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ABSTRACT 

 
Using the ultrafast photoinduced electron transfer with long-living charge separation 

in the conjugated polymer/fullerene thin films, photovoltaic devices have been fabricated. 
The photoinduced charge separation happens with internal quantum efficiency near unity. 
The performance of such "bulk heterojunction" photovoltaic devices is critically 
dependent on the transport properties of the interpenetrating network. The influence of  
the variation of different donor / acceptor materials on the sample morphology is 
monitored by atomic force microscopy (AFM), while I/V characteristics have been 
studied to evaluate the conversion efficiency.  
 
 
INTRODUCTION 
 

The technological advantages for the fabrication of polymer based organic solar 
cells, like roll to roll production of large areas, may lead to a possible reduction of the 
production costs. The mechanical flexibility as well as the tunability of the bandgap offer 
interesting perspectives of polymer based solar cells as compared to solar cells based on 
inorganic materials. Because of these advantages, the development of polymer solar cells 
would have a major impact, even if the efficiencies of these types of photovoltaic devices 
up to now are smaller than the efficiencies achieved in inorganic solar cells.    

Conjugated polymers such as derivatives of poly(para-phenylenevinylenes), or 
polythiophenes exhibit an ultrafast photoinduced electron transfer to C60 with forward 
transfer faster than 200 femtoseconds in the solid state [1, 2]. Thus, the quantum yield of 
the charge separation in such D/A blends is near unity. The charge separated state, 
however, is metastable at low temperatures. This photophysical process, resembling the 
primary steps of photosynthesis, has been utilized to fabricate solar cells [3, 4, 5]. Studies 
of conjugated polymer/fullerene photovoltaic devices showed that the energy conversion 
efficiency is limited by the collection of the charges at the electrodes [6]. 



 While the excellent photovoltaic response of alkoxy-PPVs with different 
fullerene-based acceptors has been shown, the class of substituted polythiophenes is 
known to show a higher tendency of phase separation with fullerenes [7]. It is therefore 
interesting, to compare these two different classes of conjugated polymers with respect to 
their photovoltaic behavior in composites with fullerenes. The influence of the different 
acceptors on the morphology of the interpenetrating network is investigated separately for 
various substituted fullerenes.  
 
 
EXPERIMENTAL 
 
The active area of the devices investigated was 4 times 4 cm2 on substrates with 6 cm by 
6 cm. First the PEDOT-PSS (poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(Baytron – Bayer AG) was spin coated (thickness approximately 100 nm) on transparent 
ITO (indium tin oxide) -coated polyester substrates (surface resistance of 55 ohm/square). 
P3OT cells were prepared by spin coating from ~1 wt.% xylene solutions on the top of 
PEDOT-PSS layer. Photovoltaic devices containing MDMO-PPV as electron donor were 
produced by doctorblading ~ 0.3% toluene solutions on top of PEDOT. The enhanced 
solubility of PCBM [8] compared to C60 allows a high fullerene / conjugated polymer 
ratio in donor - acceptor bulk heterojunctions. After an additional drying step the 
aluminum top electrode was deposited by vacuum evaporation. The thickness of the 
polymer/fullerene layers was typically in the range of 150 nm. 
        All cells were produced under ambient room conditions. No actions were taken to 
remove possibly adsorbed oxygen from the cells. A defocused Ar+ laser beam at 488 nm 
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Figure 1: Chemical structure of MDMO-PPV, C60, PCBM and P3OT.  
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Figure 2: AFM pictures of MDMO-PPV / C60 (1:2 wt. ratio – left picture, 50 µm by 50 
µm scale), MDMO-PPV / PCBM multiadduct (1:3 wt. ratio – middle picture, 10 µm by 
10 µm scale) MDMO-PPV / PCBM monoadduct (1:3 wt. ratio – right picture, 10 µm 
by 10 µm scale). 



provided monochromatic illumination. Light intensities were measured by a calibrated Si 
Photodiode. A Keithley SMU 2400 Source Meter was used to record the I/V curves by 
illuminating the cells through the ITO side, typically by averaging 80 - 200 
measurements for one point. White light measurements were performed with excitation 
of 6 mW/cm2 from a luminescence tube.  
Generally, AFM pictures were taken directly from the devices after the I/V 
measurements. 
 
 
RESULTS AND DISCUSSION 
 
 

Figure 2 shows AFM pictures of solar cells made from solutions of MDMO-
PPV with PCBM monoadduct (right), PCBM multiadduct (middle) and C60 (left). The 
most homogenous surface is observed for the MDMO-PPV / PCBM multiadduct device. 
Contrary to the single isomer PCBM monoadduct, the multiadduct consists of a mixture 
of many isomers of mainly bos-methanofullerenes, ensuring high solubility and 
miscibility compared to C60 or PCBM monoadduct. PCBM monoadduct again gives a 
rather homogeneous film surface, however, not as smooth as with PCBM multiadduct. 
This increasing roughness for MDMO-PPV / PCBM monoadduct  might be related to the 
higher tendency of the monoadduct to crystallize compared to the multiadduct. In the 
case of MDMO-PPV/ C60 particles on a µm scale can be observed. As all solutions were 
filtered by 0.2 µm syringe filters before casting, these large particles must have formed 
during the drying process of the films and are consequently assigned to C60 crystals. 
Although the films thickness is in the range of ~ 100nm and the microcrystals are in the 
range of µm, no pin holes were detected on the surface of the films. 
In Fig. 3, the photovoltaic properties devices made from blends of PPV with the three 
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Figure 3: Current – Voltage curves of MDMO-PPV photovoltaic devices containing 
different fullerene derivatives: PCBM monoadduct (open squares), PCBM multiadduct 
(solid line) and C60 (small open circles). 
 



different fullerenes are recorded under illumination with 6 mW/cm² white light from a 
luminescence tube. The highest short-circuit current is observed when PCBM 
monoadduct is used as electron acceptor (|Isc| =  280 µA/cm²). PCBM multiadduct 
devices show the lowest short circuit current (|Isc| = 50 µA/cm²) while devices using C60 
as electron acceptor yield a short circuit current in between (|Isc | = 145 µA/cm²). 
As a second polymer P3OT was investigated for the interplay between the quality of the 
interpenetrating network with the photovoltaic efficiency. Figure 4 illustrates an AFM 
comparison of P3OT/C60 and P3OT/PCBM composite films. P3OT/C60 composite films 
show rather homogeneous, but rough films in the sub-µm scale. In contrast, the 
P3OT/PCBM blend films show strong phase separation on a horizontal scale of several 
µm. Evidence of pinholes with depths of ~30 nm is also seen in the P3OT/PCBM films. 
The I/V characteristics for photovoltaic devices produced from these two composites are 
shown in Figure 5 together with the I/V behavior of a MDMO-PPV/PCBM device as 
reference. Comparable values were observed for MDMO-PPV/ PCBM and P3OT/ C60 
flexible large area plastic solar cells (IPCE ~20% under an argon laser at 488 nm with 10 
mW/cm2, Isc ~ 800 µA/cm2).  
The Isc of the P3OT/PCBM devices is almost a factor of two smaller than the devices 
mentioned above. The typical Voc values for our devices on flexible ITO covered 
polyester substrates are around 700 mV, which can not be explained by a simple metal-
insulator-metal (MIM) tunneldiode picture. The work function difference of the two 
electrodes (Al = 4.3 eV; ITO = 4.7 eV) is expected to yield Voc ~ 0.4 in the MIM picture 
[9]. Furthermore, for different work functions of the anode material (Ca, Au), comparable 
Voc values were observed in our devices. The formation of space charge layers at the 
electrode/polymer interface may lead to local potentials influencing the open circuit 
potential. Capacitance measurements are in progress to investigate the nature of the 
inorganic/organic interfaces in interpenetrating network solar cells.  

 The overall energy conversion efficiency, ηe, for the P3OT/C60 as well as for 
the MDMO-PPV/PCBM flexible plastic solar cells was calculated to be approximately 
1.5% under monochromatic illumination with (488 nm). 
       The photovoltaic external quantum efficiency (charge carrier per incident photon) or 
the spectrally resolved incident photon to converted electron efficiency IPCE (ηc) is 

Figure 4: AFM comparison of P3OT/C60 (1:1 weight ratio, left picture) and  
P3OT/PCBM monoadduct (1:2 weight ratio, right picture) composite films. 
 



calculated from the spectrally resolved short-circuit current,  
 

 ηc[%]= 1240/λ[nm] *Isc[µA/cm2]/Iinc[W/m2]   
 
where Iinc is the intensity of the incident light. The maximum value of the electron to 
photon conversion efficiency of an MDMO-PPV/PCBM solar cell is found to be app. 
20% at 488 nm, which is comparable to the earlier reports [6, 10].  
 
 
CONCLUSION 
 
Photovoltaic devices fabricated from various blends of MDMO-PPV or P3OT as donors 
and [60]fullerenes or methanofullerenes (PCBM) as acceptors, show open circuit voltages 
up to 700 mV as well as short circuit currents up to 1 mA/cm2. Partial crystallization, 
demixing and /or phase separation of the interpenetrating network on the film surface was 
observed by AFM spectroscopy for some donor / acceptor combinations. We have shown 
that low cost large area flexible plastic solar cells from P3OT sensitized with C60 can be 
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fabricated, which are equally efficient and ‘reliable’ as the MDMO-PPV/PCBM large 
area flexible plastic solar cell. Under 10 mW/cm2 monochromatic light at 488 nm the 
overall energy conversion efficiency, ηe, of a P3OT/C60 flexible plastic solar cell 
presented here is calculated to be around 1.5 % with a FF = 0,3 and an IPCE of nearly 
20%.  
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