‘Bull. Chem. Soc. Ethiop. 2000, 14(1), 57-68. ISSN 1011-3294
Printed in Ethiopia ® 2000 Chemical Society of Ethiopia

PHOTOVOLTAIC PROPERTIES OF CONJUGATED POLYMER/FULLERENE
COMPOSITES ON LARGE AREA FLEXIBLE SUBSTRATES

Desta Gebeyehu'", F. Padinger’, T. Fromherz’, J.C. Hummelen’, and N.S. Sariciftci'

'Christian Doppier Laboratory for Plastic Solar Cells, Physical Chemistry, Johannes, Kepler
University of Linz, Altenbergerstr, 69, A-4040 Linz, Austria; ’Quantum Solar Energy Linz,
A-4040 Linz, Austria; ‘Stratingh Institute & Material Science Center, University of
Groningen, Nijenborgh, 4, 9747 AG Groningen, The Netherlands

(Received June 10, 1999; revised December 31, 1999)

ABSTRACT. In this paper we present measurements of the photevoltaic response of bulk
donor-acceptor heterojunction between the conjugated polymer; poly(3-octylthiophene), P30T,
\as a donor, D) and fullerene (methanofullerene), (as acceptor, A), deposited between indium tin
oxide and aluminum electrodes. The innovation involves the substrate, which is a polymer foil
instead of glass. These devices are based on ultrafast, reversible, metastable photoinduced
electron transfer and charge separation. We also present the efficiency and stability studies on
large area (6 cm x 6 cm) flexible plastic solar cells with monochromatic energy conversion
efficiency (ne) of about 1.5% and carrier collection efficiency of nearly 20%. Further more, we
have investigated the surface network morphology of these films layers by atomic force
microscope (AFM). The development of solar cells based on composites of organic conjugated
semi-conducting polymers with fullerene derivatives can provide a new method in the
exploitation of solar energy.

| INTRODUCTION

The ability to dope conjugated polymers over the full range from insulating to conducting
behavior resulted in fundamental research in this class of materials that combine the electronic
and optical properties of semiconductors and metals with attractive mechanical properties as
well as processing properties of polymers [1-4]. In this context solubility of processible films
of conjugated polymers is the most crucial parameter since many methods to produced a well
defined sample layer rely on solution processes (drop, spin and dip casting). Polymeric
materials have technological advantages over conventional inorganic materials in the
reduction of production costs by large scale production, the possibility to produce large area
flexible devices and the tunability of the electronic bandgap by chemical synthesis. These
properties represent major advances in the design of electronic devices.

‘Applications involving conjugated polymers include light emitting diodes, thin film
transistors, sensors, and photovoliaic devices. In photovoltaic effect, electrons and holes are
produced and are collected at the electrodes that sandwich the semiconductor. Uniike in
inorganic semiconductors where free e/h” pairs are produced directly by light absorption, in
‘organic semiconductors bound e/h” pairs (excitons) are created by irradiation. This exciton is
Jonized into an electron and hole by internal electric field or by applied potentials. It requires
a proper choice of acceptors and donors to facilitate quick dissociation and fast collection of
the charge carriers, which determine the efficiencies. Photoelectric energy conversion
efficiencies for different organic solar cells, including small molecules as well as polymeric
cells, are typically in the range of 1% [5-7]. The recently discovered photoinduced electron
‘transfer in solutions and in solid state composites of semi-conducting, conjugated polymers







Photovoltaic properties of conjugated polymer/fullerene composites 59

In this study, we investigated polymeric devices based on the following composites:
T/C,, (1:1 weight ratio), P30T/(6,6)PCBM monoadduct or multiadduct (1:2 weight ratio),
ch is-a derivative of C,; with improved solubility in xylene solutions at room conditions.
with fullerene and fullerene derivatives were characterized by I/'V measurements
white light and monochromatic light as well as by wavelength dependent photocurrent
urements. From these data power efficiencies were calculated and compared to carrier
ion efficiencies (incident photon to converted electron, IPCE). In the present study we
also shown the results of stability and controlled degradation experiments performed
ith the actual mixture used in plastic solar cells.

EXPERIMENTAL

The device configuration and device preparation for polymer photovoltaic cells (and
photodetectors) were described in [9,11,6]. The photovoltaic devices produced here are
composed of four layers as shown in Figure 1. 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 with typical areas of 6 ¢cm by 6 cm (surface resistance of 55 ohm/square). PEDOT
is supporied to prevent aggregation or separation between the two components of solar cell
‘composite at these mixing ratios, which may lead to short contacts in our devices. After that
the active bulk heterojunction layer was prepared by spin coating films of the composites:
P30T/C,, (1:1 weight ratio), P3OT/(6,6)PCBM monoadduct or multiadduct (1:2 weight ratio)
won the top of PEDOT-PSS layer. The P30T was supplied from Neste. The preparation and
icharacterization of PCBM, which is a derivative of C,, with improved solubility, is described
in [22]. The PCBM multiadduct is a mixture of mono, bis, and tris adducts on the fullerene.
‘Afteran additional drying step the low work function transparent aluminum top electrode was
udeposited by vacuum evaporation (~ 3x10™ mbar ).

Cells have been produced under ambient conditions. No actions were taken to remove the
residual oxygen from the cells, which maybe adsorbed on the surface during the production
process. The degradation process was monitored by continucus I/V sweeps under ambient
«conditions.

To retard the degradation process of plastic solar cells, two attempts for the protection
(have been made. One of the attempts was lamination of the solar cells into special lamination
foils. The lamination occurs inside the glove box to avoid oxygen inclusion inside the
laminated solar cell. The lamination foils were glued to the cell by heat treatment and
‘measured under ambient conditions. Another attempt was sealing with varnish inside a glove
box under nitrogen flow.

A defocused Ar™ laser beam at 488 nm provided the illumination and a calibrated Si
Photodiode was utilized to measure light intensities. A Keithley SMU 2400 Source Meter was
used for recording I/V curves when illuminating the cells through the ITO side, typically by
averaging 80 measurements for gne point. Optical absorption was obtained with a Hitachi
spectrophotometer. Photocurrent excitation profiles were measured using a xenon arc lamp,
spectrally resolved by a monochromator, at intensity of 1 mW/cm’ at each wavelength in the
range of between 400 nm and 700 nm.
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The calculation of overall energy conversion efficiency, 1, has been performed using the

.= (V, [VI*] [AlemT*FF)/P,, [W/em’] 1)

under different intensities, where V,, I, FF and P, _are the open circuit potential, short circuit
current, filling factor and incident light power, respectively. We determine the value of the fill
factor of the device, FF, by calculating of the maximum power rectangular area under the IV
eurve in the 4th quadrant. Therefore, the filling factor is calculated by

BF=(V_ *L Y (V *L) 2

where V__ and I, are maximum voltage and current of the intersection of the I/V curve with
the maximum power rectangle, respectively. The photovoltaic external quantum efficiency
(charge carrier per incident photon) or the spectrally resolved incident photon to electron
converted efficiency IPCE (n ) is calculated from the spectrally resolved short=circuit current
31

1.[%] = 1240/A[nm] *Isc{pA/cm’)/1, [W/m'] 3
where I_ is the intensity of the incident light.

Figure 2 illustrates the I/V characteristics comparison of (a) ITO/PEDOT/P30T:C,/Al (b)
ITO/PEDOT/P30T:PCBM monoadduct/Al and (c) ITO/PEDOT/P3OT:PCBM multiadduct/Al
flexible large area plastic solar cells in a linear as well as in a logarithmic scale. We obtained
comparably high values of the open circuit voltages for the devices made from P30T/C; and
P3OT/PCBM multiadduct (V,, ~ 630 mV), as shown in Figure 2(a) and Figure 2(c). Even
z‘hough the enhanced solubihty of (6,6)PCBM monoadduct or multiadduct compared to C,,
allows to achieve a high fullerene-polymer weight ratio, we obtain using PCBM monoadduct
somewhat smaller short circuit current of 470 pA/cm” compared to short circuit current using
E'av I~ 700 pAfem’ (see Figure 2(a)). The I, of the P3OT/PCBM muliiadduct device is
almost a factor of two smaller than that of the P3OT/PCBM monoadduct device mentioned
above. The typical FF values for our devices are between 0.27 and 0.33. From all devices
presented in this paper the ones using P30T/C,; show the highest rectification (~ 15 at £2 V)
in the dark. In the forward direction at higher voltages show comparable dark and
photocurrent values for ITO/PEDOT/P30T:C /Al device. Based on an extremely fast excited
electron transfer from light absorbing conducting polymers such as P30T to embedded
fallerene (C,,) molecules surprisingly thigh photocurrents are produced taking into account
relatively low absorption coefficients of most polymers.

The typical data for these flexible large area plastic solar cells presented here are a V,_ of
550-650 mV and a FF = 0.3. For P30T/C60 and P3OT/PCBM monoadduct devices an I of
800 tA/em’ and 450 pwA/em® under monochromatic 10 mW/em® illumination (argon laser at
488 nm) are recorded, respectively. The I of the PAOT/PCBM monoadduct devices is almost
afactor of two smaller than the P3OT/C,; devices mentioned above. Usually the value of the
‘open circuit voltage for the bulk hetero}unctmn devices is interpreted to arise from the work
function difference of the two electrodes (Al = 4.3 eV; ITO =4,7 eV) which would yieldaV_
'of 400 mV or lower as found by other groups [23]. Therefore, the origin of an open circuit
‘voltage as high as 650 mV is not fully understood.
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CONCLUSION

voltaic cells, based on composites of processable conjugated polymers and fullerene
ives, are more and more considered as potentially promising devices for future solar
production. At present, the efficiency of such plastic PV cells is limited, the devices
roduce current when a relatively thin layer is used. Although a lot of fundamental
have been performed in polymer/C,, composite, there is still fundamental lack of

must be collected with the minimum losses) and by charge transport. For photovoltaic
fabricated from several blends of P30OT/C,, and its derivatives (PCBM mono and
multiadducts). the highest short circuit current were obtained with blend of P30T and Cg (1:1
weight ratio). In this work, the highest realized photovoltaic devices show monochromatic
efficiency, N, of 1.5% and an IPCE of about 20%. On the other hand for the best
flexible plastic solar cells realized here, an overall light to electric energy conversion
ciencies of about 0.4% - 0.6% are calculated in simulated solar light (AML.5). We expect
ther improvements in device efficiencies by optimizing the composite composition, the
metwork morphology and the charge transport properties of the individual components.
Unprotected plastic solar cells show current and voltage degradation under oxygen
environment and light. Within the actual mixture used in plastic solar cells, the degradation
e of open circuit voltage, V.. is much slower compared to the short circuit current, I.. This
proposed to arise from the increased trapping of the charge carriers due to degradation
induced defects. Laminating and sealing the solar cells decreases the degradation rate, but it
does not completely prevent degradation. Compared to unprotected plastic solar cells, cells
protected against the influence of oxygen and humidity have increased shelf lifetime by at
least a factor of 100. Our results indicate an increase of the overall serial resistivity by
tegradation. Large scale processing of solar cells from conjugated polymer/fullerene devices

may become relevant for photoelectric energy conversion. A very important parameter for
industrial applications is the lifetime of the devices. Stabilization of these composites is
realized by the rigorous exclusion of oxygen. "
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