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ABSTRACT. 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. Organic
solar cells must fulfill the criteria of stability, efficiency and reduction of production costs to find new
applications. Specially, the bulk donor-acceptor heterojunctions between conjugated polymers and fullerenes
have been successfully utilized for photovoltaic devices with high carrier collection efficiency compared
to the devices made from single components. In this work we present measurements of the photovoltaic
response of bulk donor-acceptor heterojunction between the conjugated polymer (as a donor, D) poly(3-
octylthiophene), P30T and fullerenes, (as acceptor, A), deposited between indium tin oxide and aluminum
electrodes. These devices are based on ultrafast, reversible, metastable photoinduced electron transfer and
charge separation.

The quality and homogeneity of composite films as well as the choice of the substrates strongly influ-
ence the efficiency of the solar cells. One of the most important limiting factors in the performance of
this present types of molecular solar cells based on interpenetrating networks of conjugated polymers and
fullerene derivatives is the charge carrier transport in the active layer. This transport is driven by the electri-
cal field provided externally by the top and bottom electrodes with different work functions. We present here
efficiency and stability studies on large area (6 cm X 6 cm) flexible plastic solar cells with monochromatic

energy conversion efficiency ne about 1.4% and carrier collection efficiency nearly 20%.

1. INTRODUCTION

Polymeric materials have technological advantages
over conventional inorganic materials in the reduction
of production costs by large scale production, the pos-
sibility to produce large area flexible devices and the
tunability of the electronic bandgap by chemical syn-
thesis. These properties represent major advances in
the design of electronic devices. Photoelectric energy
conversion efficiencies for different organic solar cells,
including small molecules as well as polymeric cells,
are typically in the range of 1%. The recently discov-
ered photoinduced electron transfer in solutions and
in solid state composites of semi-conducting, conju-
gated polymers with fullerenes has attracted consid-
erable scientific and technological attention [1,2]. The
possibility of utilizing this effect for photovoltaic en-
ergy conversion [3,4] has been demonstrated. With the
addition of Cgp in the conjugated polymer matrix, the
primary photoexcitation of the conjugated polymer un-
dergoes an ultrafast electron transfer, and it has been
demonstrated that fullerene molecules may serve as ef-
ficient electron acceptors in polymeric cells [5]. How-
ever, studies of conjugated polymer/fullerene photo-
voltaic devices showed, that the energy conversion effi-
ciency is limited by the collection of the charges at the
electrodes [6]. This inefficient transport of the charge
carriers is explained by the necessity of an interpene-
trating network and the limited mobility of both car-

riers, i.e. holes on the conjugated polymer as well as
electrons on the fullerenes.

Since the charge transfer takes place much faster
than the radiative and/or non-radiative decay of pho-
toexcitations, the quantum efficiency for charge sepa-
ration in such D/A blends is near unity. Efficient poly-
meric photovoltaic solar cells have been made from
phase separated composites of soluble conjugated
polymers and Cgg as well as from phase separated D/A
polymer blends. Significant improvement of the rela-
tively low collection efficiency of the D/A bilayer has
been achieved by using phase- separated composite
materials through control of the phase-separation into
an interpenetrating networks of organic donors and ac-
ceptors sandwiched between two electrodes with differ-
ent work functions. High efficiency conversion involves
the formation of bicontinuous networks. The perfor-
mance of such bulk heterojunction devices is remark-
ably enhanced compared to devices made from single
components and bilayer materials with carrier collec-
tion efficiency as high as 29% and power conversion
efficiency about 3% [6-11]. Solar cells with good perfor-
mance based on the composite poly(2-methoxy-5-(3",7’-
dimethyloctyloxy)-1,4-phenylene vinylene), MDMO-PPV
and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Ce1,
PCBM (1:3 weight ratio) have been recently demon-
strated [12]. Up to now, the laminated two layer poly-
meric photovoltaic diodes based on a cyano derivative
of poly(p-phenylene vinylene), MEH-CN-PPV, as elec-
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tron acceptor, and a derivative of polythiophene, POPT,
as an electron donor, showed the highest efficiencies
among this class. The resulting structures provide a
short circuit photovoltaic quantum efficiency up to 29%
at optimum wavelength, and an over all energy conver-
sion efficiency of 4.8% at the peak wavelength [13].

Still now no systematic studies of the influence of
oxygen atmosphere on the characteristics of conju-
gated polymer/fullerene photovoltaic devices are avail-
able. The limited stability of the conjugated poly-
mer/fullerene photovoltaic devices under ambient con-
ditions hinders the practical applications. Recent FTIR
degradation studies on the composites showed rapid
degradation of the conjugated polymer, MDMO-PPV
compared to Cgo or PCBM under oxygen and light [14].
In other words, conjugated polymers are known to be
sensitive to photo-degradation in oxygen containing
environment. Therefore, for practical applications, the
stability especially of the polymer part of the mixture
has to be improved and devices have to be protected.

In this study, we investigate polymeric devices based
on the following composites: P30T/Cgg (1:1 weight ra-
tio), P30T/(6,6)PCBM monoadduct or multiadduct (1:2
weight ratio), which is a derivative of Cgo with improved
solubility in xylene solutions at room conditions are in-
vestigated. Devices with fullerene and fullerene deriva-
tives were characterized by I/V measurements under
white light and monochromatic light as well as by wave-
length dependent photocurrent measurements. From
these data power efficiencies were calculated and com-
pared to carrier collection efficiencies (electrons col-
lected per incident photon). In the present study we
show also results of stability and controlled degrada-
tion experiments performed with the actual mixture
used in plastic solar cells.

2. MATERIALS AND METHODS

The device configuration and device preparation for
polymer photovoltaic cells (and photodetectors) were
described in [1]. The photovoltaic devices produced
here are composed of four layers as shown in Figure 1.
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Figure 1. Schematic diagram of the device configuration
and molecular structures of the materials used.

[6,6]PCs1BM

First the PEDOT-PSS (poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (Baytron-Bayer AG) was
spin coated on ITO (indium tin oxide)-coated polyester
substrates i.e. polyethyleneterephtalate (PET) from wa-
ter solution under ambient conditions with typical ar-
eas of 6cm by 6cm. After that the active bulk het-
erojunction layer was prepared by spin coating films
of the composites: P30T/Cgp (1 : 1 weight ratio),
P30T/(6,6)PCBM monoadduct or multiadduct (1 : 2
weight ratio) on the top of PEDOT-PSS layer. The prepa-
ration and characterization of (6,6)PCBM monoadduct,
which is a derivative of Cgo with improved solubility, is
described in [15]. The PCBM multiadduct is a mixture
of mono, bis, and tris adducts on the fullerene. After
an additional drying step the low work function non-
transparent aluminum top electrode was evaporated
onto the spin cast film at 5 x 10> mbar inside the glove
box.

All the solar cell devices produced here are in the
sandwich geometry as mentioned above between two
metal electrodes with different work functions, ITO as
anodes (as hole collector) and aluminum as cathode (as
electron collector). Asymmetric work functions for the
electrodes of organic interpenetrating network photo-
voltaic devices are necessary for a significant reason.
It has been shown that the charge transport between
conjugated polymers and fullerenes is favorably tuned
by electric field. The electric field due to the different
electrodes is the driving force to collect the charges at
the electrodes. Without this there will be no selection
principle for the holes to travel to the ITO and for the
electrons to go to the aluminum electrodes.

To retard the degradation process of plastic solar
cells, 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 lam-
inated 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. The cells were
kept inside the nitrogen glove box until they are totally
dried and afterwards they are stored inside the dissica-
tor under vacuum. For the measurements the solar cells
were taken out of the dissicator and measured under
room atmosphere (ambient condition). After the mea-
surement they were again stored inside the dissicator
under vacuum.

The thickness of semi-conducting organic films rep-
resents a crucial parameter for their performance in
photovoltaic devices. The need to absorb most of the
sunlight in solar cells requires a film thicker than
100 nm. On the other hand, thin layers enhance the in-
ternal electric field and improve the charge transport. In
our work, the typical film thicknesses are around 100-
200nm and were monitored by determination of the
optical density with a Hitachi spectrometer. The quality
and the homogeneity of the composite films strongly in-
fluence the efficiency of the solar cell. Inhomogeneous
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films with pin holes and large serial resisitivities lead to
small fill factor (FF), lower rectification and decreased
the open circuit voltage (Voc)-

Additional important parameter, determining the
quality of thin films is the choice of the substrates.
We studied here the I/V characteristics of the conju-
gated polymer/fullerene composites thin films on ITO
polyester substrates with typical area of 6 cm by 6 cm
and active areas of 4 times 40 mm?.

A defocused Ar* laser beam at 488 nm provided the
illumination and a calibrated Si Photodiode was uti-
lized 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 one point. Optical
absorption was obtained with a Hitachi spectropho-
tometer. Photocurrent excitation profiles were mea-
sured 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 800 nm.

3. RESULTS AND DISCUSSION

Even though the enhanced solubility of (6,6)PCBM
monoadduct and multiadduct compared to Cgo allows
to achieve a high fullerene-polymer weight ratio we
obtain somewhat smaller short circuit current about
300 uA/cm? compared to short circuit current of Cg
nearly 550 yA/cm? under white light source 6 mW/cm?
inside the glove box. In Figure 2 the influence of
fullerene and fullerene derivatives on conjugated poly-
mer, P30T composites of large area plastic solar cells
I1/V curves are illustrated.
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Figure 2. I/V curves of P30T large area plastic solar cells
for different acceptors: Cgo (dark: open squares, illumi-
nated: solid square), PCBM monoadduct (dark: open circles,
illuminated: solid circles), and PCBM multiadduct (dark:
open diamonds, illuminated: solid diamonds).

The typical data for these flexible large area plas-
tic solar cells are an open circuit voltage V,. of 550-

600mV and a short circuit current, Isc of 800 uA/cm?
under illumination with 10 mW/cm? with an argon laser
at 488 nm. Usually the value of the open circuit volt-
age for the bulk heterojunction devices is interpreted to
arise from the work function difference of the two elec-
trodes (Al =4.3 eV;ITO =4.7 eV) which would yield a Vi,¢
of 400mV or lower as found by other groups [16,17].
Therefore, the origin of an open circuit voltage as high
as 650 mV is not fully understood.

The overall energy conversion efficiency, ne, of the
flexible plastic solar cell presented here is calculated
to be 1.4% under monochromatic illumination (488 nm)
with 10mW/cm? and a FF = 0.3. According to the ex-
perimental data, typical values for n. are between 1%
and 1.5%. Calculation of ne has been performed using
the equation

Ne = (Voc[V1* Isc[ A/cm?] % FF) / Pinc [W/em?], (1)

where V., Iy, FF and Pj, are the open circuit potential,
short circuit current, filling factor and incident light
power, respectively and requires the value of the fill fac-
tor FF of the device. We determine the fill factor, FF, by
calculating the maximum power rectangular area under
the I/V curve in the 4th quadrant. Therefore, the filling
factor is calculated by

FF = (Vinax * Imax ) / (Voe * Isc). 2)

where Vi and Ipax are maximum voltage and current
of the intersection of the I/V curve with the maximum
power rectangle respectively. The typical FF values for
our devices are between 0.27 and 0.33. For higher illu-
mination intensities ne decreases, but it is still as high
as 0.2% at 176 mW/cm?.

Figure 3 shows a comparison between the spectrally
resolved I (solid circles) plotted at the right axis and
the optical density (open circles) at the left axis of a
P30T/ Cgp flexible large area plastic solar cell. One can
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Figure 3. Spectrally resolved I (solid circles) of aP30T/Cgo
flexible large area plastic solar cell (vight axis), optical ab-
sorption (open circles) is plotted for comparison (left axis).
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see very clearly, that the two curves have the same on-
set and spectrally resolved maxima separated by only
18 nm. The photovoltaic external quantum efficiency
(charge carrier per incident photon) or the spectrally
resolved incident photon to electron converted effi-
ciency IPCE (n.) is calculated from the spectrally re-
solved short-circuit current [16,17],

ncl%] = 1240/A[nm] * Isc[ uA/cm?]/Iinc[W/m?], (3)

where [j is the intensity of the incident light. We
achieved the short circuit photovoltaic external quan-
tum efficiency (n.[%]) = about 20% under an argon laser
at 488 nm with 10 mW/cm? and a I of 810 uA/cm?.

For practical applications, the stability of plastic so-
lar cells under ambient conditions is one of the most
important issues. Therefore, a quick, reliable testing
procedure for photodegradation effects in oxygen con-
taining environment is necessary. Figure 4 shows the
degradation of a P30T/Cgo unprotected solar cell mon-
itored by the changes in the V. as a function of time
under oxygen and white light source with 8 mW/cm?.
After approximately 60 hours V. decreases to half of
its original value. Figure 5 illustrates the degradations
of Isc unprotected solar cell versus time under white
light source 35mW/cm? and oxygen containing envi-
ronment. As can be seen from measured degradation
time, the curve is fitted to an exponential decay and a
lifetime of 70 minutes. To retard the degradation pro-
cess of plastic solar cells, some attempts for the pro-
tection have been made. The long term stability of pro-
tected plastic solar cells is monitored by Vi and Ig¢
measurements under ambient room conditions. In Fig-
ure 6, the Vi and the Iy versus shelf lifetime of pro-
tected plastic solar cells with varnish are shown. Encap-
sulation of plastic solar cells increases the shelf lifetime
over 100 days. The initial decrease of V. and Is. could
be due to the residual oxygen during the cell production
process.
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Figure 4. Degradation of Voc of a P30T/Cgg unprotected

solar cell versus time under bright light and oxygen influ-
ence.
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Figure 5. Short circuit current, Isc degradation vs. time of
unprotected P30T /Ceg plastic solar cell. The curve is fitted
to an exponential decay.
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Figure 6. Comparison of the (a) Vo (solid squares and solid
circles) and (b) Isc (open squares and open circles) vs. shelf
lifetime of two different strips of aP30T/Cgg protected plas-
tic solar cells.
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4. CONCLUSION

The photovoltaic conversion efficiency of plastic so-
lar cells based on conjugated polymer-fullerene bulk
heterojunction is limited by the carrier collection ef-
ficiency (i.e. the separated charges must be collected
with the minimum losses) and by charge transport. For
photovoltaic devices fabricated from several blends of
P30T/Cgp and its derivatives (PCBM mono and mul-
tiadducts), the highest open circuit voltage and short
circuit current were obtained with blend of P30T and
PCBM monoadduct (1 : 1 weight ratio). In this work, the
realized photovoltaic devices show power efficiency, ne
of 1.4% and an IPCE of about 20%. We expect further
improvements in device efficiencies by optimizing the
composite composition, the network morphology and
the charge transport properties of the individual com-
ponents.

Unprotected plastic solar cells show current and volt-
age degradation under oxygen environment and light.
Within the actual mixture used in plastic solar cells,
the degradation rate of open circuit voltage, Vi is
much slower compared to the short circuit current, Ig.
This is proposed to arise from the increased trapping
of the charge carriers due to degradation induced de-
fects. Laminating and sealing the solar cells decreases
the degradation rate, but it does not completely pre-
vent degradation. Compared to unprotected plastic so-
lar cells, cells protected against the influence of oxy-
gen and humidity have increased shelf lifetime by at
least a factor of 100. Our results indicate an increase
of the overall serial resistivity by degradation. Large
scale processing of solar cells from conjugated poly-
mer/fullerene devices may become relevant for photo-
electric energy conversion. A very important parameter
for industrial applications is the lifetime of the devices.
Stabilization of these composites is realized by the rig-
orous exclusion of oxygen.
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