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1 Introduction 

 

Within the last decade polymer solar cells – as part of organic electronics – have undergone a 

tremendous development in terms of understanding principal device function and power 

conversion efficiency. By surpassing certified efficiencies of 5% within the last three years, 

the polymer solar cell concept has reached application levels and is on the way to 

commercialization. However, today there is still a need for improved understanding of the 

fundamental physics behind and its influence on further improved device performance. 

 

A powerful method to investigate internal electrical properties of organic semiconductor thin 

film devices is impedance spectroscopy. Among the main advantages of this technique is that 

it is non-invasive, non-destructive and that the frequency and hence the timescale on which 

the physical processes of charge transport and recombination is observed can be varied over 

several orders of magnitude. From impedance data various important device and material 

parameters such as its capacitance and conductance, the width of a space charge region, 

charge carrier density, charge carrier mobility and dielectric constants can be determined. It is 

well established that e.g. the charge carrier mobility [1,2] and trapping/detrapping processes 

[3] influence on impedance spectra. All of these parameters are usually obtained by fitting the 

experimental data to model equivalent circuits. 

 

Another feature still under discussion is the phenomenon of a negative capacitance. This 

negative capacitance was found to dominate the low frequency regime under bipolar injection 

in organic semiconductor thin film devices. Eitan Ehrenfreund et al. have recently introduced 

an analytical model describing negative capacitance in organic semiconductor devices [4], by 

attributing this phenomenon to electron-hole recombination. 

 

The main purpose of this scientific collaboration was to improve the understanding of 

negative capacitance in polymer-fullerene bulk heterojunction solar cells by analyzing the 

influence of different parameters, among which the film thickness, the work function of the 

electron extracting electrode, the operating temperature, and finally a replacement of the 

active layer by an insulator. 

 

Especially the charge recombination process needed to be shed more light at: does the 

occurrence of negative capacitance requires the injection of charge carriers at specific energy 
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levels into HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied 

molecular orbital)– controlled by the work function of the electrodes, or rather are the 

energetics and place of charge recombination of minor importance and only the presence of 

recombination inside the polymer thin film controls negative capacitance? In previous 

measurements we could indentify that with increasing work function on the cathode side, the 

effect of negative capacitance was increased. However, this was accompanied by generally 

larger currents and a loss of diode behaviour. These data suggested either the negative 

capacitance to depend mainly on the overall current passed through the device or indeed the 

control of energy level dependent injection.  
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2 Experimental 

 
2.1 Device Preparation 

 

Organic semiconductor thin film devices studied herein were prepared in sandwich geometry 

(see Figure 1). Substrates for these devices are 1.5 x 1.5 cm large glass sheets covered with 

Indium-Tin-Oxide (ITO, purchased from Merck,KGa Darmstadt). To ensure secure 

connection of the metal top electrode without the risk of punching through the metal layer and 

shortcut to the ITO, part of the ITO was removed by chemical wet etching. This was done by 

exposing the surface to a strong acid (HCl conc : HNO3 conc: H2O = 4.6 : 0.4 : 5) for 20 

minutes. To protect the part of the substrate from acid where the ITO-layer should remain, it 

was coated with a sticky tape. For thorough cleaning substrates subsequently underwent 20 

minutes in acetone and isopropanol supersonic bath. After drying, the substrates were either 

covered first with PEDOT:PSS and/or directly with the organic semiconductor layer by spin 

coating, depending on the desired device structure. 

 

Glas - substrat

Indiumtinoxid (ITO) - electrode

PEDOT:PSS - interlayer

Polymer/Fulleren - active layer
LiF - interlayer
Metal - electrode

Glas - sealing

 
Figure 1: Common design for an organic solar cell. 
 

Active layers were prepared from regio-regular poly(3-hexylthiophene-2,5-diyl) (P3HT, 

purchased from Rieke Metals, Inc.) and (1-(3-methoxycarbonyl)propyl-1-phenyl [6,6]C 61) 

(PCBM, purchased from Solenne) in different mixing ratios either by spin coating from a 

solution in chlorobenzene (CB) or by doctor blading from a solution in chloroform (CF), in 

order to achieve different film thicknesses. For the extreme case of an insulting polymer layer, 

polystyrene (PS) was spin cast from toluene solution as replacement for P3HT:PCBM. 

 

Top electrodes were deposited by thermal sublimation through a shadow mask in a vacuum 

better than 5x10-6 mbar. Tungsten boats were used as source. Last but not least, all samples 
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were heat treated at 120°C for 5 minutes in order to reach better diode and solar cell 

performance. 

 

 

2.2 Experimental Methods 

 

After device preparation the I-V-characteristics (or DC-behavior) of all organic solar cells 

were determined by a Keithley 2400 sourcemeter, in order to allow selection of the best cells 

for further investigation. 

Impedance spectroscopy was carried out with a “Novocontrol Technologies Alpha-A High 

Performance Frequency Analyzer” (range: 3 µHz till 20 MHz) under dark conditions and 

different forward biases. In order to carry out temperature dependent impedance spectroscopy 

test devices were placed into an Oxford Instruments cryostat and cooled down with liquid 

nitrogen. An accessible temperature range from 77 K to 280 K was obtained for the 

capacitance measurements. Taking into account both, working as close to equilibrium as 

possible and reaching a good signal to noise ratio an AC signal amplitude of 20 mV was 

chosen. 

 

 

3 Results 

 

In the following a brief description of the main results is given. The results for temperature 

dependent measurements and the dependency on active layer thickness is shown in the report 

of Roland Rösch, while here I will focus on the influence of electrode work function and 

replacement of the active layer by an insulator. 

 

3.1 Cathode work function dependence of negative capacitance 

 
To investigate NC-dependence of work function of top electrode material, we prepared 

BHSCs described in chapter 2.1 by using Gold and Gold/LiF as top electrode material. The 

choice of these two electrodes should help directly to discriminate on the influence of charge 

injection levels. Figure 2 and Figure 3 show dark I-V-characteristics and frequency response 

of capacitance respectively. 
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Figure 2: Dark I-V-characteristics of BHSC with Au or Au/LiF top electrode. 
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Figure 3: Frequency response of capacitance for BHSC for Au or Au/LiF top electrode for two different 
forward biases. 
 

From the IV-characteristics we observed only a minor influence of the insertion of LiF 

between the active layer and the gold electrode – the forward currents deviate from each other 

slightly within the 0.2-1.4 Volts range. However, for larger forward currents the curves 

coincide again and the resulting negative capacitances appear to be very similar for 1 and 2 

Volts forward bias. Therefore the main controlling factor seems to be the forward dc-current. 
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3.2 Replacement of active layer 

 
In order to further investigate the effect of the kind of charge carrier recombination on 

negative capacitance, we replaced the active layer (P3HT/PCBM) by Polystyrene (PS). The 

resulting sample structure is ITO/PS(140 nm)/Al – a simple MIM-type of a device. Figure 4 

shows its dark I-V-characteristics. It is clearly visible that there is no diode behaviour 

anymore but the device behaves as a simple resistor (16 kΩ). 

-2 -1 0 1 2
10-7

10-6

10-5

10-4

 

 

cu
rr

en
t i

n 
A

voltage in V

 
Figure 4: Dark I-V-characteristics for Polystyrene. 
 

Surprisingly this sample shows negative capacitance as well (compare Figure 5). But this 

device shows negative capacitance in forward and reverse bias, in contrast to the bulk 

heterojunction solar cells, which never showed negative capacitance in reverse bias. It should 

ne noted here, that with a parallel resistance of 16kΩ and an inductance of the wires of only 

0.5 µH no negative capacitance due to them is expected [5]. 
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Figure 5: Frequency response of capacitance for ITO/PS/Al for different forward biases. 
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4 Future collaboration and projected publications 

 

In agreement with Prof. Sariciftci in Linz, we plan to continue our collaboration also in the 

future based on a project application to a national Austrian funding agency. In the mean time 

the publication of one or two papers in projected. All of the collected data from the visit shall 

enter a larger overview and we may publish in addition some minor aspects separately, for 

example the temperature dependency of the negative capacitance within the solar cell devices.  
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