due to adsorbates is stated. The ratio 

of V5+ to V4+ for cV2O5 and sVOx is calculated to 5.6 and 3.3 respectively. 

The V-atoms in the metal-organic precursor complex exhibit 5+ oxidation 

states. Thus, the lower V5+-to-V4+ ratio for sol-gel VOx cannot be 

associated with unreacted precursor species present in the film, but may 

result due to excessive air exposure during the film formation resulting 

from the gel densification.  
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Figure 3.2.4. The characteristic vanadium 2p-peaks in XPS spectrum of vanadium oxide: 

sVOx, eV2O5 and through air-exposure contaminated evaporated cV2O5. Collaboration 

with Princeton Univ. (group of Prof. A. Kahn). 

 

The impact of adsorbates on the electronic structure of the surface of 

vanadium oxide is derived from UPS/IPES spectra and depicted in Figure 
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3.2.5. The sol-gel derived VOx exhibits an essentially similar band diagram 

as the air-contaminated cV2O5. Both exhibit the states in the bandgap 

below the EF provided by the adsorbates.  An apparent widening of the 

band gap is observed during the air-exposure. A similar effect was 

observed in earlier works on vanadium oxide intercalated with Na or Li, 

where the split-off conduction band (present in the structure of V2O5 below 

the edge of CB) was filled via charge transfer from the alkali metal.[170-172] 

In case of solution-based VOx, the reduction of the metal might correlate 

directly with filling of the split-off CB, formed predominantly by the metal 

orbitals, via donating adsorbates. 

 

Figure 3.2.5. The electronic structure of vanadium oxide films derived from UPS/IPES 

measurements. Collaboration with Princeton University (group of Prof. A. Kahn). 

 

The WF of eV2O5 is significantly lowered upon air exposure (from 7 eV to 

5.3 eV), which is in agreement with observations for vacuum-processed 

films in other groups.[173, 174] More importantly, the WF of 5.3 eV (or 5.6 eV 

as estimated alternatively from KP analysis) is also valid for layers 

processed completely in air from solution and without any post-deposition 
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treatment. This WF is significantly higher than that of PEDOT:PSS (5.1 

eV) and allows for efficient hole extraction in OSCs. 

To demonstrate that, OPV devices in regular architecture (Figure 3.2.6.-a) 

with layer sequence glass/ITO/sVOx or PEDOT:PSS/P3HT:PC60BM/Al/Ag 

were fabricated. For ease of processing and for efficient electron 

extraction from the BHJ, low WF aluminum is evaporated on the cathode 

side. As can be seen in Figure 3.2.6.-b and in Table 3.2.1, devices with 

optimum thickness of sVOx outperform the optimized PEDOT:PSS cells 

with PCE of 2.7% having PCE of 3%.  
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Figure 3.2.6. Stack of the studied regular OSCs (a); JV-curves of devices with sVOx 

interlayers in comparison to PEDOT:PSS devices under AM1.5G, 100 mW/cm
2
 (b). 

 

Table 3.2.1. Characteristics of regular OSCs with sVOx interlayer in comparison to 

PEDOT:PSS devices. 

 
PCE 
[%] 

V
oc

 

[V] 

J
sc

 

[mA/cm
2
] 

FF 
[%] 

w/o interlayer 0.6 0.26 7.5 32 

PEDOT:PSS 2.7 0.53 9.7 54 

sVO
x
  45 nm 2.4 0.52 8.4 59 

sVO
x
  30 nm 2.5 0.52 8.7 56 

sVO
x
  10 nm 3.0 0.53 9.6 59 
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Further, the impact of the sVOx film thickness (10 to 45 nm) on the 

performance of OSCs is verified by adjusting the spin-velocities during the 

film deposition. For thicker sVOx films the efficiency drops dramatically, as 

the photo-generated current becomes lower (Table 3.2.1).  

The electrical conductivity of a TMO was shown to originate from oxygen 

deficiency states [120] and can vary by orders of magnitude, depending on 

their density [175]. The electrical conductivity of sVOx is estimated to 10-5 

S/cm, which is somewhat lower than for vanadium oxide processed via 

ALD [176]. However, as the FF for OSCs with thicker VOx films remains 

unaffected, the series resistance in the bulk of the thicker VOx film cannot 

play a crucial role in Jsc drop. As the thicker films appear more yellowish, 

the intrinsic photon absorption in the bulk of VOx is assumed resulting in 

less photo-current, as the light has to pass through the VOx covered TCO 

previous to useful absorption in the photo-active layer. 

The absorption coefficients are calculated from the optical transmission 

measurements on sVOx films and plotted in Figure 3.2.7-a. Applying the 

Tauc’s law [177] to the absorption spectrum (Figure 3.2.7.-b), the bandgap 

of roughly 2.3 eV for sVOx is determined, which is in good agreement with 

other works [144, 160, 178]. A clear absorption on-set is seen at 540 nm, which 

is close to the absorption maximum of the active blend (P3HT:PC60BM) 

used in studied devices.  

At this point, it is important to distinguish between the bandgap in the 

oxide bulk, accessed by the optical absorption measurement (Figure 

3.2.7.-b), and the bandgap derived from the surface sensitive 

spectroscopic measurements for sVOx (Figure 3.2.5), as the above 

discussed widening of the bandgap due to adsorbates is confined to the 

oxide surface. 

Despite the significant overlap of absorption spectra for sVOx and 

P3HT:PC60BM, the absorption losses associated with this can be 

neglected for VOx films thinner than 20 nm, as 99% of light at 500 nm 

close to absorption maximum of the polymer is still transmitted. 
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Figure 3.2.7.  Plot of absorption coefficients of sVOx confronting with absorption plot for 

P3HT:PC60BM (a); Tauc’s plot derived from transmission spectra of sVOx films (b). 

 

For a current state of the technology it is difficult to foresee, if sol-gel metal 

oxides can be processed via R2R techniques (ink-jet printing, slot-die 

coating etc.) to achieve thin films <20 nm, as only little work has been 

done on development of ink formulation with adjusted viscosity, solvent 

evaporation rate and so on. If thicker layers of solution-based metal oxide 

will be required by the manufacturing process, other high WF TMOs, e.g. 

molybdenum oxide with its wide bandgap of 2.9 to 3.1 eV [179, 180] may 

become an attractive alternative to sVOx. 
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3.3. Sol-gel processing and device application of molybdenum (VI) 

oxide 

The sol-gel approach to prepare molybdenum oxide presented in this work 

is based on bis(2,4-pentanedionato)-molybdenum(VI)dioxide (see Figure 

3.3.1) as a precursor and isopropanol as a solvent. In case of this 

somewhat less reactive (hydrolytic sensitivity class 7) precursor, 

isopropanol containing a small portion of water (< 0.1 %) is used in order 

to promote the cross-linking of the sol during the stirring. For the same 

reason, the minimal rH of 65% is also required during the subsequent 

precursor conversion via hydrolysis. 

 

 

Figure 3.3.1. Molecular structure of Bis(2,4-pentanedionato)molybdenum(VI)dioxide. 

 

 

Figure 3.3.2. The AFM topography image of sol-gel processed MoOx. 
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Also for sMoOx precursor solution a very small initial particle size < 1 nm 

previous to spincoating is found via DLS, which is beneficial for smooth 

and continuous films with complete surface coverage. This is confirmed 

via the AFM measurement of the sMoOx surface (Figure 3.3.2) revealing 

the surface roughness of less than 3 nm rms. Again some nano-scopic 

voids (similar to sVOx films discussed above) characteristic for sol-gel 

deposition technique can be seen. The films are predominantly 

amorphous, as verified by XRD. 

For RT as-deposited sMoOx films, the XPS spectrum of the C 1s peak is 

shown at Figure 3.3.3. The signatures of C-C, C-O and C=O bonds are 

resolved. These can either be assigned to the adsorbates or to residues of 

the metal-organic precursor (Figure 3.3.1). The separation of these two 

contributions is impossible, as the samples are prepared ex-situ and are 

subsequently transferred to the XPS system. The relative carbon content 

can be estimated to be 29%. This is in stark contrast to non-reacted 

bis(2,4-pentanedionato)molybdenum(VI)dioxide molecule, for which a 

60% ratio (excluding hydrogen atoms) is expected. Therefore, some 

decomposition of the precursor and subsequent loss of organic groups 

during the hydrolysis even at RT is evidenced. Note, the vapor pressure of 

AcAc at RT is roughly 8 mbar (Sigma Aldrich), and therefore substantially 

less than that of isopropanol (roughly 60 mbar). 

Further considering the XPS spectrum of RT-processed (pristine) sMoOx 

film at 232.2 and 235.4 eV (Figure 3.3.4) the strongly dominating Mo6+ 

oxidation state is found. However, at this stage it is impossible to 

distinguish, whether the signal originates from the stoichiometric MoO3 or 

from the precursor compound comprising molybdenum in 6+ oxidation 

state. 
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Figure 3.3.3. The XPS spectrum of sMoOx film at C 1s peak. 
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Figure 3.3.4. Normalized XPS spectra of sMoOx as-casted and thermally treated in N2 for 

20 min films at Mo 3d peaks. 
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With above discussed properties of sol-gel MoOx in mind, the modification 

of the TCO WF via sMoOx for use in OSCs with regular stack structure 

glass/ITO/sMoOx or thermally evaporated MoO3 (eMoO3) or 

PEDOT:PSS/P3HT:PC60BM/Al/Ag (Figure 3.3.5-a) is inspired.  
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Figure 3.3.5. Regular OSCs studied (a); JV-curves of devices comprising sMoOx (22 nm) 

interlayers (b) in comparison to eMoO3 (20 nm) devices under AM1.5G, 100 mW/cm
2
 (c). 

 

Using the pristine sMoOx films in the first run results in cell PCE of 1.3% 

(Figure 3.3.5.-b and Table 3.3.1) compared to 3.2% for optimized 

PEDOT:PSS device. Devices exhibiting a low Jsc of 5.3 mA/cm2 and a 

poor FF of 44.5% clearly suffer from ohmic losses. The same low Jsc is 

found for devices with thermally evaporated eMoO3, air-exposed previous 

to deposition of photo-active organics (Figure 3.3.5.-c and Table 3.3.1). 

Thus, the specific of the sol-gel oxide deposition is not necessarily 

responsible for deteriorated device performance.  
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Table 3.3.1. Characteristics of regular OSCs with sMoOx interlayer (optimized thickness 

of 22 nm) in comparison to eMoO3 (optimized thickness of 20 nm) and PEDOT:PSS 

devices. 

 
PCE  

[%] 

V
oc

  

[V] 

J
sc

  

[mA/cm
2
] 

FF  

[%] 

w/o interlayer 0.6 0.26 7.5 32 

PEDOT:PSS 3.2 0.56 9.8 58 

sMoO
x
 pristine 1.3 0.54 5.3 45 

sMoO
x
 annealed 150°C@N

2
 3.3 0.54 9.2 66 

eMoO
3
 air-exposed 1.8 0.55 5.4 61 

eMoO
3
 annealed 150°C@N

2
 3.2 0.55 8.6 68 

 

Keeping in mind the film thickness of molybdenum oxide in both devices 

with sMoOx and eMoO3 of the order of 20-22 nm, such a low current 

cannot be associated with ohmic losses in the bulk of metal oxide, but is 

most probably coupled to surface energetics. Indeed, a surprisingly low 

WF of 4.9 eV for RT-processed sMoOx is found via KP analysis. The 

spectroscopic studies carried out on eMoO3 by other group [181] indicate a 

drop of the oxide WF from 6.7 eV to 4.9 eV under air-exposure (Figure 

3.3.6). For this, the formation of water dipoles or polar hydroxyl groups on 

the hydrophilic surface of molybdenum oxide is most probably 

responsible. The major role of moisture in reducing the WF of 

molybdenum oxide was also observed elsewhere.[182] 

Similar to vanadium oxide, the bandgap of evaporated molybdenum oxide 

is widened from 3 to 3.8 eV and the gap states are formed via adsorbates. 

Again, the widening of the oxide bandgap derived from UPS/IPES spectra 

is confined to the oxide surface and not representative for the oxide bulk. 

To demonstrate the presence of probable adsorbates on the oxide 

surface, the films were annealed in nitrogen-filled glovebox at 150°C for 

20 min. Afterwards the KP analysis demonstrated the significant rise of 

WF by 0.4 eV resulting in the WF of sMoOx of 5.3 eV. It should be 

mentioned that annealing at such low temperatures did not affect the film 

morphology or surface roughness, as was verified via AFM (not shown 
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here). Also, no significant change of stoichiometry at 150°C in absence of 

oxygen was observed via XPS (Figure 3.3.4). 

 

 

Figure 3.3.6. Energy diagrams of eMoO3 
[181]

 based on UPS/IPES results 
[92]

. 

 

Interestingly, a neat precursor film spin-coated in absence of moisture 

exhibits the WF of 4.9 eV, which changes to 4.7 eV after the above 

mentioned heat treatment in N2. This demonstrates that the hydrolytic 

precursor decomposition to an oxide in humid air takes place and is 

required to gain the high WF of 5.3 eV. 

Following this annealing procedure for WF recovering, devices with 

enhanced 3.3% PCE for sMoOx and 3.2% PCE for eMoO3 are fabricated 

(Figure 3.3.5.-b,c and Table 3.3.1) outperforming the PEDOT:PSS device 

in FF. Interestingly, sMoOx films that were annealed in N2 and then again 

exposed to air (to allow for the sticking of adsorbatic species) for several 

minutes result in pronounced drop of device Jsc and FF by approx.1 

mA/cm2 and 10% respectively (not shown here). Thus, such behavior 
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again supports the assumption that the variations in the electronic 

structure of molybdenum oxide are due to adsorbates. 

In order to gain more insight into the effects of annealing temperature and 

atmosphere and find the optimal device processing window, the sMoOx 

films were post-annealed in ambient air and in N2 at temperatures from 

100 to 300°C. The corresponding device characteristics are plotted in 

Figure 3.3.7. According to this, the optimal device efficiency is obtained 

for sMoOx heat-treated in N2 at 130-150°C, which is favorable for R2R 

production on flexible foils. For both sMoOx and eMoO3 the device 

characteristics improve during the first 20 min at 150°C in N2 and then 

saturate (Figure 3.3.8).  
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Figure 3.3.7. Characteristic of OSCs with sMoOx layer annealed (previous to deposition 

of the photo-active organics) in N2 and in ambient air at various temperatures. 
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Temperatures below 130°C obviously cannot activate the desorption of 

the adsorbates from the surface, resulting in poor device PCE (Figure 

3.3.7). On the other hand, going beyond 150°C results in rapid 

simultaneous decrease of Jsc, Voc and FF. This is associated with 

semiconductor-to-metal transition of molybdenum oxide, whose thermo-

chromic behavior is well-known.[160, 183]  Indeed, the XPS spectrum (Figure 

3.3.4) of sMoOx heat-treated at temperatures above 150°C contains 

growing signals of Mo5+ and even Mo4+, as the oxygen leaves the oxide 

matrix. This is accompanied by a drop in WF to 5.1 eV (for 200°C) due to 

decrease of metal cation electronegativity [184] and an increase of electrical 

conductivity of sMoOx by more than an order of magnitude from 1.9∙10-6 to 

4.0∙10-5 S/cm. 
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Figure 3.3.8. Evolution of OSC characteristics during the annealing (previous to 

deposition of the photo-active organics) of sMoOx and eMoO3 layers in N2 at 150°C. 
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As demonstrated in Figure 3.3.9, the thermally driven rise of the density of 

metal cations in the oxide bulk results in the pronounced reduction of the 

effective bandgap (from 2.76 eV for neat films to 2.4 eV for 200°C-treated 

films) and increased optical sub-bandgap absorption by electrons that 

partially fill the Mo d-orbitals within the oxide gap as the oxygen desorbs 

[85]. Essentially the same behavior is found for eMoO3 films in this work 

(not shown here) and also for different TMOs in other groups [171, 185, 186]. 

Though the WF of sMoOx may stay reasonable for efficient hole 

extraction, an increased density of gap states may facilitate the parasitic 

recombination of charge carriers at the interface of the oxide and BHJ 

deteriorating the performance of devices on N2-annealed sMoOx films 

observed in Figure 3.3.7 for temperatures beyond 150°C. 

Interestingly, devices on sMoOx, annealed in ambient air (Figure 3.3.7), 

demonstrate a continuous rise of characteristics even for 300°C, as the 

thermally induced oxygen deficiency is balanced by re-adsorption of 

excessive atmospheric oxygen. 

2.0 2.4 2.8 3.2 3.6
0

100

200

300

400

500
 

 

s
q
rt

 (


h
f 
[e

V
 c

m
-1
])

hf [eV]

 sMoO
x
 pristine

 sMoO
x
 20 min at 150°C in N

2

 sMoO
x
 20 min at 200°C in N

2

 

Figure 3.3.9. Tauc’s plot for pristine and heat-treated in N2 sMoOx films derived from 

optical transmission measurements. The crossing of dashed lines with the abscissa 

indicates the value of the sMoOx bandgap for individual annealing parameters. 
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Being aware of proper processing treatment, the optimization of sMoOx 

film thickness in range of 10 to 52 nm for the best device performance is 

carried out (Figure 3.3.10, Table 3.3.2). The optimum film thickness in a 

device in this series of experiments amounts to 22 nm. 
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Figure 3.3.10. JV-characteristics of OSCs for varied sMoOx film thickness. 

 

Table 3.3.2. Characteristics of OSCs comprising the sMoOx layer of various thickness. 

sMoOx film thickness 
[nm] 

PCE 
[%] 

Voc 
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

10 3.1 0.55 9.1 63 

22 3.3 0.54 9.2 66 

30 2.9 0.54 8.9 59 

52 2.9 0.55 8.3 64 

 

For layers thicker 22 nm, a slight drop in Jsc is evidenced. Similar as for 

sVOx devices, this drop is not associated with ohmic losses in the bulk of 

the oxide (FF remains stable), but again is related to parasitic absorption 

in the metal oxide. Integrating the transmission spectrum in the relevant 

range from 350 to 650 nm (absorption band of P3HT:PC60BM blend) 

counts for about 7% absorption in 52 nm bulk of MoOx. For comparison, 
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having a substantially lower bandgap sVOx film with 52 nm thickness 

would absorb twice as much light in the same spectral region. 

 

3.4. Environmental device stability 

As mentioned above, replacing the PEDOT:PSS in OSCs to provide 

environmental and (even if encapsulated) intrinsic stability of the hetero-

junction and the interfaces in the device is one of the goals to achieve by 

utilizing the solution-processed metal oxides instead of PEDOT:PSS. The 

evolution of device efficiency using PEDOT:PSS and high WF metal 

oxides introduced in this work upon storage in darkness is depicted in 

Figure 3.4.1. 
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Figure 3.4.1. Plot of non-encapsulated PEDOT:PSS and sol-gel metal oxide device 

efficiency in dependency on storage time in the dark illustrating the device degradation. 

 

During the first 17 days in ambient atmosphere (rH was varied between 

44-62% in a natural way during the storage) the PEDOT:PSS device 

deteriorated fast and completely lost its functionality. Even in absence of 

moisture and oxygen in a controlled glove box environment filled with 

chemically inert N2 the PEDOT:PSS devices exhibit pronounced 

degradation most probably caused by the acidic PSS component.[110] 
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Opposed to that, devices based on solution-processed TMOs after 30 

days in air still maintain about 80% of the initial PCE.  

 

3.5. Inverted device with sol-gel VOx anodic interlayer 

For reasons discussed above (Chapter 2.5), the inverted device 

sequence might be preferable. In the inverted stack the anode interlayer 

has to be deposited on top of the photo-active organic blend. Here, 

solvents orthogonal to those used for the organics have to be used and 

processing conditions have to be chosen in order to avoid eventual 

damage to the sensitive organics. As discussed in Chapter 3.2 the unique 

high WF of the sVOx is accessible without any post-depositional treatment. 

Opposed to that, using alternative sol-gel high WF metal oxides (e.g. 

MoOx, Chapter 3.3) requires either an annealing step that could distort the 

morphology of the D/A blend (and with this exciton dissociation efficiency 

and charge transport), or oxygen plasma treatment of the surface, which is 

impossible as the metal oxide/organic interface is buried. Even if the 

interface could be accessed by plasma, the organic layer would be 

exposed to reactive oxygen species, most probably resulting of severe 

damage.  

 

Figure 3.5.1. AFM non-contact topography images of P3HT:PC60BM film (a) and 

P3HT:PC60BM film coated with sVOx (b). 

 

For the sol-gel deposition of VOx on top of the organic photo-active layer, 

vanadium(V) oxitriisopropoxide solution in isopropanol (see Chapter 3.2) 
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is used. The precursor concentration in IPA is further reduced to vol. 1:150 

to avoid eventual unwanted chemical reaction with organics at the 

interface. Figure 3.5.1 contains the AFM topography images of the 

annealed P3HT:PC60BM blend and the same blend coated with sVOx, 

where the sVOx coating is easily identified via nano-scopic voids (compare 

Chapter 3.2), which typically accompany the sol-gel films.  
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Figure 3.5.2. Layer sequence of the inverted devices studied in this work (a); JV 

characteristics of inverted devices comprising eV2O5 with varied film thickness (b); JV 

characteristics of inverted devices comprising sVOx of optimized 10 nm thickness 

processed from two different concentrations of precursor solution: vol. 1:150 and 1:70 (c). 

 

It is illustrated that the wettability of organics by the precursor solution is 

not an issue and despite the very low precursor concentration a complete 

organic surface coverage is afforded. The coating of sVOx also smoothens 
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the annealed blend to 1.3 nm rms (vs. 4 nm rms previous to VOx 

deposition). 

The inverted OSCs studied in this work have the following layer sequence: 

glass/ITO/sTiOx/P3HT:PC60BM/(sVOx or eV2O5)/Al/Ag. The stack is 

depicted in Figure 3.5.2-a. An additional aluminum thin film was deposited 

as adhesion promoter for the silver electrode. 

As a reference, inverted devices with thermally evaporated eV2O5 in 

thickness range 10 to 30 nm are first analyzed (Figure 3.5.2.-b and Table 

3.5.1). Typical (for P3HT:PC60BM) Voc values and moderate FFs are 

conserved. Remarkably, the dependency of Jsc on the oxide thickness is 

reduced dramatically in the inverted stack compared to the regular layout. 

For the inverted cell structure, the optical losses associated with the low 

bandgap of vanadium oxide are much less limiting the photo-current, as 

the light first passes through the photo-active organics and is absorbed 

there. 

 

Table 3.5.1. Characteristics of inverted OSCs comprising thermally evaporated eV2O5. 

 
PCE 
[%] 

V
oc

 

[V] 

J
sc

 

[mA/cm²] 

FF 
[%] 

eV2O5 – 10 nm 2.8 0.53 10.8 49 

eV2O5 – 20 nm 2.9 0.53 10.7 51 

eV2O5 – 30 nm 2.6 0.53 10.3 48 

 

Table 3.5.2. Characteristics of inverted OSCs comprising sol-gel sVOx. 

 
PCE 
[%] 

V
oc

 

[V] 

J
sc

 

[mA/cm²] 

FF 
[%] 

sVOx – 10 nm from vol. 1:150 3.0 0.52 9.5 60 

sVOx – 10 nm from vol. 1:70 1.8 0.53 6.2 55 

 

Finally, devices comprising 10 nm of sVOx were fabricated using the 

optimized precursor concentration (Figure 3.5.2.-c and Table 3.5.2). A 

comparable device performance is estimated for both sVOx and eV2O5.  
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Surprisingly, a substantially deteriorated Jsc (Figure 3.5.2.-c and Table 

3.5.2) is obtained for devices with sVOx processed to the same film 

thickness of 10 nm from higher concentrated precursor solution (vol. 1:70).    

Note, it is rather unlikely that the device deterioration can be associated 

with morphological change in the BHJ or at its interface to the sVOx layer 

spincoated from higher concentrated solution. The AFM measurement 

(not shown here) demonstrates no difference in surface topography and 

roughness for P3HT samples covered with sVOx from vol. 1:150 and 1:70 

solutions. Obviously, precursor species or the products of their hydrolysis 

somehow interact with the photo-active layer at the interface or even in the 

organic bulk.  
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Figure 3.5.3. XPS depth profiles of V 2p3/2 signal for sVOx film spin-casted on top and for 

eV2O5 film thermally evaporated on top of P3HT:PC60BM layer. The carbon signal 

visualizes the interface between vanadium oxide and the organics. 

 

To study the eventual penetration of vanadium(V)oxitriisopropoxide to the 

BHJ probable in case of liquid processing, depth profiling of 
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P3HT:P60CBM blend samples coated with sVOx is performed via low-

energy Ar sputtering. For selected sputter depths the elemental (XPS) 

analysis of the resulting surface is carried out (Figure 3.5.3). For 

reference, organic samples covered with thermally evaporated vanadium 

oxide, for which an abrupt interface is expected, were analyzed. 

The interface between the oxide and the BHJ is indicated by a dramatic 

rise of carbon signal. Counting from this interface, traces for V atoms 

stemming from the evaporated oxide are found to decay by an order of 

magnitude within the first 20 nm of the blend. Their very presence in the 

organic layer is explained by the mechanical interaction of oxide matrix 

with heavy Ar species that push the front of matter before them during the 

sputtering. Note, the surface roughness of the annealed blend counts for 

only 4 nm rms and, therefore, cannot affect the profiling results. In 

contrast, V atoms of the sol-gel processed oxide are found to penetrate 

the organics to a depth of more than 100 nm. 

It should be mentioned beforehand that the vanadium-organic compound 

is not expected to oxidize the polymer or break the conjugation of the 

polymer backbone. Even though V5+ is a Lewis acid and can be used as a 

catalyst for oxidation reactions, it typically does not oxidize by itself. In 

addition, the activity of such catalysts is hampered in presence of alcohol 

(IPA is used in this work) or other polar solvents. [187] 

A nuclear magnetic resonance (NMR) measurement carried out on P3HT 

dissolved in 1,2-dichlorobenzene (Figure 3.5.4) revealed no significant 

change in the molecular structure after addition of concentrated 

vanadium(V) oxitriisopropoxide to it. A shift in the response frequency and 

a somewhat lower signal intensity after the addition of the precursor is 

associated with an additional screening during the measurement 

introduced by the additional substance. Therefore, it is unlikely that the 

efficiency of OSCs drops due to chemical damage of the polymer 

introduced by the metal-organic compound.   
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Figure 3.5.4. NMR-spectrum of P3HT and P3HT:vanadium(V) oxitriisopropoxide solved 

in 1,2-dichlorobenzene. 

 

A result of the photoluminescence (PL) measurement carried out in 

chlorbenzene solution of pure P3HT and P3HT:precursor blend is 

depicted in Figure 3.5.5. It is seen that only a minor decrease of the PL 

signal is found upon mixing the P3HT with the precursor compared to pure 

P3HT sample. 

Further, as a small portion of water is added to the P3HT:precursor blend, 

a considerable drop in PL signal intensity is observed (Figure 3.5.5). The 

agglomeration of the polymer on the formed metal oxide particles and 

precipitation leads to broadening of the peak. Note, the PL spectrum 

remains vastly unchanged, if water is added to the pure P3HT solution 

without the metal-organic compound. It is proposed that the vanadium 
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oxide, formed upon water addition, leads to quenching of the PL of P3HT 

e.g. by doping it (see also Chapter 2.4). It is known that in p-doped 

organic materials the PL quantum efficiency is strongly reduced.[188, 189]  
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Figure 3.5.5. PL-spectra of neat P3HT solved in chlorbenzene, P3HT solved in 

chlorbenzene and blended with vanadium(V) oxitriisopropoxide with and without water. 

Excitation is provided by 470 nm laser to avoid the background PL from the solvent and 

vanadium(V) oxitriisopropoxide. 
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Figure 3.5.6. Normalized XPS spectra of films of P3HT, P3HT blended with vanadium(V) 

oxitriisopropoxide spincoated in ambient air and in N2. 
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The assumption of p-doping is supported by the results of the XPS study 

on the solid thin films spincoated from the blended P3HT:precursor 

solutions (Figure 3.5.6). The XPS spectra (S 2p peak) of the films 

comprised of pure P3HT or P3HT:vanadium(V) oxitriisopropoxide 

(annealed after spincoating at 80°C for solvent evaporation) reveal a shift 

of the S 2p peak to smaller binding energies upon addition of the 

precursor. This is indicative of a movement of the HOMO level closer to 

EF. Also, new shoulders arise in regions of 164.2 to 164.8 eV and between 

165.5 and 166.8 eV that correlate with the formation of cationic polymer 

species. Simultaneously, the reduction of V5+ to V4+ (not shown here) 

occurs indicating an electron transfer to the V atoms within the film 

spincoated in air. This hints for the effective p-doping of P3HT. The 

shoulders mentioned above are more pronounced for the samples 

spincoated in air (than for films prepared in N2), which are expected to 

contain more metal oxide, as a result of hydrolysis and condensation of 

the precursor. Thus, the dominant role in doping the polymer is attributed 

to the metal oxide rather than to the precursor. This is strongly supported 

by the fact that the film processed in N2 exhibits only a weak XPS signal 

due to vanadium (not shown here). In absence of moisture, the 

vanadium(V) oxitriisopropoxide does not form a solid metal oxide and is 

not chemically bound to the polymer matrix. Thus, it may evaporate from 

the film after the deposition without any chemical interaction with the 

polymer. The small signs of p-doping also for inert-processed blended 

P3HT:vanadium(V) oxitriisopropoxide films may originate from a partial 

oxide formation due to residual moisture in the solvent used in this 

experiment. 

The doping effect is also observed indirectly for the hole-only devices 

(Figure 3.5.7). For these, P3HT with and without sVOx-precursor is 

directly spincoated in air and, for comparison, in N2 on the glass/ITO 

substrates. A low WF aluminum electrode is deposited on top. Without 

using proper high WF interlayers, the effect of doping on the JV-
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characteristics of such devices is expected to be more obvious. As a 

result, the blended films spincoated in air exhibit the injection current 

density (at 2.5 V) roughly 1 order of magnitude higher compared to 

blended films, spincoated in N2, again indicating the major role of the 

metal oxide (and not of its precursor) in the polymer doping. Strikingly, the 

J for P3HT:precursor blends spincoated in air is enhanced roughly by 5 

orders of magnitude compared to the neat P3HT at 2.5 V. 
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Figure 3.5.7. The JV-curves of the hole-only devices comprising P3HT, P3HT blended 

with vanadium(V) oxitriisopropoxide spincoated in ambient air and in N2. 

 

Even though doping of the organics at the anode interface of an OSC may 

have a positive effect on the device performance enhancing the hole 

extraction efficiency (Chapter 2.4, 3.2 and 3.3), the deep penetration of 

precursor into the bulk of the photo-active layer with subsequent formation 

of vanadium oxide and p-type doping of the polymer can explain the 

deterioration of the device performance found above (Figure 3.5.2.-c and 

Table 3.5.2). For instance, the theoretical modelling of P3HT-based OSCs 

clearly demonstrated that at the polymer doping concentration of 1016 cm-3 

and above the built-in field within the BHJ becomes partially screened and 
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only a portion of the photo-generated charges within the areas, where the 

electric field is present, contributes to the photo-current.[190] The remaining 

photo-generated charges recombine. In this modelling study[190] it was 

assumed that the formation of cation radicals does not lead to exciton 

quenching. Interestingly, the drop in the device efficiency was mainly due 

to severe reduction of the Jsc and rather moderate reduction of the FF. 

Exactly this is observed empirically in this work (Figure 3.5.2.-c and Table 

3.5.2) for inverted OSCs with sVOx anode deposited from higher 

concentrated solution.  

It is known that the metal-organic precursor molecules tend to form larger 

sized oligomers during the moisture-driven cross-linking.[191] This might be 

used to reduce the vanadium(V) oxitriisopropoxide penetration rate and 

depth into the BHJ during the deposition and reduce the deteriorating 

effect of the excessive polymer doping in the volume of the photo-active 

blend. To evaluate this, inverted OSCs comprising sVOx from two 

solutions, stirred in air (aged for 48 h) and in N2, are prepared. Note, in 

this experiment a more concentrated solution of vol. 1:70 (compared to 

best performing vol. 1:150) is deliberately chosen in order to intensify the 

precursor-related effects. The spincoating of the sVOx-solution is done at 

5 times slower velocity than that for an optimized device thickness (10 nm) 

in order to deliberately allow the precursor to penetrate into the photo-

active layer. The resulting sVOx film is estimated to be roughly 30 nm thick 

for pre-hydrolyzed solutions. The corresponding device characteristics are 

summarized in the Table 3.5.3. 

The OSCs comprising the sVOx interlayer from a solution stirred under 

inert conditions, which wetted the BHJ for 1 s previous to spincoating, 

exhibit the low Jsc of 7.6 mA/cm2 and FF of 40%. The low FF results most 

probably from the not complete coverage of the BHJ by the sVOx in case 

of not pre-hydrolyzed solution. The FF improves dramatically to 53%, if the 

wetting time is increased to 4 s. Within this time, an efficient cross-linking 
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of the thin liquid film obviously takes place resulting in complete substrate 

coverage. Still, the Jsc remains deteriorated at 7.4 mA/cm2. 

 

Table 3.5.3. Characteristics of inverted OSCs comprising the sVOx anode interlayer 

deposited from precursor solution stirred in ambient air (65% rH) for 48 h and in N2. In 

addition, the effect of a delay between wetting and spincoating for both solutions is 

demonstrated. 

 
ITO/TiOx/P3HT:PC60BM/sVOx/Al/Ag 
 

PCE 
[%] 

Voc 
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

stirring in N2, wetting 1 s 1.6 0.51 7.6 40 

stirring in N2, wetting 4 s 2.0 0.51 7.4 53 

stirring in air 48 h, wetting 1 s 2.3 0.51 9.0 51 

stirring in air 48 h, wetting 4 s 2.2 0.51 8.5 50 

 

The Jsc is improved by roughly 20%, if the precursor solution aged in 

ambient air remaining on the BHJ for 1 s is used. A longer wetting (4 s 

previous to spincoating) again lowers the Jsc to some extent. 

Nevertheless, it remains dramatically higher in comparison to the Jsc 

observed for not pre-hydrolyzed solutions. 

Importantly, this difference in the device performance cannot be explained 

by different interface energetics, as the WF estimated for sVOx spincoated 

from aged and not aged solutions remains the same. Thus, a strong 

indication is found that the doping of the polymer is less spread into the 

volume of the BHJ and more confined to the anode interface, if pre-

hydrolyzed metal-organic precursor solution combined with a shorter 

wetting time previous to spincoating is used for the oxide liquid-deposition. 

 

3.6. Summary 

This chapter deals with sol-gel processed high WF amorphous metal 

oxides (sVOx and sMoOx). Environmentally friendly alcoholic solvents are 

used for the sol-formulation. Both metal oxides are formed at RT and 

ambient air via hydrolysis of the precursor after deposition and exhibit 

extreme smoothness and homogeneous surface coverage. Only a small 
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portion of organic residue in the films non-affecting the electronics and 

device performance is proposed. The electronic structure of in air 

processed sol-gel oxides is identical to the structure of air-exposed 

thermally evaporated counterparts.  

The high WF, required for efficient hole extraction, is obtained for VOx 

films already at RT without any post-processing. This makes it especially 

attractive for inverted OSCs, where the anodic interlayer is processed on 

top of the temperature sensitive organics. At the vanadium(V) 

oxitriisopropoxide optimized concentration of vol. 1:150 in IPA, an efficient 

OSC is realized outperforming the devices with thermally evaporated 

oxide. If a higher concentrated solution (vol. 1:70) of the metal-organic 

precursor is used for metal oxide deposition on top of the organics, the 

massive penetration of the precursor species into the volume of the photo-

active layer must be taken into account. Though the metal-organic 

compound is not expected to damage the polymer, the excessive doping 

through the product of its hydrolysis and condensation, the metal oxide, is 

observed via several direct and indirect analysis techniques and device 

measurements. If a long wetting time of the photo-active layer by the 

precursor solution must be tolerated due to the specifics of a solution-

based deposition technique, a less concentrated precursor solution pre-

hydrolyzed upon stirring in humid air must be used to limit the penetration 

due to growing cluster size in the sol-gel and minimize the effects leading 

to performance deterioration. 

Though the optical losses in the bulk of VOx due to its relatively low 

bandgap may not play a paramount role for inverted devices, for OSCs 

with regular architecture sVOx films less than 20 nm thickness are 

preferable to avoid parasitic absorption and current drop. 

From this point of view, the more transparent MoOx serves as an attractive 

alternative. The sol-gel processing of MoOx at RT results already in 

stoichiometric MoO3. Unfortunately, due to the hydrophilic nature, the WF 

of as-deposited MoOx is affected by the adsorbates and is rather low for 
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OSC applications. It is demonstrated that adsorbate removal can occur via 

heat treatment at 130-150°C in nitrogen. But it is not necessarily the only 

option. Alternative RT chemical routes or selective (without heat transfer 

to the substrate) microwave annealing for adsorbate removal can be 

considered. For instance, in this work the oxygen plasma treatment was 

shown to recover the WF of sMoOx to values above 5.3 eV.  

Introducing these metal oxides allows for efficiency comparable and 

higher than that of devices on PEDOT:PSS. Maintaining the advantage of 

liquid-processing, the environmental stability of OSCs based on these 

metal oxides is dramatically improved. 
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4. Ultra-thin functional films of conjugated polyelectrolytes  

In this chapter an enhancement of the electron extraction at the cathode 

interface of OSCs via solution-processed ultra-thin interlayer of conjugated 

polyelectrolyte (CPE) is addressed. Specifically for inverted OSCs, the 

ITO exhibiting a WF of typically 4.7-4.8 eV is not suitable for electron 

extraction. In addition, being highly doped, a metal-like ITO provides 

intense recombination sites for photo-generated electrons at the interface 

to organics. For these reasons, the surface of ITO is typically modified via 

low WF metal-oxides (TiOx 
[192, 193], ZnO [194-197], Al:ZnO [198], SnOx 

[199]). 

Applying the liquid-processing for metal oxides often requires high 

temperatures (200-260°C) for precursor decomposition and/or for dopant 

activation. Even using sol-gel RT derived oxides, like low WF titanium- or 

tin oxide, often requires a stricter parameter control and allows for a 

smaller degree of freedom associated with (moisture reactive) ink stability 

previous to and during the deposition. 

A number of recent works in other groups demonstrated the alternative 

route to modify the cathode WF by using the organic interlayers, like 

polyethylene oxide [200], non-conjugated polyethyleneimine [201, 202] or 

polyvinylpyrrolidone [203]. In regular OPV device structure, the insertion of 

such layers between the organics and metal top electrode allowed for use 

of environmentally stable high WF metals (Au, Ag instead of Ca, Al, LiF) 

for electron extraction.[202] A substantial increase in OSCs performance 

was demonstrated using thin interlayers (<10 nm) of conjugated poly(3,3’-

([(9’9’-dioctyl-9H,9’H-[2,2’biflourene]-9,9-dyil)bis(1,4-phenylene)]-bis(oxy)) 

bis(N,N-dimethylpropan-1-amine))[204] and poly[(9,9-bis(3’-(N,N-dimethyl-

amino)propyl)-2,7-flourene)-alt-2,7-(9,9-dioctylfluorene)] [205, 206] also.  

The CPEs are often used as an additional means to further enhance the 

charge extraction efficiency provided by low WF metal oxides (TiOx 
[207], 

ZnO [208]) on the transparent electrode. Therefore, in this work, the direct 

modification of ITO WF via N-methylimidazoliniumalkyl-substituted Poly(3-

[6-bromohexyl]thiophene) (P3ImHT) is studied on instance of inverted 
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OSCs. Choosing P3ImHT among the variety of CPEs is governed by its 

high chemical and thermal stability.[209] 

 

4.1. Film processing and device application 

The molecular structure of P3ImHT is depicted in Figure 4.1.1. The CPE 

materials are typically processed from polar solvents like water or alcohol, 

which makes the processing environmentally friendly and with less safety 

restrictions. In this work, methanol is primarily used to solve the polymer. 

To prevent the complete rapid solvent evaporation and obtain 

homogenous substrate coverage by ultra-thin CPE, ethanol with lower 

vapor pressure is added to the solution previous to spincoating. To dry the 

layer from solvent residue, a subsequent 5 min heat-treatment at 100°C is 

applied. 

 

Figure 4.1.1. Molecular structure of conjugated P3ImHT. 

 

Depositing CPE from extremely diluted solutions results in film 

thicknesses (far) below 10 nm. A low surface roughness of 0.3 nm rms 

and homogeneous coverage of the substrate is observed via AFM 

topography and phase image (Figure 4.1.2) respectively. 

Modifying the surface of ITO by P3ImHT results in a large shift of the WF 

from 4.8 to 4.4 eV. The shift is not observed upon wetting the ITO with the 

solvent only. Further, the WF shift remains stable after rinsing the CPE-

coated ITO with typical aromatic solvents, like dichlorobenzene, used for 

blending the moieties of the photo-active organics. This is crucial for 
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inverted OSCs, as the organics is deposited on top of the cathode 

interlayer. 

 

Figure 4.1.2. AFM topography (left) and phase (right) 1.5x1.5 µm
2
 image of CPE film 

deposited on a smooth crystalline Si substrate. 

 

The impact of the CPE interlayer is first demonstrated on inverted OSCs 

based on more efficient (compared to P3HT:PC60BM) PCDTBT:PC70BM 

active blend with the stack structure according to Figure 4.1.3.-a. The 

corresponding curves are found in Figure 4.1.3.-b. 
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Figure 4.1.3. A stack of studied inverted OPV devices (a); JV-curves of inverted OSCs 

comprising different electron extraction layers and PCDTBT:PC70BM active blend (b).  
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As expected, the non-modified ITO results in a hampered device FF 

(Table 4.1.1) and an s-shaped JV-characteristics due to inefficient 

electron extraction and parasitic recombination at the interface. 

Meanwhile, devices with TiOx or CPE demonstrate improvement of all 

characteristics simultaneously and exhibit comparably high PCEs of 4.9 

and 4.8% respectively.  

 

Table 4.1.1. Full-sun (AM1.5G) characteristics of inverted OSCs based on 

PCDTBT:PC70BM and P3HT:PC60BM active blends, using the ITO or sTiOx or P3ImHT 

for electron extraction. 

 

PCDTBT:PC70BM 
PCE 
[%] 

Voc 
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

TiOx  4.9 0.85 10.2 56 

CPE  4.8 0.84 11.2 51 

ITO only    2.0 0.66 9.8 31 
     

P3HT:PC60BM 
PCE 
[%] 

Voc 
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

TiOx 3.4 0.54 10.5 60 

CPE   3.3 0.53 10.4 61 

ITO only  0.9 0.35 8.5 29 

 

However, in both cases (TiOx and CPE) those high efficiencies are 

established only after a certain time required for so called light-soaking. 

Such behavior was observed previously for a number of low WF metal 

oxides, e.g. TiOx 
[193, 210-212], ZnO [213, 214], SnOx 

[199]
, independent on their 

deposition technique (sol-gel, ALD, NPs). Also for neat ITO the UV-light-

soaking was found to take place, lowering its WF and thereby improving 

the device performance.[215, 216] However, even after significantly higher 

UV-illumination doses, the estimated device efficiency remains limited 

mainly due to a lower Voc. 
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Figure 4.1.4. JV-curves of inverted OSCs based on TiOx and CPE interlayers and 

different blends PCDTBT:PC70BM (a) and P3HT:PC60BM (b) at illumination under 

AM1.5G with and without UV part. 

 

Regarding the ultra-thin polymer interlayer, the need of light-soaking can 

hardly be attributed to it. Nevertheless, inverted OSCs on ITO/CPE with 

different organic blends comprising PCDTBT:PC70BM  and P3HT:PC60BM 

exhibit deteriorated JV-characteristics (s-shape), if the UV spectral part is 

cut-off by the GG435 (wavelength shorter than 435 nm are cut-off) optical 

filter (Figure 4.1.4). By removing the UV-filter, device characteristics 

improve continuously and saturate after several minutes of illumination at 

typical values (Table 4.1.1). A very similar behavior is witnessed for TiOx-

based devices. 

 

4.2. Origin of light-soaking in ITO/CPE system 

Considering the metal oxides, a number of (partially controversial) light-

soaking mechanisms was proposed by several groups. Specifically, for 

high bandgap (3.1-3.3 eV) TiOx trap-filling by UV-photo-generated charges 

and concomitant increase of electrical conductivity [212, 217], charge 

extraction barrier at ITO/TiOx interface [210] and its removal via UV were 

suggested. For now, a plausible explanation of this phenomenon is 
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associated with the existence of the electron extraction barrier at the 

interface between the metal oxide and organics.[193]  

According to this, the barrier is formed due to strongly electronegative 

oxygen species chemisorbed and negatively charged on the titania 

surface that causes the depletion at the interface. Under UV illumination, 

photo-generated holes interact with negatively charged oxygen and expel 

it from the surface recovering the low WF of the metal oxide, which is a 

prerequisite for efficient electron extraction. This effect was shown to be 

permanent for devices stored in oxygen deficient environment and 

reversible upon oxygen re-exposure.  
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Figure 4.2.1. JV-curves of an inverted P3HT:PC60BM OPV-device comprising a CPE 

interlayer upon illumination in nitrogen environment. For illumination, an UV-LED array 

(375 nm, 10 mW/cm
2
) is used. The initial curve of the cell (1) with a low FF evolves to 

that of a proper functioning device upon UV-exposure (2), loses its performance during 

storage in air in dark (3) and recovers the performance upon repeated UV-exposure (4). 

 

A very similar reversible behavior is found for the CPE devices (Figure 

4.2.1) characterized in oxygen-poor nitrogen environment. The initially low 

FF of OSC comprising the CPE interlayer is improved to about 60% upon 

the continuous UV (375 nm) illumination. The subsequent 24 h air-

exposure of the optimally functioning cell forces the FF to decrease to 
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44%. Whereas the repeated UV-illumination again recovers the high FF of 

60%. Therefore, the improvement of the device FF upon UV-illumination 

cannot be explained by an irreversible change of the CPE due to e.g. 

photo-oxidation etc. 

Remarkably, the improvement of the FF of OSCs on non-modified and 

CPE-modified ITO cathode upon AM1.5G (including UV part) essentially 

exhibits a similar temporal behavior (Figure 4.2.2). A rapid increase of the 

FF in first minutes for both ITO and ITO/CPE devices ends up in its 

saturation for longer light exposure. The deposition of CPE on ITO 

obviously grants an initial energetic off-set in form of an interfacial dipole, 

whereas light-induced change is apparently related to the ITO.  
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Figure 4.2.2. Time-resolved evolution of the FFs of inverted P3HT:PC60BM cells on ITO 

and ITO/CPE cathodes upon full-sun illumination. 

 

To get the insight into the change of the energetics upon the UV 

illumination, KP analysis is performed (Table 4.2.1). As expected, the WF 

of TiOx is lowered from 4.3 to 3.8 eV within minutes. Compared to that, the 

drop of the ITO WF takes typically much more time (several tens of 

minutes) and finally saturates at 4.3 eV. The WF of ITO/CPE saturates at 

4.2 eV. Even though the difference to saturated ITO WF is only 0.1 eV, the 



4. Ultra-thin functional films of conjugated polyelectrolytes 

58 

WF reduction down to at least 4.2 eV by CPE appears to be required for 

optimal electron extraction, as the s-shape of JV-characteristics vanishes 

(Figure 4.1.4). 

 

Table 4.2.1. The WF of ITO modified by deposition of sTiOx and CPE estimated via KP 

before and after the UV illumination (375 nm, 10 mW/cm
2
 for 60 min). 

 

WF [eV] 

neat after UV  

ITO only 4.8 4.3 

ITO/CPE 4.4 4.2 

ITO/TiOx  4.3 3.8 

 

Interestingly, the relative drop of WF for ITO/CPE bilayer is significantly 

smaller than that for neat ITO (0.2 vs. 0.5 eV). In general, the interface 

dipole-induced shift in the WF caused by the deposition of ultra-thin CPE 

appears to be dependent on the initial WF of the substrate. The lower the 

initial WF of the substrate, the smaller the shift established by CPE (Table 

4.2.2). 

Though much work was devoted to reveal the mechanism of electronic 

change upon molecule adsorption, a universal explanation is still missing. 

Also for the phenomena discussed above, a systematic PES study would 

be required for deeper understanding of the nature of dipole formation 

specifically on metal oxide surfaces. This should be the subject of future 

analysis.  

In general, the theoretical electrostatic modelling and spectroscopy data 

signal that the dipole moment for the substrate/organics system cannot be 

simply derived from the built-in molecular dipole moment of adsorbed 

molecules, but is formed in general as a superposition of that with an 

interface dipole created upon charge transfer (e.g. on bond formation) 

between substrate and molecular layer.[78, 79, 94, 202, 218-220] 
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Table 4.2.2. The WF modification of vastly amorphous metal oxides with different initial 

WF by CPE estimated via KP. For comparison the shift in the WF of crystalline Si-

substrate with native oxide upon CPE deposition is shown. 

 
WF 
[eV] 

∆WF 
[eV] 

VOx 5.4 
0.5 

VOx/CPE 4.9 

ITO 4.8 
0.4 

ITO/CPE 4.4 

ITO/UV-treated 4.3 
0.1 

ITO/CPE/UV-treated 4.2 

TiOx 4.3 
0.1 

TiOx/CPE 4.2 

TiOx/UV-treated 3.8 
0.1 

TiOx/CPE/UV-treated 3.7 

AZO 4.2 
0.1 

AZO/CPE 4.1 

AZO/UV-treated 3.9 
0.0 

AZO/CPE/UV-treated 3.9 

 

The contribution of molecular dipole of a single molecule to the 

modification of the substrate WF is restricted, if an assembly of 

neighboring adsorbed molecules is formed on the substrate surface. The 

effective dipole moment of all molecules depends on their geometry 

difference depending on the orientation of docking groups, coverage 

density, co-alignment of single molecular dipoles, twisting angle upon 

docking etc.[81, 218, 220, 221] For metal oxide substrates such geometric 

effects are even more crucial than for metallic layers.[218] In addition, for 

CPE films comprising not a single, but several (even well-ordered) 

monolayers, change of the effective dielectric constant and depolarization 

of the first on-substrate adsorbed molecular ensemble via next 

monolayers inevitably takes place.[222-227] 

The interface dipole has even more complicated origin. In general, the 

electronic structure of the free-standing molecular layer differs 

dramatically from that of the adsorbed layer due to electrostatic 

renormalization on contact.[59, 78, 80, 81, 228, 229] Specifically, additional states 
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(strictly localized to the very bonding interface) appear in the gap of the 

molecular layer. Driven by the difference in chemical potentials between 

the substrate and the molecular assembly, the electron flow into/from 

these intra-gap states takes place to establish the energetic equilibrium.[80] 

The direction of the interface dipole is determined by the direction of the 

charge transfer.[230] 

For this work, the electron transfer from the CPE into the metal oxide 

governed by the difference in the WF of both is assumed. This results in 

an interface dipole pointing away from the substrate surface (Figure 4.2.3) 

decreasing its WF, as observed experimentally.  

 

Figure 4.2.3. Schematic diagram of interface dipole formation on ITO upon adsorption of 

molecular layer. 

 

According to density functional theory (DFT) calculations on SAM-modified 

metals done by other group [202], the higher the WF of the substrate, the 

more pronounced electron transfer from adsorbed molecules is expected. 

For instance, it was estimated experimentally that the interface dipole 

formed at the interface between high WF WO3 and the organic layer was 

dependent on the initial WF of the oxide (varied by stoichiometry change) 

and was substantially more pronounced in case of higher WF oxide.[66] 

Moreover, the same study demonstrated a roughly 7 times smaller 

interface dipole on the low WF titania than on WO3. 

It is speculated here that the WF modification by the dipole moment of the 

molecule ensemble itself can be neglected due to stochastic CPE 
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molecular orientation on disordered surface of amorphous metal oxides. 

Thus, the shift of the WF in metal oxides modified via CPE originates from 

the interface dipole, which is of larger magnitude for high WF substrates 

and can be easily in-situ balanced via charge transfer for a bilayer of metal 

oxide/CPE, if the WF of the metal oxide is modified (e.g. by UV-exposure) 

as observed for ITO, TiOx, ZnO and AZO. In other words, this assumption 

correlates with the CPE-induced WF shift of different magnitude 

dependent on initial substrate WF (Table 4.2.2) observed in this work. 

 

4.3. Summary 

In this chapter, a conjugated polyelectrolyte (P3ImHT) is successfully used 

to decrease the WF of an ITO electrode used as a cathode in efficient 

inverted OSCs. The CPE can be solution-processed from non-chlorinated 

solvents and forms an ultra-thin functional film on top of the ITO. The 

modification of the WF is achieved upon the formation of the dipole layer 

at the interface to the molecular film. Based on theoretical and 

spectroscopic studies carried out by various groups, an assumption is met 

that for metal oxides/CPE system the electron transfer from the contact-

induced gap states of CPE into the oxide is a dominating factor of 

interface dipole formation and WF decrease. Thus, taking the difference in 

chemical potentials between the substrate and CPE as a driving force for 

charge transfer into account, the higher negative shift of the WF for metal 

oxides with initially high WF compared to low WF oxides is expected and 

observed.  

Considering the device application of CPE, the reduction of the cathode 

WF obtained via CPE deposition results in efficient charge extraction from 

P3HT:PC60BM blend and also for somewhat more efficient 

PCDTBT:PC70BM system and device characteristics comparable with that 

of devices based on titania-modified ITO. The transient reversible 

characteristics of the OPV devices under full-sun illumination are shown to 

originate from the ITO underlying light-soaking process.   
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5. Composites of silver nano-wires and conductive metal oxides 

Aside from photo-active and functional layers, R2R compatible low-

temperature deposition of electrodes is desired for low-cost large-area 

OPV. Specifically for the see-through OPV, the electrodes must be in 

addition transparent. 

As for now, ITO is almost exclusively used for device fabrication, for it 

exhibits typically low sheet resistance (Rsh) of 13-16 Ω/sq and high 

transparency in visible spectrum (95% compared to glass). But there are 

several issues associated with the use of indium. Aside from the limited 

abundance of indium, the deposition of ITO is a vacuum process. To gain 

the high transparency and low Rsh simultaneously, ITO-coatings require 

thermal post-treatment at 300-450°C.[11] If processed on flexible foils 

without excessive annealing, ITO still generates significant production 

costs [4, 231] and exhibits only moderate Rsh of 60 Ω/sq and average 

transmittance of 80%. Also, brittleness of ITO often does not fit the 

demand of R2R processing. 

As the first alternative, RT processed evaporated thin metallic films 

sandwiched between two oxides were demonstrated to be highly 

transparent and conductive.[11, 232, 233] Still cost-intensive vacuum-

processing remains a drawback. Further, solution-processed films of 

graphene [234] , graphene oxide [235]  and carbon nanotubes [236-238] were 

studied. For these, a severe trade-off between transparency and 

conductivity was witnessed. Also, approaches based on metal nano-grids 

and stochastic meshes of metallic nano-wires were proposed for 

transparent conductive applications.[239]  

 

5.1. Silver nano-wires: state of the art 

Within such plethora, a lot of work was devoted to meshes of silver nano-

wires (AgNWs) that exhibit outstanding stability, flexibility [240] and can be 

prepared with customized geometry [241]. The first reports of AgNW films 

already demonstrated reasonable average transparency (Tav) of 85% and 
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corresponding Rsh of 10 Ω/sq.[242] However, to avoid the agglomeration of 

NWs within the dispersion, polymeric dispersing agents had to be applied. 

In order to establish the conductive joints between the wires, samples 

were treated at 200°C in order to fuse the NWs on their crossings.   

Typically, in a reasonable conductive transparent film NWs cover less than 

20% of the substrate surface. The optical transmittance is then ensured 

via uncovered areas that each can be the size of several µm2. In this 

areas charge transport is hampered due to absence of conductive 

material. This might be sufficient for transparent coatings used as e.g. 

resistive heaters for defrosting windows of outdoor vehicles. However, 

application of such films for instance in OSC or OLED, which require 

charge extraction / injection on the entire device active area, will result in 

issues. Taking a limited lateral conductivity of organic materials into 

account, this would result in severely deteriorated device performance. 

Aside from this, a very low adhesion of AgNW meshes on the substrate 

[240] must be improved for more robust device applications.  

To overcome these obstacles, the µm2-areas in between the wires must 

be filled with a conductive transparent medium. For this, solution 

processed PEDOT:PSS [5, 243-245], also in combination with low-

temperature TiOx 
[246], was introduced to the NW mesh. However, using 

PEDOT:PSS should be reduced for stability reasons, as discussed 

previously in Chapter 3. Alternatively, metal oxide (TiO2 
[244], ZnO [6, 247] 

and AZO [248]) NP dispersions were used, which typically required post-

deposition sintering at 140 to 250°C to improve adhesion and adjust the 

conductivity of the hybrid layer. Recently, high efficiency OSCs with RT 

solution-processed transparent hybrid electrode using ITO-NPs were 

demonstrated.[249, 250] Nevertheless, concerning the indium costs, this 

approach appears less attractive.  

In this work, very promising PEDOT:PSS- and In-free robust hybrid 

coatings of RT liquid-processed AgNWs and sol-gel tin oxide (sSnOx) for 

transparent electrodes in OSCs are realized. In addition to solution-
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processed metal oxides, Al:ZnO prepared by ALD has been considered in 

this study. Very recent studies on metal oxide deposition via atmospheric 

pressure ALD [251, 252] demonstrated perspectives of integration of this 

originally vacuum-based technique into a R2R production line. 

Simultaneously, goals  of increasing the ALD deposition rates for high 

through-put film fabrication are being pursued.[253]  

 

5.2. Processing and characterization of hybrid layers 

AgNW coatings are spin-coated from environmentally friendly isopropanol 

dispersion of nano-wires of 90 nm in diameter and several tens of µm 

length. These wires are free of polymeric dispersion agents. Figure 5.2.1.-

a depicts an SEM-micrograph of spin-coated AgNW-mesh on glass at 900 

V acceleration potential of the primary electron beam. At this voltage, the 

charge accumulated by the sample during the electron bombardment is 

balanced by the amount of charge that leaves the substrate as secondary 

(SE) and backscattered electrons.[254, 255]  

 

 

Figure 5.2.1. SEM-image of as-casted AgNW-mesh on glass taken at primary beam 

accelerating potentials of 900 V (a) and 4 kV (b). 

 

The same image taken at 4 kV (Figure 5.2.1.-b) exhibits aside from 

material contrast a stark electron beam induced potential contrast (EBIP), 

as the balance between in- and outcoming charge is distorted due to 

different sample ionization cross-sections for higher primary e-beam 
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energy. It is clearly seen that sample areas close to the grounded NW 

mesh appear dark, as the induced charge can be efficiently transported to 

ground via the highly conductive NW-mesh. Opposed to that, insulating 

glass regions not covered with AgNWs accumulate and immobilize the 

negative charge, which induces the potential contrast overlapped with 

(always present) material contrast. This clearly illustrates the necessity of 

improvement of lateral charge transport for neat AgNW-meshes, if these 

films are to be used in whole-area devices, like OSCs.  

To obtain the whole-area contact in the following, the AgNW mesh is 

coated with sSnOx or ALD-AZO. The metal oxide deposition parameters 

were chosen in the way that 80 nm thickness of the oxide would be 

achieved on a planar glass substrate without NW mesh. For sol-gel 

deposition of SnOx at RT, a recipe based on acetylacetone-stabilized 

tetrakis(diethylamino)tin(IV) introduced earlier by our group is used.[199] 

For ALD-AZO, the nano-laminate recipe using diethylzinc and 

trimethylaluminum (TMA) interacting with H2O was used.[256] 

The AgNWs coated with sSnOx and ALD-AZO are depicted in Figure 

5.2.2.-a, b. It is seen that the NWs are nicely imbedded into the oxide 

matrix in both cases and the metal oxide joins the wires at their 

interconnects. Interestingly, much thicker wire diameter is observed for 

ALD-AZO (80 nm oxide – 90 nm wire – 80 nm oxide) coating 

demonstrating the conformal three-dimensional coating, which is a unique 

feature of the ALD technique. Also, the formation of nano-crystallites is 

observed for AZO coatings, as zinc oxide tends to crystallize even at low 

(<100°C) temperatures.[257, 258] 

The fusion of NWs at their crossing via metal oxides results in dramatic 

reduction of layer sheet resistance (Table 5.2.1). Using sSnOx, Rsh of 5.2 

Ω/sq is achieved for hybrid coating, as compared to neat AgNW-mesh 

having 90 Ω/sq. Using AZO, somewhat higher Rsh of 31 Ω/sq is achieved, 

despite the fact that AZO processed at 100°C exhibits the specific 

electrical conductivity 4 orders of magnitude higher (1 S/cm) than sSnOx 
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(10-4 S/cm) processed at RT. This clearly demonstrates the importance of 

effective NW fusion at the wire-to-wire crossing junctions for samples, 

where the long-range charge transport is dominated by the NWs. 

Despite the relatively large NW diameter (90 nm), it is not necessary to 

cover them completely to ensure the effective NW-fusion and low Rsh, as 

demonstrated in Figure 5.2.2.-c. The Rsh drops and saturates already for 

10 nm sSnOx or 32 nm of AZO. This might be preferential for applications, 

where the lower film thickness can be tolerated and parasitic optical 

absorption of the metal oxide bulk (e.g. AZO) should be reduced. 
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Figure 5.2.2. Magnified SEM-images of AgNWs coated with sol-gel SnOx (a), ALD-AZO 

(b); plot illustrating the dependency of sheet resistance of the hybrid layers on the 

thickness of metal oxide (c). 
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Figure 5.2.3. shows the SEM micrographs of hybrid layers comprising 

AgNWs/sSnOx (a, c) and AgNWs/ALD-AZO (b, d) at 900 V and 4 kV 

acceleration potential respectively. As opposed to pristine AgNW-meshes 

(Figure 5.2.1), no potential contrast (only material contrast) in hybrid 

coatings is induced at higher energies, which qualitatively demonstrates 

an efficient lateral charge transport across the entire composite area. 

 

Figure 5.2.3. SEM-images of hybrid layers: AgNWs/sSnOx (a, c) and AgNWs/ALD-AZO 

(b, d) for 900 V and 4 kV acceleration potential respectively.  

 

The AFM surface morphology studies reveal high surface roughness of 65 

nm rms for neat AgNW films on scan area of 50 x 50 µm (not shown here). 

Somewhat smoother surface (34 nm rms) is achieved for hybrid layers 

with sSnOx. Due to the conformal ALD coating, the hybrid layers with AZO 

show increased roughness of 81 nm rms. The planarization of AgNWs 

previous to deposition of metal oxides is not considered in this work. 

However, well-established planarization concepts [240] could be combined 
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with this approach and make the use of these hybrid layers also as a 

bottom electrode for thin film devices possible. 

Targeting the electro-optical applications, the optical properties of the 

hybrid transparent electrodes are studied in the following. Due to the 

random distribution of NWs on the substrate, a pronounced scattering of 

incident light has to be taken into account, distinguishing between the so 

called specular (non-scattered collimated light) and diffusive (total, incl. 

light scattered to angles other than 0°) transmission. This is done at 

different angles and distances to detector using the HeNe-laser at 632.8 

nm (see Appendix B.2 for experimental details). The corresponding 

specular transmission and its ratio to the diffusive transmission (integrated 

over the half-sphere after passing the sample) are listed in the Table 

5.2.1. The neat AgNW-film transmits 79% of 632.8 nm light without 

scattering (specular transmission), whereas this value is slightly lower for 

both hybrid layers (72%). This is associated with the presence of metal 

oxide in the NW surrounding, as discussed in the following. 

 

Table 5.2.1. Tav (integrated in range of 350 to 900 nm) and Rsh for hybrid layers; numbers 

for specular and diffusive transmission of hybrid layers at 632.8 nm laser wavelength. For 

reference, the data for room-temperature processed ITO 
[11]

 (ITORT) is shown. 

 
AgNWs 
on glass 

AgNWs/ 
sSnOx 

AgNWs/ 
ALD-AZO 

ITORT  
(60 nm) 

Rsh [Ω/sq] 90 5.2 31 83 

Tav [%] 84 81 80 - 

Tav (in ref. to glass) [%] 90 87 86 85 

Tspecular at 632.8 nm [%] 79 72 72 - 

Tspecular/Tdiffusive [%] 82 81 77 - 

 

The scattering is almost independent on the scattering angle for such 

stochastic structures as composite electrodes discussed here (Figure 

5.2.6.-b). Thus, the estimated ratio of specular-to-diffusive transmission is 

used to calibrate scattering spectra with respect to the specular 

transmittance. 
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Figure 5.2.4. Plots of specular transmittance (Tspecular), semisphere-scattered and 

detected in 45° angle transmittance (Ssemisphere), resulting total diffusive transmittance 

(Tspecular + Ssemisphere) of: as-casted AgNWs on glass (a); AgNWs/sSnOx composite (b) and 

AgNWs/ALD-AZO composite (c); comparison of total diffusive transmittance of as-casted 

and metal-oxide coated AgNW mesh on glass (d); transmission, absorption and reflection 

spectra of sSnOx film (e) and ALD-AZO film (f) deposited on glass. 



5. Composites of silver nano-wires and conductive metal oxides 

70 

Considering the spectral specular transmission of neat AgNWs (Figure 

5.2.4.-a), a characteristic maximum is found at 325 nm, which correlates 

with plasma frequency of silver. For higher wavelength, a slight decrease 

of transmission and simultaneous increase of semi-sphere scattering is 

estimated. This is due to surface-plasmon-polariton (SPP) interaction on 

boundary of silver and surrounding environment.[259] The superposition of 

specular and scattered transmitted spectra gives 90% overall average 

transmission in range from 350 to 900 nm, as referred to uncoated glass 

substrate. 

The similar high average transparency of 87% (as referred to glass) for 

composites of AgNWs/sSnOx (Figure 5.2.4.-b and Table 5.2.1) is 

estimated, as the SnOx exhibits an absorption edge at 300 nm (Figure 

5.2.4.-e). That high transmission in combination with low Rsh of 5.2 Ω/sq 

counts for one of the best metal NW-based electrodes (even processed at 

>140°C), as for now (Figure 5.2.5). 
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Figure 5.2.5. Characteristics (Rsh and transmittance) of various metal-NW based 

electrodes 
[11, 239, 240, 243, 244, 246, 249, 260]

 compared to the results of this work. The 

characteristics of ITO prepared at RT are stated for reference (a); corresponding figure of 

merit derived as the ratio of DC conductivity and optical conductivity (σDC/σopt) of the 

transparent conductive layers (b). (See 
[260]

 for details)  

 

Interestingly, the minimum in the specular transmission is now found 

shifted to 420 nm (compare, 390 nm for pure AgNW film) and hints for 
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slightly increased scattering (Figure 5.2.4.-b and 5.2.6.-b). The SPP 

resonance is known to shift towards longer wavelength with simultaneous 

rise of extinction (Figure 5.2.6.-a) by increasing the refractive index of the 

metal environment.[261, 262] After deposition of sSnOx, the refractive index 

of the environment for the AgNWs changes from 1 (for air) to 1.62 @ 500 

nm, as was estimated for sSnOx. The SPPs can either be consumed by 

ohmic losses in silver and absorption by surrounding material, or re-

emitted, causing an apparent diffusive transmission. 

The more pronounced light scattering (Figure 5.2.4.-c) and extinction 

(Figure 5.2.6.-a) was estimated for AgNWs/ALD-AZO hybrid coatings, 

which correlates with the higher refractive index of AZO (2.04 @ 500 nm). 

Also, the intrinsic absorption of AZO sets on at 388 nm (Figure 5.2.4.-f) 

dominating the extinction spectrum. As a result, slightly lower total 

average transmittance of 86% (referred to glass) is estimated for 

AgNWs/ALD-AZO coatings (Figure 5.2.4.-d and Table 5.2.1). For 

comparison, ITO sputtered at RT exhibits Tav of 85% (referred to glass) 

and concomitant much higher Rsh of 83 Ω/sq.[11] 
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Figure 5.2.6. Incident light extinction spectra for AgNWs and composites of 

AgNWs/sSnOx and AgNWs/ALD-AZO (a) and light scattering spectra at various angles 

(b). Vertical dashed line indicates the absorption edge for AZO. 
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In general for OSCs, the semi-sphere light scattering due to SPP are not 

necessarily of negative effect. In contrary, such scattering can be used to 

optimize the light in-coupling into the photo-active layer, resulting in 

enhancement of device efficiency for the same BHJ thickness. In similar 

way, the same portion of light can then be converted by thinner layers of 

organic materials. Aside from lower material costs associated with this, 

this is also beneficial for active materials with limited charge carrier 

mobilities and issues in charge extraction from thicker layers. 

 

Figure 5.2.7. AgNWs mesh and composites of AgNWs/AZO and AgNWs/sSnOx on glass 

before (upper line) and after (lower line) scotch-tape peeling test. The blue arrows mark 

the peeled-off area. 

 

The adhesion of the hybrid layers and concomitant conductive connection 

on the substrate is evaluated by applying the so called “scotch-tape 

peeling” test. As the Figure 5.2.7 shows, the AgNWs non-coated with 

metal oxide “glue” are easily peeled off by the tape. This results in total 

loss of conductivity (Table 5.2.2). In contrast, AgNWs stabilized via metal 

oxide coating remain mechanically stable after peeling and maintain their 

low Rsh.  

Finally, environmental stability of the composites is tested in climate 

cabinet for 7 days at 80°C and 80% rH. Neglecting the fluctuation due to 

finite experimental precision, the sheet resistance and the transparency 

remain unchanged for both composites. 
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Table 5.2.2. Rsh of AgNW mesh and composites of AgNWs/sSnOx and AgNWs/ALD-AZO 

before and after scotch-tape peeling test. 

 Rsh [Ω/sq] 

AgNWs AgNWs/sSnOx AgNWs/ALD-AZO 

before peeling 96 8 18 

after peeling - 8 18 

 

With this broad knowledge on characteristics of composite AgNW/metal-

oxide coatings the processing of the transparent electrodes is pursued in 

the following. 

 

5.3. All-solution-processed inverted semitransparent OSCs 

The functionality of the composite AgNW/metal-oxide transparent 

electrodes is demonstrated exemplarily for the AgNWs/sSnOx system. 

Without applying any planarization step for AgNW films the use of these in 

a thin film device is restricted to that as a top electrode. In this case, the 

high surface roughness exhibited by the composites does not cause short 

circuits in the device. The semitransparent inverted OSC stack, utilizing 

the composite electrode is depicted in Figure 5.3.1.-a. The device is 

realized on the standard glass/ITO and alternatively on Indium-free 

F:SnO2 substrate. P3HT:PC60BM is used as a photo-active layer for the 

first demonstration. In order to grant the proper hole extraction and protect 

the organics from eventual damage associated with sol-gel deposition of 

SnOx, somewhat thicker films of sVOx (50  nm) and eMoO3 (80 nm) are 

used on top of the organic layer. For a better controlled wettability and 

adhesion, the AgNW layers are coated with sSnOx precursor solution 

under nitrogen environment (to promote the “envelopment” of the wires 

with the sol-gel and prevent the immobilization of the sol-gel upon 

condensation already during the coating in the air) and then air-exposed 

for precursor hydrolysis and condensation. Finally, the devices with 

composite AgNW/sSnOx electrode are compared with the opaque 

reference, comprising a thermally evaporated metallic top electrode. 
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Figure 5.3.1. Layer sequence of the studied inverted OSCs (a); photo of large-area 

device stack comprising an anode of sVOx/AgNWs/sSnOx (b); optical transmission 

spectrum (Tspecular, Ssemisphere and their superposition) of the stack illuminated from glass 

side and from AgNWs/sSnOx top contact side (c); JV characteristics of all-solution-

processed semitransparent inverted OSCs comprising sVOx/AgNWs/sSnOx anode and 

opaque reference device with sVOx/Al/Ag anode (d); JV characteristics of 

semitransparent inverted OSCs comprising eMoO3/AgNWs/sSnOx anode and opaque 

reference device with eMoO3/Al/Ag anode (e). Note, the bottom TCO for this run is ITO. 
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A photo of the complete device stack for the all-solution-processed 

semitransparent device is shown in Figure 5.3.1.-b. The optical 

transmittance of this stack in the red region starting at 650 nm accounts 

for >75% (Figure 5.3.1.-c) and is vastly independent on the illumination 

side (glass side or composite electrode side).  

The resulting device characteristics including the opaque references are 

plotted in Figure 5.3.1.-d, e for sVOx/AgNWs/sSnOx and 

eMoO3/AgNWs/sSnOx electrodes respectively and summarized in Table 

5.3.1 (incl. data for F:SnO2-based OSCs, not shown graphically). 

 

Table 5.3.1. Characteristics of see-through inverted OSCs with liquid-processed 

AgNWs/sSnOx composite top contact and opaque reference device with thermally 

evaporated metallic top contact. 

 
PCE 
[%] 

Voc 
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

ITO/sTiOx/BHJ/sVOx/Al/Ag  3.0 0.53 9.6 59 

ITO/sTiOx/BHJ/ 
sVOx/AgNWs/sSnOx 

glass side 2.2 0.52 8.1 53 

NW side 1.9 0.53 7.1 50 

ITO/sTiOx/BHJ/eMoO3/Al/Ag  3.0 0.55 9.2 59 

ITO/sTiOx/BHJ/ 
eMoO3/AgNWs/sSnOx 

glass side 2.5 0.53 8.8 52 

NW side 2.2 0.54 7.6 54 

F:SnO2/sTiOx/BHJ/ 
eMoO3/AgNWs/sSnOx 

glass side 2.4 0.53 8.8 51 

NW side 2.0 0.52 7.7 50 

 

An efficiency of 3.0% (typical for P3HT:PC60BM) is achieved for opaque 

reference devices with both sVOx and eMoO3 anode interlayers (see 

Chapter 3). The semitransparent cells with eMoO3/AgNWs/sSnOx show 

PCE of up to 2.5%. As expected, the semitransparent devices exhibit 

lower PCE, for the light is only absorbed as it passes through the BHJ 

once without being fully reflected back by the metallic mirror of the top 

electrode as in reference devices. A lower Jsc is obtained for 

semitransparent devices, if illuminated from the AgNW-side rather than 

from the glass side, as the light is scattered back on the NW-mesh.  

Further, for semitransparent devices comprising a thick VOx, especially if 

illuminated from the top electrode side, lower PCE is achieved due to 
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parasitic absorption in the VOx bulk (see Chapter 3.2), compared to 

eMoO3. The semitransparent devices with sVOx and eMoO3, however, 

demonstrate similar high FF, which hints for efficient charge collection via 

the composite electrode. Still the FF of AgNW-based devices is somewhat 

lower than the FF of the reference. To improve this, the interface 

electronics between the anodic charge extraction layer and sSnOx as well 

as the lateral distribution of NWs on the substrate may require further 

optimization. 

Despite the low Rsh of the composite electrodes, the series resistance 

through the device counts for 4 Ω cm2. That is twice as high as the one for 

opaque reference with metallic contact. This is associated with a non-

optimized energetics at the interface between the high WF metal oxide 

and sSnOx. Note that in previous reports devoted to AgNWs/PEDOT:PSS 

electrode a five-fold increase of series resistance was evidenced in 

comparison to opaque reference, which was explained by limited contact 

of the electrode to the underlying stack.[244] 

Finally, as a proof of concept, completely In-free semitransparent OSCs 

comprising the solution-processed AgNWs/sSnOx electrodes are 

fabricated on lithographically pre-patterned F:SnO2 substrates. Essentially 

the same device characteristics (Table 5.3.1), as on ITO, are obtained. 

 

5.4. Summary 

In this chapter, the realization of hybrid transparent conductive coatings of 

AgNWs/sol-gel SnOx processed at RT or AgNWs/ALD-AZO processed at 

moderate foil-friendly 100°C reactor temperature is addressed. Both metal 

oxide deposition approaches (sol-gel and ALD) have great potential for 

cost-effective device fabrication. The introduction of metal oxides to NW 

mesh results in effective fusing at wire-to-wire junction. The films 

demonstrate high average transparency (up to 87%, as referred to glass) 

and low sheet resistivity (down to 5.2 Ω/sq), outperforming commercial 

ITO in both categories. Further, due to filling of inter-wire space with these 
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moderately conductive oxides the lateral charge transport across the 

entire film area is granted. The coatings exhibit outstanding environmental 

and mechanical stability and adhesion on the substrate. Finally, the 

functionality of the hybrid coating as an electrode was successfully tested 

in all-solution-processed inverted semitransparent OSC.  
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6. Conclusions and outlook 

Large-scale and high-throughput production of organic solar cells e.g. by 

solution based deposition techniques will become a key for its successful 

commercialization. For this purpose, processing of all the layers 

(transparent electrodes, photo-active layer and charge extraction 

interlayers) in the organic device stack from solution is required. The use 

of flexible plastic substrates for the R2R device fabrication sets additional 

constraints regarding temperature range (<150°C). In this thesis, the 

solution-based deposition of transparent charge extraction interlayers and 

transparent electrodes at low processing temperatures has been 

addressed.  

At the anode side, sol-gel processing of high work-function metal oxides 

VOx and MoOx is introduced and discussed. Extremely smooth thin films 

of both metal oxides have been realized from environmentally benign 

alcoholic sol-gel solutions even at room temperature. The resulting metal-

oxides have been evidenced to exhibit an electronic structure very similar 

to that of the thermally evaporated counterparts in organic solar cells, both 

metal oxides lead to outstanding device performance comparable or better 

than that of reference devices with metal oxides prepared in costly high-

vacuum processes. Importantly, the use of these solution-based metal 

oxides allows for an efficient replacement of the commonly used 

PEDOT:PSS that causes severe reliability and lifetime issues. Using metal 

oxides, a dramatic improvement of the lifetime of the organic solar cells 

has been demonstrated.  

In the inverted device architecture, the anode interlayer must be 

processed on top of the sensitive photo-active organic film. The choice of 

proper processing conditions (solution concentration, aging) is mandatory 

to avoid the penetration of the precursor into the photo-active layer and 

deterioration of the device performance. This optimization is based on a 

variety of analytical results that evidenced a p-type doping effect of the 

organic material by the metal oxide formed from the penetrated sol-gel 
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precursor. In optimized devices, the sol-gel derived vanadium oxide on top 

of the organic layer results in device efficiencies comparable and better 

than that of the devices based on the thermally evaporated V2O5. 

At the cathode side of inverted solar cells, the lowering of the ITO work-

function by ultra-thin films of conjugated polyelectrolyte P3ImHT 

processed from alcoholic solvent was investigated. This work has been 

done in close collaboration with the group of Prof. Dr. Scherf. This 

approach is a promising and potentially more facile alternative to the more 

conventional solution-based processing of low work-function metal oxides, 

like TiOx, ZnO. The inverted organic solar cells based on the CPE-

modified ITO exhibit comparable efficiency as the devices comprising the 

titania cathode interlayer. Even though the working mechanism of CPEs is 

still a topic of research and not fully clarified yet, it has been demonstrated 

that the ultra-thin CPE builds up an interface dipole causing the reduction 

of the ITO work-function. It has been found that the absolute reduction of 

the work-function of an electrode depends on the initial work-function of 

the substrate. Only a small change of the work-function is found for 

substrates with a work-function < 4.4 eV. It is, therefore, speculated that 

the formation of an interface dipole due to charge transfer driven by the 

difference in chemical potentials of the oxide substrate and the adsorbed 

molecular ensemble is predominantly responsible for the reduction of the 

substrate work-function. 

Ultimately, entirely solution-processed semi-transparent organic solar cells 

have been prepared. To this end, liquid-processed transparent electrodes 

comprising highly conductive and transparent meshes of silver nano-wires 

glued together by moderately conductive and transparent sol-gel 

processed tin oxide have been developed. The metal oxide within the 

composite electrode provides an outstanding mechanical and 

environmental stability to the electrode and reduces the contact resistance 

on the NW interconnects. Moreover it allows making an electrical contact 

on the entire active device area.  
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As of yet, the combination of the high transparency and resulting low 

sheet resistance of AgNW/SnOx composite films, achieved in this work, 

makes it one of the best transparent conductive coatings even when 

compared to others, which have been processed at substantially higher 

temperatures (>100°C). The use of the AgNW/SnOx composite as a top 

electrode led to the realization of entirely solution-processed indium- and 

PEDOT:PSS-free inverted semitransparent efficient OSCs. 

For now, this work has hopefully made a significant contribution to the 

solution-based processing of OPV. Still, as stated above, some additional 

study should be carried out to satisfy an academic interest and render the 

deposition processes industry-ready. Especially, going from-lab-to-fab, a 

number of properties of the sol-gel oxide ink formulation, e.g. viscosity, 

solvent vapor pressure, sol reactivity, stability and dynamics of oxide 

formation, post-treatment techniques alternative to the heat must be 

investigated and adjusted to fit in the production line. A deeper 

spectroscopic study is required to understand the underlying mechanism 

of the interface dipole formation on the oxide surface due to adsorption of 

polar organic molecules in order to even more efficiently modify the work-

function at the cathodic or anodic interface, thus, creating the 

prerequisites for high efficiency devices. Considering the composite 

electrodes comprising the metal nano-wires, a planarization of the 

stochastically distributed wires is highly desired in order to realize the low-

temperature liquid-processed (transparent) bottom electrodes. Combining 

these findings with high efficiency absorbing materials has a great 

potential for OPV commercialization. 
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Appendix A. Excursus: low-bandgap PCPDTBT:PC70BM OSCs  

Aside from the liquid-processing of functional and electrode layers for OE 

devices, some additional activities within this thesis were devoted to the 

optimization of polymer:fullerene OSCs comprising a low-bandgap 

PCPDTBT (Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-

b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]) and PC70BM. Exhibiting 

an extended absorption in red spectral region, thin photo-active films of 

PCPDTBT allow for reasonably efficient OSCs that remain vastly 

transparent in the visible spectral region (Figure A.1). 

 

Figure A.1. Comparison of optical perception between P3HT:PC60BM and 

PCPDTBT:PC70BM blended films with thicknesses optimized for efficient OSCs. 

Molecular structures of corresponding BHJ moieties. 

 

In the following, the impact of the polymer molecular weight, processing 

additives, resulting morphology and the OPV stack architecture on the 

device PCE and the origin of that are discussed.  

A.1. Material specifics and effect of device architecture 

The PCPDTBT films exhibit an enhanced hole mobility and balanced 

charge transport, when blended with PC70BM.[263] However, the short 

exciton life-time and too small D/A phase domains upon thermal annealing 
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typically result in low OPV device FF.[263, 264] To improve that, additives, 

like 1,8-octanedithiol (ODT), that selectively solve the fullerene and have 

higher boiling point than the background solvent are used to prepare the 

BHJ.[265, 266] This provides additional mechanical mobility for a fullerene 

moiety and a chance to thermo-dynamically organize itself into larger 

cluster, while the polymer component has been immobilized upon 

formation of a solid phase. 

 

 

Figure A.1.1. Regular (a) and inverted (b) design of studied OSCs comprising 

PCPDTBT. 

 

In this work, the nano-morphological changes introduced by ODT as a co-

solvent are characterized indirectly, first, by analyzing the characteristics 

of regular OSC with the material stack, depicted in Figure A.1.1.-a. The 

use of sVOx and Ca at the interfaces to organics ensures the high built-in 

field and, therefore, does not limit the device performance. The high WF of 

sVOx allows for efficient hole extraction also from deep HOMO materials, 

such as PCPDTBT. For this study, an optimized blend proportion and BHJ 

thickness (see Appendix B.1 for details) is chosen. The thickness 

remains unchanged also upon addition of ODT. 

The cells comprising PCPDTBT of higher molecular weight (MW) of 

19000-26000 g/mol compared to 17000-24000 g/mol without addition of 

ODT result in more efficient devices mainly due to higher Jsc  (Figure 

A.1.2.-a and Table A.1.1). In general, the lower MW is associated with 

higher density of main-chain defects, limiting the hole mobility.[41, 42, 267] 
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For PCPDTBT with lower MW (17000-24000 g/mol), the addition of small 

portion of ODT (vol. 1.7%) to the blend solution improves the device Jsc 

and FF dramatically (PCE increase of 30%) and outperforms the blend 

comprising the higher MW polymer, as the charge carrier mobility 

improves in case of larger PCBM clusters in the BHJ.[263, 265, 268] Further 

increase of ODT fraction in the solution results in fullerene over-

aggregation, increase in bimolecular recombination [268] and deteriorated 

device characteristics.  
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Figure A.1.2. JV-characteristics of regular (a) and inverted (b) OSCs with PCPDTBT: 

PC70BM photo-active layer. The molecular weight and the amount of ODT are varied. 
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Interestingly, inverted devices exhibit the same Voc, as the regular ones, 

but much higher Jsc (Figure A.1.2.-b, Table A.1.2), which can be partially 

associated with more efficient optical intensity distribution through the thin 

film inverted device stack (to be discussed in the next Appendix A.2). The 

PCPDTBT fraction with higher MW results in the best performance.  

 

Table A.1.1. Characteristics of regular OSCs comprising PCPDTBT:PC70BM prepared 

with varied amount of ODT and for different molecular weight.  

 
PCE 
[%] 

Voc 
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

ODT 0.0% 
19.000-26.000 g/mol 

3.5 0.66 12.2 43 

ODT 0.0% 
17.000-24.000 g/mol 

3.0 0.67 10.9 41 

ODT 1.7% 
17.000-24.000 g/mol 

3.9 0.65 12.8 47 

ODT 3.3% 
17.000-24.000 g/mol 

3.2 0.63 11.7 43 

ODT 5.0% 
17.000-24.000 g/mol 

2.2 0.59 9.9 37 

 

Table A.1.2. Characteristics of inverted OSCs comprising PCPDTBT:PC70BM prepared 

with varied amount of ODT and for different molecular weight.  

 
PCE 
[%] 

Voc 
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

ODT 0.0% 
19.000-26.000 g/mol 

4.3 0.67 14.4 45 

ODT 0.0% 
17.000-24.000 g/mol 

3.7 0.66 13.4 42 

ODT 1.7% 
17.000-24.000 g/mol 

3.2 0.58 13.1 43 

ODT 3.3% 
17.000-24.000 g/mol 

3.3 0.59 13.2 43 

ODT 5.0% 
17.000-24.000 g/mol 

2.9 0.58 11.8 42 

 

The addition of even small portion of ODT deteriorates the device Voc and 

Jsc instead of improving them, as observed in case of regular device 

structure. For PCPDTBT of both higher and lower MW fractions, the 

inverted device operates better completely without ODT. The more severe 
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deterioration of the Voc in inverted devices upon addition of ODT hints for 

strongly different morphological BHJ evolution and/or vertical phase 

segregation (see Appendix A.2) for different device architectures. 

 

A.2. Origin of performance advantage in inverted stack layout 

Due to a large number of interfaces of materials exhibiting different optical 

constants in multilayered opto-electronic thin film devices, an interference 

pattern of multiply reflected light results for every wavelength in local 

variation of the intensity across the device stack. An exemplary transfer-

matrix-simulated light intensity distribution for 740 nm wavelength over the 

device stack (regular and inverted) is depicted in Figure A.2.1. The larger 

the area under the intensity (Ψ2) profile confined within the BHJ (grey 

region), the more photons can contribute to the device photo-current.  
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Figure A.2.1. Stack-depth resolved optical interference pattern for investigated regular 

and inverted OSCs at incident light wavelength of 740 nm. 

 

Comprising the different charge extraction and electrode materials in 

different order and thickness, the inverted device structure might induce 

an enhanced spatial overlap between Ψ2 maxima and photo-active layer 



Appendix A. Excursus: low-bandgap PCPDTBT:PC70BM OSCs 

111 

resulting in higher photo-current. To evaluate this, the intensity profile for 

both studied architectures for each relevant wavelength is integrated 

individually over the thickness of the photo-active layer and spectrally 

resolved in Figure A.2.2. In addition, the spectral absorption profile of the 

used BHJ (PCPDTBT:PC70BM) is demonstrated as a green dashed line 

for clarity.  
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Figure A.2.2. Spectrally resolved normalized light intensity profile integrated for every 

wavelength over the thickness of the BHJ for both regular and inverted OSCs. The green 

dashed line visualizes the absorption profile of PCPDTBT:PC70BM blend. 

 

From this plot the origin of the Jsc enhancement for inverted devices as 

compared to regular ones (fabricated using materials according to Figure 

A.1.1) becomes clear. The red-marked areas visualize the more intense 

photon flux for BHJ of inverted devices that additionally spectrally overlaps 

with rising absorption features of the BHJ.  In contrast, the regular device 

stack outperforms the inverted one significantly only in the region from 580 

to 660 nm (black-marked area); and in this region the absorption minimum 
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of the used BHJ is observed. Summarized, roughly 1 mA/cm2 more Jsc is 

calculated for the inverted device compared to the regular one. 

To optimize the light absorption in regular, but also in inverted OSCs, the 

well-known optical spacer [269-274] effect can be evaluated by using 

different interface and electrode materials in different thicknesses. For 

regular devices, the device Jsc with VOx and MoOx of varied thickness at 

the anode side along with Ca, Al and TiOx on the cathode side is 

simulated (Figure A.2.3). For inverted devices, the influence of MoOx and 

VOx at the anode side and TiOx (no metals for transparency reasons) at 

the cathode side is analyzed (Figure A.2.4). For this simulation, a pure 

photo-effect based on the ideal morphology of the BHJ is considered, i.e. 

recombination losses or Rs associated with a real device do not influence 

the simulated Jsc. 
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Figure A.2.3. Simulated Jsc of regular PCPDTBT:PC70BM OSCs comprising different 

anode and cathode interlayers in different thicknesses.  
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According to simulation results and from the optical point of view, the 

presence of anode interlayers of MoOx and VOx in regular devices (Figure 

A.2.3) in any thickness within the studied 100 nm range only reduces the 

internal quantum efficiency (IQE), i.e. number of absorbed photons that 

lead to excitation. On the cathode side, the IQE can clearly be enhanced 

by roughly 9% introducing 10 to 15 nm thick TiOx optical spacer (instead 

of e.g. Ca) previous to metal electrode (Ag) deposition.  

In a similar way, the glass/ITO adjacent cathode interlayer of TiOx leads to 

reduced IQE for any oxide thickness in inverted structure (Figure A.2.4). 

On the anode side, the IQE is slightly increased by introduction of 10 nm 

of both VOx and MoOx and is vastly independent on the intrinsic 

absorption losses in these thin-film (~10 nm) metal oxides. 
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Figure A.2.4. Simulated Jsc of inverted PCPDTBT:PC70BM OSCs comprising different 

anode and cathode interlayers in different thicknesses. For absorbing high WF metal 

oxides at the anode side, the simulated Jsc plot upon exclusion of optical losses is 

additionally dash-line depicted. 
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The higher photo-current for inverted devices and the improvement of 

regular device characteristics by addition of vol. 1.7% ODT might have a 

nano-morphological origin. 

The depth resolved elemental analysis via XPS (Figure A.2.5) reveals a 

non-uniform material distribution in the BHJ, which exhibits a capping 

layer of the polymer close to the BHJ/air interface for both blends: with 

and without ODT. Such morphology is certainly preferential for an inverted 

device, where the holes are extracted via top electrode, due to 

enhancement of hole selectivity at the anode interface. However, the 

enhancement of regular device performance upon addition of ODT cannot 

be explained by this. In contrary, the somewhat spatially more broadened 

PCPDTBT capping for ODT-modified blend is expected to deteriorate the 

electron extraction at the top electrode. Further, the origin of Voc drop for 

inverted cells upon ODT addition is not revealed by this depth profile. 
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Figure A.2.5. XPS depth profile of neat and co-solvent (ODT) modified PCPDTBT: 

PC70BM blend with initial mass ratio 1:2 (visualized by the red dashed line). The 

schematic visualization of observed vertical phase segregation is depicted to the right. 

 

Though the XPS depth profiling can access the buried morphology, the 

elemental signal remains integrated over the whole excited sample spot. 
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Thus, the information about the lateral (in general, substrate dependent) 

D/A nano-phase distribution that might shine light on the remaining 

questions is missing. For now, further 3D-tomographical analysis of nano-

morphology (e.g. via grazing incidence XRD) is required. 

 

A.3. Summary  

Having an extended absorption in red and being an attractive material for 

see-through OSCs, the low-bandgap PCPDTBT exhibits somewhat poor 

nano-morphology in terms of charge transport, when blended with a 

fullerene. The use of properly concentrated co-solvents, like ODT, allows 

typically for simultaneous increase of all device characteristics. 

Surprisingly, the inverted devices studied in this work demonstrate the 

best performance without ODT exhibiting decisively higher photo-currents 

than regular devices, best performing, if ODT-modified. The optical 

simulation of the regular device stack shows a clear improvement potential 

for light absorption by introducing the optical spacer (e.g. TiOx) previous to 

top metal deposition.  

In addition to optimized light distribution, the higher photo-current in 

inverted devices is expected to be supported via enhanced hole extraction 

at the polymer rich anode interface, as revealed by XPS depth profiling for 

both BHJs: with and without ODT.  

The influence of molecular weight is briefly addressed to underline its 

importance for device performance, as the polymer with lower MW results 

in less photo-current associated with main-chain defects. 

The origin of the severe Voc drop upon addition of even small portions of 

ODT for inverted devices (in contrast to regular ones) remains unclear, but 

is assumed to rely on lateral (probably substrate dependent) nano-

morphological D/A phase deviations and is a subject for future work. 
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Appendix B. Experimental details 

This chapter summarizes the experimental details of device processing 

and characterization, as well as the techniques of material analysis. 

Among them, somewhat less-known to a broad circle of readers, Kelvin-

probe and dynamic light scattering analysis techniques and the basics of 

sol-gel-technique for metal oxides are discussed more detailed in 

corresponding separate sub-chapters. 

 

B.1. Material processing 

The polymer:fullerene OSCs studied in this work are based on the BHJ 

concept, where the polymer and the fullerene are blended previous to 

deposition of the active layer. The active area of the devices is defined (if 

not otherwise specified) lithographically to 0.03 cm2 on commercially 

available glass/ITO substrates with sheet resistance (Rsh) of 13 Ω/sq. 

The polymer:fullerene blend of P3HT (Honeywell Chemicals Seelze) and 

PC60BM (American Dye Source) with a weight ratio 1:1 were filtered with 

PTFE 0.2 µ and spin-coated at N2 from chloroform and chlorbenzene (vol. 

ratio 1:1) solution (16 mg/ml). After subsequent annealing in N2 at 110°C 

for 8 min, the layer thickness of 200-220 nm was achieved. 

The polymer:fullerene blend of PCDTBT (Ossila) and PC70BM (Solenne 

BV) with a weight ratio of 1:4 were spin-coated in N2 from a warm (90°C) 

solution (24 mg/ml) in 1,2-dichlorbenzene using PTFE 0.2 µ filter with 

subsequent annealing in N2 at 70°C for 15 min resulting in film thickness 

of 90 nm. 

The polymer:fullerene blend of PCPDTBT (synthesized at Macromolecular 

Chemistry Department, Univ. Wuppertal) in different molecular weights 

(17000-24000 vs.19000-26000 g/mol) and PC70BM (Solenne BV) with 

weight ratio 1:2 were spin-coated in N2 from chlorbenzene solution (10 

mg/ml) containing a small portion (specified individually) of co-solvent 

additive 1,8-octanedithiol (ODT) using PTFE 0,2 µ filter. Subsequent 
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thermal annealing at 50°C for 8 min and treatment by high vacuum (10-7 

mbar) was applied for solvent evaporation. 

The PEDOT:PSS films in 25 nm thickness were prepared via spin-coating 

of an aqueous dispersion (AI 8043, H. C. Starck) and subsequent 

annealing in ambient air at 110°C for 1 h to remove water residue.  

The sol-gel vanadium oxide films (sVOx) resulted in hydrolysis and 

condensation reaction of pre-hydrolyzed (90 min stirring in humid air) spin-

coated isopropanol (anhydrous) solution of vanadium(V)oxitriisopropoxide 

(Alfa Aesar) at 1:70 vol. ratio in ambient air and at RT. For inverted 

organic solar cells, the more diluted solution (unless otherwise specified) 

of vol. 1:150 was used to prevent eventual deterioration of organic/oxide 

interface properties.  

The sol-gel molybdenum oxide films (sMoOx) were spin-casted from pre-

hydrolyzed (30 min stirring in air with 65% rH) isopropanol (0.1% of H2O) 

solution of Bis(2,4-pentanedionato)molybdenum(VI)dioxide (TCI Europe) 

at 1:150 w/v ratio. After hydrolysis and condensation at RT in ambient air 

(65% rH) for 1 h, the films were annealed in N2 at 130-150°C for 20 min to 

remove adsorbates.  

The thermally evaporated V2O5 and MoO3 films (15 nm, unless otherwise 

stated) were processed from metal oxide powders (Alfa Aesar) via an 

effusion cell equipped with boron-nitrite crucible at base pressure 10-7 

mbar and deposition rate of 0.04 nm/s.  

Sol-gel processed titanium oxide (sTiOx) films were spin-coated from pre-

hydrolyzed (30 min stirring in humid air) isopropanol (anhydrous) solution 

of titanium(IV)isopropoxide (vol. ratio 1:35), then left in ambient air for 1 h 

for hydrolysis and condensation at RT resulting in 80 nm final film 

thickness. 

Titanium dioxide films processed via Atomic Layer Deposition (ALD) on 

Beneq TFS 200 were deposited from titanium(IV)isopropoxide using H2O 

as a reaction partner at 100°C reactor temperature. The films of 20 nm 

thickness were used for device fabrication.  
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The Al:ZnO (AZO) nano-laminate was ALD-processed on Beneq TFS 200 

at 100°C reactor temperature by periodic pulsing of 50 cycles of 

diethylzinc and H2O for ZnO and 2 cycles of trimethylaluminum and H2O 

for Al2O3. 

The sol-gel tin oxide films (sSnOx) were deposited from acetylacetone 

stabilized cross-linked (stirring in humid air for 30 min) solution of Tetrakis-

(diethylamino)tin(IV) in isopropanol [199]. The film formation occurred at RT 

during hydrolysis and condensation in ambient air (60% rH) within 1 h. 

The films of conjugated polyelectrolytes based on N-

methylimidazoliniumalkyl-substituted poly(3-[6-bromohexyl]thiophene) 

(P3ImHT) having molecular weight of 10000 g/mol were spin-coated in N2 

from methanol:ethanol (vol. ratio 2.5:1) solution (0.0143 mg/ml) and 

subsequently dried at 100°C for 5 min in N2. 

The metallic electrodes (100 nm final thickness) were thermally 

evaporated at base pressure 10-7 mbar using a shadow mask and 

deposition rates of 0.2 nm/s using tungsten boats for silver and alumina 

coated tungsten boats for aluminum.  

The conductive films of silver nano-wires (AgNWs) were spin-coated 

(unless otherwise specified) in ambient air from a well-shaked 

commercially available AgNW-dispersion (BlueNano) in isopropanol with 

final concentration of 5 mg/ml and subsequently dried at 50°C for 1 min for 

solvent removal.  

For stability evaluation of layers comprising AgNWs, samples were stored 

in climate chamber at specifically defined temperature and rH. 

For In-free devices commercially available F:SnO2 substrates (Sigma 

Aldrich) with sheet resistance of 13 Ω/sq were used. The active device 

area was defined lithographically (0.018 cm2). 

 

B.2. Measurements and simulation 

The characterization of solar cells occurred in ambient air using a source-

meter (Keithley 2400-C) and a solar simulator (Newport, 300 W, AM1.5G, 
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100 mW/cm2). A reference crystalline Si shunted photo-diode was used for 

power density calibration.   

The atomic force microscopy (AFM) measurements were carried out in 

tapping mode on Veeco Atomic Force Microscope at the Institute of 

Macromolecular Chemistry (Univ. Wuppertal). 

The Scanning Electron Microscopy (SEM) measurements were carried out 

in high resolution mode in a Philips XL30S FEG with field emission 

cathode. For electron beam induced potential contrast (EBIP) imaging of 

surface-confined nano-structures, a Monte-Carlo electron-flight simulation 

was carried out to predict the correlation between the primary electron 

beam energy and the depth of electron-sample interaction.  

The film surface potential was measured using a Kelvin Probe (KP) 

system from McAllister KP6500 under controlled atmosphere (vacuum, air, 

N2 etc.). The work function was estimated from contact potential difference 

using the reference sample of highly ordered pyrolytic graphite (HOPG) 

with known and air-stable work-function of 4.5 eV. For measurement 

principals see Appendix B.4. 

The film thickness was controlled via a Stylus profilometer (Bruker, 

Dektak). 

The film morphology was studied via X-ray Diffraction (XRD) on X’Pert Pro 

MPD diffractometer with a molybdenum x-ray emitter using θ-2θ angle 

setup. 

For optical absorption and transmission measurements on metal oxides 

(unless otherwise specified) the solar simulator as a light source and the 

Spectrometer (Ocean Optics HR4000CG-UV-NIR) with an optical fiber as 

detector were used. The optical absorption coefficients were derived from 

transmission measurements using the uncovered substrate (glass or 

glass/ITO) as reference. The reflection losses at the first interface with 

ambient air were taken into account by considering the refractive index of 

characterized material. 
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The optical measurements on samples comprising the silver nano-wires a 

white deuterium halogen lamp (DH-2000-BAL, Ocean Optics, 1 mW/cm2) 

as a light source and a fiber spectrometer (USB 2000+XR1-ES, 186 – 

1041 nm) as detector were used. An average of several measurements at 

different sample area points was derived. The specular transmission was 

measured in an angle of 0° (see Figure B.2.1). As a reference, the signal 

on the detector without the scattering sample has been used. The 

scattered transmission spectra were captured at angles of 22.5°, 45° and 

67.5° (see Figure B.2.1). The referencing of the scattered spectra (unlike 

for the specular transmission spectra) is impossible by simply capturing 

the spectrum without the scattering sample. For this purpose, the ratio 

between the diffusive (specular and scattered, Si-detector close to the 

sample) transmitted intensity of HeNe-laser (4 mW, dia. 2 mm, 632.8 nm) 

and specular (detector at a distance of 75 cm to the sample along the 

laser beam to exclude the non-collimated scattered light) transmission 

was determined. Taking into account that the scattered spectra are almost 

independent on scattering angle, this ratio was used to calibrate the 

scattering spectra with respect to the specular transmittance. The specular 

reflectance spectra were determined using the beam splitter. 

  

 

Figure B.2.1. Schematic optical transmission measurement setup for stark scattering 

samples (e.g. comprising nano-wires). 
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The electrical conductivities of metal oxides was measured using pre-

patterned inter-digidated ITO/Au electrode structure with the channel 

geometry 10 mm x 2.5 µm (width, effective length). The specific electrical 

conductivity was estimated taking the geometry of the channel into 

account.  

For conductivity measurements on macroscopically conductive AZO films 

and silver nanowire hybrid layers the four-point-probe method was used. 

For better contact, a small drop of silver conductive paste was deposited 

at the sample corners.  

The size of pre-formed molecular clusters in metal-organic precursor 

solutions was determined via dynamic light scattering (DLS) heterodyne 

technique in 180° on Nanotrac Wave (Microtrac Europe GmbH) using a 

780 nm excitation laser. For the model calculations, a spherical particle 

shape and viscosity and dielectric constant values of the solvent 

(isopropanol) for strongly diluted precursor solutions were assumed. For 

measurement principals see Appendix B.5. 

The XPS measurements for metal oxides were performed on ESCALAB 5, 

VG Scientific with photoelectron take off normal to the sample surface and 

at constant analyzer energy mode with pass energy of 20 eV at base 

pressure of 10-8 mbar. Excitation occurred via non-monochromatized Mg 

K-Kα radiation (1253.6 eV) with an input power of 200 W. The Al Kα line 

(1486.6 eV) was also used. The evaluation of XPS spectra was carried out 

using background subtraction according to Shirley [275] and a peak 

deconvolution with least-squares fit [276]. The peak area was weighted with 

respective photoionization cross-sections by Scofield [277]. 

For XPS depth profiling, the sputter ion (Ar) source with power density of 

75 mW/cm2 at the base pressure of 10-5 mbar was used without vacuum 

break. The resulting sputter rate was estimated to 0.5 nm/min for organic 

layers and 1.4 nm/min for metal oxide. The large sputter crater of 20 mm 

ensured the homogeneous removal of metal oxide. 
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To study the electronic structure of metal oxides, Ultraviolet Photoelectron 

Spectroscopy (UPS) and Inverse Photoemission Spectroscopy (IPES) 

techniques were used in collaboration with Surface/Interface Science Lab 

(Univ. Princeton). For UPS with experimental resolution of 0.15 eV, the 

discharge radiation lines of He I (21.22 eV) and He II (40.8 eV) were used. 

IPES was performed in isochromatic mode with resolution of 0.45 eV. 

The photoluminescence (PL) on P3HT was carried out for diluted solutions 

of organics in chlorbenzene on Cary Eclipse (Varian). The optical 

excitation was performed at 470 nm to avoid the parasitic excitation of the 

solvent. 

To control the change in molecular structure of polymers, a Nuclear 

Magnetic Resonance (NMR) technique at Avance III 600 MHz (Bruker) 

setup was used. The measurements were performed at temperature of 

300 K. The polymer was referenced to dichlorobenzene-d.  

The viscosity of metal-organic precursor solution was measured with 

Anton Paar Physica MCR101 rheometer. 

The optical constants (refracting index, extinction coefficient) of the 

materials were measured via ellipsometer (BASE-160). The films of 

investigated materials were deposited on Si substrates with native oxide. 

For the calculation of the constants from reflection signals a three-layer-

model was applied.  

To evaluate the influence of optical spacers (metal oxides) on the 

distribution of the interfered light within the stack of the OSCs for a given 

thin film material system the optical stack modelling based on transfer 

matrix formalism [28, 278, 279] was carried out with help of SETFOS 3.2 

simulation software. The estimated n and k for each layer were used as 

boundary condition for modelling. For the prediction of short circuit current 

through the device for illumination at a given wavelength the ohmic losses 

at the stack interfaces and within the polymer:fullerene junction were 

neglected. 
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The oxygen plasma treatment of metal oxides was performed via RF 

magnetron discharge at 0.05 mbar background pressure and power 

density of 318 mW/cm2.  

The scotch-tape peeling test is applied to evaluate mechanical stability 

and adhesion on substrate of hybrid coatings of silver nano-wires and 

metal oxides. The tape is 15 mm wide and is peeled completely off during 

2-3 s in 90° angle to sample surface.  

 

B.3. Sol-gel technique 

In this work, for the liquid-processing of metal oxides the sol-gel technique 

is used. Therefore, a general introduction into simplified process chain 

might be useful for the reader. The metal-organic precursor is first diluted 

with alcoholic solvent. With controlled addition of small portions of water 

(e.g. by stirring in humid air) a partial hydrolysis with detaching the 

alcoholic molecules occurs (Equation B.3.1). 

M(OR)n + H2O → M(OR)n-1OH + ROH    (B.3.1) 

In the next step, the partially hydrolyzed molecules run condensation on 

contact to each other with detaching the water, according to Equation 

B.3.2. The reaction between partially hydrolyzed and non-hydrolyzed 

precursor molecules with detaching of alcohol is also possible. 

M(RO)mOH + M(RO)mOH → M(RO)m-O-M(RO)m + H2O (B.3.2) 

Following this principal, more complex oligomers (oxo-cluster or sol 

particles) are formed reaching the nm-scale in size. The so called cross-

linking to a gel of (in general) higher viscosity within a solution is 

established. After film deposition, further condensation via remaining non-

reacted alcoholic groups occurs, accompanied by detaching water, alcohol 

and solvent evaporation. A densified amorphous metal oxide matrix is 

formed. 
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B.4. Kelvin-probe analysis 

Kelvin-probe (KP) technique allows for capacitive measurement of the 

contact potential difference (CPD), which is induced by charge transfer 

and Fermi-level alignment between the grounded sample and also 

grounded cylindrical metallic probe head. In this equilibrium, the sample 

and the probe are continuously oppositely charged.  

To make the measurement of the CPD technically possible, the probe is 

now mechanically oscillating orthogonal to investigated sample surface 

with constant frequency and amplitude. In such a capacitive structure this 

oscillation induces a sin-formed current, which flows as long as the 

sample and the probe are charged.  

Applying the external voltage bias to the capacitive structure distorts the 

equilibrium alignment of the Fermi-levels of the sample and the probe, 

resulting in less charging of the structure and associated lower induced 

current. By varying the external bias, the voltage value is found, for which 

the charging is compensated and no current flows. This value is the 

wanted CPD between the sample and the probe surface. Carrying out the 

CPD measurement on the reference sample with known WF, the WF of 

the unknown sample can be easily calculated. 

 

B.5. Dynamic light scattering 

Dynamic light scattering (DLS) is a technique for determination of particle 

size within a solution / dispersion. A laser-beam of known wavelength 

(frequency) is coupled into the cuvette with a sample formulation and 

reflected towards the detector by differently sized particles populating the 

sample. As the particles obey the continuous thermally driven Brown 

motion, the frequency of reflected light is modified by the velocity of 

particles according to Doppler effect. In its turn, the particle motion velocity 

within the sample of known temperature and viscosity is coupled to the 

size of the particle. 
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Applying Fourier-Transform to the detector signal gives the power 

spectrum. In this spectrum each frequency is associated with particle size 

(according to Stokes-Einstein relation) and the signal power at that 

frequency corresponds with number of the particles of this size in a 

sample. 

 


