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ABSTRACT: Organic electronics are broadly anticipated to
impact the development of flexible thin-film device technol-
ogies. Among these, solution-processable π-conjugated poly-
mers and small molecules are proving particularly promising
in field-effect transistors and bulk heterojunction solar cells.
This Perspective analyzes some of themost exciting strategies
recently suggested in the design and structural organization of
π-functional materials for transistor and solar cell applica-
tions. Emphasis is placed on the interplay between molecular
structure, self-assembling properties, nanoscale and meso-
scale ordering, and device efficiency parameters. A critical
look at the various approaches used to optimize both
materials and device performance is provided to assist in
the identification of new directions and further advances.

’ INTRODUCTION

Over the past decade, substantial progress has been made in
understanding the structure�function relationships governing
material performance in the field of organic electronics. π-
Conjugated polymers and small molecules, which can be solu-
tion-processed over large-area substrates, are key components in
the development of both mechanically conformable circuit logics
and printable light-harvesting technologies. As the performance
of organic electronics improves with our understanding of the
fundamental requirements for their operation, it is possible to
envision their future use as cost-effective thin-film alternatives to
conventional silicon-based and other inorganic systems.

With both small molecules and polymers, a first level of control is
achieved by modulating the molecular structure of the π-functional
system, including the pattern of its solubilizing side chains. The latter
is important as it affects not only processing but also self-assembly
into ordered domains such as lamellar stacks (Figure 1a) or columns,
and the degree of nanoscale (Figure 1b) or mesoscale structural
organization attainable in thin films. In turn, the most fundamental
material properties of organic electronic systems, such as conjugation
length, light absorption, carrier mobilities, exciton dynamics, and
processability, can be varied broadly through changes in molecular
structure. A second level of control is achieved by optimizing device
architecture, material processing conditions, and the strategies that
control thin-film ordering. These approaches are proving increasingly
critical to uncover the optimal intrinsic capabilities of the various
materials examined for a given thin-film device application. For
example, interpenetrating networks of electron-donor and electron-
acceptor components—called “bulk heterojunctions” (BHJs)—offer

larger surface areas for the dissociation of excitons when compared to
conventional bilayer heterojunctions (Figure 1c,d). However, multi-
component systems such as BHJs are particularly challenging due to
the dominant influence of the overall morphology of the composite.
Therefore, in an ideal BHJ, co-continuous donor and acceptor
domains with sizes closely related to the diffusion length of excitons
should be targeted, while nanoscale ordering within these domains is
also an issue. As a result, innovative solution-processing approaches
involving low vapor pressure cosolvents or small-molecule additives
have proven especially useful by fostering the formation of the most
favorable nanoscale morphologies, while improving the microstruc-
tural organization in the polymer-rich domains. This strategy is now
widely used in the processing of donor�acceptor BHJs relying on
fullerene acceptors, for which the highest solar power conversion
efficiencies (PCEs) achieved to-date have been reported.

In this Perspective, we analyze some of the most exciting
strategies recently suggested for the design and structural orga-
nization of π-functional materials for solution-processed organic
thin-film transistors (OTFTs) and organic photovoltaic (OPV)
devices. Structure�property relationships are explored with an
array of polymers and small molecules, emphasizing the impact
of simple synthetic modifications on the electronics and the thin-
film self-assembly characteristics of these systems. Beyond the
key parameters of molecular structure of π-functional materi-
als, the influence of various nanoscale morphologies on charge-
carrier dynamics must be well understood in order to improve
device efficiencies. As a result, a significant focus of this
Perspective is the exploration of ways in which phase separa-
tion can be controlled and thin-film microstructural order can
be achieved.

Building a fundamental understanding of the structural vari-
ables that govern device performance parameters should provide
further guidance for the design of new materials and help in
optimizing the efficiencies of the promising systems currently
being explored for OTFT and OPV applications.

’POLYMERS IN TRANSISTORS AND SOLAR CELLS

Of all the semiconductingpolymersdesigned early on for transistor
and solar cell applications, including MDMO-PPV and MEH-PPV
(1 and 2, Chart 1), semicrystalline poly(3-hexylthiophene) (P3HT,
3, Chart 1) has shown by far the most pronounced organizational
capabilities, along with substantial charge-transport properties, thus
providing a high degree of flexibility for application in devices.
Figure 2 shows the lamellar assembly which dominates the crystalline
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monodomains of P3HT on oriented graphene,3 and provides a good
illustration of the level of self-organization attainable in thin films of
semicrystalline polymer semiconductors in general. Building from this
ability to form highly ordered domains at the nanoscale, P3HT has
provided an excellent platform to study relationships between
morphology and performance in bothOTFTs andOPV devices.4�10

A recent study11 of carrier transport at grain boundaries between
different orientations of crystallites in directional thin films of
P3HT has highlighted the need to learn how to control grain-
boundary placement and relative grain orientation in semicrys-
talline semiconductors.

In the case of P3HT, the highest reported device efficiencies
have been achieved with the most regioregular polymer fractions.12

However, it has also been observed that decreasing the propensity

of P3HT and other polythiophene analogues such as poly-
(quaterthiophene) (PQT, 4, Chart 1) to crystallize by inten-
tionally disrupting their regioregularity, or,more broadly, by breaking
the symmetry of their repeat unit, can also be beneficial.13 This
concept was implemented in BHJ solar cells incorporating the
fullerene acceptor [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM, 30, see Chart 2), which demonstrated improved device
efficiency13 and enhanced thermal stability14,15 when polymer
backbone symmetry was reduced. Similarly, the size of the solubi-
lizing side chains was shown to affect the BHJ nanoscale morphol-
ogy and OPV device performance of poly(3-alkylthiophene)s, the
degree of phase separation and carrier balance increasing with
increasing side-chain length.7,8 In another report, the degree of
microstructural order in crystalline fibers of the same polymers was
shown to improve with increasing side-chain length.16

While the effect of molecular weight (MW) on the performance
of P3HT has been emphasized in both OPV and OTFT device
architectures,4,17�22 somewhat conflicting experimental results have
been reported by different groups, and the reasons for the variations
observed as a function of MW remain somewhat ambiguous. For
transistors based on regioregular P3HT, mobility and contact
resistance have been shown to improve with increasing MW within
the range 5.5�11 kDa, and to saturate when MW exceeds
11 kDa.4,20 These results were correlated to the propensity of
P3HT to form nanofibrillar morphologies, whereby the width of
the nanofibrils increasedwith increasingMW. In a separate study, the
hole mobilities, estimated by the time-of-flight approach in thin films
of highly regioregular P3HT, were shown to (i) remain relatively

Figure 1. (a) Schematic representation of the π-stacking and lamellar
organizations of a representative alkyl-substituted π-conjugated polymer.
Reproducedwith permission fromref 1.Copyright 2007AmericanChemical
Society. (b) Illustration of the supramolecular self-assembly of alkyl-sub-
stituted polycyclic aromatic hydrocarbon discotics. Reproducedwith permis-
sion from ref 2. Copyright 2007 American Chemical Society. Charge
dissociation and collection (c) in a bilayer heterojunction solar cell device
of polymer donor and PCBM acceptor, and (d) in a bulk heterojunction,
providing a greater surface area for the dissociation of excitons.

Figure 2. (a) Magnified scanning tunneling microscopy (STM) image
showing the lamellar organization dominating crystalline monodomains
of P3HT (3) on oriented graphene. The blue lines underline the chain
contours. The black lines emphasize examples of chains connecting two
different crystalline monodomains. (b) The dotted circles labeled 1, 2,
and 3 emphasize 120�, 60�, and 360� folds, respectively. Reproducedwith
permission from ref 3. Copyright 2003 American Institute of Physics.
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constant (∼10�4 cm2 V�1 s�1) for (number average)MW=13 and
18 kDa and (ii) decrease by 1 order of magnitude when MW was
increased to 34�121 kDa.18 In this instance, the variations in hole
mobilitywithMWwere found to correlatewith substantial changes in

thin-filmmorphology for blendswithPCBM, leading to a subsequent
drop in OPV device performance for MW > 34 kDa. Thus, it was
postulated that higher MW fractions possess a higher degree of
entanglement, hindering intrachain carrier transport by increasing the

Chart 1
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density of traps, while also impeding interchain hopping by diminish-
ing the π-overlap between backbones. Careful investigation of the
gelation mechanism, including fiber formation, of P3HT in o-xylene
solutions has revealed a distinct two-step process involving π�π
aggregation and thermoreversible gelation, in a MW-dependent
mechanismwhere individual aggregated chains link to one another.19

OPV devices processed from o-xylene from various MW fractions of
P3HT achieved PCEs that remained relatively constant at∼3.6% for
(weight average) MW = 43.7 and 72.8 kDa, but decreased at higher
MW.One consistent trend among these studies is the observation of
a clear effect of MW on the fibrillar morphology of P3HT, which
affects carrier mobility and device performance.

With its particularly electron-rich π-system, P3HT also suffers
from a number of limitations, including the lack of side-chain
interdigitation and ordering, hindering long-range organization,
and its susceptibility to ambient oxidative processes. These
limitations now provide useful guidance for the synthetic design
of potentially improved materials.

Poly(thieno[3,2-b]thiophene)s (PBTTTs, 5, Chart 1) con-
stitute a promising class of candidate materials in the search for
high-performance organic transistors as they can crystallize with
domain sizes that reach the scale of printable channel lengths
(∼200 nm) and show field-effect hole mobilities reaching values
(0.2�0.6 cm2 V�1 s�1) comparable to those of amorphous
silicon.23 In analogy with PQTs, which have roughly similar
hole mobilities (0.1 cm2 V�1 s�1), the side chains of PBTTTs

can interdigitate24,25 (Figure 3), thus promoting long-range
intermolecular organization. Interestingly, despite the large
crystalline terraces typically observed by atomic force micro-
scopy (AFM) (Figure 4a,b),23,26 recent structural and morpho-
logical characterization of thin films of PBTTT suggests the
existence of nanometer-scale substructures (∼10 nm in size,
Figure 4c,d) similar to those seen in P3HT or PQTs.26 Hence,
the superior carrier mobility of PBTTT over that of P3HT does
not necessarily stem from a reduced concentration of trap
densities, which was found to be on the same order of magnitude
in OTFTs made with P3HT, PQT, or PBTTT. Instead, the
backbone rigidity of PBTTT, its interdigitated pattern of solu-
bilizing side chains, and its ability to form highly regular
crystallites26 (albeit only ∼10 nm in size) is believed to be at
the origin of its high field-effect hole mobility. It was shown
recently that the density of abrupt grain boundaries across OTFT
channels of PBTTT is relatively low and independent of proces-
sing, thus accounting for similar saturation hole mobilities and
charge-carrier hopping activation energies.27

Semiconducting polymers that exhibit high carrier mobilities in
the absence of induced macroscopic order would be ideal in the
context of high-throughput manufacturing processes. Avoid-
ing the need for tedious postdeposition solvent and thermal
annealing treatments would be highly beneficial, as these steps can
lead to substantial performance variations from device to device.
N-Alkyldithienopyrrole-based polymers such as PBThDTP
(6, Chart 1), designed to be inherently amorphous through its

Figure 3. (a) PBTTT (5) backbones adopt a coplanar conformation,
involving a tilt with respect to the lamella plane. Reproduced with
permission from ref 24. Copyright 2007Wiley. (b) The solubilizing side
chains of PBTTTs interdigitate, thus reducing the lamellar spacing
between backbones. Reproduced with permission from ref 25. Copy-
right 2009 Wiley.

Figure 4. AFM topography images of a film of PBTTT (5) on OTS-
treated SiO2 (a) prior to thermal annealing and (b) after annealing into
the polymer’s mesophase. Large flat terraces and molecular-height steps
of 250�300 nm are formed upon annealing. Bright-field transmission
electron microscopy (TEM) images of PBTTT films (c) prior to
thermal annealing and (d) after annealing into the polymer’s mesophase
(films spun on OTS-treated SiO2 and subsequently delaminated). The
TEM image in (d) reveals the existence of nanoscale features (∼10 nm
in size) within the large terraces of the PBTTT film. Reproduced with
permission from ref 26. Copyright 2010 Wiley.
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complex repeat unit and non-regioregular side-chain pattern,
have recently shown “as-cast” field-effect hole mobilities of up
to ∼0.2 cm2 V�1 s�1, albeit with low on/off ratios (10�104).28

While the relatively high highest occupied molecular orbital
(HOMO) energy states of these polymers (∼4.7�5.0 eV by cyclic
voltammetry) were likely responsible for the modest on/off ratios
observed in OTFTs, this shortcoming has been addressed with a
dithienopyrrole-based polymer analogue, PBTzDTP (7, Chart 1),
which has electron-deficient thiazole units along its π-conjugated
backbone.29 With its slightly deeper HOMO (∼5.2 eV), this
polymer showed as-cast field-effect mobilities as high as
0.14 cm2 V�1 s�1 and on/off ratios in the range 105�106.
Devices made with this polymer showed good stability over a
period of 60 days in air (∼20% humidity), while AFM analyses
pointed to the absence of macroscopic order (Figure 5a�c). This
critical finding suggests that a high degree of thin-film crystal-
linity may not be required for high OTFT performance, and
that relatively amorphous conjugated systems exhibiting long-
range π-connectivity can challenge the performance of their
semicrystalline counterparts. Similarly, thiazolothiazole�
thiophene copolymers, such as PTzQT (8, Chart 1), with
their long-range lamellar organization and pronounced pro-
pensity to π-stack (Figure 5d), have shown excellent carrier
mobilities (∼0.3 cm2 V�1 s�1) in the absence of macroscopic
order.30�32

While the state-of-the-art in the field of organic photovoltaics
was long represented by BHJ solar cells combining P3HT and the
fullerene acceptor PC61BM, with efficiencies of∼5%, a number of
π-conjugated backbones containing “push�pull”motifs—donor�
acceptor polymers—have afforded significantly higher efficiencies.

First introduced in macromolecular π-conjugated systems in the
1990s by Havinga et al.,33,34 the donor�acceptor (DA) approach,
which alternates electron-rich and electron-deficient heterocycles
along the same backbone, affords polymer chromophores with
narrow bandgaps, thus red-shifting their absorption spectra toward
wavelengths of 500�800 nm, where the solar photon flux is most
intense. TheDApolymer approach has the advantages of providing
both a high-lying HOMO and a low-lying lowest unoccupied
molecular orbital (LUMO) within a single polymer, and minimiz-
ing the bond length alternation along the π-conjugated backbone.

Although DA polymers typically do not possess the same high
degree of crystallinity in thin-film devices as their all-donor
counterparts such as semicrystalline P3HT, X-ray techniques such
as two-dimensional wide-angle X-ray scattering (2D-WAXS) or
grazing incidence X-ray scattering (GIXRD) demonstrate that
the best-performing DA polymers still show a substantial degree
of microstructural order. For example,1,35 a linearly substituted
analogue of PCPDTBT (9, Chart 1), with hole mobility as high
as 1.4 cm2 V�1 s�1, exhibits a strong propensity to self-assemble
in lamellar stacks. Upon further optimization, PCPDTBT reached
state-of-the-art hole mobilities of 3.3 cm2 V�1 s�1.36 The same type
of lamellar organization has also been observed in its branched-
substituted silole analogue PSBTBT37,38 (10, Chart 1), leading to
solar PCEs as high as 5.6% inBHJwithPC71BM(31, seeChart 2).39

The role of the pattern of solubilizing side chains in DA polymers
(e.g., PBDTTT and PBDTTPD, 11 and 12, Chart 1) was recently
examined,40�45 and the existence of a direct correlation between
lamellar spacing and length of the solubilizing substituent was
demonstrated, with several new material combinations achieving
PCEs >6%.40 Similarly, the π-stacking interaction between back-
bones is increasingly cited as a determining factor governing
charge transport in OTFTs,46 also impacting OPV performance.
While shorter π-stacking distances tend to correlate with higher
charge-carrier mobilities,47,48 the density of π-stacked backbones
within the active layer should further affect the efficiency of charge
transport. In particular, the branching and bulkiness of the solubiliz-
ing side chains appended to the π-conjugated backbone may
substantially affect π-stacking distances and density of π-stacked
backbones.40 In this regard, quantitative thin-film X-ray analyses49

that subtract inaccuracies arising from thin-film inhomogeneities and
beam orientation enable the comparison of diffractograms with
distinct scattering intensities. This approach could ultimately help
quantitate the density of π-stacked backbones, and provide a better
measure of the various populations of oriented backbones across
polymer thin films.

The selective introduction of fluorine atoms in the DA back-
bones (see PBDTTTs, 11, Chart 1) has afforded some of the
highest-performing polymers for BHJ solar cells with PCBM so far,
yielding PCEs >7%.43,50,51 In addition to lowering the HOMO and
LUMO levels of the corresponding polymers, the presence of
fluorine atoms along the backbones influences both π-stacking
distances51 and lamellar spacings,50 with expected consequences on
the charge-transfer complex with PCBM.50 These studies suggest
that (i) the presence of fluorine reduces polymer solubility in
common organic solvents,50 and (ii) the miscibility with PCBM
tends to decrease with further additions of fluorine atoms.51

As was the case for P3HT, polymer MW has been reported to
affect the performance of DA systems in both OTFT and OPV
device architectures. These studies point to enhanced field-effect
carrier mobility35,36,52 and improved efficiencies in BHJ solar
cells53�55 with increasing MW. However, since the correspond-
ing active layers do not possess the same degree of macroscopic

Figure 5. (a) AFM topography (3D) and (b) phase (2D) images of an
as-cast thin film of PBTzDTP (7, dodecyl-substituted) on OTS-treated
SiO2/Si substrate. (c) Schematic representation of the postulated structural
organization of PBTzDTP (dodecyl) in thin films (the blocks represent the
polymer domains). The film is highly textured without extended crystalline
domains. Reproduced with permission from ref 29. Copyright 2009 Wiley.
(d) Grazing incidence wide-angle X-ray scattering (GIWAXS) pattern of
drop-cast thin film of a thiazolothiazole�thiophene copolymer annealed
at 150 �C. Lamellar (out-of-plane direction, qz) and π-stacking reflections
(in-plane direction, qx) support the presence of nanostructural order and
absence of mesoscale crystallinity (confirmed by AFM). Reproduced with
permission from ref 32. Copyright 2010 American Chemical Society.
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order as typically observed with themore crystalline P3HT-based
thin films, it will be important to gain deeper insight into the
effect of MW on the texture of active layers involving DA
polymers.52 A recent examination of the influence of polymer
chain-end moieties on OPV device performance suggests that
their nature does not substantially affect the optical and mor-
phological characteristics of blends with PCBM.56 However,
significant variations in fill-factor (FF) and PCE observed upon
end-group modification have been attributed to both the intro-
duction of carrier traps and possible chemical transformations
which might occur as the device is operated.

Another factor that might influence thin-film device perfor-
mance is the orientation of the backbone relative to the substrate.
While most solution-deposited semiconducting polymers, in-
cluding P3HT,12 PBTTT,23 and PSBTBT,37 tend to π-stack in a
direction parallel to the substrate, the DA systems PBDTTT and
PBDTTPD have been reported to possess a significant population
of π-stacking planes oriented perpendicular to the substrate.40,44

PCEs in the range of 6�8% have been demonstrated using the
same DA backbones in BHJs with PCBM, representing some of
the highest performance values reported to date for solution-
processed organic solar cells,40,43 and both PBDTTT41�45,57 and
PBDTTPD40,58,59 are currently receiving a great deal of attention.
Overall, it is increasingly apparent that molecular packing orientation
affects not only the efficiency of charge transport but also injection
and extraction of carriers in organic thin-film devices. In fact, the
number of reports describing polymers combining high field-effect
mobilities in lateral OTFT configurations and state-of-the-art OPV
efficiencies remains very limited (e.g., PDPP3T54 andPDPPT2TT,60

13 and 14, Chart 1). For example, the study of themolecular packing
of PDPPT2TT, reaching PCE = 5.4% in BHJ with PC71BM and up
to 1.95 cm2 V�1 s�1 hole mobility in top-gate/bottom-contact
OTFTs,60 will be of interest. In studying other systems, it will be
essential to identify the structural and/or electronic reasons for
preferential backbone orientations (e.g., molecular structure, inter-
facial dipoles, processing conditions, etc.). The role of substrate
functionalization in directing preferential polymer backbone orienta-
tion relative to the substrate is also likely to be critical.61

Processing conditions are probably as critical as material design
for solution-cast polymer solar cells, with material solubility impact-
ing both material characterization and device optimization. There-
fore, a number of reports have emphasized the use of solvent
mixtures such as chloroform/o-dichlorobenzene62 and of low vapor
pressure small-molecule additives such as 1,8-octanedithiol, 1,8-
diodioctane, or 1-chloronaphthalene63�68 to process BHJs involving
PCBM. Given the kinetics of polymer self-assembly, both ap-
proaches aim at promoting the formation of particularly ordered
and homogeneous interpenetrating networks with nanoscale phase-
separated domains matching the modest exciton diffusion length of
5�20 nm that prevails in organic electronics. Figure 6a�d illustrates
the differences in nanoscalemorphology for solution-processed BHJ
devices involving a polymer donor particularly responsive to the
presence of a small-molecule additive in the processing solvent. Solar
cells cast from a solvent containing 2% 1-chloronaphthalene showed
a ∼3-fold increase in PCE over those cast from the same solvent
without any processing additive.66 The cross-sectional TEMs of
PSBTBT:PC71BM BHJs spin-cast from chlorobenzene show a
coarse phase segregation between PC71BM (Figure 6e, darker
oval-shaped regions >200 nm in diameter) and the polymer donor
in the absence of processing additive, whereas the use of 1-chloro-
naphthalene produces a more favorable nanoscale morphology
(Figure 6f).69 Interestingly, in the latter case, the electron mobility

of the BHJ was found to be several orders of magnitude higher,
thus suggesting a more continuous pathway for electron transport.
The critical role of processing additives has also been emphasized
in BHJ devices made with PBDTTT,41�45,57 PBDTTPD,40,58,59

PSBTTPD70,71 (15, Chart 1), and analogues,71,72 yielding
PCEs >7% in BHJs with PC71BM when an additive is used in the
processing solvent. Because of the large difference in vapor
pressure between solvent and cosolvent or additive, it is believed
that the final morphology is essentially dominated by the evapora-
tion of the lower vapor pressure cosolvent or additive. This pro-
cess allows the polymer chains to slowly crystallize, and continue
arranging after the higher vapor pressure solvent is evaporated.
Similarly, processing additives able to solubilize PCBM (Figure 7)
may prevent its rapid crystallization and, in turn, the formation of
large segregated domains.65 In general, it may be stated that the
most (semi)crystalline systems will be more responsive to
postdeposition thermal annealing treatments, while the more
amorphous ones will often benefit from the use of low vapor
pressure solvents and additives. Morphological models may allow
predicting device performance improvements achievable by

Figure 6. AFM topography (a,c) and phase (b,d) images of BHJ thin-
film devices made with a blend of a narrow bandgap polymer analogue to
PSBTBT (10) and PC71BM (31) without using the small-molecule
additive 1-chloronaphthalene (a,b) and with 2% of 1-chloronaphthalene
(c,d). The scan size of the images is 1 μm � 1 μm. Reproduced with
permission from ref 66. Copyright 2010Wiley. TEM cross-section images
(�25 μm defocus) of PSBTBT:PC71BM BHJs spin-cast from chloro-
benzene solution (e) in the absence and (f) in the presence of 1-chlor-
onaphthalene. Layers are glass/ITO/PEDOT:PSS/PSBTBT:PC71BM/
aluminum/platinum, from bottom to top. Scale bars: 100 nm. Repro-
duced with permission from ref 69. Copyright 2010 American Chemical
Society.
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further optimizing blend morphologies until the most favorable
configuration can be obtained.73

Despite their near-identical molecular structures, PCPDTBT
and PSBTBT exhibit subtle differences in thin-film ordering
properties, yielding distinct performance profiles in both OTFTs
and OPVs.37,38 In particular, the nature of the bridging atom
(C or Si) is believed to impact the substitution pattern of solubiliz-
ing side chains by governing the bond angles at the neopentyl center
and, in turn, the molecular packing. As a result, favorable nano-
scale morphologies on the order of the exciton diffusion length
are best formed with PCPDTBT:PCBM blends containing
small-molecule additives,68 while favorable morphologies
with particularly crystalline PCBM domains are reached with
additive-free PSBTBT:PCBM blends.74 Importantly, favor-
able nanoscale phase separations achieved with these systems
were shown to “deactivate” the charge-transfer complexes
typically involved in multistep recombination processes at
the DA interface, which correlated with enhanced overall device
efficiency.74

In the context of BHJ optimization, the determination of the
ideal polymer:PCBM blend ratio has been a matter of trial and
error so far, with 1:1 and 1:3�4 ratios used most frequently. A
recent report exploring BHJs of PBTTT with PCBMs of various
sizes suggests that fullerenes can intercalate between the side
chains of π-conjugated polymers (Figure 8).75 In this study,
blends in which PC71BM was found to intercalate along the
PBTTT backbone showed optimized solar cell performance
upon incorporation of 4 equiv of the fullerene, whereas only 1
equiv of the substantially larger BisPC71BM derivative (32, see
Chart 2) was needed to reach an optimized device configuration.
This empirical observation is consistent with the notion that a
polymeric system allowing PCBM to intercalate may require a
larger number of equivalents of fullerene to achieve a favorable
nanoscale phase separation. Following these considerations, a
rapid overview of the π-conjugated polymers possessing a lower
density of solubilizing side chains along their backbones indicates
that a greater number of PCBM equivalents are indeed generally
employed to produce devices performing under optimized
conditions.76�78 Importantly, the intimate mixing of PCBMwith
polymer donors, such as MDMO-PPV,79 is known to improve
the hole mobility of the blends by up to several orders of
magnitude compared to the pristine polymer.80 These empirical
results support the idea that the presence of PCBM can improve
the molecular packing of the polymer in blends, and ultimately
device operation. At the same time, it is worth noting that when
larger PCBM loadings are incorporated, the optical density of the
resulting active layer decreases at long wavelengths where the
solar photon flux is the most intense, and this alone may

ultimately constitute the most limiting factor with respect to
device performance. Interestingly, despite their excellent field-
effect carrier mobilities, or the long-range order achievable in thin
films, semicrystalline PBTTTs have reached only limited PCEs in
BHJs with PCBM (∼2.3% with PC61BM).81 Considering the
mismatch between electron and hole mobilities (dominated by
space charge regimes) in the direction normal to the substrate,
the usable device thickness is limited to ∼115 nm, thus limiting
the capture of incident radiation and the photogenerated current.

A recent report suggests that interdiffused active layers ob-
tained by sequential solution deposition and diffusion of a top
layer of PCBM cast on a bottom layer of polymer donor—“layer-
evolved BHJs”—can show improved vertical connectivity com-
pared to conventional BHJs.82 Sequential solution-processing
approaches could prove useful in controlling the formation of
BHJ nanoscale morphologies. In parallel, it is worth noting that
interdiffusion of PCBM can also be induced in a bilayer device
subjected to thermal annealing.83

Maximum efficiency for organic solar cells has so far been
achieved with films 90�120 nm thick, and efficiency is usually
lowered with significantly thicker films as a result of the low
dielectric constant and high recombination rates that prevail in
organic electronics. Reduced current densities and lower FFs are
the hallmarks of charge-transport limitations across these active
layers. Film thickness limitations raise a number of challenges as
we aim to implement solution-processable organics in devices via
roll-to-roll film-deposition processes for which ∼200 nm thick
films are typically deposited.84 It is important to note that
increasing active-layer thickness could contribute to substantially
larger external quantum efficiencies (EQEPV) to afford PCEs
exceeding 10%. The case of P3HT, for which peak solar cell
performance has frequently been achieved with active layers
exceeding 150 nm, has long remained relatively unique.85 Inter-
estingly, PTQ (16, Chart 1), which combines FFs approaching
70% with open-circuit voltage (VOC) of ∼0.9 V, and yields
PCEs of ∼6% in BHJs with PC71BM, was recently found to
maintain high short-circuit current (JSC) values and excellent FFs
for active-layer thicknesses in excess of 200 nm.86 Similarly,
PSBTTPD maintained ∼6% PCE for active-layer thicknesses of
220 nm.70 It will be of interest to identify thematerial properties—
degree of thin-film structural order in particular—imparting this

Figure 8. (a) Schematic representation of a network of PBTTT (5)
backbones intercalated with PC71BM (31). (b) The second solubilizing
substituent of BisPC71BM may prevent the intercalation of this larger
fullerene in the free spaces between the side chains of PBTTT.
Reproduced with permission from ref 75. Copyright 2009 American
Chemical Society.

Figure 7. Schematic representation of the role of the processing additive
in the self-assembly of the BHJ blend components. Reproduced with
permission from ref 65. Copyright 2008 American Chemical Society.
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specificity to PTQ, PSBTTPD, and other similarly promising DA
systems.51,84

The stability of polymer solar cells is a matter of increasing
interest. To bring OPVs one step closer to viable commercial
applications, the parameters influencing device lifetime should be
more clearly identified, and cost-effective solutions will have to
be implemented. While a number of practical approaches such as
module encapsulation and the use of UV-blocking front sheets
are envisioned to protect the active layer from photo-oxidative
degradation processes and moisture uptake, morphological sta-
bility issues are much less discussed, yet they are probably equally
important. Over time,87 and upon prolonged exposure at ele-
vated temperatures,88,89 discrete crystallization of the donor and
acceptor components within BHJs leads to slow phase demixing
events, which can seriously compromise device performance.
Considering the level of molecular and thin-film engineering
sometimes required to induce the most favorable nanoscale
morphology, strategies are being developed to ensure that the
optimized morphology is retained over time, under prolonged
radiation exposure, or when subjected to thermal events. For
example, the UV photo-cross-linking of a P3HT derivative
possessing bromine-terminated alkyl side chains has been em-
ployed to “freeze”morphology and induce thermal stability over
time, with little effect on structural properties such as π-stacking
or device performance.88 The use of solution-processing meth-
ods to prepare heterojunctions and devices with multiple layers
requires that repeated depositions be carried out from orthogo-
nal solvent systems, each of which must not disrupt the pre-
viously coated layer of organic material. Since most organic
electronic materials are soluble in the same solvent systems, this
constraint narrows the scope of material combinations that can
be integrated in the same active layer. Here, π-conjugated
polymers containing cross-linkable functionalities,88,90 as well
as cross-linkable additives blended within the active layer at the
solution-deposition stage,91 provide access to material combina-
tions with long-term stability. Taking advantage of the ability to
freeze a given morphology, cross-linked continuous networks of
polymer donor and columnar assemblies produced using a
sacrificial phase-directing agent (PDA) have been successfully
back-filled with various electron-acceptor materials (e.g., PCBM
and F8BT, 17, Chart 1) to yield heterostructures with perfor-
mance characteristics approaching or exceeding those obtained
in optimized conventional devices processed from material
blends.91 Figure 9 illustrates how the sacrificial PDA can be used
to produce columnar and poriferous nanostructures, as con-
firmed by AFM. As the mismatch between phase separation
length scale in the DA network and exciton diffusion length gets
reduced, it is expected that charge dissociation efficiencies will
improve and that the recombination densities will be minimized.
In this context, electron-accepting materials commonly avoided
for their strong propensity to phase-segregate from polymeric
donor materials could ultimately be employed. It is worth noting
that several approaches to immobilize organic active layers
relying on cross-linkable side chains and end groups have also
been reported in the related area of OLEDs.92�96

To date, the concept of an “all-polymer solar cell” remains a
largely unsolved challenge, as little headway has been made since
the 1990s.97,98 In this area, a number of parameters, including
morphology, exciton diffusion length, and efficiency of charge
dissociation, have commonly been held responsible for the low
device efficiencies. With a wide range of new polymeric semicon-
ductors now accessible, including higher carrier mobility DA

π-conjugated systems, the all-polymer device configuration may
be expected to receivemore attention in the near future. However,
as suggested by the very low PCE values of only 0.2% achieved
with BHJs of P3HT donor and P(NDI2OD-T2) (18, Chart 1)
acceptor,99 the combination of high carrier mobilities and suitable
energy level offsets will not be sufficient to overcome the charge
separation issues in systems dominated by geminate recombina-
tions. Among other requirements, achieving a favorable nanoscale
morphology is a must! It is therefore critically important to
develop novel strategies to achieve morphology control indepen-
dent of the materials processed, while continuing to acquire a
deeper understanding of charge separation dynamics.100,101

An excellent illustration of how simple changes in mole-
cular structure impact the efficiency of all-polymer systems is
provided by a comparative study of the donor polymers P3HT
and poly[3-(4-n-octyl)-phenylthiophene] (POPT, 19, Chart 1)
in bilayer laminate devices with the electron acceptor CNPPV
(20, Chart 1). While non-regioregular POPT had initially
demonstrated particularly high photocurrents and EQEs in
comparison with P3HT (yet with PCE < 0.5%),102 regioregular
POPT has since afforded up to 2% PCE with CNPPV (vs <1%
with regioregular P3HT),103 a result which constitutes the highest
performing all-polymer solar cell device to date. Given the
comparable spectral absorption and hole mobility of the two
regioregular analogues, the charge photogeneration enhancement
seen with POPT/CNPPV may be attributed to a destabilization
of the ground-state charge-transfer intermediate (i.e., geminate
electron�hole pair) caused by a twist of the sterically demanding
3-phenyloctyl pendant group, which controls the intermolecular

Figure 9. (a) Schematic representation of the phase separation
mediated by a phase-directing agent (PDA), yielding (b) columnar or
(c) poriferous (sponge-like) nanostructures. Spontaneous demixing is
followed by removal of the PDA and photo-cross-linking of the
nanostructured component A, over which component B can be depos-
ited to produce the interpenetrating heterostructures. AFM images,
image height = 30 nm. Reproduced with permission from ref 91.
Copyright 2010 Nature Publishing Group.
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distance between polymer donor and neighboring acceptor
molecule. The destabilization of this intermediate would indeed
be expected to facilitate the generation of free charges, thus
inducing higher photocurrents. This design principle should be
applicable to other systems including DA polymers, and the
combination of structurally modified polymer donors such as
POPT with new, higher-performing polymer acceptors should
contribute to improve the efficiency of all-polymer bilayer devices.

Work on interdigitated heterojunction all-polymer solar cells
provides compelling evidence that control over phase intermix-
ing and domain size represents the most critical challenge. Thus,
controlled interpenetrating columnar morphologies with varying
densities of interdigitated features (up to 1014 mm�2) were
produced by successive nanoimprinting steps to demonstrate
how domain size and DA surface area affect solar cell efficiency in
heterojunction devices of P3HT and F8TBT (21, Chart 1, and
Figure 10).104 Interdigitated junctions with feature sizes on the
order of the exciton diffusion length of this system (e25 nm)
produced PCE values as high as 1.9%, FF≈ 50%, VOC = 1.14 V,
and EQEPV values peaking at 26%, which are among the highest

reported values to date for all-polymer solar cells. In comparison,
the BHJ of P3HT and F8TBT yielded only 1.1% PCE, while a
“control” bilayer device showed <0.4% PCE. Of course, the same
approach can be applied to heterojunctions of polymer donors
and PCBM105 to study various material combinations using the
same nanoscale morphology.

High-mobility electron-transporting polymers remain an elu-
sive class of materials. While polymers that can be used as
the electron-accepting component in BHJ solar cells are sparse
(e.g., CNPPV,97,98,102 F8BT,106 and F8TBT104,107), only a limited
number—potentially useful for efficient n-channel OTFTs—are
solution-processable and relatively stable to ambient oxidative
processes. Among these, P(NDI2OD-T2)108 shows electron
mobilities as high as 0.85 cm2 V�1 s�1, relatively low turn-on
voltages of <5 V in top-gate device configuration, and excellent
ambient stability over several weeks of operation.109 Inspection
of the molecular packing and thin-film microstructure of
P(NDI2OD-T2) byGIXS revealed pronounced in-plane ordering
with limited out-of-plane π-stacking propensity, and suggested a
predominant “face-on” backbone orientation relative to the
substrate (Figure 11).110 In such an orientation, it is possible
that charge carriers can bypass trap states at the dielectric
interface by hopping to the most directly accessible layers along
the out-of-plane π-stacking direction. Similarly, DA systems with
preferential “face-on” orientation in thin films and holemobilities
of∼1 cm2 V�1 s�1 have recently been reported.111 Remarkably,
backbone reorientation can be induced by melt-anneal processes
in thin films of P(NDI2OD-T2), leading to “edge-on” textures
with improved crystallinity.112 Further examination and control
over the backbone orientation at the substrate interface may allow
improving in-plane mobilities in bottom-gate OTFTs made with
P(NDI2OD-T2). The implementation of novel synthetic ap-
proaches to producing polymers solely composed of electron-
deficient building units should prove useful in the development of
efficient n-typematerials for bothOPV andOTFTapplications.113

A number of recent studies have focused on the fundamental
properties and potential of selenophene-derivatized polymer
semiconductors in both OTFTs and OPVs. For example, poly-
(3-hexylselenophene) (P3HS) possesses a lower bandgap (1.6 eV)
than P3HT (1.9 eV); hence, it is able to harvest more light
and produce larger photogenerated currents in solar cells while
maintaining a similar ionization potential (4.8 eV).114 Early
characterization of P3HS in p-channel OTFTs114 and BHJs

Figure 10. (a) Schematic representation of a nanoimprinted hetero-
junction solar cell device of P3HT (3) and F8TBT (21). A patterned
film of P3HT is used as a mold to imprint a film of F8TBT spin-cast on
an Al-coated Si wafer. Scanning electron microscopy (SEM) images of
(b) ∼80 nm posts imprinted in the P3HT films via a Si master and (c)
the ∼80 nm holes subsequently imprinted in F8TBT by the patterned
P3HT film. (d) J�V characteristics for double-imprinted devices with
various interdigitated feature sizes, and for planar and blend controls,
under solar illumination conditions. Reproduced with permission from
ref 104. Copyright 2009 American Chemical Society.

Figure 11. (a) 2D grazing incidence X-ray scattering pattern of a spin-
cast film of P(NDI2OD-T2) (18), suggesting pronounced in-plane
ordering, yet limited out-of-plane π-stacking propensity. (b) Schematic
representation of the preferential face-on backbone orientation shown
by P(NDI2OD-T2), and the plausible microstructural organization in
thin films. Reproduced with permission from ref 110. Copyright 2009
Wiley.
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with PCBM115 suggests that the selenophene analogue could
ultimately outperform P3HT, provided that a microstructural
organization favoring lower charge recombination densities in
BHJs can be obtained.116 Detailed studies of the charge dynamics
governing polyselenophene-based thin-film devices will provide
further insight into the structural barriers that must be overcome,
including material design, device geometry, and morphology.116,117

The π-system of P3HS is characterized by significant localization of
the HOMO on the carbon backbone rather than on the hetero-
atoms. As a result, the influence of the larger and more polarizable
selenium atom on hole transport remains low. In contrast, it will be
of interest to see how the presence of selenium localizing the
LUMO to some extent in P3HS114 affects the electronmobilities in
narrow-bandgap DA semiconducting polymers. In fact, the ambi-
polar charge-transport character of polyselenophenes was empha-
sized in a recent report where matched electron and hole mobilities
of ∼0.03 cm2 V�1 s�1 were achieved.118 It is expected that the
development of new building block will lead to further improve-
ments.119 Initial characterization of the thin-film morphology of
poly(3-hexylselenophene-block-3-hexylthiophene)s shows that
nanoscale phase separation occurs between the thiophene- and
selenophene-rich blocks—a result that supports the existence
of substantial physical/electronic property differences between
the two analogues.120

Surprisingly perhaps, furan-containing polymeric systems
have attracted very little attention. While only a few furan-
containing polymers had been explored for electronic device
application,121 the low-bandgap polymer PDPP2FT and its all-
furan PDPP3F counterpart (22 and 23, Chart 1) have recently
been reported to afford average PCEs of 4.7% and 3.8%,
respectively, in BHJs with PC71BM.122 Such efficiencies are
comparable to those produced earlier with the all-thiophene
analogue PDPP3T (4.7%).54 A clear benefit resulting from the
incorporation of furan along the polymer backbone is higher
solubility, enabling the use of solubilizing groups shorter than
those required for the all-thiophene analogue PDPP3T. This
design principle95 could be applied to a variety of other systems
for use in OPVs and OTFTs, with the ultimate aim of enhancing
processing properties as well as device performance. Early work
with furan-containing polymers shows that promising hole
mobilities can be achieved in OTFTs.123

’SOLUTION-PROCESSED SMALL MOLECULES

While vapor deposition or patterning methods and relatively
high temperature annealing steps have long been thought
to be requirements for small-molecule OTFT performance,
simple methodologies inducing ideal morphologies, which can be
accessed under rapid solution-processing conditions, are now
emerging. A convenient approach to inducing microstructural
order without using any specific alignment processing technique
involves engineering the contact interface before deposition, as
demonstrated in solution-cast acene-basedOTFTs.124 Following
this strategy, the selective growth of highly textured organic thin
films can be extended from the chemically modified contact
electrodes into the transistor channel to yield field-effect mobi-
lities several orders of magnitude larger than those obtained with
conventional spin-coated active layers. As solvent vapor anneal-
ing approaches are proving increasingly relevant, more funda-
mental understanding of the molecular ordering process taking
place upon solvent evaporation should be developed. While the
combination of time-resolved optical reflectometry and time-

resolved grazing incidence X-ray techniques has already proven
useful in the characterization of solvent-annealed crystallites of
“insoluble” pentacene,125 the same technique could also be used
to provide more precise mechanistic understanding of the
successive intermolecular ordering events that take place during
the solution deposition of organic semiconductors. Alternative
solution-processing techniques include inkjet printing,126 although
forming highly ordered thin-film patterns by the conventional
printing approaches has commonly been described as a challenge
to be addressed in order to maximize OTFT mobilities. In this
area, antisolvent crystallization techniques127 introduce a promis-
ing platform for the implementation of highly crystalline active
layers of solution-processed small molecules.

π-Functional small molecules benefit from the fact they are easy
to purify, tend to possess high intrinsic carrier mobilities, and are
able to self-assemble to achieve long-range order. While an
impressive library of oligomers of thiophenes has been built and
explored over the past two decades,128�130 symmetrically designed
DA small molecules appended with solubilizing substituents, and
consisting of an electron-deficient core flanked with electron-rich
units, are now being considered as alternatives to their all-donor
counterparts. Specific applications for these narrow-bandgap
derivatives include photovoltaics, for which light absorption is a
critical parameter, n-channel or ambipolar transistors using low-
lying LUMO energy states to transport electrons, and even more
complex device configurations such as complementary inverters.
Beyond electronic and spectral considerations, the lack of control
over the morphologies produced with crystalline oligomers of
thiophene—often dominated by the rapid formation of overly
grown crystallites—is frequently cited as the cause for both
pronounced phase separation in BHJs and interfacial delamination
in OTFTs. An illustration of the recent progress made in the area

Figure 12. (a) J�V characteristics and (b) external quantum efficien-
cies (EQEPV) of BHJ solar cell devices combining DPP(TBFu)2 (24)
and PC71BM (31) (60:40), and annealed at different temperatures. The
EQEPV of an optimized P3HT:PC61BM device is superimposed for
comparison. Reproduced with permission from ref 131. Copyright
2009 Wiley.
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of solution-processed small-molecule OPVs involves a diketopyr-
rolopyrrole (DPP)-basedDAmolecule containing both thiophene
and fused benzofuran building blocks, namely DPP(TBFu)2
(24, Chart 1), which demonstrates up to 4.4% PCE and FF = 48%
in BHJ with PC71BM (Figure 12).131 These excellent early
results have been attributed to a variety of contributing param-
eters, including (i) high optical density in the range 500�
700 nm; (ii) a relatively large electron affinity improving the
match between small-molecule LUMO and that of PCBM while
maintaining a driving force of∼0.3 eV for charge transfer; (iii) the
central position of the solubilizing side chains; (iv) the presence of
benzofuran moieties stabilizing the HOMO of the system to
maximize device VOC (∼0.92 eV); and (v) the favorable film-
forming properties in blends with PCBM.131 Further examination
of BHJ solar cells based on DPP(TBFu)2 and PC61BM revealed
that charge recombination rates in the blend are especially high
under 1 sun illumination (100 mW cm�2), which limits the FF.
In contrast, a peak PCE = 5.2% was reached by reducing the
density of photoinduced carriers under a weaker irradiation
intensity of 11 mW cm�2, at which the FF was higher.132 In the
case of NDT(TDPP)2 (25, Chart 1), the combination of a broad
spectrum and high absorption coefficients in the 500�700 nm
range leads to EQEPV values reaching 68%.133 These findings
support the use of relatively large yet well-defined discrete
molecular entities as alternatives to polymers. If charge recombina-
tion processes can be overcome, it is clear that DPP-based131,133�138

and other small molecules139�142 could soon challenge polymeric
systems as solar cell materials.

Because the charge transport in small-molecule-based BHJs is
dominated by hopping, the degree of π-electronic overlap
between molecules in the presence of PCBM is expected to
exert a great influence on device FF. However, shunt and series
resistance in OPVs remain largely influenced by morphological
parameters, including the presence of structural inhomogene-
ities, interfacial disconnects, and the density of grains in highly
crystalline active layers. Overall, the device FFs of 30�50%
typically estimated in small-molecule BHJs131,143�147 tend to
be substantially lower than those observed in their polymer-based
BHJ counterparts where they reach values of 50�70%.39,40,43,62

Therefore, it will be important to continue exploring ways in
which small-molecule-based device FFs can be enhanced in order
to achieve PCEs that match those presently achieved with π-
conjugated DA polymers.

The case of a low-energy small-molecule absorber used to
sensitize a BHJmade with P3HT and PCBM, and yielding higher
photocurrents and a somewhat larger VOC than the control
device without the small molecule, is worth mentioning.134 This
approach, building on a given complementarity, for example
spectral or morphological, between π-functional small molecules
and polymers, suggests an interesting new route to optimize
device performance.

Solution-processable squaraine148 dyes have recently been used
as the electron-donor component in BHJs with PCBM.149�151

Interestingly, in these systems, even minimal molecular structure
variations induced at the termini of the solubilizing side chains
(n-hexenyl vs n-hexyl) were shown to produce significant changes
in OTFT and OPV performance.150 Thus, the use of N-alkenyl
side chains afforded more compact solid-state packing configura-
tions, yielding a 5-fold increase in field-effect mobility and a 2-fold
improvement in solar cell efficiency, reaching PCE ≈ 2%. For a
different dye, OPV device efficiency was found to be greatly
dependent on the ratio of squaraine to PCBM employed as it

affects both the nanoscalemorphology and the holemobility of the
blend.151 At optimized blend composition, PCE = 2.7% was
reached. These results further emphasize the critical need to
maintain effective feedback loops between synthetic design and
device characterization/optimization in general.

Star-shaped π-functional small molecules are another very
promising class of solution-processable systems for BHJ solar cell
device applications.143,152 In particular, PCEs in excess of 4% in
BHJs with PC71BM have recently been obtained with DA
analogues, such as S(TPA-BT-HTT) (26, Chart 1), which
absorb more effectively in the long-wavelength region of the
visible spectrum.153 The values VOC = 0.87 eV and FF = 52%
achieved with this system largely contribute to the high PCE
values. Notably, these results were obtained in the absence of
small-molecule processing additives, and without resorting to a
postprocessing treatment such as thermal or solvent-vapor
annealing.

Oligomers of thiophenes end-functionalized with alkyl cya-
noacetate electron-withdrawing substituents, namely DCA7T
(27, Chart 1), achieve “as-cast” PCEs over 5% in BHJ with
PC61BM.154 Here again, the large VOC = 0.86 eV and FF = 55%
greatly contribute to device PCE. This finding provides another
example of a favorable nanoscale morphology achieved in the
absence of postprocessing treatment of the active layer. Inter-
estingly, in this case, changing the nature of the alky end-
substituents did not induce major variations in device perfor-
mance with PCEs remaining >4%.

As higher-performing n-type semiconducting small mole-
cules155�166 are developed for OTFTs, it is important to understand
how microstructural order correlates with electron transport in
highly crystalline lattices. When large crystalline monodomains
with different orientations are formed within the thin-film active
layer, grain boundaries are introduced, which can dominate
carrier transport. This is exemplified in thin films of the peryle-
nediimide PDI8-CN2 (28, Chart 1), where field-effect electron
mobilities have recently been shown to differ by ∼2 orders of
magnitude as a function of grain-boundary orientation.167

Overall, in order to fully exploit the intrinsic performance
capabilities of small-molecule semiconductors, it appears that a
relatively high degree of microstructural order extending over
large crystalline domains may have to be induced. At the same
time, strategies aimed at improving the interconnection between
crystallites could also greatly improve charge-carrier transport in
these systems. In most studies, microstructural organization is
promoted in a postdeposition annealing step, and small mol-
ecules for which optimal device characteristics can be obtained
“as-cast” remain rare.

’ARE THERE ALTERNATIVES TO PCBM?

The bulk of studies on organic photovoltaics has involved
PC61BM and its longer-wavelength-absorbing analogue PC71BM,
yet it is possible that alternative structures could outperform
these two benchmark compounds.168�172 Thus, in recent work,
an indene-C60 bisadduct (ICBA, 33, Chart 2), has outperformed
PC61BM in BHJ with P3HT,169,173 affording high photocurrents
and VOC ≈ 0.84 V with PCEs as high as 6.5%. Such findings
suggest that higher-lying LUMO (i.e., lower electron affinity)
fullerenes could be used in BHJ with deeper-lying HOMO (i.e.,
higher ionization potential) polymers and small molecules,
including DA systems, in order to reach VOC values approaching
or even exceeding 1 V.
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The use of a substituted fullerene derivative that yields C60

upon in situ thermolysis is worthwhile noting.174 While C60 itself
is prone to aggregation and difficult to process in BHJ devices with
polymer donors, the ability to produce the bare fullerene via a
postdeposition thermal annealing stepmay yet lead benefits as it is
likely to influence molecular packing and blend morphology.

To date, few promising alternatives to spherical fullerenes
have been uncovered. While perylenediimides (PDIs) have been
extensively explored with a variety of electron donors such as
P3HT175,176 and polycarbazoles,177 they have met with limited
success,178 affording PCEs <1% under 1 sun despite their high
electron mobilities and substantial exciton diffusion lengths.
Electron trapping by small crystalline domains of PDI has been
suggested as a barrier for achieving large photocurrent densities
with this system, although this problem may be partly circum-
vented by careful control of the crystal lattice formation.175

Interestingly, Vinazene-based small-molecule acceptors179�185

such as EV-BT (34, Chart 2) have shown some promise in both
bilayer and BHJ solar cell configurations. For example, PCEs
reaching 1% in bilayer configuration and 1.4% in BHJ with POPT
have recently been reported.181While soluble pentacenes such as
TIPS-pentacene have traditionally been used as p-type compo-
nents in OTFTs and OPVs, derivatives functionalized with
electron-withdrawing substituents such as 2,3-CN2-TCPS-Pn
(35, Chart 2) have recently been explored as fullerene replace-
ments in BHJs with P3HT.186�188 Based on theoretical insights
into the pentacene:PCBM heterojunction,189 the efficiency of

charge dissociation and the density of recombinations at the
interface between polymer donors and 2,3-CN2-TCPS-Pn ac-
ceptor analogues could be influenced by (i) the relative mole-
cular orientation between the pentacene acceptor and the electron-
donor component, and (ii) the degree of electronic coupling
between molecular exciton and charge-transfer, or charge-sepa-
rated, states. Ultimately, the modeling tool could help identify
precise design principles for the synthesis of small-molecule alter-
natives to fullerenes.

Polycyclic structures based on electron-accepting 9,90-bifluor-
enylidene cores (9,90-BF, 36, Chart 2) have also been described as
synthetically accessible and tunable potential alternatives to
PCBM.190,191 While these systems are forced into planarity in
their ground state, the addition of one electron relieves the steric
strain caused by the presence of the C9�C90 double bond, and
induces the formation of a fluorenide anion with added aromatic
character. Initial characterization of BHJs with P3HT has revealed
a particularly high VOC = 1.1 eV—nearly double that produced
with PCBM—and a respectable FF = 40%, yielding PCEs as high
as 2%.190

DCN-CQAs (37, Chart 2) have recently been reported as a
promising class of small-molecule electron acceptors, achieving
1.6% PCE and 57% FF with P3HT as the polymer donor.192 The
spectral absorption of DCN-CQAs shifted in the 550�700 nm
region complements nicely that of the relatively wide bandgap
polymer P3HT, and may provide for higher photoconversion
efficiencies in this key region of the spectrum. Notably, the BHJ
nanoscale morphologies were largely influenced by the nature of
the solubilizing side chains appended to the acceptor, which
impacted device PCE. Further synthetic modifications of the
substitution pattern in DCN-CQA derivatives, and careful con-
trol of the blend morphologies with polymer donors may
improve these early results.

The design and synthesis of n-type semiconducting polymeric
alternatives to PCBM represents another major challenge in the
field of organic electronics. Though a number of n-type semi-
conducting polymers have been explored as electron-acceptor
components in all-polymer solar cells, CNPPV remains one of
the best candidates to date,97,102 though it only affords efficien-
cies of up to 2%.103 Such modest performance likely results from
issues of (i) unfavorable nanoscale morphologies, (ii) charge
separation, and (iii) charge transport to the electrodes. The low
electron mobilities typically found in polymeric systems are also
likely a contributing factor at the origin of modest performance.
In addition, the lack of polarizability of the π-conjugated back-
bones as well as their low dimensionality when compared to
spherical fullerenes, may substantially hinder their propensity to
dissociate and transport charges across the polymer blends. At
present, all-polymer solar cells lag behind polymer/PCBM
heterojunctions in terms of performance, and alternative poly-
mer blends promoting electronmobility and exciton dynamics—
including diffusion and dissociation—remain to be found.113

Inorganic nanoparticles such as quantum dots, nanorods, and
branched nanostructures such as tetrapods constitute an interest-
ing alternative to fullerenes in BHJ solar cells. Polymer donors
including P3HT,193�199 MEH-PPV,200 other phenylene-
based systems,201�203 and more recently the narrow-bandgap
PCPDTBT204 have been blended with inorganic nanoparticles to
afford solar cell efficiencies as high as 3.1% (Figure 13). The case
of PCPDTBT blended with CdSe tetrapods is especially sig-
nificant considering the breadth of its EQEPV spectrum, exceed-
ing 30% in the range 350�800 nm and peaking at 55% in the

Chart 2
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range 630�720 nm. Organic�inorganic hybrid semiconducting
blends have significant potential as they provide both solution-
processability and the ability to harvest light from both the donor
and the acceptor phases in BHJs. Further examination of the
charge-carrier dynamics in these systems, control of the nano-
scale morphology,194 and careful engineering of the organic�
inorganic interfaces,194,198 could improve their solar cell efficien-
cies while better material combinations continue to emerge.

Concurrent efforts continue to be invested in organic�inorganic
hybrid configurations that rely onmesoporous oxide layers as the
electron transport material (typically TiO2), and conjugated
polymers as a combined light harvesting and hole transporting
material.205,206 One of the most recent and promising solid-
state device involved mesoporous TiO2 sensitized by Sb2S3
with P3HT as the hole-conducting dye.207 This configuration
yielded over 5% PCE, and FFs of nearly 70%, though with a
relatively modest maximum VOC ≈ 0.56 V. Device performance
should be further improved by acquiring a better understanding of
the charge-transport phenomena at the organic�inorganic junc-
tions, and by identifying themost appropriate organic and inorganic
components to be integrated in these architectures.

While this is beyond the scope of this report, it should be
mentioned that much progress has been made in the area of
solid-state dye-sensitized solar cells (ss-DSSCs) based on small-
molecule sensitizing and hole-transporting materials,208,209 af-
fording certified PCEs in excess of 6%.210

’BEYOND DEVICE PERFORMANCE PARAMETERS

A detailed analysis of state-of-the-art BHJ solar cells40,43,76,211

suggests that maximizing the VOC produced by these devices

under illumination, while maintaining high short-circuit and
photogenerated currents, is key to reaching PCEs approaching
10% and beyond. Previous studies on polymer-based BHJ solar
cells have shown that the device VOC scales with the difference
between the HOMO energy of the donor and the LUMO energy
of the acceptor (Figure 14a).212�215 A number of more recent
reports further suggest that the generated photovoltage is not
only controlled by the energetics of the DA pair, but also by the
saturation dark current.216�218 The latter would be intimately
connected to bulk morphology, degree of microstructural order,
and intermolecular interactions.

In particular, the VOC in vapor-deposited bilayer OPVs com-
posed of C60 and various donors has been shown to exhibit a
strong inverse dependence on the saturation dark-current density
(JS).

216 The presence of aggregation and polycrystallinity in the
donor phase, as seen in thin-film absorption spectra and by X-ray
diffraction, respectively, resulted in higher dark currents, hence in
lower VOC values. In contrast, the less ordered, more amorphous
donor systems produced lower JS and therefore higherVOC values
(e.g., tetracene vs rubrene, Figure 14b). A correlation between the
strength of intermolecular interactions in the donor phase and the
VOC was drawn, and points toward the design of donor materials
that do not exhibit overly pronounced intermolecular interac-
tions. However, donors should retain relatively high carrier
mobilities and exciton diffusion lengths in order to maintain high
short-circuit current (JSC) and FF. In parallel, systems with high
optical densities and large spectral overlap should also promote
high JSC values. The same trends should be observable for
acceptor materials,219 and may eventually be extended to solu-
tion-processed BHJ device architectures.

The correlation between VOC and dark current has been
reinforced in polymer/C60 bilayer solar cells subjected to post-
deposition thermal annealing.217 As the donor and acceptor
layers intermixed, coincident improvement inVOC and reduction
of JS were observed until C60 fully penetrated the polymer phase
and reached the ITO/PEDOT:PSS anode thus causing a reduc-
tion in VOC. Under these conditions, introduction of a pentacene
electron-blocking layer at the interface between ITO/PEDOT:
PSS anode and photoactive heterojunction leads to a drastic
increase in VOC (150%) and shunt resistance (�103), with
reduced dark current (÷103), and improved device performance
(Figure 14c). Nonetheless, the reasons for a concurrent reduc-
tion of JSC observed with increasing pentacene thickness (and
VOC) remain to be elucidated. Considering the relatively con-
stant FF values with varying pentacene thickness, the device PCE
could be enhanced much further if JSC could at least be main-
tained. The presence of interlayers and their effect on VOC, JSC,
and JS is a topic of increasing fundamental interest.220�223

Correlations between the pattern of alkyl side chains of the
polymer donor,224 or the presence of electron-deficient units,225

and these parameters have also been drawn.
In a subsequent contribution, the principle of detailed

balance226 was used to demonstrate that the electrolumines-
cence (EQEEL) and photovoltaic external quantum efficiencies
(EQEPV) in the low-energy charge-transfer spectral region of
polymer/fullerene blends are connected, and that the corre-
sponding spectra are related to VOC.

218 Interestingly, EQEEL
spectra of DA blends are largely dominated by charge-transfer
emission in contrast with EQEPV spectra, and also significantly
more red-shifted than the emission spectra of their separate
donor and acceptor components. Empirical correlations between
position of the charge-transfer bands on the electromagnetic

Figure 13. (a) TEMofCdSe tetrapods (scale bar: 50 nm), (b) Absorption
spectra of films of CdSe tetrapods (dot-dashed, blue), PCPDTBT (9)
(dotted, red), and their blend (solid, black), (c) J�V characteristics and
(d) EQEPV of a BHJ solar cell device combining the narrow bandgap
polymer PCPDTBT and CdSe tetrapods (under AM 1.5 global); inset
shows the dark current. The absorption spectrum of the blend is shown
for comparison. The PCPDTBT:CdSe hybrid device shows JSC = 10.1mA/
cm2, VOC = 0.678 V, FF = 51%, and PCE = 3.19%. Reproduced with
permission from ref 204. Copyright 2009 American Chemical Society.
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spectrum and VOC have been drawn in the past.227�229 This
recent report218 reveals that a blue-shift of the charge-transfer

band results in an exponential decrease of the saturated dark
current. Given the logarithmic dependence of VOC on dark
current, it is concluded that VOC depends linearly on the spectral
position of the charge-transfer band; a result that rationalizes the
well-established correlation between VOC and the energetic
difference between polymer donor HOMO and fullerene accep-
tor LUMO states. Figure 14d validates the use of the detailed
balance approach in estimating VOC. Along these lines, it is
expected that an increase in VOC could be achieved by employing
DA systems with less pronounced electronic couplings to reduce
the dark current. Considering EQEEL values in the range
10�9�10�6 as typical with OPV devices made from semicon-
ducting polymer-fullerene blends,218 and a theoretical maximum
EQEEL = 1 achieved in a system exclusively governed by
radiative recombinations, another way to increase VOC would
involve minimizing the nonradiative recombination pathways,
which could provide an increase in OPV device VOC of up to
0.3�0.5 V. In this regard, inspecting the exact origin of non-
radiative recombinations in OPVs should remain a target of
investigation.230,231

Beyond these considerations, it is worth noting that a number
of energy requirements and loss mechanisms, including a mini-
mum energy offset of 0.1 eV for charge transfer (CT) from the
lowest energy singlet excited state of the donor (or acceptor) to
the CT state, and 0.3 eV accounting for the Coulombic energy
difference between inter- and intramolecular CT excitons, may
subsist.213 These could ultimately limit the maximum attainable
VOC in optimized DA blends.

Current state-of-the-art BHJ solar cells with π-conjugated
polymers can exhibit EQEPV values exceeding 60% over a broad
range of the visible spectrum,76 with some demonstrating
remarkable internal quantum efficiencies (IQEs) that approach
100% (Figure 15). This implies that all photogenerated electron�
hole pairs dissociate into free charges, which can be transported
across the device without recombining, and can then be
extracted.45,76 IQE plots are typically generated by measuring
overall device optical absorption and EQEPV.

232�234 Consider-
ing parasitic absorptions by the contact electrodes and/or by
other nonactive layers such as charge blocking layers or optical

Figure 14. (a) VOC roughly scales with the difference between the donor
HOMO and the acceptor LUMO. Reproduced with permission from ref 85.
Copyright 2009 Wiley. (b) J�V characteristics in the dark (closed circles)
and under illumination (open circles) in vapor-deposited tetracene- and
rubrene-based bilayer OPVs with C60. The VOC shows a strong inverse
dependence on the saturation dark current density. Reproduced with
permission from ref 216. Copyright 2009 American Chemical Society. (c)
A pentacene electron-blocking layer at the interface between ITO/PEDOT:
PSS anode and a polymer/C60 bilayer heterojunction reduces dark current,
and increasesVOCand shunt resistance. Reproducedwith permission fromref
217. Copyright 2009 American Chemical Society. (d) VOC obtained via the
detailed balance approach vs experimental VOC for various combinations of
polymer donors and fullerene acceptors. This approach assumes a logarithmic
dependence of VOC on dark current. Reproduced with permission from ref
218. Copyright 2009 Nature Publishing Group.

Figure 15. Internal quantum efficiency (IQE) vs wavelength (blue
curve) for a BHJ solar cell made with the narrow-bandgap polymer
donor PCDTBT (29, Chart 1) and PC71BM (31) (1:4). The overall
absorption of the device (red curve), and the EQEPV (black curve) are
shown for comparison. Reproduced with permission from ref 76.
Copyright 2009 Nature Publishing Group.
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spacers in vertically stacked OPV devices, the determination of
the exact contribution of the active layer to the overall optical
absorption can be somewhat challenging. In this regard, a simple
approach to refining IQE measurements has been recently
suggested.235 This approach, which attempts to minimize experi-
mental error based on the use of an optical model to calculate and
subtract the parasitic absorption from the measured optical
absorption of the device, could be particularly useful in providing
more accurate descriptions of the charge dynamics in OPVs.

Considering the relatively low dielectric constants and high
recombination rates that prevail in organic electronics, the
thickness of the active layer rarely exceeds 120 nm under
optimized OPV device performance conditions. At this thick-
ness, a substantial amount of light is not absorbed by the organics
and the corresponding energy is lost. In addition, the discrete
absorption bands of organic semiconductors do not match the
optical coverage of their inorganic counterparts, and here again a
substantial amount of light is not captured. In particular,
photons with sub-bandgap energy will be transmitted, and the
highest-energy photons will lose their excess energy via thermal
equilibration.236

Tandem solar cells in which several active layers are verti-
cally stacked to maximize light-harvesting without compromis-
ing charge transport and collection at the electrodes, represent

a flexible platform through the combination of materials with
complementary spectral absorptions.236�241 In an ideal con-
figuration, the semitransparent recombination layer aligning
the quasi-Fermi levels of donor and acceptor components
between two subcells85 can be solution-processed without
disrupting the first junction. ZnO and TiOx are examples of
recombination layer materials that can be spin-cast for the first,
or deposited via sol�gel approach for the second. Interestingly,
one of the highest-performing organic tandem solar cell
reported to date was entirely solution-processed, involved
polymeric semiconductors with complementary visible absorp-
tions, and achieved a PCE of 6.5% under AM1.5G (Figure 16).237

More recently, a tandem device made of a front subcell of
P3HT donor and fullerene ICBA acceptor, and a rear subcell
of PSBTBT and PC71BM, reached 7% PCE.242 A number of
reports predict that PCEs approaching 15% should be attain-
able with organic semiconductors using the tandem junction
cell approach (Figure 17).85,243 As it is now established
that the photocurrent of a tandem device can exceed that
of the current-limiting subcell, matching the photocurrents
of the subcells should not necessarily be considered as a
determining design principle for future tandem device opti-
mization work.236 In contrast, the nature of the interlayer
between subcells is expected to have a critical impact on
device operation and overall efficiency.239,242

Overall, building a more fundamental understanding of
the structural variables (e.g., electronics, morphology, inter-
faces) governing device performance parameters should provide
further guidance for new material design, and help achieve
optimized efficiencies with the promising systems currently
being explored.

’CONCLUDING REMARKS AND OUTLOOK

While BHJs of the semicrystalline polymer donor P3HT and
the fullerene acceptor PC61BM, with solar cell efficiencies of
∼5%, had long represented the state-of-the-art in the field of

Figure 17. Predicted efficiency (PCE in %) of a tandem solar cell device
composed of two polymer donors as a function of the bandgap of the two
polymers incorporated. Initial assumptions for the predictions include a
difference between the LUMO of the polymer donor and that of the
fullerene acceptor of 0.3 eV, EQEPV of the subdevices as high as (and
limited to) 65%, and IQE = 85% for the bottom device. Reproduced with
permission from ref 243. Copyright 2008 Wiley.

Figure 16. (a) Device structure (right) and TEM cross-sectional image
(left) of a polymer tandem solar cell using P3HT (3) and the narrow
bandgap PCPDTBT (9). Scale bars: 100 nm (lower image) and 20 nm
(upper image). (b) EQEPV (IPCE, incident photon to current conver-
sion efficiency) spectra of single cells and the tandem cell using P3HT as
the high-energy photon absorber, and the narrow bandgap PCPDTBT
absorbing at longer (complementary) wavelengths, under light bias. (c)
J�V characteristics of the corresponding single cells and tandem cell
under AM1.5G illumination. PCPDTBT:PC61BM single cell: JSC = 9.2
mA/cm2, VOC = 0.66 V, FF = 50%, and PCE = 3.0%. P3HT:PC71BM
single cell: JSC = 10.8 mA/cm2, VOC = 0.63 V, FF = 69%, and PCE =
4.7%. Tandem cell: JSC = 7.8 mA/cm2, VOC = 1.24 V, FF = 67%, and
PCE = 6.5%. Reproduced with permission from ref 237. Copyright 2007
American Association for Advancement of Science.
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OPVs, a number of low-bandgap polymers containing donor�
acceptor motifs have recently been used to achieve efficiencies
approaching 10%. As a result of their narrow energy gap, these
systems possess absorption spectra red-shifted in the desirable
500�800 nm wavelength region. The DA approach is also
proving valuable in allowing the use of solution-processable
low band gap small molecules in BHJ cells that may soon rival
polymer-based cells in terms of achievable power conversion
efficiency. Interestingly, both higher-performing polymeric and
small-molecule systems tend to show a substantial degree of
nanostructural order in thin-film devices, despite the apparent
lack of long-range order and extended crystallinity observed in
several instances. This is also the case in polymeric OTFTs
where low-bandgap materials have recently been used to
achieve electron mobilities approaching 1 cm2 V�1 s�1 and
hole mobilities exceeding 1 cm2 V�1 s�1, thus showing charge-
transport properties comparable to those achievable with their
more crystalline small-molecule counterparts. Building on
earlier work with vapor-deposited and single-crystal small-
molecule OTFTs achieving carrier mobilities in the range of
1�20 cm2 V�1 s�1, it is plausible that mobilities exceeding
10 cm2 V�1 s�1 can be reached with polymers upon incorporat-
ing long and planar polycyclic aromatic building blocks with
appropriate solubilizing side chains. In highly crystalline small-
molecule thin films, the transport of charge carriers remains
inherently limited by the grain boundaries that segregate
crystallites with distinct relative orientations. In these sys-
tems, strategies aimed at improving the interconnection
between crystallites should lead to enhanced charge-carrier
transport. On this basis, the same strategies could also help
reduce the charge recombination rates and improve FFs in
small-molecule BHJ solar cells.

It is likely that alternative DA motifs can be found to improve
the spectral coverage and absorption coefficients of small molec-
ules for OPV applications, thus increasing JSC. As with polym-
ers, the incorporation of nanoparticles with localized surface
plasmon resonances in the active layer could ultimately allow
concentrating light within the BHJ.244 In parallel, more effective
strategies to increase the optical paths in the active layer, for
example by scattering light, may also provide for enhanced light
absorption. Overall, the full potential of inorganic nanoparticles
in organic BHJs remains to be explored, including the possibility
for these to act as effective electron-donor or electron-acceptor
semiconducting components in hybrid BHJs. A worthwhile
target would involve tailoring the interface between organic
and inorganic materials in order to achieve more effective
cooperative electronic interactions and more intimate blend
morphologies.

Finding synthetically accessible alternatives to the electron-
acceptor PCBM, while maintaining both highly efficient electron-
transport properties and the ability to phase separate in
relatively ordered domains, would have a great impact on the
development of organic solar cells, and ultimately their com-
mercial viability. This is an area where a breakthrough in the
development of high-performing electron-deficient polymers
could provide new perspectives.

The panel of analytical techniques from which fundamental
insight into the structure�property relationships of semicon-
ducting polymers can be obtained was recently reviewed in a
comprehensive article with emphasis on thin-film microstruc-
tural characterization.245 Since charge-carrier generation and
transport efficiency in organic electronics are intimately related

to nanoscale morphology and microstructural order, important
correlations between molecular structure and material proper-
ties can generally be drawn from a feedback loop of material
design, device testing, and thin-film characterization. None-
theless, a number of challenges related to the modest dielectric
constants, small exciton diffusion lengths, and limited carrier
mobilities inherent to organic electronics remain to be tackled.
These challenges may entail the development and implementa-
tion of strategies for structuring the nanoscale morphology of
thin-film devices as well as examining charge transport at a
nanoscopic level. Once optimized processing or postprocessing
conditions and morphologies are identified, efficient approaches
enabling the immobilization of the nanostructural architecture
of the active layer will need to be applied in order to prevent
further crystallization and demixing events from occurring with
time and temperature fluctuations. Further device reliability
studies should confirm whether such strategies can provide
access to stable and durable device properties, which are
comparable to those now routinely achieved with their inorganic
counterparts.

It is obvious that translating the material and system perfor-
mance parameters obtained in laboratory-scale devices to large-area
devices solution-processed via roll-to-roll or other high-throughput
printing techniques raises a new challenge. This is an area where a
growing amount of research carried out in parallel in academia and
industry is aimed at a demonstration of the commercial viability
of organic electronics for application in circuit logics as well as
solar power-generating technologies.23,85,109,246,247 Ultimately,
with the development of new materials, interlayers and opti-
mized device configurations, all-solution-processed organic
tandem solar cells may eventually rival inorganic-based cells,
such as those based on a-Si, CdTe, and Cu(In,Ga)Se2, in terms
of achievable PCE and for a large range of portable device
applications.

A number of comprehensive articles and reviews describing
material design and device aspects, as applied to OPVs and to
OTFTs, have been published in recent years. A number of these
have emphasized material design,128,129,143,144,152,166,187,248�257

thin-film structural order,26,46,258 device strategies85,259,260 and
physics,80,261 tandem architectures,240,241 quantum chemical
calculations,189,262 device stability,246,260 or economical aspects.85

This concise Perspective providing a critical review and evalua-
tion of a number of recently suggested approaches toward the
design and structural organization of π-functional materials
should complement the breadth of existing literature in these
fast-developing areas.
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