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Abstract Organic photovoltaics (OPV) have the potential for low production
cost. Additionally, there has been an increase in both efficiency and stability of
small-area OPV devices prepared in research laboratories worldwide and, conse-
quently, attention on OPVs has increased tremendously. In this chapter we
describe the challenges of OPVs and give suggestions on how these can be
overcome. Design and synthesis of a new group of materials and low band gap
polymers are described. Problems and possible solutions of OPV stability are
shortly discussed. Furthermore, the latest technology to manufacture large-area
OPV modules is described along with production of large-area modules by roll-
to-roll printing of a low band gap polymer.

1 Introduction

1.1 Organic Photovoltaics

In the past, there has been a tremendous focus on renewable energy sources, such
as wind, hydro, biomass, geothermal and solar. This is mainly to find alternative
energy sources that are CO2 neutral since United Nations have decided that a 20%
reduction in the CO2 emissions by 2020 is necessary [1, 2]. Furthermore, due to the
growth of human population on Earth and its increasing demand for energy, it is
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likely that fossil fuels (which are the primary energy sources we depend on today)
will be exhausted within the next 30–50 years.

The sun delivers more energy to the Earth’s surface than we can consume and
thus this renewable energy source is impossible to ignore. To harvest the energy
from the sun and turn it into electricity, photovoltaics (PV) are used. There are
three generations of photovoltaics. In the first generation, referred to as inorganic
PV, the active material is crystalline silicon. In the second generation, referred to
as thin film PV, the active layer is typically based on CdS or CuIn(Ga)Se2 type
materials. Finally the third generation, referred to as organic PV or OPV, the active
layer is based on polymers or other organic molecules. There are advantages and
disadvantages for all three generations. Inorganic PVs are relatively expensive to
produce, mostly due to high temperatures and the need for very clean conditions;
however, they have a very high efficiency and are very stable [3]. Thin film PVs
frequently involve toxic materials and, eventhough they have demonstrated very
high efficiencies and a potentially low cost of production, the controlled fabrica-
tion is still a challenge [3]. Polymer-based PVs currently have a low efficiency and
poor stability. However, they have a low production cost and can be printed or
coated using roll-to-roll (R2R) methods. Thus, a simple comparison shows that the
inorganic photovoltaics dominate the areas of efficiency and stability, whereas
organic photovoltaics can take the lead in production cost (Fig. 1) [4].

Within the last 5 years the stability and efficiency of small-area organic pho-
tovoltaic (OPV) prepared in research laboratories have increased and they now live
fully up to the role as a competitor to inorganic PV and thin film PV at the
laboratory level. In this chapter we will therefore focus on this type of PV. For
further information on OPV (see [4–11]).

llustrations of two typical OPVs are shown in Fig. 2. The structure is a bulk
heterojunction, where the polymer is mixed with a soluble fullerene,
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Fig. 2 Illustration of OPV devices, normal structure (left) and inverted (right)
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e.g., [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), sandwichied between a
transparent electrode, typically indium tin oxide (ITO) and poly(3,4-ethylenedi-
oxythiophene):poly(styrene sulfonate) (PEDOT:PSS), and a back electrode, Al.
Recently, an inverted structure for the OPV device was developed, where the
transparent electrode is ITO and ZnO and the back electrode is Ag. The device
structure is referred to as inverted due to the inversion of the way the current flows in
the cell [12].

The typical processes in a bulk heterojuntion OPV is demonstrated in Fig. 3.
The polymer absorbs a photon and an exciton (electron–hole pair) is created. This
exciton diffuses to the donor/acceptor interface (i.e., the polymer/PCBM inter-
face), where an electron is transferred from the donor to the acceptor (i.e., from
polymer to PCBM). Dissociation of the exciton into free carriers, transport of the
free carriers to the electrodes and charge collection at the electrodes complete the
working cycle of the OPV. These processes determine how efficient the cell
operates, i.e., losses in these processes by charge recombination or non-absorbed
photons will result in a decrease in current and, hence, the efficiency will be lower.

1.2 Challenges of OPV

In the field of OPV, there are three focus areas within research groups worldwide.
Those are: efficiency, stability and production.

So far, power conversion efficiency (PCE) has received the most attention. The
literature shows a focus on device structure and device optimization to improve
efficiencies mostly for OPV devices based on poly(3-hexyl-thiophene) (P3HT) and
PCBM. Since the limit in efficiency for P3HT has been reached, the focus has
shifted during the past few years toward designing polymers with a lower band gap

Fig. 3 Processes in OPV:
from sunlight to electricity
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for potential improvement of the PCE. Low band gap polymers are expected to
enable a significant increase in the efficiency of the solar cell due to increased
absorption in the visible spectrum [13–16]. These types of polymers will be
described in detail in the next section.

The focus on stability is increasing and more research groups are carrying out
lifetime studies either by long time studies or accelerated studies. The stability can
be increased by encapsulating the OPV with layers that protects the cell from
water/moisture and oxygen or by design of the polymer [17]. In the third part of
this chapter we briefly describe the problems and possible solutions for prolonging
the stability of flexible R2R coated OPV modules.

Processing is a rather new topic, since most research has been carried out on
small-area devices, e.g., \0.1 cm2. However, the OPVs have the advantage that
they can be printed on flexible substrates, making the processing of modules both
faster and lower in cost compared to inorganic photovoltaics. There are several
methods and techniques that need to be studied and in the last part of this chapter,
we describe in detail the methods and the preparation of modules based on a low
band gap polymer. The overall challenge for scientists working in the field of
organic solar cells is to unite their knowledge into a single material such that the
resulting device structure yields efficient and stable OPV modules that are easy to
produce at a low cost (Fig. 4).

In the following three parts of this chapter, we look upon the challenges sep-
arately. We discuss in detail (1) the low band gap materials, the type of polymer
that is believed to increase the efficiency of OPV, (2) stability issues, with a focus
on thermocleavable side chains and (3) the processing of large area OPV modules
and the different techniques that have been developed over the past years.

2 Low Band Gap Polymers

2.1 What and Why?

Within the past few years the focus within OPV research has been drifting more
and more toward low band gap polymers. But what are these polymers and why
are they so interesting?

Stability

Efficiency

Process

Fig. 4 Unification challenge
of organic photovoltaic [17]
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Low band gap polymers are loosely defined as polymers that absorb light with
wavelengths longer than 600 nm, i.e. they have a band gap below 2 eV. Low band
gap polymers are believed to have the ability to increase the efficiency of OPV
devices since they have the ability to harvest more photons from the sun than
the classes of polymers developed previously (e.g., MEHPPV, MDMOPPV and
P3HT) [13, 15, 16].

In Fig. 5, the solar spectrum (AM1.5G) is shown as number of photons together
with the integrated photon flux. This indicates that regular P3HT, which absorbs
light up to *700 nm can absorb at most 27.6% of incident photons. If all photons
are harvested and converted into electrons this corresponds to a maximum current
of 17.6 mA cm-2. However, a low band gap polymer that absorbs light to 900 nm,
for example, the portion of photons that can be absorbed increases to 46.7%,
corresponding to a maximum current of 29.8 mA cm-2 [15]. These examples
highlight the importance of low band gap polymers; however, in practice it is far
more complicated than just lowering the band gap. When the band gap is lowered
several parameters may change.

In Fig. 6, one can see that if the band gap is decreased by shifting the position
of the lowest unoccupied molecular orbital (LUMO) of the polymer to lower
energies, it approaches the LUMO of the acceptor (PCBM) and, as a result, it may
not be energetically favored for the electron to transfer from the donor to the
acceptor, meaning that recombination of electron and hole is favored instead
(scenario B) [13, 15]. Furthermore, the open circuit voltage (VOC) is reduced if the
band gap is lowered by increasing the energy of the highest occupied molecular
orbital (HOMO) of the polymer, since the VOC is determined by the difference
between the HOMO of the donor and LUMO of the acceptor in a simple
pn-junction (scenario C) [13, 15]. This shows the importance of both designing
the polymer and choosing an appropriate acceptor (e.g., PCBM or PC70PM) so the
energy levels of HOMO and LUMO are aligned optimally.

The different acceptors that are often used in OPV devices are shown in Fig. 7,
along with an energy diagram showing their relative energy levels. The energy
level alignment can, in principle, also be optimized by addition of another polymer
instead of the fullerene based acceptor, i.e., combining a low band gap donor
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polymer with an acceptor polymer in a polymer–polymer OPV device [18]. This
approach has not been pursued by many.

The band gap of a polymer is affected by several factors, such as donor–
acceptor units, intramolecular interactions and molecular weight. The band gap is
affected by the molecular weight (MW) of the polymer, since an increase in MW

decreases the band gap due to a longer conjugation length [13].
Conjugated polymers with an alternating single double bond structure normally

have two resonance structures: the aromatic and the quinoid forms. The aromatic
form is normally lower in energy than the quinoid form and, hence, it is the
dominating form in the polymer backbone. The band gap of the polymer is low-
ered if the energy difference between the two is decreased, i.e., the difference
between double and single bond length is decreased [13]. An example of a
polymer where the quinoid form is more stable than the aromatic is poly(isot-
hianaphtalene) (PITN). Here the thiophene ring loses its aromaticity when going to
the quinoid form, however, the benzene ring gains aromaticity and stabilizes the
quinoid structure. Another way to lower the band gap of the polymer is to use
donor–acceptor alternation, which increases the double bond character between
the units, thereby stabilizing the quinoid form of the polymer back bone [13, 15].
The donor unit, often thiophene, is electron-rich and therefore increases the
electron density between the units or donating electrons to the acceptor, which is
electron poor. Copolymers with donor and acceptor alternating units are the most
dominating low band gap polymers, as seen in Fig. 8. There are a few details one
needs to keep in mind when designing these types of polymers. The energy levels
of the acceptor should fit those of the donor. An example of optimizing the

Donor Acceptor Donor Acceptor Donor Acceptor

(a) (b) (c)

VOC

VOC

Fig. 6 Consequences of lowering the band gap of the donor. Gray lines denote the LUMO and
black lines represent the HOMO levels
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polymer and lowering its band gap was shown for copolymers of benzothiadiazole
and thiophenes, where the number of thiophenes was varied from 1 to 4. It was
found that the band gap decreased with an increasing number of thiophenes [23].
And using benzo-bis-thiadiazole as the acceptor unit decreased the band gap to
0.6 eV [23]. Furthermore, when the band gap of the polymer is lowered, the
energy level alignment with the acceptor in OPV device should be taken into
account as described above.

Other design methods to decrease the band gap of a polymer are retention of
backbone planarity, thereby keeping the conjugation length as long as possible.
Thus, the torsion angle between units should be kept to a minimum by decreasing
the steric hindrance in the molecule, e.g., using smaller side chains. [13]. Side
groups can have another effect on the band gap of the polymer. When an electron
donating group (e.g., alkoxy or alkyl) is attached to a ring, it pushes electrons into
the aromatic system, making it easier to remove an electron from the HOMO due
to a raise in the energy level. When an electron accepting group (e.g., fluorine or
carbonyl) is attached, it pulls electrons away from the aromatic system, lowering
the LUMO of the polymer and, therefore, the band gap [13].

O
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O
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O
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Fig. 7 Different acceptors used in OPV devices along with their corresponding energy diagram
[19–22]. For other examples of fullerenes see [15]
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Substituents can also influence the band gap by intermolecular effects. For
P3HT the hexyl side chains ensure the polymer orders in a lamellar structure in
film. This is clearly seen in UV-vis spectrum of a solution and film of P3HT; the
band gap is decreased for the film [15].

Fig. 8 Examples of low band gap polymers reported in the literature. Their band gap and
photovoltaic data is reported in Table 1 along with references
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Design of the polymer is thus of great importance to control the band gap and
one should bare the following in mind during the design process:

• Donor and acceptor units should be chosen to ‘‘fit’’ each other
• Choice of side chains (solubility, electron donating/accepting, steric hindrance

and intermolecular interactions)
• Synthesis of polymers that ensures high molecular weight

Examples of low band gap polymers reported in the literature are given
in Fig. 8. In Table 1, the corresponding band gap and photovoltaic data is
summarized.

3 Stability and Degradation of OPV

3.1 Degradation of OPV

Stability of OPV devices is a relatively new research topic in the field of OPV.
The lifetime of a device has gone from minutes to years with in the past decade.
This is largely due to a better understanding of the degradations paths that an OPV
device can follow. The types of degradation include, but are not limited, to the
following [16]:

Table 1 Band gap and photovoltaic data for the low band gap polymers shown in Fig. 8. The
data for P3HT are given at the end of the table as a reference

Polymer Band gap
(eV)

ISC

(mA cm-2)
VOC

(V)
FF
(%)

Efficiency
(%)

Reference

1 1.00 0.05 0.55 30 0.008 [16,24–27]
2 1.60 3.10 0.72 37 1.0 [28–31]
3 1.78 4.66 1.04 46 2.2 [32, 33]
4 1.65 3.59 0.61 46 1.0 [23, 34]
5 1.27 3.40 0.58 35 0.7 [35–39]
6 1.20 3.50 0.56 58 1.1 [40]
7 1.30 5.00 0.52 34 0.9 [41]
8 1.73 16.2 0.62 55 5.5 [42–44]
9A 1.61 14.7 0.70 64 6.6 [45]
9B 1.63 9.20 0.76 45 3.1 [21]
10 1.52 1.05 0.55 32 0.2 [46]
11 1.70 2.97 0.68 44 0.9 [46]
12 1.51 10.7 0.62 52 3.4 [47]
13 1.82 9.50 0.90 51 3.4 [48]
14 1.30 – – – 1.0 [20]
15 1.45 12.7 0.68 55 5.1 [49]
P3HT 1.99 10.6 0.61 67 4.4 [50–52]
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• Reaction with either water or oxygen (all layers)
• Degradation of electrodes and PEDOT:PSS, e.g., diffusion of Al electrode into

the active layer
• Photooxidation, this is especially for polymers with an alkoxy side chain
• Impurities in the polymer, e.g., Pd particles from the catalyst used in the syn-

thesis of the polymer
• Morphology

This indicates that the stability of OPV devices can be improved with careful
considerations to design of both the polymer and the device. However, other ways
to increase the stability of the devices have also been reported, e.g., encapsulation
layers such as PET or glass [53, 54].

3.2 Materials to Ensure Higher Stability

There have been reports on polymers with increased stability by way of thermo-
cleavable side chains [55]. Historically conjugated polymers were prepared by
thermal routes, as shown in Fig. 9. PPVs and polyacetylenes were prepared by the
Wessling [56–59] and Durham [60–62] routes. Recently, the dithiocarbamate route

Fig. 9 Thermocleaving of polymers
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was developed [63–67]. Common to these three approaches, the conjugated
polymer backbone is formed in the last thermal step. A different route employs
tertiary ester groups that are cleaved upon heating to form the acid and further
heating results in decarboxylation and formation of the rigid polymer backbone as
shown in Fig. 9. The advantage of the latter technique is that the conjugated
backbone is present throughout the whole process and device films are active in
photovoltaic devices before and after thermocleavage.

The thermocleavable side chains have also been studied on low band gap
polymers where a dithienylthienopyrazine was coupled with different donor groups
to produce polymers with band gaps between 1.17 and 1.37 eV. Photovoltaic
performance was carried out and the highest efficiency was measured to be 1.21%.
However, with a material loss upon heating to 200�C where the alkyl chain of the
ester was removed, the performance decreased and no further thermocleaving was
observed before decomposition at 400�C. The decrease in performance was
ascribed to phase segregation in the active layer upon heating [68]. However, in a
similar study where the donor was thiophene it was found that the decay in device
stability was similar for both oxygen and inert atmospheres, indicating stability
toward oxygen when aluminium electrodes are used [69].

4 Manufacture of Large Area OPV Modules

4.1 Production Methods

The typical laboratory polymer solar cell is prepared by spin-coating solutions of
the materials onto a rigid glass substrate covered by a layer of ITO. The standard
device employs a spincoated layer of the hole conducting PEDOT:PSS from an
aqueous dispersion followed by spincoating of the active materials from an organic
solvent such as chlorobenzene. The metallic electron collecting back electrode is
applied by evaporation in a high vacuum. This approach has proven highly suc-
cessful for materials screening, testing and development of the polymer solar cell
technology in academia, requiring a relatively small investment in equipment
(metal evaporator and a source meter). It should be noted that the device geometry
with ITO/PEDOT:PSS as the transparent hole collecting front electrode requires
that the evaporated back electrode is the electron collector, implying that it must
be a low work function metal, such as aluminium or calcium. This is problematic
in terms of device stability and, as a result, most academic device work is per-
formed in an inert glovebox environment with very low humidity and oxygen
content. In order to take those devices outside the laboratory there are strict
requirements for the encapsulation that often requires active getter materials that
remove oxygen and water from the enclosed compartment. An example of an
encapsulated device is shown in Fig. 10, where a device prepared on glass is
sealed with a glass fiber-filled, thermosetting epoxy against a milled aluminium
back plate [53].

Development of Low Band Gap Polymers 261



An additional problem with the devices prepared on rigid glass substrates and
evaporated metal electrodes is the relatively slow batch process with which they
are prepared. In the typical laboratory experiment, a batch in the order of 10
devices is prepared over the course of several hours including cleaning the sub-
strates, spin-coating, masking and removal of unwanted material, evaporation and
encapsulation and an optimistic production time for such a device is around an
hour. While this is clearly not prohibitive for laboratory work and development, it
is impossible to implement this as a cost-effective method in a competitive solar
cell market. While it is possible to envisage the scaling of device production on
rigid glass substrates, the poor performance and stability makes it unlikely to be
successful and a different approach must be sought to create a financially viable
manufacturing process for polymer solar cells.

4.2 Other Film Forming Techniques

The most favored academic film forming technique, spin-coating, described above,
is limited by the fact that it provides no control of the pattern of the formed film (zero-
dimensional). Spin-coating is, however, very successful because it enables very good
control over the film thickness, allows for preparation of very thin films and is highly
reproducible. An additional reason for the success of spin-coating is that it is a non-
equilibrium film forming technique, which allows the experimenter to prepare films
in cases where wetting is not possible in an equilibrium situation. In many cases
experiments have been successful without the experimenter ever knowing what peril
(s)he faced! There are many other film forming techniques [70] available, some of
which are suited for particular purposes while others are less suitable for polymer
solar cells. The most well-known film forming techniques are:

• ink jet printing,
• electro/magnetographic printing,

Fig. 10 A rigid
encapsulation of a 10 cm2

low band gap laboratory
device prepared on a glass
substrate with a milled
aluminum back plate. The
sealing of the device was
achieved with a glass fiber-
filled, thermosetting epoxy
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• offset printing,
• screen printing,
• rotary screen printing,
• gravure printing,
• pad printing,
• flexographic printing,
• slot-die coating,
• curtain coating,
• slide coating,
• spray coating and
• knife coating.

Ink jet and electrographic coating are unique because they employ a digital
master and provide full two-dimensional patterning of the printed area. Only ink
jet printing has been used successfully in the context of polymer solar cells.
Offset printing, screen printing, rotary screen printing, gravure printing, pad
printing, flexographic printing all provide full two-dimensional patterning, but
require a master plate with the desired layout. The complexity of the master is
simplest and lowest in cost for screen printing, mid-range for rotary screen,
flexographic and offset printing, and quite expensive for gravure printing, in
which an engraved roller is required. They are all contact techniques, meaning
that the application of the ink to the substrate is made through physical contact
between the master and the substrate. It is currently debated whether this type of
method can be used to apply the active layer. They have all been explored in the
context of polymer solar cells, but none have been truly successful. Slot-die
coating is a non-contact technique that allows for one-dimensional patterning.
Curtain coating, slide coating, spray coating and knife coating are all non-contact
zero-dimensional techniques, but curtain and slide coating allow for exception-
ally high speeds and multilayer formation. In addition to the above techniques,
several more exist that are derived from this overall set of printing and coating
techniques. There is currently no clear view on which techniques are the most
suitable and each is plausible, pending dedicated development of ink systems
that suit the requirements of each individual technique. A few facts have,
however, been influential on the development of the different techniques in the
context of polymer solar cells. The most important factor is scale, as some of
these techniques simply cannot be made to work on a small scale. This is
possibly also the reason for the success of the few techniques that work on a
small scale. The second factor is ink usage because some techniques require
enormous amounts of ink before printing can even be started. Flexographic and
gravure printing require that the rollers be continuously bathed and this can
easily mean that liters of ink are required. Finally, research has focused on film
formation of the active layers. It is anticipated that a mature polymer solar cell
technology is a fully-printed, multilayer structure and it is likely that several
different film forming techniques will enter the final process, with each being
chosen because of its particular advantage for a specific layer.
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4.3 Roll-to-Roll Printed Modules Based on a Low
Band Gap Polymer

A frequently-highlighted attribute of polymer solar cells is their flexibility. While
this is true, it is often misunderstood that flexibility is a prerequisite for success in
application. While this may be the case in a few instances, it is unlikely that the
success of the technology rests on a flexible product. The flexibility is, however,
beneficial during manufacture to decrease costs and increase throughput. Many of
the film forming techniques mentioned above are R2R compatible and this is
viewed as a prerequisite for a printing or coating technique to be valuable. In order
to prepare a low band gap polymer solar cell by R2R coating it is necessary to have
a device geometry that enables the R2R processing of all layers.

The most successful process described so far is ProcessOne [71] that employs an
inverted geometry (see Fig. 2), where ITO-covered PET is employed as the substrate.
The ITO is patterned by screen printing and etch resist followed by etching, stripping
and washing away the resist. The ITO is converted into the electron collecting
electrode by slot-die coating a thin ZnO layer on top of the ITO to give a patterned
PET/ITO/ZnO substrate that serves as a platform for testing virtually any active layer
materials combination. The active layer material is slot-die coated onto the PET/ITO/
ZnO composite electrode. The device is completed by slot-die coating of PEDOT:PSS
on top as the hole collecting electrode. The PEDOT:PSS electrode is improved by
screen printing a full silver electrode or a silver grid electrode on top depending on the
sheet resistivity of the PEDOT:PSS and on whether semi-transparency is required. The
complete five-layer device is thus prepared by a combination of screen printing and
slot-die coating. Selected steps of the process are shown in Fig. 11. The low band gap
polymer yielded semi-transparent modules with a deep blue, semitransparent color.

The IV curves of one module of indoor measurements under a solar simulator and
outdoor measurements (Fig. 12) are shown in Fig. 13 and the photovoltaic data is
summarized in Table 2. It shows a small decrease in current when measured outdoors
and, even though the voltage is increased outdoors, the overall efficiency is higher
under the simulated sun, which has a higher intensity (1000 versus 915 W m-2).

All modules were characterized by a R2R procedure under a solar simulator and
the average efficiency of the modules was 0.3%. However, it is clear that after
annealing under the sun for about 30 min, the efficiency of the modules increased
to 0.5–0.6%. Lifetime studies were carried out at 55 and 85�C and clearly showed
the effect temperature has on the stability of the modules, i.e., the stability
decreases at higher temperatures (85 versus 55�C).

5 Summary and Outlook

In this chapter, we have described the possible solutions to some challenges in
the area of OPV. We have described in detail how the efficiency is believed to
increase for low band gap polymers and provided examples from the literature.
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Additionally, we have shown that device stability can be improved using ther-
mocleavable side chains. And finally, production methods were described, along
with the results of production of large-area modules based on low band gap
polymers. The challenge for OPV devices is to combine the efficiency, stability
and production into a single material.

Therefore, it is of great importance to design the optimal material. This can be
accomplished by using donor and acceptor units that fit together. Another factor
one must bear in mind is the choice of side chain, which can have an effect on:

Fig. 11 The slot-die coating
of the low band gap polymer
onto PET/ITO/ZnO. The wet
film is shown immediately
after the slot-die coating head
(top right). The dry film is
shown as it exits the oven
(top left). The completed and
laminated devices are shown
below where the
semitransparent blue color of
the devices is visible

Fig. 12 Outside testing of
one of the completed modules
on a solar tracking platform
for general testing of OPV
modules and panels. The inset
shows the low band gap
device
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(1) the band gap, by intermolecular ordering or withdraw/donating groups, (2) the
production method, by ensuring solubility and (3) the stability, by thermocleavable
ester groups.

It is clear that polymer solar cells hold great potential as a novel type of low-
cost photovoltaic technology. There are, however, several developments needed
before one can realize polymer solar cells as a competitive photovoltaic tech-
nology. The largest cost limitation currently is the transparent ITO electrode and
there are currently few performing alternatives. The elimination of ITO is antic-
ipated to enable a cost reduction in the range of 20–35%. The operational stability
of the devices must be improved significantly in order for polymer solar cells to
reach beyond the crowded thin film photovoltaic market. Finally, the power
conversion efficiency is likely to require improvements to the 10–15% range
before the technology can become pervasive.
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