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Abstract. Solar cell technology is already widely
used in space applications. e steady development
of organic photovoltaic cells based on polymers or
small organic molecules has now achieved compet-
itive efficiencies and long enough lifetimes to offer
new possibilities for potential future space applica-
tions. A high efficiency per mass and a wide range
of tunability for these solar cells make this novel
technology attractive. Light-weight and flexible
solar cells with an absorption range adjusted for
extraterrestrial conditions offer the opportunity to
optimize the future design of space solar power.

1 Introduction

Today solar cells are routinely used in aerospace appli-
cations [1, 2]. Solar cells are attractive as power sup-
ply in space applications because no fuel transport is re-
quired and there is also no need to deal with any re-
sultant waste. Significant progress has been made for
silicon-based and other specially designed solid-state
solar cells achieving very high power conversion effi-
ciencies. For these reasons solid-state solar cells are
commonly in operation in space today. However, en-
ergy density, i. e. the power conversion efficiency per
mass, remains a challenge for the relatively heavy solid-
state solar modules.
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Driven by the necessity of very light weight solar cells
the emerging organic photovoltaic (OPV) technology
can be a possible solution. Depending on the definition,
OPV devices cover solar cells purely made of organic
compounds as well as hybrid solar cells which combine
organic and inorganic materials [6, 8]. e solar energy
converting, active layer in OPV devices therefore con-
sists of either polymers or small organic molecules. Due
to the very high absorption of such organic compounds
the active layer is only about 100 nm thick. Given the
low density of polymers or small organic molecules in
comparison to solid-state materials of common solar
cells (e.g. Si, Ge, GaAs, GaInAs, GaInP) this results
in a strong weight reduction. Moreover, the active layer
can be applied on various substrates or surfaces, includ-
ing thin foils, which results in extremely light weight
solar cells. us weight is further reduced in compar-
ison to common state-of-the-art solar cells which are
deposited on rigid and solid substrates. Furthermore,
OPV cells are very shape versatile due to wet-chemical
processing routes [3, 15]. is together withmechanical
flexibility as shown in figure 1 will also be of advantage
in space applications where stowing and unfolding the
solar panels plays an important role. For OPV to be
attractive in general applications outside the laboratory
long enough lifetimes and sufficiently high efficiencies
are required. Due to the intensive research on OPV de-
vices the fundamental understanding has significantly
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F . Left: Photograph of polymer:fullerene solar cell on flexible PET substrate. Right: Absorbance maximum αmax of a nanos-
tructured polypyrrole film as a function of the rate of coverage. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
From ref. [28].

increased in the past years. In this short introduction
we would like to show that OPV is now on the verge of
becoming an extremely powerful method for solar en-
ergy conversion, with potential even for as demanding
applications as space missions.

Degradation processes in OPV are dominantly driven
by the interaction of oxygen or water with the organic
molecules during light exposure [9, 13, 25] i. e. degra-
dation occurs predominantly during the operation of
the solar cell. is effect is being successfully tack-
led by chemically improving the stability of the organic
molecules or by encapsulation such that stability that ex-
ceeds 1000 hours has already been shown for terrestrial
OPV cells [12]. Considering the lack of oxygen and
water in space this decay mechanism will not be present
in space applications, promising high stability against
degradation. Of course, outside the atmosphere new
degradation factors come into play. For example, x-ray
exposure can lead to internal charge up decreasing per-
formance. However, it is also possible to overcome this
phenomenon by exchanging the electrode material [16].

Efficiency of OPV devices has grown significantly
over the last years. Today’s highest efficiencies already
exceed 10% [7] and companies are starting to develop
large-scale production for OPV devices [32].

e main shortcomings of OPV are therefore dimin-
ishing. In addition, OPV offers a wide range of con-

trol over solar cell parameters allowing the tuning of the
system to the particular needs of the application. In the
following the possibilities for tuning OPV cells for po-
tential space applications are introduced.

2 Organic photovoltaic systems

With the discovery of conducting polymers different
research fields needed to collaborate to merge the un-
derstanding on electrical and structural properties to
achieve high performing devices. Over the last years a
very large number of different semi-conducting poly-
mers and small molecules has been used for the fabrica-
tion of OPV cells. Polymers are long molecules that can
either be highly aligned (similar like spaghetti in their
package) or disordered (such as cooked spaghetti on a
plate). Since polymers can be very long, one molecule
can even participate with one end in an ordered region
while the other end is curled and tangled up with other
polymers. e conjugated backbone of the polymer is
where charge transport can take place, but to improve
solubility or other properties, side chains are attached
to the long backbone. is in turn influences the pos-
sible ordering of the polymers. Small molecules can be
flat, spherical or elongated and equally exist in ordered
(i.e. crystalline) or disordered (i.e. amorphous) phases.
Most commonly a mixture of both exists, resulting in
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F . Left: Wavelength dependent absorbance of ternary P3HT:PCBM:OPc blend films with different dye (OPc) content. e
arrow indicates increasing dye content. Copyright 2011 Elsevier B.V.. From ref. [27]. Right: ickness of polymer film versus con-
centration spin coated from trichloromethane solutions. Open squares are MEH-PPV films and triangles are P3HT films. Lines are
drawn as guide to the eye illustrating the linear dependence. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
From ref. [30].

crystallites embedded in a matrix of amorphous mate-
rial. Depending on the chosen system, the active layer
is formed via evaporation or solution based techniques
like spin-coating, spraying or printing [15]. Generally,
these organic molecules and polymers dominantly con-
sist of carbon, oxygen, nitrogen and hydrogen and a few
slightly heavier or more electronegative atoms like sul-
phur, silicon or fluorine. Altogether the mass density is
typically close to 1.

For an organic solar cell to have excellent perfor-
mance, the first step is – as for any solar cell – to max-
imize the amount of absorbed light. Ideally this is op-
timized to the available intensity and wavelength of the
incident light. Charge generation, however, is different
to common solid-state solar cells. To produce current
out of the charges created during the absorption pro-
cess in OPV, these charges must be effectively separated
and then efficiently transported through the active layer
avoiding losses. Finally, pathways to the adequate elec-
trode are required to allow the build up of a potential.
is requires a continuous transport network similar to
neural networks or supply networks in biological species.
e key for optimum solar cell performance in OPV lies
in the choice of the two organic components – one ac-
ceptor, one donator – with matching optical and elec-
tronic properties and the choice of the optimum mor-

phology for that pair [31].
One of the most thoroughly studied systems in OPV

is the solution processed polymer:fullerene blend P3HT
(poly-(3-hexylthiophene-2,5-diyl)):PCBM ([6,6]-
phenyl C61 butyric acid methyl ester) [5, 10, 11, 20, 22].
e fullerene PCBM is a small, spherical molecule
which is a lot smaller than the polymer P3HT. A
lot of important information for the fundamental
understanding of OPV devices has been gained from
the system P3HT:PCBM, although the highest effi-
ciencies so far have been obtained with small molecule
systems or newly synthesized polymers [7, 32]. In
the following we will focus on the model system of
polymer:fullerene systems, namely P3HT:PCBM, to
show the possibilities that OPV offers for specialized
solar cell applications.

2.1 Optical absorption tuning

e solar spectrum reaching the device differs whether
or not it has been filtered by the atmosphere or any pro-
tecting layers. e absorption properties of an OPV
system depend on the chemical structure of the organic
molecules or polymers used and the molecular arrange-
ment within the final active layer. is can be exploited
to tune and optimize the absorption behavior for the de-
sired application via various routes.
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For example, chemically altering the side chain length
of thiophene-based conducting polymers changes the
shape and intensity of the absorption profile within the
main absorption range [24], while changing the molec-
ular structure of the conjugated backbone can shift the
wavelength range of absorption and alter its width [23].

Since the absorption properties depend on the band
gap of the material and the band gap is in turn influ-
enced by the conjugation length, i.e. the defect free
length of the conjugated backbone, a tuning via the con-
jugation length is also possible as shown in figure 1. Due
to the enforced nanostructure the conjugation length
is directly influenced resulting in a linear change of
the absorption maximum without any chemical alter-
ation [28].

A huge array of changing and increasing the range of
absorption is accessible via the addition of a third com-
ponent. is is exemplified in figure 2 with the addition
of a dye. e addition of this third component leads
to the development of a new absorption range at higher
wavelengths. e choice of the third component deter-
mines the new range and can be tuned to satisfy the need
of the application.

Of course the absorption will also increase when there
is a larger amount of absorbing material available, i.e.
depending on the thickness of the active layer. A precise
repeatability and adequate choice of layer thickness is
therefore essential. e most widely used technique for
producing thin polymer films is spin-coating. In spin-
coating the thickness of the film can easily be tuned be-
cause of the intrinsic property that the film thickness is
linearly dependent on the concentration of the solution
from which the active layer is deposited [30]. Fixing
the concentration of the solution and the spin-coating
conditions therefore results in a very well controlled
film thickness. Figure 2 shows the linear behavior of
film thickness with concentration for P3HT and a sec-
ond semi-conducting polymer poly[(1-methoxy)-4-(2-
ethylhexyloxy)-p-phenylenevinylene (MEH-PPV). For
P3HT the viscosity of the solution is negligible in the
investigated concentration range. In contrast, MEH-
PPV shows a more complex behavior. Its chemical
structure leads to an entanglement of chains already
at low concentrations such that viscosity influences the
thickness at higher concentrations. In both regimes a
linear film thickness dependence is present, however,
the slope is different. us with the knowledge as dis-
played in figure 2 the film thickness can be easily con-
trolled. is also holds for polymer blend solutions.

e possibility to deliberately adjust the absorption

behavior of the OPV system is a strong advantage for
highly specialized applications.

2.2 Importance of morphology

To obtain the highest efficiency from the opto-
electronically tuned system, control over the morphol-
ogy on different length scales is required. From the
working principle of an organic solar cell three main
points have to be fulfilled by the morphology of the
active layer. Firstly, the donor and acceptor domains
need to be in close proximity such that the coulombi-
cally bound charge pair created during the absorption
of light can reach the donor-acceptor interface. is is
necessary because only there it is energetically favorable
to separate the charges. e lifetimes of these so called
excitons is short and the resulting diffusion lengths have
been found to be in the range of a few 10 nm [26].
Consequently, domain separations on the order of this
length scale are necessary in the active layer. Secondly,
the separated charges can only be transported success-
fully through the film if the conductivities of the materi-
als are high enough. is is particularly challenging for
the hole conducting material such as P3HT, where the
charge transport occurs in the conjugated backbone and
via overlapping π-orbitals. It requires a high molecu-
lar order, i.e. crystallinity, within the hole-conducting
polymer to allow successful overlap of the π-orbitals of
adjacent polymer chains. Lastly, it is necessary that con-
tinuous pathways exist to the relevant electrodes tomake
the extraction of the charges possible.

Factors which can control the morphology of the
OPV thin films are the blending ratio, post-production
treatments, additives or solvents used [31]. It is impor-
tant to note that the molecular order and domain sep-
arations are closely linked, requiring a collective opti-
mization.

e blending ratio in a binary system influences the
domain separation [21]. erefore, for a new system the
best performing blending ratio needs to be established
and can vary significantly between systems [17, 30, 33].
Post-production methods like temperature annealing
lend mobility to the formerly arrested system and there-
fore allow for molecular reorganization and smoothing
of the interfaces. Although this implies a decrease in
the available interfacial area for charge separation the
gain in conductivity via formation of crystalline regions
usually dominates [14]. Since glass transition temper-
atures, i.e. the temperature boundary between mobile
or non-mobile situations, depend on molecular struc-
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F . Schematic morphology of annealed P3HT:PCBM films spin coated from chloroform (CF), toluene, chlorobenzene (CB)
and xylene solutions, reconstructed using results from AFM, XRR and GISAXS investigations. Simplified model where black areas
correspond to pure PCBMphases andwhite to pure P3HT phases. Copyright 2011Wiley-VCHVerlag GmbH&Co. KGaA,Weinheim.
From ref. [26].

F . Left: Grazing incidence wide angle x-ray scattering image with the out-of plane angleψ and the exit angle αf with respect
to the scattering plane defined by the incoming x-ray beam perpendicular to the surface of a P3HT:PCBM blend film. e clear peaks
indicate that the P3HT is highly ordered. Right: Fraction of molecularly dissolved PCBM in P3HTmatrix depending on total PCBM
content. If taking into account that there is no PCBM in crystalline P3HT regions, the PCBM content in the amorphous P3HT is even
higher. Copyright 2012 American Chemical Society. From ref. [29].

ture and vary for pure and blended systems, appropri-
ate post-production treatment also needs to be individ-
ually tuned for each new system. For some systems post-
production methods can be replaced with additives that
preferentially dissolve one of the two blend components.
is has led to successful morphological control for low
band gap polymers [18, 19].

Also the use of different solvents for the spin-coating
process can significantly influence the morphology of
an otherwise identical system [26] as shown in figure 3.
e sketches show the combination of results obtained
from surface sensitive and bulk examination methods in
the vertical and lateral direction. Solubility driven clus-
ter formation of PCBM and pre-ordering during spin
coating prior to post production treatments is observed.

Additionally, the increasing boiling points of the sol-
vents used lead to longer drying times during spin coat-
ing, resulting in increased crystal sizes. It is important
to note that the surface morphology not necessarily rep-
resents the morphology of the inner film as shown in the
sketches.

Direct evidence of crystallinity (i. e. the ordered part
of the active layer) can be obtained from grazing inci-
dence wide angle scattering (GIWAXS) as shown in fig-
ure 4. Only if strong ordering is present in the scattering
data, special features such as peaks or rings are observ-
able. e ring in intensity in figure 4 shows that PCBM
is crystalline but has no preferred orientation, i.e. a
powder of small PCBM crystals is present within the
P3HT:PCBM film. e sharp intensity peaks (Bragg
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peaks) denoted (100), (200) and (300) correspond to
the backbone separation in the side chain direction and
its higher orders. e (020) feature shifted 90◦ to the
(100) peak is related to the backbone separation along
the π-conjugation direction. Such clear peaks are only
observable for highly ordered systems. Contributions
from disordered (e.g. molecularly dissolved fullerene)
or amorphous material (e.g. non-crystalline polymer)
contribute to the background and are not easily quan-
tified. To measure the fraction of crystalline content
opto-electronic methods can be used [4, 34].

As pointed out earlier the partaking components will
not be fully crystalline but coexist with amorphous ma-
terial. erefore, although in a binary system only
two components are present, the resulting domains
can have more than two phases. For example, in the
P3HT:PCBM blend crystalline P3HT exists within a
matrix of amorphous P3HT that contains a signifi-
cant amount of PCBM and larger PCBM domains.
e amount of PCBM within the amorphous P3HT
varies with the overall PCBM content as shown in fig-
ure 4 [29].

All these examples show that the extensive research
over the last years has brought significant understand-
ing. e key parameters for optoelectronic properties
and structure are identified. Although the films re-
quire complex, multi-length scale architecture, substan-
tial knowledge has been established on how to system-
atically tune the systems. Now is the time to steer pio-
neering work into highly specialized applications of the
near future.

3 Conclusion

Today solid state solar cells are successfully used in space
applications. e emerging OPV devices offer new pos-
sibilities due to a wide range of control and tunability to
optimize the solar cells for space applications. e driv-
ing advantage for using OPV in space will be the ex-
tremely light weight of OPV devices. Additional bene-
fits are mechanical flexibility and shape versatility. Ab-
sorption ranges can be tuned and a good understanding
on morphological control exists. Only few additional
challenges have to be overcome for OPV to be a suc-
cessful candidate for power supply in space. For exam-
ple, investigations under extremely strong illumination
without the presence of oxygen or water are still neces-
sary. Stability to the bombardment of particles usually
filtered by the atmosphere also needs to be examined.

Overall, recent developments suggest that overcoming
the challenges of OPV systems will be extremely re-
warding and will pave our future.
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