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The rapidly expanding field of polymer and organic solar cells is reviewed in the context of
materials, processes and devices that significantly deviate from the standard approach which involves
rigid glass substrates, indium-tin-oxide electrodes, spincoated layers of conjugated polymer/fullerene
mixtures and evaporated metal electrodes in a flat multilayer geometry. It is likely that significant
advances can be found by pursuing many of these novel ideas further and the purpose of this
review is to highlight these reports and hopefully spark new interest in materials and methods

that may be performing less than the current state-of-the-art in their present form but that

may have the potential to outperform these pending a larger investment in effort.

Introduction

Encouraging progress has been made over the last few years in
the field of photovoltaics using organic materials. Conventional
solar cells are built from inorganic materials such as silicon.
While the efficiency of such conventional solar cells is high, very
expensive materials and energy consuming processing techniques
are required. The main reason for the extensive interest in
organic semiconducting materials is their potential for the real-
ization of a low cost, easily processed and flexible renewable
energy source. Conjugated polymers are an especially attractive
alternative to the traditional silicon photovoltaics because they
are strong absorbers of visible light and can be deposited onto
flexible substrates over large areas using wet-processing tech-
niques such as roll-to-roll coating or printing. Many reviews,'2¢
special issues,>”** and books**® on the topic of polymer solar
cells have been published during the past 5 years and the
definitions are quite broad spanning all polymer solar cells,
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polymer—fullerene solar cells, small molecule and hybrid solar
cells. Polymer—fullerene solar cells based on composites of an
electron-donating conjugated polymer and an electron-accepting
fullerene has proven to be the most successful of them so far and
is advancing rapidly towards commercial viability. Although
the performance of polymer solar cells has increased steadily
with power conversion efficiencies (PCEs) exceeding 6%,
further improvements in efficiency are required for large scale
commercialization. Aside from the power conversion efficiency,
processing and stability are two other important aspects that
have to be addressed with equal intensity for the success of
polymer and organic solar cells. To combine all three parameters
into a useful technology further research in device science and
new materials is needed.

Aim of this review

We seek to identify novel ideas in the form of materials, methods
and device concepts that can potentially house the possibility to
go beyond the current state-of-the-art. Armed with the identity
of the potential candidates we further suggest how research
might be directed towards real progress in terms of better
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Fig. 1 Donor and acceptor materials used in polymer solar cells.

performance, higher operational stability, facile processing and
easier, faster and lower cost production.

Materials
State-of-the-art

Since the first report of photoinduced charge transfer from
a conjugated polymer to a buckminsterfullerene (Cgp) in 1992
by Sariciftci et al.,* the field of polymer—fullerene solar cells
has been through a dynamic development. In 1995 Yu et al
demonstrated a successful method to dissociate excitons and
produce free charge carriers in organic semiconductors.*® For the
photoactive layer the authors used a blend of 2-methoxy-5-
(2-ethylhexyloxy)-polyphenylenevinylene (MEH-PPV) as the
electron donor and the soluble fullerene derivative [6,6]-phenyl
Ce; butyric acid methyl ester (PCBM) as the electron acceptor
(Fig. 1).

The solar cell based on a MEH-PPV:PCBM composite or a so
called bulk heterojunction (BHJ) showed an estimated efficiency
of nearly 1% which was a major breakthrough for organic
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Fig. 2 A schematic illustration of a bulk heterojunction device showing
electrical contacts (top) and a TEM image of a phase separated blend
(bottom left. Reprinted with permission from ref. 44. © 2007 John Wiley
& Sons, Ltd.) and a reconstructed tomographic 3D-image (bottom right.
Reprinted with permission from ref. 45. © 2009 American Chemical
Society).

photovoltaics. When organic semiconductors absorb sunlight
they mainly create excitons (electron—hole pairs) that are bound
at room temperature. The exciton has to reach the donor—
acceptor interface within its lifetime to transfer a free electron
to the acceptor material and create a photovoltaic effect. Since
the exciton diffusion range is limited, typically ~3-10 nm in
most organic semiconductors,**** which is much smaller than
the necessary film thickness for effective optical absorption
(50-250 nm), the key to an efficient solar cell requires that the
excitons are generated in a nanoscale interpenetrating biconti-
nous network of donor and acceptor materials within the entire
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photoactive layer. A schematic illustration of a bulk hetero-
junction is shown in Fig. 2.

From a materials point of view the state-of-the-art in the field
of organic photovoltaics is currently represented by bulk heter-
ojunction solar cells based on poly(3-hexylthiophene) (P3HT)
and the fullerenes [60JPCBM (Fig. 1) and [70]JPCBM where
efficiencies in the 4-5% range have been reported.*~*° It should
be noted that the reproducibility and average efficiencies are
significantly lower than these “hero” devices which is caused by
the sensitivity to the fabrication process. In addition the field
has seen some inconsistent reports of unrealistically high
efficiencies®'* and this has led to the introduction of editorial
procedures to avoid and/or eliminate fraud reports.** To improve
efficiencies further towards 10% new materials are needed
because the P3HT:PCBM system is approaching optimal device
performance. The main disadvantage of P3HT is the poor
matching of its absorption spectrum with the solar emission
spectrum. The band gap of P3HT is around 1.9 eV, limiting the
absorbance to wavelengths below 650 nm. Since the photon flux
reaching the surface of the earth from the sun has a maximum of
approximately 1.8 eV (700 nm) P3HT is only able to harvest up
to 22.4% of the available solar photons.“**** Therefore, by
decreasing the band gap of the active material it is possible to
harvest a larger amount of the solar photons and thereby
increase the power conversion efficiency. One of the most
common techniques used to synthesise low band gap polymers is
the donor-acceptor approach where alternating electron-rich
and electron-poor units are incorporated in the polymer back-
bone. This causes a partial charge separation along the polymer
backbone which generally gives the polymer a lower band gap.>®
New low band gap polymer:PCBM composites have already
shown device efficiencies close to and even exceeding that
of P3HT:PCBM with plenty of room for improvement.***® One
of the most efficient low band gap polymers to date is poly[2,6-
(4,4-bis-(2-ethylhexyl)-4 H-cyclopenta[2,1-b;3,4-b']-dithiophene)-
alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) (Fig. 1) which is
based on a benzothiadiazole unit (acceptor) and a 4,4-bis(2-
ethylhexyl)-4 H-cyclopenta[2,1-b;3,4-b’]dithiophene unit (donor)
that gives it an optical band gap around 1.46 eV. Zhu et al. have
reported power conversion efficiencies up to 3.5% for bulk
heterojunction solar cells based on PCPDTBT and [70]PCBM

with a maximum EQE of 38% around 700 nm and over 25%
in the wavelength range between 400 and 800 nm.** Moreover it
was demonstrated that by incorporating a few volume per cent
of alkanedithiols in the solution used to process the films of
PCPDTBT and [70]PCBM, the power-conversion efficiency
could be increased to 5.5% through altering the bulk hetero-
junction morphology.>® This is one of the highest reported effi-
ciencies for a low band gap polymer to date and there is still
room for improvement according to the electrooptical properties
of the polymer.®*%* Recently a power conversion efficiency of
6.1% was reported for a bulk heterojunction solar cell based on
a blend of the polymer poly[N-9”-hepta-decanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)] (PCDTBT)
and [70]PCBM.% The PCDTBT:[70]PCBM solar cells demon-
strate the best performance of any single junction polymer solar
cell studied to date. PCDTBT (Fig. 1) is based on a 4,7-dithienyl-
benzothiadiazole unit and a soluble carbazole unit that gives it an
optical band gap around 1.88 eV.

Polymer—polymer solar cells for potentially higher performance

It is remarkable how little effort that has been put into making
novel materials that deliberately solves the problems that limit the
performance, stability and processing of the existing materials
into devices. From this point of view the field has been highly
successful and have managed to optimize the few known materials
to their best level of performance by investing most of the effort
into device optimisation using mainly physical techniques. It is
noteworthy that the state-of-the-art solar cell has not evolved
much since 1995 from a materials point of view and still comprise
a polymer such as P3HT and a fullerene such as PCBM. However,
it should be mentioned that significant progress has been made in
developing novel materials, of both donor and fullerene accep-
tors, with optimal energy levels to improve the PCE.57:64%¢
Photovoltaic devices based on a blend of two conjugated
polymers as the photoactive layer was first reported back in the
1990s,57¢8 and as with polymer—fullerene solar cells, polymer—
polymer solar cells are also based on a donor—acceptor pair. The
first realizations of polymer—polymer solar cells were prepared
from blends of MEH-PPV and poly(2,5,2',5'-tetrahexyloxy-7,8'-
dicyano-di-p-phenylenevinylene) (CN-PPV) (Fig. 3). MEH-PPV
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Fig. 3 Donor and acceptor materials used in polymer—polymer solar cells.

38 | J. Mater. Chem., 2010, 20, 36-60

This journal is © The Royal Society of Chemistry 2010



was acting as the donor and CN-PPV as the acceptor polymer.
Since this initial report of polymer—polymer solar cells, they have
not attracted as much attention as the polymer—fullerene solar
cells. Despite their moderate performance (up to ~1.8% PCE)*
photovoltaic devices based on polymer—polymer composites
should potentially have several advantages to offer. While
polymer:PCBM devices have shown efficiencies exceeding 6% it
is predominantly the polymer that absorbs light since PCBM has
a very weak overlap with the solar emission spectrum. Although
[70]PCBM absorb more light and thus solves this problem to
a limited degree, from a scientific point of view,” a blend of two
conjugated polymers could exhibit a high optical absorption
coefficient and enable absorption of solar light over a wider
spectral range. Furthermore, it is relatively uncomplicated to
tune the donor—acceptor energy levels when using polymers as
electron acceptors because of greater flexibility in the design of
the materials. Polymer—polymer solar cells have a high potential
but there is a big challenge in designing conducting n-type
polymers with acceptor properties up to a level that can compete
with fullerenes. A problem is that polymer blends have
a tendency to phase separate into domains with dimensions of
several micrometres and thus is not within the exciton diffusion
range. Therefore the challenge for these systems is to find
a combination where the two polymers have the right
morphology for efficient phase separation into an inter-
penetrating network that allows for efficient charge carrier
generation and transport. McNeill ez al. have reported one of the
best performing polymer—polymer solar cells to date with a PCE
of 1.8%.% The authors used a blend of P3HT as the donor
component and  poly[(9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-
bis(3-hexylthien-5-yl)-2,1,3-benzothiadiazole]-2,2-diyl] (F8TBT)
as the n-type polymer (Fig. 3). The efficiency is somewhat lower
than the state-of-the-art polymer—fullerene solar cell by a factor
of 3-4 but higher efficiencies should be reachable if spectral
overlap of the two polymers could be reduced, resulting in a wider
spectral coverage. High efficiencies have also been reported
for the polymer—polymer composites based on POPT:CN-PPV,
MDMO-PPV:PFICVTPl and M3EH-PPV:CN-Ether-PPV
(Fig. 3).77

Thermocleavable materials for higher level processing and
stability

Historically conjugated polymer materials were prepared via
a precursor route whereby a thermal treatment was used to
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remove the solubilising groups and upon their elimination the
conjugated and insoluble polymer formed. The best known
examples are the synthetic routes leading to native poly-
phenylenevinylene (PPV) and polyacetylene (PA) as exemplified
by the Wessling route” "7 and the Durham route”2 as shown in
Fig. 4.

Initially the potential of the precursor route was not realised
and it was dismissed in the middle of the 1990s”” when soluble
PPVs were made via the Wessling route. New methods appeared
that avoided some of the problems of the early Wessling method
that involved an ionic precursor polymer. This was then quickly
replaced by the Gilch®'#? and sulfinyl polymerisation types®-
which are similarly precursor routes to PPV but they do not
involve ionic precursors. In addition transition metal catalyzed
cross couplings entered the scene and were employed in poly-
merisations of prototypical materials such as P3HT using the
Rieke®¢#” or the McCullough®® route. Today, virtually all of the
known transition metal catalyzed organic chemical reactions
have been employed for the polymerisation of conjugated
materials (Stille, Heck, Suzuki efc.). The development was at that
point in time (1995-2005) driven by the desire to be able to
engineer new materials and generate new chemical structures.
The development did thus not pay attention to the needs for the
polymer photovoltaic technology but only focussed on the
materials development and employed a standard polymer solar
cell scheme for materials evaluation (i.e. glass, ITO, PEDOT,
evaporated metal back electrodes). Especially the transition
metal catalyzed methods do sometimes introduce an often
neglected problem of residual catalyst in the form of metallic
nanoparticles in the polymer products. While it is easy to miss the
presence of sub percent quantities of metallic nanoparticles (e.g.
palladium) in a conjugated polymer product the consequences
when applied in an electroactive device may be severe.?® Methods
to detect and remove the transition metal impurities have
however been developed.®*** As the field of polymer solar cells
have developed more focus has recently been placed on materials
properties and purity. The interplay between the device film
preparation methodology and the device performance became
broadly known in 2005**% and it was found that the device
performance ultimately hinges on parameters such as the
solvents used for film processing, the nature of the materials
(molecular weight, polydispersity), the method of film formation
(coating/printing technique, drying time) and treatments of the
device film post formation (thermal annealing, solvent anneal-
ing). The route to a high performing device from a particular
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Fig. 4 The Wessling (a) and the Durham (b) route to respectively PPV and PA.

This journal is © The Royal Society of Chemistry 2010

J. Mater. Chem., 2010, 20, 36-60 | 39



material thus follows a hair fine path where any deviation may
lead to poor performance.

Thermocleavable materials (solution-processable precursors)

One route, taking the above mentioned issues into consideration,
could be exploring the many possibilities in employing a conju-
gated material that is either reached through a precursor route or
through a route where sidechains are removed post film forma-
tion. One can view these materials as bringing an extra dimension
into the optimisation scheme where the device film in addition to
thermal annealing and solvent annealing can be altered chemi-
cally. Both precursor and thermocleavable sidechain routes
follow chemical reactions whereby a part of the material that
constitutes the formed film is removed (sometimes up to 50% or
more of the film weight or volume). The possibilities that ther-
mocleavable materials have to offer warrant exploitation and
certainly house the potential for bringing polymer solar cells to
a more advanced level through materials design. To make
polymer materials solution-processable, the introduction of sol-
ubilising groups is required. This is normally achieved by
attaching solubilising side chains such as alkyl groups onto the
conjugated polymer backbone. However, typical nonconjugated
solubilising groups reduce the density of chromophores in the
polymer and do not contribute to light harvesting and charge
transport. Furthermore, the side chains make the material soft
and allow for both morphological changes and diffusion of small
molecules and constituents.”*® The softness provided by alkyl
groups is related to the instability of polymer solar cells, and
more rigid systems have proven to give devices with a better
stability.”® From this point of view, it is of some interest to
prepare polymer solar cells via solution processing where it is
possible to remove the solubilising side chains after the active
layer has been deposited.

The application of thermocleavable materials fulfils this
requirement. With thermocleavable materials you exploit the
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Fig.5 Thermocleavable ester groups attached to the polymer backbone.
After a thermal treatment around 200 °C the solubilising groups are
eliminated.

N

instability of a bond in the molecule. The labile bond functions as
the linker between the solubilising group and the active material.
The most recent developments are the thermocleavable ester
groups and the dithiocarbamate precursor route. With regard to
the thermocleavable ester groups the solubilising group is typi-
cally a branched alkyl chain attached to the active conjugated
polymer backbone through an ester bond (Fig. 5). When heated
this bond breaks, eliminating a volatile alkene and leaving the
polymer component insoluble. The thermal treatment can be
viewed as a way of performing an in situ chemical reaction
thereby allowing for the alteration of both physical and chemical
properties such as solubility, hardness, hydrogen bonding,
polarity, density and ionicity after the final device film has been
prepared. In terms of stability and operational lifetime polymer
solar cells generally perform poorly. It was however demon-
strated that heterojunction devices based on poly-3-(2-methyl-
hexan-2-yl)-oxy-carbonylbithiophene (P3MHOCT) and Cg can
provide very stable behaviour after thermal elimination of the
solubilising groups.”® The device film is prepared with standard
solution processing methods followed by a thermal treatment
around 200 °C (Fig. 6) where P3MHOCT eliminates the
solubilising group as 2-methylhexene.

After the thermal treatment P3MHOCT is converted to the
more rigid and insoluble poly-3-carboxydithiophene (P3CT)
which significantly improves the stability of the solar cell. The
improved stability of this system has been linked to the rigid
nature, cross-linking through a hydrogen-bonded network
(Fig. 7) and a partially oxidized state.”’

Furthermore, in the case of carboxylic esters attached to
thiophenes, the processing offer removal of the esters at lower
temperatures and the acid groups at higher temperatures allow-
ing for multistep processing.”® Thermogravimetric data for
P3MHOCT in the temperature range 25-475 °C shows two
distinct weight loss mechanisms. The first weight loss at ~200 °C
accounts for the ester cleavage and the second weight loss at
~300 °C is decarboxylation (Fig. 8). During the annealing, it is
possible to visually see the color change of the sample from red to
orange (conversion from P3AMHOCT to P3CT) and then from
orange to purple-red (conversion from P3CT to PT) (Fig. 9a).
The UV-vis absorption spectra of PAMHOCT and [60]PCBM or
[70]PCBM mixtures are shown in Fig. 9b. It shows a significant
change of the absorption coefficient at different temperatures. In
addition a small red shift of the peaks (at 500 nm) can be seen
when the samples were heated up to 310 °C.

This finding offers a route to native polythiophene (PT) by
solution processing which has not been possible before. A plot of
the power conversion efficiency, for PSMHOCT:PCBM devices,
compared to the annealing temperature shows some interesting
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Fig. 6 Preparation of PT via a thermolytic reaction.
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Fig. 7 Proposed cross-linked structure of P3CT through a hydrogen-bonded network.
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Fig. 8 Thermogravimetric data for PAMHOCT in the temperature
range 25-475 °C. Reprinted with permission from ref. 98. © 2007
American Chemical Society.

results.” The power conversion efficiency of the bulk hetero-
junctions at room temperature was in the range 0.7-0.9% and
was found to decrease as the device film was annealed at
temperatures below the cleavage temperature (~200 °C) of
P3MHOCT to P3CT. After the transformation to P3CT a broad
minimum is reached with power conversion efficiencies in the
range 0.1-0.4%. When reaching the temperatures of the second
transformation (~300 °C) from P3CT to PT, a dramatic increase
in power conversion efficiency was observed. Up to 0.6% in the
case of [6(0]JPCBM and as high as 1.5% in the case of [70]JPCBM as
shown in Fig. 9c. Clearly the morphology is changing with the
chemical transformations and this is part of the explanation to
the variable power conversion efficiency of this system. Another
part of the explanation is the change in energy levels as the
electron withdrawing carboxylic acid groups are removed from
the conjugated polythiophene backbone. The use of thermo-
cleavable conjugated polymer materials in polymer solar cells has
been relatively limited due to the low performance observed
when preparing devices from them. The preparation of efficient
devices from native polythiophene via a thermocleavable route
should be seen as the first breakthrough in the use of thermo-
cleavable materials for polymer solar cells.”®*® The parameter
space is enormous and the added complexity of thermocleavable
materials (both their synthesis and processing into devices)
combined with perhaps a poor starting point have resulted in
a small investment in them in terms of research effort. The fact
that efficiencies approaching 2% can be reached shows that it is
not impossible to prepare efficient polymer solar cell devices
from thermocleavable materials and it is interesting to speculate
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Fig. 9 (a) A photograph showing the appearance of films based on
P3MHOCT:[70]PCBM when heated to different temperatures. (b) UV-
vis spectra of films based on P3SMHOCT and [60]PCBM or [70]PCBM
mixtures spincoated on glass slides and annealed at three different
temperatures (25, 250, and 310 °C). (c) Efficiency versus annealing
temperature for bulk heterojunctions based on P3IMHOCT and
[60]PCBM/[70]PCBM. Reprinted with permission from ref. 99. © 2008
American Chemical Society.

how far thermocleavable materials could have been pushed
pending the same investment of research effort that has gone into
materials such as MEH-PPV or P3HT.

The use of cleavable P3SMHOCT in thin film devices was first
introduced by Liu et al'® The idea, besides improving the
chromophore density, was to enable the interaction at the
interface between the polymer and TiO, in a (FTO/TiO,/P3CT/
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P3HT/Ag) photovoltaic cell (FTO = fluorine doped tin oxide).
The device showed a 3-fold improvement in photocurrent
compared to a reference cell without P3CT (Fig. 10). Under
illumination the FTO/TiO,/P3CT/P3HT/Ag cell had an external
quantum efficiency (EQE) of 12.6% and a power conversion
efficiency of 1.10%, while the reference cell (FTO/TiO,/P3HT/
Ag) had an EQE of 4.2% and a power conversion efficiency of
0.69%. The improvement in photocurrent/performance upon
introduction of the P3CT layer may be related to several factors.
Cleaving the solubilising groups results in higher chromophore
density and the chelation of -COOH groups in P3CT to the TiO,
may enhance the interfacial charge-transfer efficiency.

Other thermocleavable materials exploited as semiconductors
are the dithiocarbamate precursors. Poly-(2,5-thienylene vinyl-
ene) (PTV) has been synthesised via the dithiocarbamate
precursor route which exploits the lability of the linking thio-
carbamate bond in the molecule (Fig. 11).1°"% The solution-
processable non-conjugated precursor polymer is cleavable
around 160 °C leaving a rigid conjugated polymer (PTV). Bulk-
heterojunction solar cells based on blends of the precursor PTV
and PCBM have demonstrated power conversion efficiencies of
up to 0.76% after the thermal treatment.'*?

In terms of stability PTV is like PPV, sensitive to oxygen due
to the vinylene groups that are susceptible to photo-oxidation
resulting in a short lifetime of the devices. The chemical
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degradation is initiated by the formation of singlet oxygen by
energy transfer from the photoexcited polymer to ground state
oxygen molecules.'” The singlet oxygen can then react with the
vinylene groups through a 2 + 2 cycloaddition reaction forming
an intermediate dioxetane (Fig. 11) while other reactions are also
possible. Finally the dioxetane can break down resulting in chain
scission. As mentioned above more rigid systems generally give
devices with a better stability and therefore improved stability of
PTV devices prepared with the dithiocarbamate precursor route
may be expected. The use of thermocleavable materials offers
several advantages in the context of polymer solar cells. Most
importantly the side chains that constitute a significant propor-
tion of the final film are eliminated and ideally the final film
comprises only the active component. Since bulk heterojunctions
of polymer and PCBM are not directly compatible with the high
temperatures acquired for elimination one aim is to achieve as
low a temperature of elimination as possible. This has been
investigated by Petersen et al. for thermocleavable esters of low
band gap monomers and polymers based on diphenyldithie-
nylthienopyrazine (Table 1).'® The temperature of elimination
of a series of different ester groups was studied with thermog-
ravimetric analysis (Fig. 12a).

It showed that the thermal treatment is limited to simple
secondary and tertiary esters where the alcohol is saturated in
order to ensure that the alkene that is eliminated is removed
efficiently without undesired side reactions.

As expected the tertiary esters eliminated at the lowest
temperatures (200-250 °C) and even lower cleavage temperatures
should be possible. The UV-vis absorption spectra of polymer 4
in thin film are shown in Fig. 12b. Upon thermocleavage of the
film by heating it at 250 °C for 1 min the absorption spectrum
shows a less intense absorption and a smaller band gap (1.2 eV)
compared to the uncleaved film (1.3 eV). The lower absorption
intensity can be explained by the associated change in film
thickness and dielectric constant which may lead to changes
in the reflection phenomena.'®® In addition, the intensity of
absorption quite often decreases as the band gap is lowered. In
contrast to PAMHOCT where the ester resides on a thiophene
ring, decarboxylation does not take place ahead of decomposi-
tion for the diphenyldithienylthienopyrazines. Table 1 also
shows photovoltaic parameters of polymers 1-4 before and after
thermocleavage. A general observation is that the devices
perform significantly worse after thermocleavage as indicated by

DA 7\ SC(SNEt, D A
S S A\
n PTV 4

O — & o0 O

Fig. 11 (a) Preparation of PTV via the dithiocarbamate precursor route (b) Reaction of the vinylene bond in a PPV polymer with singlet oxygen. Singlet
oxygen adds to the vinylene bond forming an intermediate dioxetane followed by chain scission. The aldehyde products shown can react further with

oxygen.
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Table 1 Photovoltaic parameters of polymers 1-4

RO.C, CO.R HO,C

COH R=

1) 2-heptyl
2) 5-nonyl
3) 2-methyl-3-hexyl
4) 2-methyl-2-hexyl

W@*W

Polymer Jsc (mA/cm?) Voe (V) FF PCE (%) Cleaving temp. (°C) Solubility in DCB
1 1.52 0.14 0.25 0.05 Uncleaved Easy to dissolve
0.41 0.16 0.26 0.017 310
2 2.1 0.4 0.29 0.25 Uncleaved Hard to dissolve
0.36 0.14 0.27 0.013 310
3 2.55 0.41 0.29 0.3 Uncleaved Easy to dissolve
0.24 0.08 0.26 0.005 310
4 2.4 0.46 0.36 0.4 Uncleaved Easy to dissolve
1.94 0.4 0.33 0.25 230
G 1,8 photovoltaic parameters for PAMHOCT the performance dropped
100 1 Weight - 18 T around 10-fold when cleaved to P3CT and then improved 15-fold
Derivative | | 4 4 & when cleaved further to PT (Fig. 9). In addition to the thermo-
o 81 L 12 § cleavable materials described above other examples have been
e 80 - described in the literature. These are summarized in Table 2.
= T2
5 108 ¢
= 10 r06 o Cross-linking
L 04 § L _
80 1 I é Several investigations of the most widely used bulk hetero-
\ - oA junction of P3HT/PCBM with a special focus on thermal
= : T ' - o tability have shown a drastic drop in performance due to
100 200 300 400 500 Stability ha p 1 perto
Temperature (°C) morphological changes where large aggregations of PCBM
¥ appear in the films upon prolonged thermal treatment.''”-**' One
b 08 way of approaching this problem has been by design of cross-
4 linkable molecules/polymers (see Table 3) that can ‘lock’ the
——= 4(250°C) morphology and thus hinder the extensive phase separation.
» 0.6 1 Zhu et al. and Drees et al. both succeeded in suppressing
= the aggregation by synthesising fullerene derivatives containing
'g a glycidyl functionality (PCBG)."**»'** Bulk heterojunctions of
;c'f 0.4 1 P3HT/PCBG cross-linked by Lewis acid catalysis showed
g enhanced morphological stability upon thermal annealing.
= 02 | Nevertheless, the efficiencies of the cells dropped considerably
' compared to the corresponding non-cross-linked P3HT/PCBM
system. Zhu et al. also reports some initial attempts of using cross-
0.0 i . i — linkable polymers with either epoxy- or furoyl containing side

400 600 800 1000

Wavelength (nm)

Fig. 12 (a) Thermogravimetric data for polymer 4 (see Table 1) in the
temperature range 50-500 °C. (b) UV-vis absorption spectra of polymer 4
in thin film before and after thermocleavage. Reprinted with permission
from ref. 108. © 2008 American Chemical Society.

a decrease in voltage and current. Polymers 1-3 require high
cleaving temperatures (310 °C) which could be the reason for the
drastic drop in performance compared to 4 that only shows
a minor drop in performance. To compare with earlier reported

chains, that are cross-linked by use of a photoacid. The films are
reported to be insoluble in THF, but no devices were prepared.

A more successful approach in preparing cross-linkable poly-
mers have recently been reported by Myanishi ef al.*** They have
prepared a cross-linkable P3HT-analogue, poly(3-(5-hexenyl)-
thiophene) (P3HNT), where the hexyl group on thiophene is
substituted with a 5-hexenyl. The polymer was prepared by
polymerisation of 2,5-dibromo-3-(6-bromo-hexenyl) (regior-
egularity above 97% plus M,, and M,,/M,, values of 32 000 and
1.30 respectively) followed by conversion of the 6-bromohexyl
into the corresponding iodide. Finally basic elimination affords
the desired compound (Fig. 13).

This journal is © The Royal Society of Chemistry 2010
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Table 2 Thermocleavable materials

Precursor Polymer Reference
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110
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The cross-linking process was performed by prolonged heating
of the spincast films at 150 °C. Films prepared in this way showed
enhanced insolubility in chloroform, and cross-linked bulk heter-
ojunction films (P3HNT/PCBM) showed a suppressed deteriora-
tion of PCE after annealing for 10 h (3.03% before annealing
—1.74% after annealing) compared to a corresponding P3HT/
PCBM device (3.11% before annealing — 1.00% after annealing).

It should be mentioned that several attempts of cross-linking
conjugated polymers have been reported in the context of
organic light emitting diodes (OLEDs) with various degrees of
success.'* 3! Even though some of the polymers used in the
OLED cross-linking experiments are different to those employed
in solar cells, the methods of cross-linking the polymers could be
relevant in the context of polymer photovoltaics.

Processing

The performance of polymer solar cells is intimately linked to the
processing conditions during device preparation and when
taking this further than the successful laboratory devices it is
evident that the successful large scale preparation of polymer
solar cells implies control over the interplay between process and
device performance. The solutions to this puzzle for a chosen
materials combination will have to be sought through the device
geometry and the processing/fabrication method. Thermocleav-
able materials as an example have much to offer in the context of
processing multilayered polymer solar cells industrially. When
processing multilayer structures sequentially the processing of
subsequent layers must ideally not affect the underlying layers
and this is particularly important when using solution process-
ing. The common way of solving this has been to use orthogonal
solvents for adjacent layers. In the extreme case water is used as
the solvent for the first layer and an organic solvent is used
for the next layer. This has been the traditional way of
making polymer solar cells based on a glass-ITO substrate where
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS) is spincoated onto the ITO from an aqueous
dispersion followed by spincoating of the active layer from an
organic solvent and completion of the device through evapora-
tion of a metal back electrode. It is fortuitous that the standard
laboratory polymer solar cell has only needed these two solution
processed layers for several reasons. Firstly, the surface energy of
a solid PEDOT:PSS film is higher than the surface tension of
active materials in typical organic solvents making wetting easy.
Secondly, additional layers would be faced with the problem of
finding an additional solvent orthogonal to the two previously
deposited layers. These two problems may seem trivial but they
are at the heart of what has limited the early emergence of a low
cost industrial and large scale process. The fact that the tech-
nology has evolved around fixed ingredients (i.e. glass, ITO,
PEDOT:PSS, metal electrode) and fixed methods of application
(i.e. spincoating, metal evaporation) implies that development
has been slow towards alternative approaches such as ITO free
and inverted device geometries that enables the use of printed
electrodes. One way to obtain orthogonality between the pro-
cessing conditions for subsequent layers is by transformation of
the last processed layer into an insoluble film thus enabling free
choice of processing conditions for the subsequent layers. This
has been achieved unintentionally in the case of oxide layers such

Table 3 Structural representation of different molecules used in cross-
linking processes in polymer photovoltaics and OLEDs

Polymer photovoltaics Ref.
124
/
I\
S
n
122,123
123
N 123
[0}
[}
s 7\
\W/ S
n
Organic light emitting diodes Ref.
CaHir Cabir 128
- =007,

0]

B
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Table 3 (Contd.)

Table 3 (Contd.)

Organic light emitting diodes Ref.

Organic light emitting diodes Ref.
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CsHiy Coir 126
HO OH
=
T LT o
n
n=2-4

CgHqz CeHis 125

e
3w

o

CeHqz

Blends (90:10 - 40:60)

as zinc oxide and titanium dioxide employed in hybrid solar cells
and can be achieved intentionally with thermocleavable materials
where insolubility arises upon thermocleavage as detailed above.
Deliberate use of thermocleavable materials has been shown in
one development of a process for industrially processed polymer
solar cells.'3>713

Hybrid solar cells

Hybrid solar cells (HSC) have a heterojunction consisting of
both organic and inorganic materials, thus trying to combine
the advantages of each of these. Polymers generally have high
hole mobility but a low electron mobility, and this intrinsic
carrier mobility imbalance in the polymer is overcome by
incorporation of an n-type inorganic material to act as the
electron acceptor and a pathway for electron transport. The
efficiency of the heterojunction is limited by the exciton
diffusion length as excitons formed at positions further away
from an interface than the exciton diffusion length have
a lower probability of efficient charge separation and harvest-
ing. Efficient charge separation can only occur at the p-n
interface and ideally the heterojunction should be constructed
in a manner such that the excitons are generated in the vicinity
of the interface. At the same time the constructed hetero-
junction should ensure a direct or percolating pathway of the
charge carriers to the relevant electrodes in order to effectively
transport and collect the charges. The semiconducting prop-
erties in HSC of several different inorganic materials have been
examined with promising results, ie. TiO,,!3¢4 ZnO,146-158
CdSe,l”‘l““ CdS,165,166 PbS,‘“’ Pbse’lﬁs Sn02’169 and Si,170’171 as
presented in Table 4. In recent years research has largely
focused on the use of TiO,, ZnO and Si, mainly because of the
environmental harmfulness and toxicity of many of the others.
The choice of polymer used in HSCs has usually been P3HT or
different PPV polymers as they have shown good hole con-
ducting properties.
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Fig. 13 Polymerisation and side chain conversion reactions for the synthesis of P3HNT.

Various approaches in HSC design have been explored and
they generally fall into 4 architectural categories:

(1) planar bilayer;

(2) nanoparticle/polymer blends;

(3) in situ generation of the n-type inorganic in the polymer;

(4) nanostructured: infiltrating rigid nanoporous or nanorod
structures with a polymer.

The schematic representation of these is shown in Fig. 14.

Covering a planar layer of inorganic semiconductor with
a polymer film is the most direct approach to a hybrid solar cell,
but the design has limited application as the active layer of
polymer has to be very thin in order to make use of all the
excitons. The simplicity of the architecture though renders it very
applicable for routine evaluation of the properties of new
polymers and measurement of exciton diffusion lengths.

When using nanoparticle/polymer blends the active layer is
normally prepared by spincoating a solution containing dis-
solved polymer and suspended nanoparticles, thus enabling
deposition of both semiconductors in a single step. The proce-
dure should in principle ensure intimate mixing of the acceptor
and donor, but great care must be taken in tuning the surface
chemistry of the nanoparticles in order to prevent these from
aggregating and at the same time ensuring a good interface for
charge transfer.'” Nanoparticle aggregation is believed to be one
of the limiting factors of the efficiency in nanoparticle/polymer
devices.'”

Examples of this include the use of tetrapod, hyperbranched
and nanorod CdSe nanoparticles in combination with conju-
gated polymers where efficiencies are approaching 3%.15°-164
Essential for the good performance is to replace the nanoparticle
surface ligands with a volatile molecule (for example replacement
of tri-n-octylphosphine oxide with pyridine), allowing for evap-
oration of the surface ligands during film processing. This again
allows for better contact between the polymer and the nano-
crystals and between the individual nanoparticles.

In one example Beek et al. have achieved a PCE of 1.6% and
avoid the problem of surface ligands by using crystalline ZnO
nanoparticles, which are soluble in organic solvents and
therefore can be mixed directly with the polymer.!46-47

An alternative approach to individual nanoparticles was
introduced by van Hal et al that prepared a continuous inter-
penetrating network of TiO, created in situ within the conjugated
polymer film after spincoating a mixture of MDMO-PPV and
a precursor for TiO, (Ti(OC3H7)4).'™* Subsequent exposure of
the cast film to moisture from the air led to the formation of
a TiOy network. The photoluminescence (PL) of the MDMO-
PPV:TiOy heterojunction was significantly quenched compared
to a pristine MDMO-PPV film (PL is reduced by a factor 19 with

a 50% w/w content of TiO,) indicating an efficient charge sepa-
ration of photoinduced excitons. These experiments were later
confirmed by Slooff ef al. where additional experiments were
performed with poly(3-octyl thiophene) (P3OT) as the poly-
mer.'”® Scanning electron microscopy (SEM) images taken after
removal of the polymers by UV-ozone treatment revealed TiOy
phases with sizes on the order 100-200 nm for P30T blends and
20-30 nm for MDMO-PPYV blends. The difference is assumed to
be caused by the tendency of P3OT to aggregate more easily as
compared to MDMO-PPV (Fig. 15).

Despite the good interpenetrating network of TiOy, photo-
voltaic devices showed rather low power conversion efficiencies
which is ascribed to the fact that the inorganic phase is essentially
amorphous.'” Crystallisation of TiO into the anatase phase of
TiO, would require high temperatures (>350 °C).'"¢

A similar approach was taken by Beek et al. using MDMO-
PPV and diethylzinc as a ZnO precursor.'*” ZnO is known to
crystallise at much lower temperatures than TiO,, and heating to
110 °C under nitrogen at 40% relative humidity promoted crys-
tallisation. The final device gave a PCE of 1.1%. Moet ef al. later
reported partial degradation of the polymer during processing of
MDMO-PPV and diethylzinc and that P3HT (no vinyl groups)
show better stability and higher performance (PCE 1.4%).">°

The last architectural approach involves the filling of a pre-
created inorganic nanostructure (vertical structured nanopores
or vertically oriented nanorods/nanopillars) with a polymer
(examples are given in Fig. 16). The aim is to create a structure
where the separation of the phases is in the order where complete
exciton harvesting and charge collection is possible and where
the straight pore/channel network provides the most direct
pathway for the charges to the anode and cathode. Several
techniques'7-13-170.177-181 haye been developed in order to create
controlled structures pursuing the alleged optimal conditions.
Among the published results on solar cells Olson et al. reported
the fabrication and characterisation of heterojunctions consist-
ing of P3HT and a mesoporous structure of ZnO nanofibers.'>?
The nanofibers were grown hydrothermally on a glass/ITO
substrate which was subsequently filled with P3HT by spin-
coating and annealed to ensure intercalation into the voids
between the nanofibers. The final device showed a 3.5 times
increase in PCE (to 0.53%) compared to the corresponding
bilayer device of P3HT on planar ZnO.

Kuo et al recently showed good results for ordered hetero-
junctions with vertically aligned TiO, nanorods and P3HT.'*
The vertical TiO, nanorods were prepared by spincoating a TiO,
precursor into the pores of an aluminium anodic oxide (AAO)
template pregrown on an ITO/glass substrate. After sintering,
the AAO template was removed by dissolving it in aqueous

This journal is © The Royal Society of Chemistry 2010
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Fig. 14 The different geometries of hybrid solar cells: (1) Planar
bilayer—the polymer added onto a flat inorganic surface; (2) nano-
particle/polymer blends—a mixture of the polymer and suspended inor-
ganic particles is applied; (3) in situ generation of the inorganic within the
polymer—a mixture of the polymer and a soluble precursor to the
inorganic is applied and solidification of the inorganic is then performed
after film preparation; (4) nanostructured—a rigid nanoporous or
nanorod structure of inorganic is filled with the polymer.

: =
100'nm P30T/

Fig. 15 SEM of the TiO, phase after removal of the polymer by UV-
ozone treatment for 10 min. Left: from a P3OT:TiO4 (12 vol% TiOy)
blend. Right: from a MDMO-PPV:TiO4(14 vol% TiO,) blend. Reprinted
with permission from ref. 175. © 2003 Elsevier B.V.

NaOH. The nanorods are approximately 200 nm long and with
a diameter 30-60 nm. The resulting solar cell after spincoating of
P3HT and annealing showed to be 4.3 times more efficient (PCE
of 0.51%) than planar TiO,:P3HT.

As can be seen from Table 4, several of the reports with the
highest efficiencies are reported for PAHT/PCBM blends and an
inorganic semiconductor. The inorganic material here functions
as an extra electron carrier. Takanezawa et al showed that
incorporation of the P3HT/PCBM bulk heterojunction into
a vertical ZnO nanorod array led to an increase in PCE from
1.8% for a normal P3HT/PCBM heterojunction on top of a seed
layer of ZnO to a PCE of 3.9% when growing the seed layer to
nanorods with a length of 300 nm before spincoating the
P3HT/PCBM solution.'s*!5* As seen in Fig. 17 the ZnO rods can
act as an extra electron carrier at the p—n interface with P3HT but
can also operate as an intermediate between PCBM and ITO.

Another tendency in Table 4 that leads to relatively high effi-
ciencies is the use of the surface modified inorganics, typically
with a dye that can assist in charge separation and prevents back
recombination. (For all results involving surface modification
presented in Table 4 the concentration of the interfacial

Fig. 16 SEM images of (a) cross sectional view of embossed TiO,
structures on FTO substrate after calcinations. Reprinted with permis-
sion from ref. 178. © 2005 American Chemical Society. (b) ZnO nanorods
grown on dense ZnO backing layer on ITO substrate (cross section).
Reprinted with permission from ref. 181. © 2006 American Chemical
Society. (c) Top view of Si-nanowires on silicon wafer prepared by wet
etching, with an insert of the cross sectional view. Reprinted with
permission from ref. 170. © 2008 Elsevier B.V.

molecules is so small that they only have a minimal or negligible
contribution to the light absorption, and the polymer is thus the
main contributor to absorption.) Lin et al have recently
demonstrated that surface modification by ligand exchange of
the surface ligands of freshly prepared nanorods (~20-30 nm in
length and 4-5 nm in diameter) with different dyes led to
improved performances compared to ‘normal’ ligand exchange
with pyridine, a near doubling of the PCE (from 1.12% to 2.20%)
was observed in a HSC with P3HT."*! The authors ascribe the
large increase in PCE to be partially an effect of enhanced charge
separation but mainly to be attributed to a strong suppression of
back transfer and recombination of carriers at the interfaces. In
Fig. 18 the energy diagram of TiO,, the dye ligands, and P3HT
are shown. All the dyes showed improved performance when

This journal is © The Royal Society of Chemistry 2010
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Fig. 17 (a) FE-SEM cross-section image of the ZnO nanorod arrays (scale bar: 300 nm), (b) schematic structure of a ZnO/organic hybrid device with
a VO, buffer layer, and (c) energy diagram of the ITO/ZnO/PCBM:P3HT/VO,/Ag device. Reprinted with permission from 154. © 2008 American

Institute of Physics.

used as surface modifiers in the order N3 (2.20%) > CuPc (1.80%)
> ACA (1.67%).

The results for the P3HT/PCBM:n-inorganic and the use of
surface modified inorganics show that ‘tuning’ the charge sepa-
ration and back recombination by adding a third component
might be a promising path for future research. The third
component is typically added at the interface between the inor-
ganic semiconductor and the polymer vis-a-vis the well known
dye sensitized solar cells where it serves the purpose of facilitating
charge injection from the polymer to the semiconductor while
preventing back recombination.

Tandem cells

So far the power conversion efficiency of single bulk heterojunction
solar cells has reached 6% while higher power conversion efficien-
cies are possible from a theoretical point of view. One drawback of
single junction polymer devices is their narrow absorption window
compared to the solar cells based on inorganic semiconductors. A
possible approach to efficiently harvest light at both short and long
wavelengths is by stacking different band gap materials/devices on
top of each other. This can be done by placing the cells in series
giving devices known as tandem cells."'*'* By stacking different
band gap materials on top of each other the tandem cell should be

able to exceed the maximum theoretical efficiency of a single
junction solar cell because it increases the absorption of solar light
and allows exploiting the photon energy more efficiently. When
two cells (in a two terminal tandem cell) are connected in series the
open-circuit voltage (V) is the sum of the V,.’s of the subcells,
Voel T Voea + Voea... = Vo (tandem)-

Fig. 19 illustrates a typical organic tandem cell architecture
comprised of two distinct active layers stacked on top of each
other. Both of them are based on a donor-acceptor composition
and the use of materials with different band gaps enables
absorption of solar light over a wider spectral range. Typically
a material with a wide band gap is used for the first cell and a low
band gap material is used for the second cell. In order to prevent
charge build-up within the cells a transparent intermediate layer
is positioned between the two active layers. The intermediate
layer ensures recombination of the electrons created in the first
cell with the holes created in the second cell. In addition, it can
act as a protective layer to support the bottom cell during
deposition of the top active layer. This can generally be accom-
plished with a thin inorganic layer. Several methods have been
employed in the fabrication of tandem cells depending on the
materials used for the active and the intermediate layer. The
mode of preparation can be divided in three categories: all
vacuum processing by evaporation of low molecular weight
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Fig. 18 Left: Schematic representations of P3HT/TiO, nanorod hybrid after interface modification and chemical structures of different interfacial
molecules of ACA, CuPc-dye, and N3-dye molecules respectively. Right: The corresponding energy levels of the various materials. Reprinted with

permission from ref. 141. © 2009 American Chemical Society.
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Fig. 19 Typical device setup for an organic tandem cell.

molecules, a combination of vacuum and solution processing and
all solution processing. Due to the complexity of multilayer
solution processing caused by interlayer mixing, the early reports
of organic tandem cells are based on the vacuum deposition of
small molecules and they certainly show increased V,. and
efficiencies.'®*'* Also a combination of vacuum and solution
processing is a fine approach where the solution processed
underlying layer is not disturbed during subsequent vacuum
processing.'¥1% However, from an industrial point of view, all
solution processing without the use of vacuum where each layer
is processed from solution (including the metal electrode) is the
most appealing because techniques like ink-jet printing, screen
printing and roll-to-roll coating are less time and energy
consuming and enable large scale organic solar cell production.
Gilot et al. were the first to demonstrate a polymer tandem cell
with each layer processed from solution (the metal electrode was
evaporated).'*!

The technique relies on the choice of solvent for the different
layers. They have to be complementary in the sense that the next
solvent in the process is not affecting the material in the under-
lying layer. Fig. 20 illustrates the device setup realized by Gilot
et al. The challenging step is the spincoating of the intermediate
layer where the authors used a layer of zinc oxide nanoparticles
spincoated from acetone prior to a layer of pH neutral PEDOT.
The ZnO/PEDOT recombination layer was not affecting
the underlying active layer of MDMO-PPV:PCBM and was
also acting as a protective layer to support the bottom cell
during deposition of the second active layer consisting of
a P3HT:PCBM bulk heterojunction. The solution processed
tandem cell has led to an efficiency of 6.5% for a polymer solar
cell with an evaporated metal back electrode.’? It was demon-
strated by Kim et al. with a bulk heterojunction composite of
PCPDTBT (Fig. 1) and PCBM for the bottom cell and a layer of

R

Fig. 20 Device setup for the tandem solar cell realized by Gilot et al.

P3HT:[70]PCBM for the top cell. For the intermediate layer the
authors used a layer of TiOy spincoated from a TiOy precursor
solution (sol-gel chemistry)™*® prior to a layer of PEDOT. The
TiO, precursor hydrolyses to TiO, during 1 hour in air (Fig. 21)
and the final TiOy layer offers high mechanical stability to the
tandem cell. The final polymer tandem cell showed an improve-
ment of 38% in performance versus the best single cell.

An all solution processed tandem polymer solar cell based on
thermocleavable materials has been reported by Hagemann et al.'®
The authors used solution-processable precursors that allow for
conversion to an insoluble state by a thermal treatment. A bulk
heterojunction composite of PAMHOCT and ZnO was used for the
bottom cell and a blend of poly-[(3'-(2,5,9-trimethyldecan-2-yl)-
oxy-carbonyl)-[2,2;5',2"|terthiophene-1,5"-diyl)-co-(2,3-diphenyl-
thieno[3,4-b]pyrazine-5,7-diyl)] (P3TMDCTTP) and ZnO was
used for the top cell (Fig. 22). Straight after each film preparation
a short thermal treatment eliminated the solubilising group
converting PSMHOCT to P3CT and P3ATMDCTTP to P3CTTP.
To separate the bottom cell from the top cell an intermediate
layer of PEDOT:PSS and ZnO were used. The final tandem cell
performed relatively poorly but did not involve the use of
fullerenes and efficiently solved the problems associated with
solubility during application of subsequent layers. In addition
a solution processed metal electrode was employed. An obvious
advantage of thermocleavable materials is that they offer new
levels of processing after film forming. Due to the insoluble
nature of the active materials after the thermal treatment there is
no limit in the choice of solvents when processing the subsequent
layers in the tandem cell and more research into this field appears
worthwhile.

Recently a novel concept was introduced whereby the tandem
solar cell is realized in a reflective geometry where the reflected
light of one cell is directed towards the second one.'****’

OR OH O

| Hydrolysis | ot ~
RO—Ti—OR _mydroysis HO—Ti—OH ——— _/ 'In\o/ 0
OR OH AN

o

Precursor TiOy

Fig. 21 Preparation of the TiOy layer.
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Fig. 22 Tandem solar cell based on thermocleavable materials realized
by Hagemann et al. The active layer film absorption spectra are also
shown with P3CT/ZnO plotted with a solid line and P3CTTP/ZnO

plotted with a broken line. Reprinted with permission from ref. 109. ©
2008 Elsevier B.V.
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Fig. 23 Folded tandem cell realized by Tvingstedt et al. Sketch of the folded tandem cell and the chemical structures of the exploited alternating
polyfluorenes APFO3, APFO Green-9, and the acceptor molecule PCBM. Reprinted with permission from ref. 196. © 2007 American Institute of

Physics.

Tvingstedt et al. demonstrated that by folding two planar cells
with different band gap materials toward each other, spectral
broadening and light trapping are combined to give an
improvement of PCE from 2% up to 3.7% upon folding from
0° to 70° (Fig. 23).7°¢ A bulk heterojunction composite of APFO3
and PCBM was used for one cell and APFO-Green9:PCBM for
the second cell. The advantage of the folded tandem device is that
it avoids complex multilayer solution processing and other
problems related to multijunction stacking

Control of the nanomorphology

The nanoscale morphology is an important factor in the
construction of functional organic bulk-heterojunction solar
cells as it is of interest to be capable of controlling the dimension
of the domains in the nanostructure such that all domain
boundaries are within the exciton diffusion range in the photo-
active layer. Han et al have demonstrated a novel procedure
to create morphologically controlled nano/microscale patterns
of m-conjugated polymers.!™* An acidic mixture of polyfluorene
or polythiophene bearing solubilising thermocleavable tetrahy-
dropyranyl (THP) groups, and poly(methyl methacrylate)

0 Q

0

(PMMA) is used for the active layer. After spincoating on
substrates phase separation is induced by the chemical dissimi-
larity of the two polymers giving rise to a nano/microscale
morphology. After an acid catalyzed thermal treatment where
the THP groups are eliminated the insoluble conjugated polymer
remains (Fig. 24). Subsequently, PMMA is removed by treating
the films with a chlorobenzene/hexane solution leaving a dot
matrix of the conjugated polymer (Fig. 25).

This method, where a template is used to control the nano-
structure of conjugated polymers, has been exploited by
Andreasen et al. in a solar cell context.'® Instead of PMMA,
copper nanoparticles with an average diameter of 32 nm were
used as the template to nanostructure a conjugated polymer
based on P3SMHOCT. Mixtures of PAMHOCT and the copper
nanoparticles are processed into thin films followed by a thermal
treatment whereby the solubilising side chains of the polymer
were eliminated, leaving an insoluble film of conjugated P3CT
with included copper nanoparticles. The copper nanoparticles
could then be removed by treating the films with a THF solution
of phenylazodiethylthioformamide (copper-specific solubilising
agent®™®") leaving voids in place of the copper nanoparticles
(Fig. 26). Finally the voids in the dried nanoporous films were
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Fig. 24 Thermocleavable polymers PTHPET and PTHPEF and acid-catalyzed elimination of dihydropyran from the polymer backbone.
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Fig. 25 Schematic illustration of the formation of a well-ordered micro
and nanometre-sized m-conjugated polymer features (PTHPET or
PTHPEF) by (a) solution casting, (b) self-organization, and (c) catalytic
reaction and development. Reprinted with permission from ref. 114. ©
2007 WILEY-VCH.
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Fig. 26 Reaction scheme for the process (above) and pictures of the films
before and after removal of the copper nanoparticles. The film loaded
with copper nanoparticles has a black appearance whereas the film where
the copper nanoparticles have been removed had a red color (lower left).
The dissolution step is also shown where a device slide (50 mm x 25 mm)
is covered with a THF solution of azothioformamide. The dark color is
due to the formation of the copper complex of azothioformamide (lower
right). Reprinted with permission from ref. 198. © 2007 American
Chemical Society.

filled with PCBM by doctorblading forming a donor-acceptor
bulk heterojunction.

However, the nanostructures had little influence on the
photovoltaic effect. The best device (active area of 3 cm?) had an
open-circuit voltage of 0.43 V, a short-circuit current of 0.19 mA
cm~2, a fill factor of 27.4%, and a power conversion efficiency of
0.02% (0.1-0.4% for P3CT:[60]PCBM). These data are much
lower than the state-of-the-art and is ascribed to the low porosity
of the films (<20%) and the large size of the PCBM domains. The

ideal size of the PCBM domains should be of the order of 5-10
nm, and the porosity should be closer to 50% or more. This
method may find importance in the modification of nanoscale
morphologies for polymer solar cell devices if it could be
advanced for incorporation of larger amounts of well-distributed
smaller nanoparticles (5-10 nm) into the conjugated polymer
film.

Laser-induced thermal patterning is another technique to
control the morphology of conjugated polymers. Gordon et al.
have developed a method for direct thermal patterning of
a thermocleavable w-conjugated polymer film containing a near-
infrared (NIR) sensitive dye.' The NIR dye (Fig. 27) is incor-
porated directly into the polymer film by spincoating a NIR dye/
polymer blend on a substrate.

When the film is exposed to NIR light pulses from an 8§30 nm
laser beam the dye absorbs the irradiation and converts the NIR
photons into heat by internal conversion. The polymer
(PTHPET) does not absorb the NIR light. The heat produced by
the dye induces thermocleavage of the THP groups. Subse-
quently, the NIR dye is removed by rinsing the films with
methanol followed by THF leaving patterned m-conjugated
polymer (Fig. 28). The patterned m-conjugated polymer shows
a significant reduction in the quantum yield, compared to a pure

Fig. 27 NIR dye used by Gordon er al.**

’

irradiated

i la reasl

patterned polymer
following development

-

Fig. 28 Schematic diagram for the direct thermal patterning of
a m-conjugated polymer using a NIR laser realized by Gordon et al.
Reprinted with permission from ref. 199. © 2007 American Chemical
Society.
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PTHPET film, which is ascribed to either the presence of residual
NIR dye remaining in the film after rinsing or/and coplanarisa-
tion and chain aggregation after thermocleavage of the THP
groups.

To overcome this problem novel strategies have been developed
where the NIR dye is not incorporated into the film. Gordon e? al.
have described a bilayer approach,''s wherein a NIR dye is con-
tained in a film of poly(2-hydroxyethylmethacrylate) [p(HEMA)]
spincast onto a thermocleavable m-conjugated polymer film
of poly(9,9-dihexylfluorene-alt-2-(2-thiophen-3-ethoxy)tetrahy-
dropyran)-co-(9,9-dihexylfluorene-alt-bithiophene) (PFT-TT)
(Fig. 29).

After exposure of the bilayer film to 830 nm NIR laser irra-
diation the p(HEMA)/NIR dye layer is removed by rinsing
with methanol. Subsequent treatment of the remaining film with
a THF/hexane solution removes non-cleaved PFT-TT (unex-
posed p(HEMA)/NIR dye regions) leaving a patterned
m-conjugated polymer (Fig. 30). Using this bilayer film archi-
tecture the active conjugated polymer layer can be heated by
exposure to NIR irradiation while minimizing deleterious mixing
of the polymer with the NIR dye. Compared to the monolayer
approach described above the m-conjugated polymer retains its

P(HEMA) /
NIR dye

B

THF / hexanes
development

methanol
development

Fig. 30 Bilayer approach to laser induced direct thermal patterning of
a m-conjugated polymer realized by Gordon ez al Reprinted with
permission from ref. 115. © 2008 WILEY-VCH.

photoluminescent properties showing quantum yields as high as
86% of the pristine polymer. The method is capable of imaging
large surface areas, up to 1 m?, at relatively high throughput and
with micrometre size resolution (typically 5-10 um), and thus
could be valuable in the context of processing of thermocleavable
polymers for solar cells.

ITO-freedom and advanced device concepts

The most commonly used transparent electrode in organic
photovoltaics is based on indium-tin-oxide (ITO) which has the
disadvantage of being rather expensive due to the scarcity of
indium which is the main material in ITO by weight. In addition,
the expanding market for optoelectronic devices could create
a demand so high that securing a steady supply of indium might
be problematic in the near future. This generates the need of new
transparent semiconducting materials with good conductivity to
minimize ohmic losses or new techniques/designs of devices.
There has been relatively few reports on polymer solar cells that
do not employ indium.?°*-2%® Of these, three are directly relevant
to industrial manufacturing processes.?%-2°1-2%8 The wrap through
concept is well known from 1** generation photovoltaics?® and
has later been demonstrated to work well for polymer solar
cells,?® and some of the ITO free polymer solar cell module
concepts have been demonstrated to work in a full roll-to-roll
process.2®*! For the latter though, the performance was
significantly lower than what could be obtained using ITO based
flexible substrates in a similar roll-to-roll process as shown in
Fig. 31.

An alternative approach to avoid the use of indium has been
introduced by Niggemann et al.,*'® who report the fabrication of
a novel architecture in organic photovoltaic devices without the
use of transparent electrodes and with extremely high voltages.
Built on substrates of transparent lamellar nanostructured
polymer, devices consisting of series of interconnected elemen-
tary cells (up to 1390 cellsyfmm) are prepared (Fig. 32). Anodes
and cathodes are deposited on the vertical walls of the lamellas
by thermal evaporation of titanium or MoQj3 respectively from
inclined incident angles, such that anode and cathode pairs of
adjacent elementary cells are interconnected at the tip of the
nanolamellae. The photoactive composite (P3HT/PCBM - 3:2) is
then spincoated in the final process step.

In order to suppress interconnection of adjacent cell elements
by the photoactive composite, a dielectric layer of lithium fluo-
ride was furthermore deposited at an angle on the tip of the
lamellae prior to spincoating. Under AMIL.5 illumination,
a 17.4 mm x 7.9 mm photovoltaic nanomodule prepared in this
way generated an open circuit voltage of 880 V and a short circuit
current of 2 x 1078 A. The solar power conversion efficiency is
stated to be 0.008% when considering a fill factor of 25%. The
concept of wrap through was first introduced in 1993 by Gee
et al.®® for silicon based solar cells and have now been imple-
mented in polymer based photovoltaics by Zimmermann et al.?*®
in order to avoid the use of transparent electrodes. The general
idea behind wrap trough is to have both electrodes on the back
side of the device, one having a traditional layered contact with
the light absorber, and the other being connected to the absorber
through a series of holes/channels, leading through the device,
that have been filled with a highly conducting material. The holes
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Fig. 31 Roll-to-roll coated polymer solar cells using an ITO based process (left) and ITO-free processes (middle and left).
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Fig. 32 High voltage devices. Upper left: Basic sketch of a series interconnected photovoltaic nanomodule. An elementary cell is represented by the
photoactive volume sandwiched between an anode and a cathode. Lower left: Schematic drawing of the series interconnected photovoltaic nanomodule.
Anodes and cathodes are deposited on the walls of the nanolamellae by evaporation from an inclined incident angle. The series interconnection of
adjacent elementary cells is carried out by overlapping the electrodes at the tips of the lamellae. In order to suppress charge carrier recombination, the
tips of the nanolamellae are coated with a dielectric layer. The electrical contact is provided via two contact tips positioned onto the metallised
nanolamellae. Right: SEM cross-section of a photovoltaic nanomodule. The tips of the lamellae are coated with lithium fluoride by thermal evaporation
under inclined incident angles. Reprinted with permission from ref. 210. © 2008 Wiley-VHC Verlag GmbH & Co. KGaA, Weinheim.

are placed in a pattern throughout the device that ensures good
efficiency. The organic solar cell by Zimmermann et al. is built on
a thin plastic substrate with inverted layer sequence, i.e. starting
with the metallic electron contact. Then the active absorber layer
is applied, followed by the PEDOT:PSS layer as shown in
Fig. 33.

The holes/channels through the device are now created by
perforation of the device with a hot needle followed by a second
layer of PEDOT:PSS forming the wrap through contact. As the
last step a metal (Au) back contact was evaporated thermally.
Power conversion efficiencies of up to 2% were reached for
parallel wrap through and 1.1% was reached for serial circuitry
using simulated solar irradiation (1000 W/m?).

Summary and outlook

From a materials point of view, the state-of-the-art in the field of
organic photovoltaics has for long been represented by bulk
heterojunction solar cells based on P3HT and a fullerene. Power
conversion efficiencies in the 4-5% range have been reported for

P3HT:PCBM devices,**° but reproducibility has been difficult
and average efficiencies are significantly lower than the highest
reported. P3HT can only absorb light up to 650 nm, and this
limited absorption of the available solar photons (up to 22.4%)
has in recent years led several research teams to focus on prep-
aration of low band gap polymers in order to be able to exploit
a larger part of the solar spectrum. Recently new low band gap
polymer:PCBM composites have shown device efficiencies close
to and even exceeding that of P3HT:PCBM with plenty of room
for improvement.36-°%192

Another trail deviating from the traditional P3HT:PCBM
blends is the use of two different polymers to act as donor and
acceptor in a polymer:polymer heterojunction. Although very
little effort has been put into this area moderately good results
have been achieved (~1.8%).®® The advantages of a hetero-
junction consisting only of absorbing materials, allowing for
absorption over a wider spectral range, together with the relative
ease of tuning the donor—acceptor energy levels make the poly-
mer:polymer solar cell a potential player in future research. Two
major challenges will be the design of good n-type polymers and
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Fig. 33 Wrap through cells. Top and lower left: Schematic representation of the inverted layer sequence starting with the metallic contact on the plastic
substrate followed by the active polymer blend and PEDOT:PSS. After perforation of the film a second layer of PEDOT:PSS is applied forming the wrap
through contact and a gold back electrode is applied to finish the circuitry. Right: Picture of a wrap through device. The two bottom representations are

reprinted with permission from ref. 211. © 2007 Elsevier B. V.

dealing with the tendency for phase separation of the polymers
into larger domains instead of into a fine interpenetrating
network that allows for efficient charge separation and transport.
The use of precursor or thermocleavable sidechain routes also
results in a higher concentration of the photoactive participant.
Heat treatment of the device film results in chemical reactions
whereby removal of part of the material (sometimes up to 50% or
more by weight) that constitutes the original film is achieved.
Thus formed conjugated polymers have no solubilising side-
chains and are insoluble in all solvents which induce stability
towards degradation and furthermore allows for preparation of
multilayer devices by all solution processing.'”® Light cleavage
using a near-infrared (NIR) dye that is either incorporated in the
polymer film or employed as a separate layer on top of the
polymer is a sophisticated form of dealing with thermocleavable
materials which allows for patterning as thermocleavage only
occurs in areas exposed to NIR light."**!151%° The non-exposed
areas which are still soluble can subsequently be removed.
Multilayer devices (tandem cells) allow for use of several types
of polymer that each absorb light at different regions of the solar
spectrum and hence render the exploitation of the incoming light
more effective. The main challenge when preparing all solution
processed multilayer devices is to find a way to add a new layer
without destroying the underlying layer. Besides the method of
rendering the polymer insoluble this can be done by careful
tuning of the solvents used for each layer so that the top layer is
always insoluble in the solvent used next. PCEs of up to 6.5%
have been reported by the latter method.'”* An alternative
approach to the already mentioned is to use a reflective geometry

where the reflected light from one cell is directed towards another
and vice versa. This again allows for the use of supplementary
polymers that each absorbs light at different wavelengths.

With respect to methods trying to induce stability to the device
the use of materials that can be cross-linked after film prepara-
tion and consequently a ‘locking’ of the morphology, should be
mentioned. Limited research has been carried out within this
area that has the potential of solving the problem of phase
separation/aggregation that is observed for PSHT:PCBM devices
upon thermal treatment. Finding ways to prepare highly cross-
linked films would also make the process useful for multilayer
devices.

Fabrication of hybrid solar cells is an area that has received
quite a lot of attention with respect to device architecture trying
to optimize charge separation and collection. Designs where the
inorganic part of the heterojunction is represented as nano-
particles, are generated in situ, or as nanorod or -pore structures
have been investigated and recently several reports of combining
the traditional P3HT:PCBM setup with an inorganic into
a 3-component heterojunction has been successful in improving
the efficiencies compared with the corresponding P3HT:PCPM
devices without the inorganic. Similar tendencies have been
reported for heterojunctions of surface modified inorganics with
different dyes, where the concentration of the dye is so small that
its contribution to absorption is minimal to negligible. Instead
the dye aids in charge separation and suppresses back recombi-
nation. The latter two examples are good indicators that
combining techniques and thinking differently can lead to
improvement.

56 | J. Mater. Chem., 2010, 20, 36-60

This journal is © The Royal Society of Chemistry 2010



The latest reports are dealing with the fact that indium, which is
a major component in the most commonly used transparent elec-
trodes (ITO), is a scarce and expensive element in a world market
with a growing demand because of the development within opto-
electronics. In order to approach this problem new device designs
have been developed to function without ITO. High voltage devices
yielding open circuit voltages up to 880 V,*® introduction of the
wrap through concept implemented for polymer based solar cells on
thin flexible plastic substrates,?*®® and some of the ITO free polymer
solar cell module concepts have even been demonstrated to work in
a full roll-to-roll process.?***' These new concepts still need opti-
mization, but they are approaching relevant issues for industrial
manufacturing processes.'***2

It is our opinion that, if the field of polymer solar cells is to
advance to a degree where it finally succeeds in leaving the lab to go
into actual production and enjoy widespread use, it will be neces-
sary to deviate, in much larger extent than seen so far, from the
tendency to just accept the flaws of the ‘main road’ in stead of trying
to deal with them. Besides development of new device designs, new
materials have to be developed. Tuning of donor—acceptor energy
levels in polymer:polymer heterojunctions, in hybrid solar cells or
a combination of both, attempts to minimize the amount of non-
absorbing or -conducting material from the heterojunction as well
as stabilising the same by use of thermocleavable materials are some
of the paths where we see a large potential.

There is furthermore a need for more approaches to implement
the laboratory small scale fabrication of devices into actual large
scale production, in order to gain familiarity with the inevitable
problems and challenges that are related to this. This will place
demands on the materials properties such that they match rele-
vant processes. This area is relatively new.

Conclusion

Materials, processes and devices that deviate significantly from
the standard approach, of rigid glass substrates, indium-tin-
oxide electrodes, spincoated layers of conjugated polymer/
fullerene mixtures and evaporated metal electrodes in a flat
multilayer geometry, that is generally used in the preparation of
polymer and organic solar cells, have been presented in this
review. Advanced materials such as thermocleavable polymers,
for higher level processing and stability, in combination with
advanced device concepts like tandem cells and ITO free roll-to-
roll coating. All have the potential to go beyond the current state-
of-the-art towards real progress in terms of better performance,
higher operational stability, facile processing and easier, faster
and lower cost production.
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