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lar morphology with optoelectronic
function in solar cells based on low band-gap
copolymer:fullerene blends

Tao Wang,* Andrew J. Pearson and David G. Lidzey*

We review recent progress in the development of organic bulk heterojunction (BHJ) solar cells employing

donor–acceptor copolymers as the electron-donor and fullerene derivatives as the electron-acceptor. We

discuss the role of the donor and acceptor moieties, side-chains, bridging units and atomic substitutions

of the copolymers on their optoelectronic functionality. The physical properties, e.g. molecular

conformation, miscibility, phase-separated lateral and vertical morphology, of various photovoltaic

blends prepared via solution casting and post-treatments are reviewed and correlated with photovoltaic

device performance. Factors influencing the morphological stability of polymer:fullerene BHJ thin-films

are briefly discussed. Finally, we address the use of thin organic interlayers to increase the efficiency of

BHJ solar cells.
1. Introduction

Bulk heterojunction (BHJ) organic photovoltaic (OPV) devices
employing conjugated polymers as electron donors and
fullerene derivatives as electron acceptors convert the energy of
sunlight into electrical current using the photovoltaic effect.1,2

The ability to process an OPV device partly from solution makes
them a promising low-cost technology for solar energy
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conversion. The power conversion efficiency (PCE) of the best
performing OPV devices has in recent years approached that of
dye-sensitized solar cells and is comparable with established PV
technologies based on amorphous silicon. Indeed, BHJ OPV
devices employing donor–acceptor (D–A) copolymers in the
photoactive layer currently yield PCEs exceeding 9% in single
junction cells3 and over 10% in tandem solar cells.4

D–A copolymers – also called push–pull copolymers – consist
of alternating electron-rich (D) and electron-decient (A)
moieties along a conjugated backbone.5–9 Such copolymers
oen have a relatively low optical band-gap due to the
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hybridization of molecular orbital levels; an effect that leads to
signicant electron delocalization and intramolecular charge
transfer.6 The synthesis of D–A copolymers therefore offers a
route to achieve efficient light harvesting of the solar spectrum.
The electrochemical and optoelectronic properties of a copol-
ymer can be tuned by modifying its molecular structure; for
example through the use of different heterocycles that are either
electron-rich or electron-decient, or via the size and position of
solubilising side-groups. These parameters will have a signi-
cant impact on the nanoscale structure of the copolymer in the
solid-state – for example its molecular packing and relative
crystallinity, with such properties consequently affecting poly-
mer miscibility with other materials. In a BHJ thin-lm, a
complex nano- and meso-scale morphology exists between the
copolymer and the electron acceptor that, in turn, inuences
the photocurrent generation efficiency of the system when
incorporated into a functional PV device. This review aims to
cover such aspects, and attempts to provide an empirical guide
into the chemical design of newmaterials together with rational
processing protocols to create high performance D–A poly-
mer:fullerene solar cells.

2. Molecular packing, mixing and phase
separation in D–A copolymer:PCBM
photovoltaic blends

When fabricating an OPV device, the electron donor (e.g. a
conjugated polymer) and the acceptor (typically a fullerene
derivative such as PC61BM or PC71BM) are oen dissolved in a
common solvent or co-solvent mixture. On casting the solution
to form a thin-lm, a partial de-mixing of the blend components
triggered by solvent evaporation occurs in order to minimize the
free energy of the system. Other self-organization processes,
such as crystallization, aggregation and self-assembly, may also
occur as the casting solvent evaporates. The nal structure of
the thin-lm will be determined by a number of parameters
including the relative miscibility between the materials, the
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drying dynamics of the solution and the surface properties of the
substrate onto which the lm is cast. A variety of complementary
experimental techniques have been used to probe the structural
or optoelectronic properties of the blend thin-lm in order to
understand the impact of different materials and processing
conditions on OPV device performance and stability.10–12 In situ
probes of molecular organization and phase separation processes
have also been used to unravel the mechanisms by which
nanostructure develops during the lm solution-deposition
process13–15 and during post-deposition treatments such as
thermal annealing16–18 and solvent-vapor annealing.19

Some D–A copolymers are semi-crystalline, although they
do not have the same high degree of crystallinity that is
observed in homopolymers such as poly(3-hexylthiophene)
(P3HT). Nevertheless, the ability of D–A copolymers to self-
organize can be tuned through control of molecular structure.
Various D–A copolymers utilizing thieno[3,4-c]pyrrole-4,6-
dione (TPD), diketo-pyrrole-pyrrole (DPP), bithiazole (BTz),
naphtho-bisthiadiazole (NTz) and benzothiadiazole (BT)
moieties as electron-accepting units have all exhibited some
degree of crystallization.20–24 For example, the crystalline character
of benzo[1,2-b:4,5-b0]dithiophene (BDT) based D–A copolymers can
be tuned by varying the number of nitrogen atoms in the acceptor
unit.25 This is exemplied in the 2D grazing-incidence wide-angle
X-ray scattering (GIWAXS) images shown in Fig. 1, where it can
be seen that diffraction peaks are most intense in the out-of-plane
direction, indicating a predominantly edge-on orientation of the
copolymers relative to the substrate plane.25 Here, the (010) peak
located in the in-plane direction originates from p–p stacking
between polymer backbones (i.e. p–p stacking is directed parallel
to the substrate). With an increasing number of nitrogen atoms in
the acceptor unit, second and third order reections of the
lamellar scattering features appear and becomemore pronounced.
The lamellar spacing (d1) and p–p stacking distance (d2) are also
dependent on the number of nitrogen atoms in the acceptor unit,
having d1 (d2) values of 1.61 (0.42), 1.72 (0.37) and 1.78 nm
(0.36 nm) in polymers containing 0, 1 and 2 nitrogen atoms
respectively. In later sections, we will discuss further the effect of
D–A molecular structure on molecular packing.

Many other D–A copolymers are predominantly amorphous
yet exhibit weak p–p stacking in the solid state. For example,
p–p stacking in the polymer PTB1 (which is based on alter-
nating thieno[3,4-b]thiophene and benzodithiophene units) is
evidenced by a ‘crescent’ observed at q¼ 1.71 Å�1 (d2 ¼ 3.7 Å) in
the out-of-plane direction of the 2D grazing-incidence X-ray
scattering patterns, as shown in Fig. 2a.26,27 This suggests a
“face-on” orientation ofp–p stacking – i.e. the plane of the PTB1
backbone is oriented parallel to the underlying substrate. A
diffraction ring is also observed at q¼ 0.23 Å�1 (d1¼ 27.3 Å) that
results from lamellar spacing between neighboring PTB1
backbones separated by their side-groups. The ability of
conjugated polymers to preferentially p–p stack “face-on” with
respect to the substrate is considered to facilitate efficient
charge transport in an OPV device.27 Although PTB1 is an
amorphous copolymer, the out-of-plane space-charge limited
current (SCLC) charge mobility of PTB1 (�4.5 � 10�4 cm2 V�1

s�1) is higher than that of P3HT (�2.7 � 10�4 cm2 V�1 s�1); an
J. Mater. Chem. C, 2013, 1, 7266–7293 | 7267
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Fig. 1 (a) 2D-GIXS images of P0, P1 and P2 films after thermal annealing; (b) out-of-plane line cuts of GIXS. Inset: schematic illustration of the edge-on orientation of
the polymers with the backbone perpendicular to the substrate. The interchain lamellar spacing and thep–p stacking distances are labeled as d1 and d2, respectively. (c)
Chemical structure of BDT-based D–A copolymers P0, P1 and P2 having 0, 1, or 2 nitrogen atoms in the acceptor units. Figure reprinted from ref. 25, Copyrightª 2012,
American Chemical Society.

Fig. 2 GIWAXS images of (a) pure PTB1 and (b) a PTB1:PC61BM 1 : 1 blend. (c) Schematic illustration of the orientation of the polymer backbone and side-chains in a
PTB1:PC61BM blend. (d) X-ray intensity recorded in the out-of-plane direction of a 2D GIWAXS image. Figure reprinted from ref. 26, Copyright ª 2010, American
Chemical Society.
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effect that may well result from the fact that P3HT chains
preferentially stack “edge-on” with respect to a substrate.28

When PTB1 is cast into a photovoltaic blend with PC61BM, there
7268 | J. Mater. Chem. C, 2013, 1, 7266–7293
are negligible changes to the lamella spacing or the p–p

stacking distance (see Fig. 2b and d). It can be seen however that
the intensity of p–p X-ray scatter undergoes a relative reduction
This journal is ª The Royal Society of Chemistry 2013
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on mixing with PC61BM; a result explained on the basis that
intermixing between the polymer and PCBM reduces long-range
order within the polymer-rich phase of the lm.26

Early research on the morphology of BHJ polymer:fullerene
photovoltaic blends oen described the nanostructure in
terms of a bi-continuous network of domains, composed of
sharply dened regions of pure polymer and pure-fullerene
that exist as a result of spontaneous phase-separation between
the components.29,30 A number of studies over the last few years
have shown, however, that there are at least three phases in a
polymer:fullerene photovoltaic blend; a pure polymer phase, a
pure fullerene phase and a mixed phase of the two different
materials.31,32 In each of the pure phases, crystalline and
amorphous regions may also co-exist,33 with the extent of the
crystallization dependent on the nature of molecular packing
and the solution-casting process which impacts on the kinetics
of molecular packing. Fig. 3 illustrates a schematic of the
various different phases believed to exist in a semi-crystalline
and an amorphous polymer:fullerene blend. At the molecular
level, the intimately mixed phase in amorphous copoly-
mer:fullerene blends such as PTB7 or PCDTBT with PC71BM is
best described as an amorphous solid solution. Resonant So
X-ray Scattering (R-SoXS) studies have shown that PC71BM is
soluble in the mixed phase of PTB7:PC71BM blend lm at a
concentration of up to �30%.34

In some semi-crystalline copolymer:fullerene blends, X-ray
scattering has revealed that fullerene molecules are able to
intercalate between polymer chains.32 For example, in a
pBTTT:PCBM thin-lm blend, GIWAXS measurements have
shown that the lamellar packing distance between pBTTT
backbones increased from 21 Å (in pure pBTTT) to �30 Å in a
1 : 4 polymer:fullerene blend.32 This increase was proposed to
originate from an intercalation of the fullerene molecules into
the polymer crystal, forming a highly ordered bimolecular
crystal. Although molecular mixing of fullerenes may in prin-
ciple disrupt the packing of an amorphous polymer, such
effects are oen difficult to conrm using X-ray diffraction
techniques alone due to the low level of polymer crystallinity.35

The inuence of fullerene derivative structure on the
morphology and photovoltaic performance of copoly-
mer:fullerene blend lms will be discussed in detail later in this
Review.

Recent studies have identied the importance of the inter-
mixed phases of PCBM and polymer on the optoelectronic
processes of solar cells.36,37 These nely mixed polymer/
fullerene phases are believed to improve the yield of free charge
Fig. 3 A schematic illustration of the different phases in a blend of (a) a semi-
crystalline polymer and PCBM and (b) an amorphous polymer and PCBM.

This journal is ª The Royal Society of Chemistry 2013
carriers within a BHJ lm. In addition, the formation of
appropriately sized percolating pure phases permits the rela-
tively efficient transport of charge carriers towards the solar cell
electrodes.36,37 For high performance solar cells, it is desirable
that the intermixed phase co-exists with the relatively pure
phases, rather than the formation of a one-phase system
comprised of a solid solution.37
3. The impact of molecular structure of D–A
copolymers on energy level, band-gap,
charge mobility, molecular packing and
photovoltaic device performance
3.1 Effects of donor and acceptor moiety

Upon photoexcitation of a conjugated polymer, a minimum
energy offset between the LUMO level of the polymer donor and
the PCBM acceptor of approximately 0.3 eV has oen been
deemed necessary to efficiently drive electron transfer to the
fullerene.38,39 For example, taking PC61BM as the acceptor
(having a LUMO level at �4.2 eV), this implies a minimum
LUMO level of the polymer donor of �3.9 eV is necessary to
permit charge transfer to the PC61BM (Fig. 4).5,7 In a photovol-
taic device, a deeper HOMO level of the polymer donor will help
increase the device Voc; a concept conrmed by a statistical
review.7 However, Voc is reduced when the HOMO level is lower
(i.e. closer to vacuum) than �5.7 eV.7 As PC61BM has a low
extinction coefficient at visible and near-IR wavelengths, the
polymer donor is the main light-absorbing component in a
photovoltaic blend. The same statistical summary shows that
reducing the D–A copolymer bandgap results in a higher Jsc as
more of the sun's radiation can be harvested. However, once the
bandgap falls below 1.3 eV, the Jsc starts to fall.7 It appears
therefore that a bandgap of 1.4 to 1.5 eV is ideal for efficient
sunlight absorption and subsequent photocurrent generation.
Consequently, in BHJ thin-lms using PC61BM as an electron
acceptor the optimum HOMO level of the polymer should be
around �5.4 eV.

For D–A copolymers, the energies of the molecular orbital
levels and the corresponding band-gap are primarily determined
by the chemical and structural composition of the conjugated
Fig. 4 Schematic energy level alignments between an “ideal polymer” donor
and a PC61BM acceptor.

J. Mater. Chem. C, 2013, 1, 7266–7293 | 7269
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backbone, with the HOMO (LUMO) level generally determined
by that of the electron donating (accepting) moiety.40 This
architecture permits the HOMO and LUMO levels of the
copolymer to be dened almost independently of one other.
Note however that the size, structure and position of solubil-
ising side-groups on the co-polymer backbone also provide an
opportunity to ne-tune the position of these energy levels. A
large number of D–A copolymers have been synthesized by
employing different electron-rich and electron-decient
moieties along the backbone and by rational control over side-
chains, bridging units and substituents along the repeating
units of a D–A conjugated copolymer.5–9 Examples of donor
and acceptor moieties are shown in Fig. 5. Here, electron-rich
heterocycles such as uorene, carbazole, cyclo-
pentadithiophene (CPD), naphtho[2,1-b:3,4-b0]-dithiophene
(NDT), benzo[1,2-b:4,5-b0]dithiophene (BDT), dithieno[3,2-
f:20,30-h]quinoxaline (QDT), thiophene-phenylene-thiophene
(TPT) dithieno[3,2-b:20,30-d]-silole (DTS) indacenodithiophene
(IDT) have been used as the donor moieties, with electron-
decient heterocycles such as 2,1,3-benzothiadiazole (BT),
4,7-di-2-thienyl-2,1,3-benzothiadiazole (DTBT), diketopyrrolo-
pyrrole (DPP), thiadiazolo[3,4-c]pyridine (PyT), thieno[3,4-c]-
pyrrole-4,6-dione (TPD), dithieno[3,2-f:20,30-h]quinoxaline
(DTQ) employed as the acceptor. Synthesizing D–A copolymers
with characteristically “weak donor” and “strong acceptor”
moieties has been demonstrated to create semiconductors
having relatively deep HOMO levels and narrow band-gaps.7

Here, the “weak donor” reduces the D–A polymer HOMO level
whilst the “strong acceptor” reduces the energy band-gap via
intra-molecular charge transfer (ICT) behavior.7 We refer the
interested reader to the literature for an empirical comparison
of the electron donating ability of various donor units, as well
as examples of strong acceptors.7
Fig. 5 Chemical structures of selected electron-donating and electron-accepting u

7270 | J. Mater. Chem. C, 2013, 1, 7266–7293
It is important to acknowledge that the use of a copoly-
mer:PCBM blend having (in theory) ‘ideal’ HOMO and LUMO
levels may not necessarily translate into a high-performance
OPV device. Recombination of charge carriers, either via
germinate or non-germinate processes, will act to reduce the
maximum achievable Voc and Jsc of a device. Such effects can in
principle be inuenced by the presence of non-ideal active layer
morphology. Practically therefore, an ideal polymer should also
exhibit favourable miscibility and undergo phase separation at
appropriate length-scales with an electron acceptor. It should
also have a high and balanced charge carrier mobility (i.e.
comparable to charge transport between fullerene molecules) in
a BHJ blend thin-lm. Furthermore, in order to minimize
oxidation of the copolymer, the HOMO level should also be
sufficient deep (#�5.27 eV) to ensure operational stability of a
working OPV device. Such requirements for fabricating an
efficient OPV device indicate the existence of a highly complex
‘parameter-space’ in which many different co-polymers can be
conceived. In the following sections we examine these effects in
a number of different copolymer families.
3.2 Effects of side-chain distribution and structure

The addition of side chains to a co-polymer backbone – either
graed onto the donor and/or the acceptor moieties – will
inuence its physical properties such as solubility and
propensity to undergo self-organization. Side-chains will also
modify the electronic (electrochemical) properties of the
copolymer which – when blended with an electron acceptor in a
BHJ thin-lm – will consequently affect the optoelectronic
properties of the resultant device.41–43 During the design and
synthesis of a new copolymer, the choice of side-chains
becomes an important consideration as it is necessary to
nits used in D–A copolymers.

This journal is ª The Royal Society of Chemistry 2013
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optimise solubility (and therefore processability) with opto-
electronic properties of the resultant semiconductor.

The length and shape of the side-chains in the D–A copol-
ymer PDTSTPDs have been found to affect the self-assembly and
packing of the polymer in photovoltaic blend thin-lms.44

Indeed by increasing the length of alkyl chains attached to the
TPD unit of copolymer PDTSTPD, it was possible to improve
material solubility and facilitate the formation of lamellar
structures within a blend thin-lm.44 When blended with
PC71BM in an BHJ thin-lm, this structural characteristic of
PDTSTPD permitted the fabrication of OPV devices having a
relatively high power conversion efficiency (PCE) of 7.5%.44 In
other studies, the effect of butyl (Bu), hexyl (He), octyl (Oc), and
2-ethylhexyl (EH) alkyl side chains were examined in D–A
copolymers composed of TPD and benzodithiophene (BDT)
units.45 It was shown that alkyl chains on the TPD unit had a
signicant inuence on the solubility and chain packing of the
polymer, in addition to providing a ‘ne-tuning’ of molecular
orbital levels. X-ray scattering revealed that the p–p stacking
distance is around 3.67 Å in PCPDTTPD (see molecular
structure in Fig. 6) polymers having linear side-chains (Bu, He
and Oc), whilst for the EH branched copolymers, the p–p

stacks were separated by 3.86 Å (Table 1), indicating a lower
packing density. Copolymers PCPDTTPD-Oc and PCPDTTPD-
EH with Oc or EH groups had lower HOMO and LUMO energy
levels, resulting in a relatively higher Voc in OPV devices when
blended with PC71BM, permitting PCEs of up to 6.4% to be
obtained in devices based on a PCPDTTPD-Oc:PC71BM
blend.45 These ndings are in qualitative agreement with a
similar study on the furan-containing copolymer PDPP2FT
(see molecular structure in Fig. 6), where it was found that
linear branched chains permitted the formation of larger and
closer packed nanoscale crystallites, compared to those
formed from an almost identical polymer that instead
Fig. 6 The chemical structure of PCPDTTPD and PDPP2FT with various side
chains.

Table 1 HOMO and LUMO levels, bandgap and photovoltaic performance of OPV

Polymer HOMO (eV) LUMO (eV)
p–p
stacking distance

PCPDTTPD-Bu �5.08 �3.43 3.67
PCPDTTPD-He �5.12 �3.47 3.67
PCPDTTPD-Oc �5.29 �3.63 3.67
PCPDTTPD-EH �5.24 �3.55 3.86

This journal is ª The Royal Society of Chemistry 2013
incorporated branched EH chains (Table 2).46 It is known that
the degree of electronic coupling between adjacent polymer
chains decays exponentially with p–p stacking distance and
can vary by as much as a factor of 4 as this distance is
increased from 3.4 to 4.0 Å.46 Thus branched side groups may
introduce steric hindrance if polymer chains undergo packing,
whereas linear side groups may result in a relatively coplanar
backbone structure thereby allowing for closer p–p stacking
distances and consequently enhanced charge mobility. By
understanding and utilizing such effects, it is possible to
obtain substantial increases in OPV PCE.

Interestingly however, a contrasting effect was found in
PBDTTPD-based OPV devices.47 Here GIXS was used to study the
copolymer PBDTTPD having either two branched EH side-
chains (2EH, C8) or linear side-chains (C8, C14) on a BDT
moiety. From the scattering patterns shown in Fig. 7, it can be
seen that the copolymer PBDTTPD having the branched side-
chains adopts a preferential “face-on” p–p stacking orientation
whilst the equivalent polymer with linear side-chains does not
show any preferential p–p stacking orientation when processed
under identical conditions. This apparent selectivity results in a
dramatic improvement in device PCE from 4.1% to 7.5% when
linear side-chains were replaced with branched side-chains.

Within the PTB series of copolymers synthesized with either
thienothiophene (TT) or benzodithiophene (BDT) moieties, a
s of PCPDTTPDs:PC71BM

(Å) Eoptg (eV) Voc (V)
Jsc (mA
cm�2) FF (%) PCE (%)

1.57 0.70 9.22 35.7 2.3
1.59 0.75 13.2 57.4 5.7
1.59 0.75 14.1 60.7 6.41
1.61 0.84 12.7 53.5 5.71

Fig. 7 Top: chemical structure of PBDTTPD with different side-chains on the BDT
or TPD units. Bottom: 2D GIXS patterns of (left) PBDTTPD (2EH/C8) and (right)
PBDTTPD (C14/C8) in optimized BHJs with PC71BM. Figure reprinted from ref. 47,
Copyright ª 2013, American Chemical Society.
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Table 2 GIXS peak parameters for PDPP2FT derivatives and PCEs of OPV devices

Polymers
p–p stacking
distance (Å)

p–p
stacking
correlation
length (nm)

L
(Å)

Lamellar
correlation
length (nm)

Avg.
PCE (%)

PDPP2FT-C12 3.6 3.3 21 3.4 4.8
PDPP2FT-C14 3.6 3.6 23 3.6 6.2
PDPP2FT-C16 3.6 3.0 25 4.1 5.7
PDPP2FT-2EH 3.7 1.1 13 2.7 5.0
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range of PCEs have been determined ranging from 2 to 8%
dependent on the nature of the side-chain.48 It was shown using
GIWAXS that branched side-chains attached to the BDT unit
increased the p–p stacking distance in the solid lm and
reduced the performance of the OPV device.48 However, the
addition of branched side-chains to the TT unit did not have a
signicant impact on the p–p stacking distance. Here, the
performance of devices incorporating copolymers containing
TT unit with branched alkyl side-chains was substantially
higher, with such differences tentatively ascribed to favorable
interactions with the PCBM component of the blend. An
empirical correlation betweenp–p stacking distance and the ll
factor of PTB copolymer-based OPV devices was also demon-
strated, with a reduced p–p stacking distance in the polymer
phase correlated with a larger FF in OPV devices.

The length of the alkyl side-chains was not found to signif-
icantly inuence the absorption spectrum or molecular orbital
levels in D–A copolymer PBDTTBTs.49 Nevertheless, the nano-
scale morphology of polymer:PCBM blend thin-lms can be
dramatically altered. Transmission Electron Microscopy (TEM)
images shown in Fig. 8 reveal that increasing the length of the
alkyl side-chains can directly modify the morphology of the
blend.49 Specically, it was found that shorter side chains gave
rise to a BHJ morphology, containing fullerene aggregates
described by the authors as being ‘pea-like’, whereas blends of a
fullerene and polymer having longer side chains formed a
relatively coarse interpenetrating network characterized by
larger phase separation between the components. Despite such
variations in BHJ nanostructure, X-ray scattering measurements
did not indicate any differences in the polymer p–p stacking
distance. The changes in blend morphology were consequently
attributed to variations in miscibility between the different
polymers and PCBM.
Fig. 8 TEM images of blend films spin-coated from chlorobenzene for (a) PBDTTBT
(w/w, 1 : 3); (d) PBDTTBT-C10/PC61BM (w/w, 1 : 3); and (e) PBDTTBT-C12/PC61BM(
Society.
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The addition of conjugated side-chains to the backbone
structure of D–A copolymers has also been explored, resulting in
a two-dimensional (2D) conjugated system. Huo et al. reported a
study of the 2D D–A copolymers PBDTTBT, PBDTTTZ created by
attaching conjugated thienyl or 2-alkylthiophene side-chains to
the electron-donating BDT units.50,51 Such materials were
blended with PC71BM and used as the active layer in an OPV
having a PCE in excess of 5%.50,51 A 2D BDT-based D–A copolymer
named PBDTDTNT has also been shown to achieve a PCE of 6%
when fabricated into an OPV.52 In D–A copolymers based on BDT
and TT units (see chemical structures shown in Fig. 9), the 2D D–
A copolymers PBDTTT-E-T, PBDTTT-C-T and PBDTTT-S-T having
conjugated side-chains exhibited better thermal stability, red-
shied absorption, lower HOMO and LUMO energy levels,
signicantly higher hole mobility and greatly improved photo-
voltaic properties in comparison to their corresponding alkoxy-
substituted analogues (i.e. having insulating side groups)
PBDTTT-E, PBDTTT-C and PBDTTT-S.53,54 We summarize device
and material properties taken from ref. 53 and 54 in Table 3.

The positions at which solubilising side-chains are attached
to the repeat units of a copolymer has also been found to
inuence its physical and optoelectronic properties and
consequently device performance.55,56 If signicant steric
hindrance is introduced by the side-chains, the maximum
molecular weight of the copolymer that can be achieved
through polymerization is however signicantly reduced.57 The
inappropriate positioning of side-chains can also result in
twists along the conjugated backbone with such effects leading
to a reduction in effective conjugation length and charge carrier
mobility.58 For example in some D–A copolymers, it was found
that side-chains attached at the 4-position of a thiophene ring
result in less steric hindrance and consequently form more
planar molecular structures.59,60 In another study on two
phenazine-based D–A copolymers, (see chemical structures
shown in Fig. 10) it was found that lm morphology and
photovoltaic performances were dependent on the position of
alkoxy chains on the phenazine unit, although the optical
absorption and energy levels were not apparently affected by
side-chain position.61 From the AFM and TEM morphologies
shown in Fig. 10 it can be seen that large, coarse aggregates are
formed in P1/PC71BM blend lm (with OPV devices having a
PCE of 1.5%), whereas a P2/PC71BM blend formed a homoge-
neous and smooth lm, producing devices having a PCE of
2.54%.61
/PC61BM (w/w, 1 : 3); (b) PBDTBTC6/PC61BM (w/w, 1 : 3); (c) PBDTTBT-C8/PC61BM
w/w, 1 : 3). Figure reprinted from ref. 49, Copyright ª 2011, American Chemical
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Fig. 9 Chemical structures of PBDTTT-E, PBDTTT-C, PBDTTT-S and their 2D D–A copolymer analogues PBDTTT-E-T, PBDTTT-C-T, PBDTTT-S-T.

Table 3 HOMO and LUMO levels, band-gap, SCLC mobility of PBDTTTs and the optimized photovoltaic performance of OPV devices

Polymer HOMO (eV) LUMO (eV) Eoptg (eV)
SCLC mobility
(cm�2 V�1 s�1) Voc (V)

Jsc (mA
cm�2) FF (%) PCE (%)

PBDTTT-E �5.04 �3.19 1.63 1.50 � 10�3 0.66 11.53 54.7 4.16
PBDTTT-E-T �5.09 �3.22 1.58 6.74 � 10�3 0.68 14.59 62.6 6.21
PBDTTT-C �5.07 �3.21 1.60 5.53 � 10�4 0.70 15.51 59.2 6.43
PBDTTT-C-T �5.11 �3.25 1.58 2.7 � 10�1 0.74 17.48 58.7 7.59
PBDTTT-S �5.10 �3.51 1.65 4.56 � 10�4 0.76 13.85 58.0 6.11
PBDTTT-S-T �5.04 �3.57 1.59 2.76 � 10�3 0.69 16.35 66.3 7.48
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3.3 Effects of bridging units

The bridging units that exist between the donor and acceptor
moieties of D–A copolymers have been found to affect the light
absorption, energetic band-gap and charge-carrier mobility of
Fig. 10 Left: chemical structures of two phenazine-based D–A copolymers. Right:
images of P2/PC71BM (1 : 3, w/w) blend films. AFM images are 2 mm � 2 mm. The sc
Wiley Periodicals, Inc.

This journal is ª The Royal Society of Chemistry 2013
the copolymer and thus consequently affect OPV device power
conversion efficiency. Bridging units can also affect material
solubility. For example the replacement of thiophene with furan
heterocycles along the backbone of D–A copolymers enables the
use of relative short side chains owing to the improved
(a) AFM and (c) TEM images of P1/PC71BM (1 : 3, w/w), and (b) AFM and (d) TEM
ale bar in TEM images is 500 nm. Figure reprinted from ref. 61, Copyright ª 2013
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solubility of furan in common organic solvents.62 In other
studies, the length of the p-conjugated bridge between D and A
groups was found to affect the electronic and photovoltaic
properties of copolymers based on carbazole and quinox-
alinoporphyrin.63 By increasing the length of the p-conjugated
bridge from thiophene to bithiophene and then to terthio-
phene, the hole mobility of the copolymers increased gradually
and the optical absorption spectra broadened.63 These effects
were correlated with an improved PCE in a solar cell device
utilizing these semiconductors. In other work on copolymers
based on a BDT (benzodithiophene) donor unit and a BT
(benzothiadiazole) acceptor unit, the choice of p-bridging unit
was found to signicantly affect both the molecular architecture
and the optoelectronic properties of the polymer.64 A series of
representative polymers is shown in Fig. 11. It was found that
when the p-bridge was varied from furan to thiophene, and
then to thienothiophene, the absorption spectrum of the poly-
mer underwent a relative red-shi. Furthermore, the confor-
mation of the copolymer repeat unit (as inferred from Density
Functional Theory (DFT) calculations) changed from a ‘zig-zag’
arrangement to one in which the repeat unit was relatively
linear.64 Such structural and optoelectronic changes were
correlated with improved charge carrier mobility and OPV
device performance (Table 4). It was concluded therefore that a
thienothiophene bridge conferred signicant advantages in this
class of OPV-applicable D–A copolymer.

Selenium atoms are more electron-rich than sulfur atoms
and aromatic rings containing selenium have electrons that are
consequently more delocalised compared to their thiophene
counterparts.65–67 D–A copolymers bridged by selenophene units
have been found to exhibit red-shied absorption spectra and
lower optical band-gaps compared to identical copolymers
bridged by thiophene units.65–67 Several selenophene containing
polymers have also demonstrated enhanced charge-carrier
mobility compared with thiophene-based polymers.68–71 For
Fig. 11 Molecular structures of BDT and BT based D–A copolymers with different p
from density functional theory calculation. Color code: gray (C), white (H), red (O), b
Chemical Society.

7274 | J. Mater. Chem. C, 2013, 1, 7266–7293
example, a PCE of 7.2% was obtained in single-junction OPV
devices based on selenophene-bridged PBDTTSeDPP, compared
with the furan-bridged polymer PBDTT-FDPP and thiophene-
bridged PBDTT-DPP (PCEs of 4.7 and 6.5 respectively).72 In
contrast however, reduced eld-effect charge mobility and
reduced PCE have been found in selenophene-bridged copoly-
mers comprising 2,7-linked carbazole or uorene donor moie-
ties and benzothiadiazole units with or without alkoxy
substituents as acceptor moieties (see chemical structures in
Fig. 12).73 Device studies indicate that relative to thiophene-
containing copolymers, selenophene-bridged copolymers are
characterized by OPVs having higher Jsc but smaller Voc and
FF,66,73 or exhibit both a reduced Jsc and FF.73 In this series of
copolymers, the reduced efficiency of OPVs containing sele-
nium substituted materials was attributed to lower charge
carrier mobility and reduced molar extinction coefficient that
limited the ability of the copolymer to harvest light and trans-
port charge efficiently though the device.73

The bridging atoms in the donor or acceptor moieties of the
copolymers have also been shown to signicantly inuence the
nanostructure of polymer and polymer:fullerene blend thin-
lms.74,75 For example, the carbon-bridged dithiophene-based
copolymer PCPDTBT (see Fig. 13) is typically amorphous when
cast into a solid lm. In contrast its silicon-bridged analog
PSBTBT is semi-crystalline76,77 with GIWAXS demonstrating a
preferential ‘edge-on’ orientation of molecular chains, with the
p–p stacking plane parallel to the substrate.76 It was suggested
that the longer C–Si bond in PSBTBT permitted better inter-
chain molecular packing due to reduced steric hindrance
between the alkyl side-group and the thiophene rings. As
PSBTBT is a semi-crystalline polymer, its hole-carrier mobility
(as determined by eld effect transistor measurements) is
approximately 3 times higher than that of the relatively amor-
phous polymer PCPDTBT.78 Nevertheless, an optimized device
PCE of around 5.5% was achieved in OPVs made from both
-bridges, along with optimized geometries of backbone of copolymers obtained
lue (N), and yellow (S). Figure reprinted from ref. 64, Copyright ª 2012 American

This journal is ª The Royal Society of Chemistry 2013
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Table 4 Photovoltaic properties of devices made from P(BDT-F-BT), P(BDT-T-BT) and P(BDT-TT-BT) and PC71BM

Polymer Blend ratio Voc (V)
Jsc (mA
cm�2) FF (%) PCE (%) SCLC mobility (cm�2 V�1 s�1)

P(BDT-F-BT) 1 : 2 0.94 6.50 46 2.81 2.1 � 10�3

P(BDT-T-BT) 1 : 1.5 0.82 9.45 48 3.72 2.9 � 10�3

P(BDT-TT-BT) 1 : 1.5 0.69 11.34 63 4.93 8.6 � 10�3

Fig. 13 Chemical structures of PCPDTBT, PSBTBT, PGe1-EH, PDTC, PDTSi and PDTP.

Fig. 12 Chemical structures of thiophene- and selenophene-bridged D–A copolymers PCDTBT, PCDSeBT, PFDTBT and PFDSeBT.
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PCPDTBT or PSBTBT copolymers, although it is important to
acknowledge that optimization was achieved via the use of
solvent additives79 and post-deposition thermal annealing76,78

respectively. These different optimization protocols highlight
the complexity in OPV research by demonstrating that polymers
with apparently unfavourable OPV characteristics (for example,
an amorphous nature and relatively low charge mobility) can
still be used to create devices with relatively high PCEs.
Table 5 HOMO and LUMO levels, bandgap and photovoltaic performance of OPV

polymer HOMO (eV) LUMO (eV) Eg (eV) Eoptg

PDTC �5.43 �3.25 2.18 1.67
PDTSi �5.44 �3.17 2.27 1.70
PDTP �5.16 �3.08 2.08 1.59

This journal is ª The Royal Society of Chemistry 2013
In the germanium-bridged derivative of PCPDTBT – named
PGe1-EH (see Fig. 13), it was found that OPV devices had a low PCE
of 2.9%.80 It is clear that a C–Ge bond is longer than that of a C–Si
bond, however the impact of this difference on molecular packing
in PGe1-EH and its relationship with the photovoltaic performance
has not yet been determined. In other work, it was found that the
Ge-bridged copolymer with methyl side groups (MeGeBT) had a
higher hole-carrier mobility and improved miscibility with
s made from PDTC, PDTSi and PDTP

(eV) Voc (V) Jsc (mA cm�2) FF (%) PCE (%)

0.80 10.04 47 3.7
0.91 2.32 56 1.18
0.71 2.53 50 0.91
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Fig. 14 Top: chemical structures of PBnDT-HTAZ, PBnDT-FTAZ, PBnDT-DTBT, PBnDT-DTfBT, and PBnDT-DTffBT. Bottom: 2D GIWAXS images of blend films based on (a)
PBnDT-DTffBT, (b) PBnDT-DTfBT, and (c) PBnDT-DTBT. (d) In-plane and out-of-plane 20� sectors with the polymer peaks labeled along with the typical scattering
contribution from PC61BM. Figure reprinted from ref. 96, Copyright ª 2013, American Chemical Society.
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PC71BM; properties that lead to the realization of OPVs having a
higher PCE compared to devices fabricated using the Si-bridged
copolymer MeSiBT.81 Other OPV device studies using copolymers
containing electron-decient thienopyrroledione (TPD) and elec-
tron-rich dithiophene units bridged by carbon, silicon and
nitrogen atoms (namely PDTC, PDTSi and PDTP, respectively – see
Fig. 13) demonstrated a reduction in PCE when the dithiophene
units were Si- and N-bridged (Table 5).82 Although the PCE of OPVs
fabricated using PDTSi and PDTP can be improved slightly by
casting from different solvents, the resultant PCEs are still lower
than that of devices made from PDTC. It was concluded therefore
that the use of Si- and N-bridges did not present an effective
strategy to increase OPV efficiency using this class of D–A copoly-
mers. Finally, Wu et al. developed an sp2–sp2 ethylene (C]C)
bridged dithienocarbazole-based D–A copolymer called
PDTBCDTBT. The PCE of OPVs based on this copolymer reached
6.2%; an efficiency amongst the highest of those obtained fromC-,
Si- and N-bridged analogous copolymers.83

3.4 Effects of uorine substitution

Substitution of carbon or hydrogen atoms with uorine in either
the donor or acceptor unit of a D–A copolymer has been shown to
7276 | J. Mater. Chem. C, 2013, 1, 7266–7293
modify the molecular orbital levels of a copolymer, and subse-
quently impact upon the photovoltaic performance of an OPV
device.84–87 Fluorination of D–A copolymers can simultaneously
lower the HOMO and LUMO energy levels, causing only minor
changes to the optical band-gap.88,89 Consequently, reduced
energy-loss on electron transfer from the polymer donor to
fullerene acceptor (via reduction of the LUMO level) and
enhanced stability against photo-oxidation (by lowering the
HOMO level) can be achieved, with such changes predicted to
increase the efficiency and operational lifetime of organic elec-
tronic devices.90 Furthermore, C–F/H, F/F and C–F/pF atomic
interactions can also improve molecular organization resulting
in shorter p–p stacking distances that enhance charge carrier
mobility.91 Fluorination is therefore a promising approach to
improving the PCE of OPV devices by increasing the Voc, Jsc and
FF either monotonically92,93 or simultaneously.89,94 For example,
in OPV devices utilizing the uorinated copolymer F-PCPDTBT
(otherwise equivalent to PCPDTBT as shown in Fig. 13, with the
exception of a uorine atom attached on the BT unit), power
conversion efficiencies of up to 6% were achieved; a value greater
than the 3.6% determined from non-uorinated PCPDTBT-based
solar cells that were processed under identical conditions.95
This journal is ª The Royal Society of Chemistry 2013
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Indeed, time-delayed charge extraction measurements deter-
mined a relatively low yield of both geminate and non-geminate
charge recombination in solar cell devices using F-PCPDTBT in
comparison with the non-uorinated PCPDTBT.95

In other work, You et al. introduced two uorine atoms to the
benzotriazole and benzothiadiazol unit, and synthesized the
uorinated D–A copolymers PBnDT-FTAZ89 and PBnDT-
DTffBT94 whose chemical structures are shown in Fig. 14. Both
of these materials (when blended with PC61BM) were used to
create OPV devices having a relatively high PCE of over 7%. Due
to the high hole mobility of PBnDT-FTAZ, it was shown that a
relatively-high PCE of 6% could be realized for PBnDT-
FTAZ:PC61BM OPV devices in which the active layer thickness
exceeded 1 mm. A follow-on study96 on the impact of the number
of uorine atom substitutions per monomer group (0, 1 or 2, as
Table 6 HOMO and LUMO levels, band-gap, SCLC mobility of PBnDT-HTAZ and PB

Polymer HOMO (eV) LUMO (eV) Eoptg (eV)
SCL
(cm

PBnDT-HTAZ �5.29 �2.87 1.98 3.3
PBnDT-FTAZ �5.36 �3.05 2.00 6.7
PBnDT-DTBT �5.40 �3.13 1.70 n/a
PBnDT-DTffBT �5.54 �3.33 1.70 n/a

Fig. 15 Top: device performance, chemical structure and energy levels of various PT
DCB solvent: PTBF0 (a), PTBF1 (b), PTBF2 (c), and PTBF3 (d). Scale bar ¼ 200 nm. Fig

This journal is ª The Royal Society of Chemistry 2013
shown in the chemical structures in Fig. 14) attributed the
relatively larger Voc obtained in OPV devices based on such
materials to a lowering of the HOMO level of the uorinated
copolymer (see a summary of HOMO levels in Table 6), with
improvements in Jsc and FF tentatively ascribed to reduced
charge recombination within the photoactive layer. Measure-
ments on OPV devices under a range of light intensities also
conrmed a reduced bimolecular recombination rate with
increased uorine concentration.96 GIWAXS measurements of
neat lms of the doubly uorinated copolymer PBnDT-DTffBT
revealed an increase in X-ray scattering intensity compared to
its single and non-uorinated analogues from both the in-plane
lamellar packing and out-of-plane p–p stacking. These results
were consistent with miscibility measurements of the uori-
nated polymers and PC61BM using resonant so X-ray
nDT-FTAZ, and optimized photovoltaic performance

C mobility
�2 V�1 s�1) Voc (V) Jsc (mA cm�2) FF (%) PCE (%)

4 � 10�6 0.71 11.28 54.5 4.3
6 � 10�5 0.79 12.45 72.2 7.1

0.87 10.03 57.3 5.0
0.91 12.91 61.2 7.2

BF polymers. Bottom: TEM images of polymer/PC71BM blend films prepared from a
ure reprinted from ref. 97, Copyright ª 2011, American Chemical Society.
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scattering measurements (R-SoXS).96 Here, it was shown that
the miscibility of PC61BM with the non-uorinated polymer
PBnDT-DTBT was greater than in the uorinated analogue
PBnDT-DTffBT (being 21% and 12% by weight respectively).
This resulted in the formation of larger polymer and fullerene
domains having relatively higher purity in the PBnDT-
DTffBT:PC61BM blend.

Incorporation of uorine into various positions on poly-
thienothiophene-co-benzodithiophenes (PTBF) copolymers has
been found to change device efficiency between 2.3% and
7.2%.97 In all cases, the energy band-gap of the copolymer was
increased aer uorination. It was shown that PTBF copolymers
containing mono-uorinated thienothiophene units resulted in
the best solar cell performance.97 Peruorination of the polymer
backbone led to poor compatibility with PC71BM and conse-
quently reduced photovoltaic performance. As shown in Fig. 15,
polymer:fullerene blends made from PTBF0 and PTBF1 and
PC71BM were characterized by relatively ne features, which are
typical for nanoscale phase separation. In contrast, larger
PC71BM domains ranging in size from 50 to 200 nm were found
to exist in blend thin-lms of PTBF2 and PTBF3, suggesting
relatively large-scale phase separation.97 This difference in
morphology was attributed to the uorophobicity of PC71BM
molecules and the enhanced self-organization ability of per-
uorinated polymer chains. The strong driving force for the
development of relatively long-range order is partly driven by
the planarity of the polymer backbone; a property that favors the
exclusion of fullerene molecules and induces phase separation
in the blends. Such physical properties however come at a price;
it was shown that peruorination of the polymer backbone
resulted in poor stability against attack by singlet oxygen.

4. The impact of fullerene size and side-
group structure on molecular mixing and
photovoltaic device performance

The choice of electron-acceptor in OPV studies has oen
focused on the use of PC61BM or PC71BM, with the latter
exhibiting enhanced optical absorption at visible wavelengths.
Fig. 16 Molecular structures of a few different types of fullerene derivative.

7278 | J. Mater. Chem. C, 2013, 1, 7266–7293
Nevertheless, a number of other fullerene derivatives having
additional or alternative side-groups compared to PCBM (see
Fig. 16) have attracted attention as potential high-performance
electron acceptors.98–103 Critically, such fullerene derivatives
may not necessarily behave as ‘universal’ good electron-
acceptors in BHJ OPVs as variations in fullerene molecular
structure affect not only electron affinity, but also the ability of
the molecule to self-organize and mix with the electron-
donating polymer.

In comparison to mono-PCBM, higher adduct versions of
PCBM, namely bis-PCBM and tris-PCBM, exhibit LUMO levels
closer to vacuum.98,99 Ideally, such changes result in a reduction
in energetic losses associated with electron transfer between
polymer and fullerene and in principle provide an alternative
approach to increase the Voc in a polymer:fullerene OPV.
Indeed, it was found that device Voc increased by 0.15 V (from
0.58 to 0.73 V) when the electron acceptor was changed from
PCBM to bis-PCBM in a P3HT-based OPV.98 This increase
resulted in an overall improvement in PCE as both the device Jsc
and FF were relatively unchanged upon fullerene substitution.
Note however, that bis-PCBM needs additional purication in
order to remove traces of alternative adducts that poorly dene
the LUMO level of the fullerene mixture or otherwise cause
charge traps.98,99 It has been shown that tris-PCBM has a LUMO
level closer to vacuum than either mono- or bis-PCBM and when
used in an OPV device, and (using P3HT as the electron donor) a
relatively high Voc can be obtained.104 However the FF and Jsc of
such devices are signicantly reduced, resulting in very low
PCEs. Detailed studies of the photo-physics, charge transport
properties and blendmorphology have been used to provide key
insight into such device results.104,105 Although the yield of free
charges (as probed using transient absorption spectroscopy) is
comparable for all P3HT:fullerene blends, higher-adduct
fullerenes have been found to have progressively reduced elec-
tron mobility compared to PCBM. This can be partly explained
by the relatively amorphous nature of higher-adduct fullerenes
that inhibit the ability of the molecules to aggregate and form
percolated electron transporting networks when cast into a BHJ
blend. Furthermore, differences in relative crystallinity of the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 17 Grazing-incidence wide-angle X-ray diffraction patterns for pure pBTTT
(black), pBTTT:bisPC71BM (red), and pBTTT:PC71BM (blue). Figure reproduced from
ref. 112, Copyright ª 2009, American Chemical Society.
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multi-adduct fullerenes also affect both the nanostructure of
the polymer phase of a blend lm and the ability of the fullerene
to dissolve in the amorphous polymer phase.

A promising alterative to PCBM is the fullerene derivative
ICMA and its higher adducts ICBA and ICTA (having two and
three side-groups respectively).100,106 In qualitative agreement
with studies on P3HT:bis-PCBM, P3HT:ICBA solar cells have a
Voc of up to 0.84 V – an open-circuit voltage that is one of the
highest obtained to date for BHJ OPV devices employing P3HT
as the electron donor.107 This resulted in a PCE of up to 6.5% in
a P3HT:ICBA device, an observation demonstrating that a high
Voc can be obtained without causing a signicant reduction in
Jsc or FF.107 ICBA has also been found to improve device PCE by
50% compared to PCBM when blended with the thiazolothia-
zole–dithienosilole based donor–acceptor copolymers PSEHTT,
PSOTT and PSOxTT.108 The application of ICTA as electron
acceptor in P3HT based OPV devices does not however produce
efficient photovoltaic performance, with PCE values limited to
2.5%.106 Here, the reduced electron mobility of ICTA has been
proposed as the dominant factor for low device performance,106

with the presence of multiple side-groups increasing the sepa-
ration between C60 moieties and consequently reducing the
efficiency of electron transfer.109

Other studies on OPV devices using either Si-PCPDTBT or
PFODTBT as electron donor and ICMA as electron acceptor have
demonstrated a lower PCE compared to devices using PCBM as
the electron acceptor.110 Even lower PCEs have been determined
in devices incorporating higher adduct derivatives of ICMA. This
trend can be linked to a progressively smaller energetic offset
between the LUMO levels of the copolymer and the fullerene.
Work by Faist et al.110 has empirically determined a minimum
energetic offset between LUMO levels in these blend systems
below which photoluminescence quenching is reduced and
charge transfer is effectively ‘switched off’. Note that the photo-
current generation step precedes the transport of free charge
carriers though the BHJ blend; a process that may also be inef-
cient owing to the relatively low electron mobility of ICBA and
ICTA. Other work on OPV devices utilizing a blend of PSPDTTBT
and ICBA have demonstrated higher PCEs compared to devices
incorporating PCBM as the electron acceptor.111 Although PCBM
has been shown to have a signicantly higher eld-effect electron
mobility than ICBA when prepared in a pure lm, the electron
and hole mobility were found to be more balanced in an ICBA
blend lm (as determined in a space-charge limited conduction
regime). This observation was correlated with the higher photo-
voltaic performance of a PSPDTTBT:ICBA blend. This result was
further explained on the basis of contact angle measurements
that characterized the surface energy (g) of PSPDTTBT, ICBA and
PCBM.111 Here, the largest difference in surface energies (Dg) was
determined between PSPDTTBT and ICBA; a property that is
believed to provide the driving force to create a more phase-
separated mixture of polymer and fullerene, facilitating the
formation of semi-crystalline polymer phases. Variations in Dg

and the substrate surface energy also provide a driving force for
vertical stratication in the blend; a process that may also result
in the formation of a favourable BHJ morphology having
improved OPV device efficiency.111
This journal is ª The Royal Society of Chemistry 2013
Morphological studies on BHJ blends comprising various
polymers with indene C60 bis-adducts have provided additional
insight into the necessary design rules that help predict whether
a polymer:fullerene blend will perform well when fabricated
into an OPV device.112–114 For example the polymer PBTTT is a
relatively crystalline polymer having adjacent side-groups that
are positioned sufficiently far apart such they can potentially
permit the molecular intercalation of fullerene molecules. To
explore this process, PBTTT:fullerene blends have been char-
acterized using X-ray diffraction techniques to determine the
extent of bimolecular packing through changes in the lamella
spacing between adjacent PBTTT chains. It has been shown that
the number of side-groups attached to the fullerene cage,
together with the size of the fullerene cage (C60 or C70) strongly
inuence the degree of bimolecular mixing.

For example, blends of PBTTT:PC71BM have been shown to
exhibit bimolecular mixing whereas blends of PBTTT:bis-PC71BM
do not.112 This process is illustrated in Fig. 17 where thin-lm X-
ray diffraction patterns of each blend are plotted together with
the X-ray diffraction of pure PBTTT. Here, the peaks correspond
to multiple-order X-ray diffraction from adjacent polymer chains
packed along the lamella direction. It can be seen that blends of
PBTTT:PC71BM are characterized by diffraction peaks that are
shied to lower q values relative to that of pure PBTTT, indicating
an increase in the separation distance between adjacent molec-
ular backbones. In contrast, no change in the positions of the
scattering features are observed in a PBTTT:bis-PC71BM blend.
Consequently, characteristically distinct morphologies are
formed in each PBTTT:fullerene blend dependent on the
fullerene derivative that is used, with such changes having a clear
J. Mater. Chem. C, 2013, 1, 7266–7293 | 7279
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impact on the optimum lm composition required to create a
high-performance OPV device. From such structural studies,
generalized molecular structures have been proposed for other
systems in which the polymer is relatively less crystalline than
PBTTT and are thus more difficult to characterize using X-ray
diffraction techniques. Here, alternative techniques such as
UV-VIS spectroscopy, DSC or solid-state NMR can also be applied
to provide indirect insight into whether molecular mixing occurs
in a polymer:fullerene blend.114,115

The results reviewed in Sections 3 and 4 clearly illustrate that
the molecular structure of both the polymer and the fullerene
components have a signicant inuence on the physical and
optoelectronic properties of a binary photovoltaic blend. However
the design and preparation of BHJ OPV devices containing three
different materials in the photoactive layer has also attracted
growing interest.116 In such ternary blend OPVs, a relatively small
fraction of a semiconducting donor,117 acceptor,118 sensitizer,119 or
block-polymer120 is added to a binary blend. Here, the third
component (e.g. a semiconducting polymer) can extend the light-
harvesting ability of the device if its optical absorption comple-
ments that of the primary polymer. The incorporation of the third
component can also change the molecular order, or mixing and
separation of the main components. Such morphology changes
can be used to dramatically affect photo-physical processes and
consequently modify device performance. However the presence
of the third component in the BHJ layer increases the complexity
of the ‘parameter-space’ associated with the choice of materials
and processing conditions needed to optimize photovoltaic
functionality. Until a rational design and optimization process
has been reached, the benet of such ternary blends cannot be
fully realized.121 A description of the design rules and implica-
tions of BHJ OPVs based on ternary blends can be found in a
number of dedicated reviews.122–124

5. Molecular conformation, phase
separation and device performance upon
thermal annealing

Thermal annealing is a post lm-deposition technique that can
modify the morphology of polymer:fullerene blend thin-lms
Fig. 18 2D GIWAXS images of PCDTBT (a) in an as-cast state and (b) after thermal a
Nature Publishing Group.
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and thus impact upon their photovoltaic properties. For
example, in PSBTBT:PCBM solar cells,125,126 thermal annealing
can increase the crystallinity of PSBTBT and consequently
improve charge carrier mobility. For many other copolymer
systems however, thermal annealing has a negative impact upon
OPV device efficiency. For example, in PCDTBT:PCBM devices,
OPV PCE can be slightly improved only by thermal annealing
below �80 �C however annealing above this temperature device
efficiency is reduced. In devices based on many other low
bandgap copolymers (for instance PBDTTPD127), thermal
annealing even at relatively mild temperatures will reduce
photovoltaic performance.

As many D–A copolymers are relatively amorphous and
exhibit ne mixing with fullerene molecules, it is a challenge to
unambiguously characterize the nanoscale morphology in these
blends. Synchrotron-based grazing incidence X-ray scattering
measurements are able to reveal subtle changes in structure in
these low-order systems that result from thermal annealing.128

In Fig. 18a, a 2D GIWAXS image of a PCDTBT thin lm prepared
by spin-casting from CB is presented.129Here, it can be seen that
p–p stacking in the as-cast PCDTBT lm is evidenced by a
scattering ‘crescent’ observed at q¼ 1.57 Å�1 in the out-of-plane
direction. This indicates a preferential “face-on” p-stacked
orientation of the polymer chains with respect to the silicon
substrate. The inner diffraction ring, observed at qz ¼ 0.31 Å�1

(�20 Å) is attributed to 1st order scattering from the PCDTBT
backbones separated by two alkyl side-chains. Recent work130

has shown that PCDTBT chains form lamellar structures with
an “edge-on” orientation with respect to the plane of the lm
aer thermal treatment. This is shown in Fig. 18b, in which a
2D GIWAXS scattering pattern from a PCDTBT thin lm aer
thermal annealing at 200 �C is presented. Here, 2nd and 3rd

order diffraction peaks from lamellar side-chain crystals at qz ¼
0.634 Å�1 and 0.947 Å�1 are observed in the out-of-plane
direction. Several other off-axis peaks, located at (�0.150,
0.186), (�0.150, 0.494) and (�0.150, 0.811) Å�1, indicate
extended long-range order along the backbone direction of the
crystallites.130 We note that the development of “edge-on”
lamellar crystals may well be determined by the temperature
and kinetics of the thermal annealing treatment, and also by the
nnealing. Figures reprinted from ref. 129 and 130, respectively. Copyrightª 2012,

This journal is ª The Royal Society of Chemistry 2013
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molecular weight of the polymer. Nevertheless, the molecular
structure in PCDTBT lms upon thermal treatment above the
bulk Tg is described by a combination of “face-on” p–p stacking
and “edge-on” lamella ordering.128,130 Additional insight into
nanostructure in PCDTBT thin-lms can be obtained using
GIWAXS performed as a function of X-ray beam grazing inci-
dence angle, providing a degree of depth resolution below the
lm surface.129 It was shown that lamellar ordering in annealed
PCDTBT thin lms mainly occurs close to the lm-surface,
whilst p–p stacking is more pronounced toward the substrate
interface.129 A key nding from this study was the demonstra-
tion that vertical heterogeneity in molecular structure can exist
in PCDTBT thin-lms, with the extent of such variations inu-
enced by the surface and substrate interface.

Studies on PCDTBT128,131 have shown that the overall degree
of p–p stacking in a thin-lm reduces upon annealing, with
such changes affecting the charge transport properties of the
material (see Fig. 19). In an OPV device, charges are ideally
transported between the electrodes in a direction perpendic-
ular to the substrate. Consequently, “face-on” p–p stacking
with respect to the device substrate is generally more favorable
for efficient charge carrier transport than “edge-on” lamellar
packing as the distance between p–p stacked molecules (�4 Å)
is signicantly smaller than the distance between lamellae
(�20 Å). Changes in molecular structure of the polymer phase
are therefore likely to be partly responsible for reduced out-of-
plane charge mobility in PCDTBT:PC71BM blend thin-lms
upon thermal annealing around the bulk Tg.131 Further
reductions in photovoltaic performance are found when higher
annealing temperatures (at or above the Tg of PC71BM at �155
�C) are applied.131 In this regime, the thermally activated
diffusion rate of PC71BM increases substantially and PC71BM
molecules may aggregate to form micron-scale crystallites.131

The aggregation and crystallization of PC71BM reduces the
fullerene concentration in the bulk of the blend lm and
consequently reduces the volume of interfaces with PCDTBT. It
was suggested therefore that the morphological coarsening of
the blend reduced device PCE by decreasing the efficiency of
photogenerated charge separation and increasing charge-
carrier recombination.
Fig. 19 (a) The p–p stacking coherence length of PCDTBT in a thin film as a function o
PCDTBT:PC71BM thin-film device as a function of annealing temperature (annealing ti

This journal is ª The Royal Society of Chemistry 2013
Recent work127 on PBDTTPD:PC61BM blend thin-lms has
also found that lamellar ordering of the polymer increases and
p–p stacking decreases aer the lm has been subject to
thermal annealing; an effect similar to those observed in
PCDTBT. Here however, it was found that the SCLC hole
mobility in PBDTTPD was not signicantly affected by anneal-
ing.127 The authors attributed the relatively lower PCE of ther-
mally annealed devices to reduced miscibility between PCBM
and PBDTTPD that led to the formation of morphological
charge traps. Studies on OPV blends of poly(thienothiophene
benzodithiophene) (PTB1) and PCBM have also demonstrated
that thermal annealing reduces device efficiency.132 Here,
GIWAXS measurements revealed that thermal annealing
enhances p–p stacking between PTB1 chains, with these chains
adopting a “face-on” orientation with respect to the lm
substrate. However, thermal annealing also resulted in the
formation of relatively large PCBM domains having a size
between 10 and 200 nm. This morphology – oen described as
‘overly coarse phase-separation’ – is believed to reduce the
efficiency of charge separation and was identied as the origin
of the reduced device PCE.

In summary, although thermal annealing has been demon-
strated to enhance the photovoltaic performance of solar-cell
devices utilizing semi-crystalline copolymers (such as PSBTBT),
it does not generally improve performance of devices based on
amorphous copolymer blends.133,134

6. Molecular conformation, phase
separation and device performance
controlled via solvent processing

In this section, we review experiments designed to control the
state of order and phase separation in D–A copolymer –

fullerene blends through solvent processing. The solvent
processing described here includes the use of different
solvents, solvent mixtures, solvent additives and solvent vapor
annealing.

Polymer and fullerene components used in a BHJ oen have
a different solubility in different solvents. The use of different
types of solvent or a mixture of solvents to dissolve a
f annealing temperature as measured by GIWAXS. (b) SCLC hole-carrier mobility of a
me of 30 minutes). Figure reprinted from ref. 131, Copyright ª 2012 WILEY-VCH.
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polymer:fullerene blend has been widely used to control the
nanoscale morphology of the blend on casting from solution,
with such blend morphology having a clear impact on
device performance.135,136 Fig. 20 shows the effect of casting
solvent on lm morphology and device performance for a
PCDTBT:PC71BM blend solar cell.135 It can be seen that large
clusters of PC71BM aggregates are present in lms cast from CF
and CB, whereas ne-scale phase separation occurs in the lm
cast from DCB. Such structure is present at the lm surface (as
measured by AFM) and in the bulk (as measured by TEM). It was
found that OPV devices fabricated with the active layer cast from
DCB had both the highest internal photocurrent efficiency
(IPCE) and external device efficiency.

The use of solvent mixtures to cast a photovoltaic blend lm
has been found to exert a dramatic inuence on the molecular
packing of each material and the overall BHJ morphology. This
is shown in the schematic illustration presented in Fig. 21
which describes a blend of the materials PDPP3T:PC71BM.137

When the blend is cast from DCB, the lm is characterized by
large, impure (mixed) domains separated by rough interfaces.
The addition of 20% CF to DCB however leads to a remarkable
increase in domain purity that is accompanied by reduced
domain size and sharper interfaces. On addition of 5% of the
solvent additive 1,8-diiodooctane (DIO) to the DCB/CF solvent,
the interface between domains becomes rougher, however the
size of the domains is not apparently affected. Furthermore
grazing incidence X-ray scattering shows that pronounced
diffraction peaks of the PDPP3T component are observed due to
improved lamellar order.137 Ternary mixed solvents treatment
can thus be used to improve molecular morphology for OPV
applications through the formation of long-range ordered
structures having favorable, pure domains characterized by
Fig. 20 TEM images of PCDTBT:PC71BM films spin-cast from (a) CF, (b) CB and (c) D
microscopy (AFM). (d) IPCE spectra and (e) J–V characteristics of the devices fabricate
2009, Nature Publishing Group.

7282 | J. Mater. Chem. C, 2013, 1, 7266–7293
rough domain interfaces. As a result, the PCE of
PDPP3T:PC71BM solar cells was improved from 4.87 to 5.38 and
then to 6.71%, when the blends were cast from DCB, DCB/CF
and DCB/CF/DIO, respectively.137

The differing solubility of the polymer and fullerene compo-
nents in solvent mixture can also lead to the formation of a lm
morphology characterized by multiple length-scales. For example
the polymer pDPP dissolves well in the low boiling point solvent
CF, but is less soluble in higher boiling point solvent DCB. In
contrast however, PC71BM is more soluble in DCB compared to
CF. Therefore if a pDPP:PC71BM blend lm is cast from a DCB/CF
solvent mixture,138 the initial rapid evaporation of the lower
boiling point CF causes the pDPP to become relatively less
soluble, causing it to crystallize. The PC71BM however remains
solvated as the casting solvent contains a signicant fraction of
DCB. As a result of this, the dried lm is characterized by a
crystalline brillar network composed of pDPP that is surrounded
by ne-scale phase-separated pDPP/PC71BM morphology formed
during the latter stages of the lm drying process.

The addition of a few vol% of a solvent additive to the
primary casting solvent has been demonstrated to be an effec-
tive means to improve the PCE of BHJ OPVs made from D–A
copolymers.139 For example, OPVs made from
PCPDTBT:PC71BM had a PCE of 2.7 to 3.5% without the inclu-
sion of any type of solvent additive.140,141 However by incorpo-
rating a small amount of alkanedithiol as an additive to the
primary solvent (chlorobenzene), the PCE was increased to
5.5%. In other work, PDTSTPD:PC71BM OPV devices processed
using the additive DIO (at 3% by volume) have yielded device
PCEs close to 7.3%; a dramatic increase over PCEs of less than
1% when no additive is used (see Fig. 22).142 It is worthwhile to
note that with the addition of DIO, a PCE of 6.1% can be
CB solvents. The insets show the surface phase images measured by atomic force
d with films cast from CF, CB and DCB. Figure reprinted from ref. 135, Copyright ª

This journal is ª The Royal Society of Chemistry 2013
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Fig. 21 Schemes of morphology evolution in PDPP3T/PC71BM blend films cast using different solvents. Figure reprinted from ref. 137, Copyright ª 2012 WILEY-VCH.

Fig. 22 (a) J–V and (b) EQE curves of solar cells made from PDTSTPD:PC71BM (1 : 2) blend with/without the presence of solvent additive DIO at different thickness of
the active layer. Figure reprinted from ref. 142, Copyright ª 2011 American Chemical Society.
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obtained in OPV devices having an area of 1.0 cm2 even when
the active layer is 220 nm thick.

In order for a solvent additive to modify the morphology of
BHJ polymer:fullerene blend thin-lms during the lm-casting
process, it must exhibit a higher boiling point than the primary
solvent and also a preferential solubility for PCBM.143,144 This
effect has been studied in detail using D–A copolymers such as
PTB7,145 PBTTPD,24 PCPDTBT,144,146,147 PDPPTPT,148 PSi and
PGe.149 Here, the use of techniques that probe the structure of
such blend thin-lms has demonstrated that solvent additives
can signicantly alter the nanoscale morphology of the bulk
heterojunction system. Indeed, solvent additives are able to
reduce the size of fullerene domains or improve their average
state of structural order. For example, TEM studies of
PBTTPD:PC71BM blend thin-lms has revealed a reduction in
fullerene domain size from 150 nm to �30 nm upon addition of
the additive diiodohexane (DIH) to the casting solution.24 This
effect can also be seen in the TEM images presented in Fig. 23,
where a relatively nely mixed morphology was observed in a
PTB7:PC71BM blend thin-lm upon on addition of 3 vol%
This journal is ª The Royal Society of Chemistry 2013
diiodooctane (DIO) to the casting solution.145 Resonant so X-ray
scattering (R-SoXS) measurements suggested that a fullerene
domain size of 177 nm in PTB7:PC71BM blend lms cast from CB
was reduced to �34 nm when DIO was added to the casting
solvent.150 In a related study, transmission SAXS measurements
on solution samples revealed that DIO can selectively dissolve
PCBM aggregates in a PTB7:PC71BM blend solution, permitting
the formation of amore nely mixed blendmorphology when the
solution is cast into a thin-lm.151GIWAXS has been used to study
the modication of blend structure at a molecular length-scales
resulting from the incorporation of a solvent additive. Here it was
found that the PTB7 lamellar d-spacing underwent a small
increased from 17.1 to 18.9 Å relative to a blend lm that was cast
without the DIO additive. However, no substantial changes in the
length-scale of either PTB7 p–p stacking or the packing of PCBM
molecules was identied.

Solution processing additives can result in an increased
degree of polymer crystallinity. This has been demonstrated
using GISAXS/GIWAXS in PBTTPD:PC71BM blends upon the
addition of DIH to the primary casting-solvent chloroform
J. Mater. Chem. C, 2013, 1, 7266–7293 | 7283
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Fig. 23 TEM images of PTB7/PC71BM (1 : 1.5) films cast (a) without and (b) with the additive DIO. Scale bar 200 nm. (c) Normalized histogram of scattering intensity
versus fullerene domain size in PTB7/PC71BM with (blue curve) and without (red curve) DIO as measured by R-SoXS. Figures reprinted from ref. 145 and 150, Copyright
ª WILEY-VCH.
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(CF).24 This conclusion was also conrmed in a second study
where the polymer PCPDTBT was found to crystallize through
the presence of solvent additives.143,152–154 Using time-resolved
GIWAXS, Rogers et al.153 observed a lower nucleation barrier for
PCPDTBT crystallization upon addition of octanedithiol (ODT)
to the primary casting solvent, thereby encouraging crystallite
growth over an extended timescale. This effect is illustrated
in Fig. 24, where GIWAXS scattering patterns from a
PCDPTBT:PC71BM 1 : 3 wt% blend lm cast from CB or CB/ODT
aer 78minutes aer spin casting is shown. Here, it can be seen
that lms cast from CB/ODT solutions show pronounced Bragg
scatter originating from the (100) plane of semi-crystalline
PCPDTBT. As demonstrated in an earlier study, the crystalliza-
tion of PCPDTBT is unimpeded by the presence of PCBM, which
– as a result of the solvent additive – remains relatively well-
dissolved in solution.152 This suggested that the additive facili-
tates the formation of a multi-length scale morphology
comprising domains of pure, crystalline PCPDTBT brils and a
PCBM-rich mixture containing amorphous PCPDTBT.152 It was
argued that the formation of such structures was not possible
via conventional thermal annealing techniques as polymer self-
organization is inhibited by the simultaneous thermally acti-
vated diffusion of PCBM molecules. Accordingly, the
morphology formed by solvent mixtures can (to a certain extent)
be described as being ‘non-equilibrium’ in nature.152
Fig. 24 3D sector plots of PCPDTBT:PC71BM blends cast from CB containing (a)
3% or (b) 0%ODTafter 78 min of spin-coating, showing the scattered intensity vs.
polar angle c and scattering vector q. Figure reprinted from ref. 153, Copyright ª
2012, American Chemical Society.

7284 | J. Mater. Chem. C, 2013, 1, 7266–7293
Although it has oen been observed that the use of solvent
additives can improve the PCE of an OPV device. This is, however,
not true in some cases. For example, the addition of DIO to a
PCBM blend containing a N-alkylthieno[3,4-c]pyrrole-4,6-dione
(TPD)-based polymer having linear side-chains only had a
marginal effect on OPV properties.155 This nding was explained
on the basis that the copolymer already forms relatively ordered
structures when cast from the primary solvent. In other work it
was shown that the addition of 3 vol%DIO to the primary casting-
solvent (CB) results in a relatively large increase in the PCE of a
PDTSTPD/PC71BM blend OPV (from below 1.0% to 7.3%),
however such effects are less pronounced when the primary
solvent is switched to DCB.142 A similar conclusion has also been
reached when DIO was used as an additive in a DCB-cast PTB7/
PC71BM blend device.145 It is clear therefore that there is a
complex interdependence between the nature and properties of
the additive, the polymer and the primary casting solvent.

Subjecting photovoltaic blends to a solvent vapor is a technique
that can also be used to tune the nanoscale morphology and thus
modify OPV device performance.61,156 For example, it was found
that an interpenetrating network having nanoscale phase separa-
tion can be created in PCDTBT:PC71BM blend by annealing it in a
mixed solvent vapor comprising a 1 : 1 blend of THF:CS2 for 5
minutes.157 Here, the CS2 vapor is a good solvent for PCDTBT and
thus helps to improve both crystallinity and degree ofp–p stacking
within the PCDTBT phase; a conclusion reached on the basis of
X-ray measurements. TEM studies of the same blend also
demonstrated the ability of the PCDTBT phase to self-organize to
form nanobrils. However the THF component of the vapor
induced the PC71BM to form aggregates and to phase separate
from the mixed phase, with the CS2 vapor preventing the forma-
tion of excessively large aggregates. As a result, the efficiency of
vapour annealed devices increased from 4.5 to 6.6%; an increase in
efficiency by more than 40% over that of the untreated device.
7. Vertical stratification of PCBM in
copolymer solar cells

Vertical stratication of electron donors and acceptors within a
BHJ layer can be induced during the lm casting process or
This journal is ª The Royal Society of Chemistry 2013
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during the application of post lm-deposition annealing treat-
ments. The degree of stratication is oen determined by
the molecular interactions between the polymer chains and the
fullerene molecules, and by the interactions between these
materials and the lm substrate. In an OPV device, vertical
stratication is oen believed to have an important inuence
on the efficiency of charge transport within the BHJ layer and
the eventual extraction of charge at the electrode interfaces. For
example, a relatively high concentration of the hole-trans-
porting polymer at the cathode interface will impede electron
extraction, whereas an enriched layer of electron-transporting
fullerenes at the anode interface will reduce the efficiency of
hole extraction by acting as a charge recombination centre. A
number of techniques have been used to characterize chemical
composition at or close to the surface of a lm, including near-
edge X-ray absorption ne-structure (NEXAFS)158 and X-ray
photoelectron spectroscopy (XPS).159 Other techniques have
been used to probe the entire depth prole of the components
in a blend including neutron reectivity (NR),160 X-ray reec-
tivity (XRR),161 spectroscopic ellipsometry (SE)162 and dynamic
secondary ion mass spectrometry (DSIMS).126

Using XPS Felicissimo et al.159 detected an enriched polymer
layer at the lm surface in an F8DTBT:PC61BM blend. DSIMS
and NEXAFS were used by Anselmo et al.158 to study the vertical
prole of donor–acceptor polyuorene copolymers blended
with PC61BM, and also evidenced an enrichment layer of poly-
mer near the lm surface. Here, the purity of the enrichment
Fig. 25 DSIMS profile of PSBTBT:PC61BM blend films annealed at 150 �C for 1 min (
126, Copyright ª 2011 WILEY-VCH.

Fig. 26 (a) Scattering length density (SLD) profiles of PCDTBT:PC71BM (1 : 4) blend
solution. (b) SLD profiles of P1:PC71BM and P2:PC71BM blends deposited by spray-coa
blend films are slightly different for all samples. Figures reprinted from ref. 163, Co

This journal is ª The Royal Society of Chemistry 2013
layer improved as the polar nature of the polymer was
increased. Lu et al.126 reported a PSBTBT enriched-layer at the
lm surface in an as-cast PSBTBT:PC61BM blend lms. In this
system, it was found that thermal annealing promoted the
segregation of PSBTBT to the lm surface in the absence of a
cathode layer (see Fig. 25a), however this process was apparently
reversed, with migration of PC61BM toward the top surface
observed when the blend lm was annealed in the presence of a
cathode (see Fig. 25b).

The vertical stratication of PCBM in PCDTBT:PC61BM
blend lms has been studied using NR.160 Here, it was shown
that there was an enrichment of PCBM at the lm surface in an
as-cast PCDTBT:d5-PC61BM 1 : 4 wt% blend spin-cast on a
PEDOT:PSS anode lm. At the interface with the anode, there
was also a relative depletion of the fullerene, effectively consti-
tuting an enriched PCDTBT layer.160 Such a distribution of
donor and acceptor materials is ideal in OPV devices fabricated
in a standard geometry (cathode on top), since efficient charge
extraction is facilitated by the enrichment of the electron
accepting material when it is located close to the cathode. A
follow-on NR study probed the generality of this vertical struc-
ture by measuring the depth composition of PCDTBT-8:PC71BM
(dened as P1:PC71BM in ref. 163) and PCDT2BT-8:PC71BM
(dened as P2:PC71BM in ref. 163) 1 : 4 wt% blend thin lms
spray-cast onto a heated PEDOT:PSS substrate.163 It was found
that the vertical stratication observed was qualitatively similar
to that seen in PCDTBT:PC71BM. This can be seen in Fig. 26,
a) before and (b) after the deposition of the Al cathode. Figure reprinted from ref.

s deposited by spray-coating at three different substrate temperatures from a CB
ting at a substrate temperature of 40 �C from a CB solution. The thicknesses of the
pyright ª 2013 WILEY-VCH.
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where for lms spray-cast onto a substrate held at 40 �C, it is
apparent that there is a region close to the PEDOT:PSS interface
in which the PC71BM concentration is relatively decient. The
degree of vertical stratication observed is apparently depen-
dent on the temperature of the underlying substrate during lm
drying. For a substrate temperature of 40 �C, the average width
and relative weight concentration of the PC71BM depleted
region was 17 nm and 65 wt% respectively. At a substrate
temperature of 60 �C, the PC71BM concentration in the decient
region increased to 78 wt% whilst the width of this region
decreased to 13 nm. For blend lms cast onto a substrate held at
80 �C the decient region was almost completely suppressed,
indicating a relatively homogeneous distribution of PC71BM
throughout the entire depth of the blend lm. This clearly
demonstrates the possibility to alter vertical stratication in
these blend lms by accelerating the lm casting process
though the use of a heated substrate.

Although there are large number of D–A copolymers that
have been demonstrated to be very promising electron donating
materials, there has only been a limited amount of work
reported that addresses the extent of vertical stratication in a
BHJ active layer and its consequence for efficient OPV opera-
tion. At present, more work is needed to fully explore the effects
of free energy of each component, the role of polymer–fullerene
and blend–substrate interactions as well as the lm drying
kinetics on driving vertical distribution of the different blend
components. We believe that such studies will help to establish
a clear correlation between the vertical component distribution
and device performance.
8. Morphological stability

The stability of the active layer morphology and the electrode
interfaces have a dramatic inuence on the operational life-
time of a solar cell device. As the active layer of a polymer–
fullerene BHJ solar cell is prepared from solution, a few percent
of casting solvent can become trapped within the lm during
the lm drying process.131 Such residual solvents can induce the
diffusion and aggregation of the PCBM component, and ulti-
mately affect the stability of the lm morphology.164 Residual
solvents oen can only escape from a solid blend lm very
slowly as their evaporation is opposed by the slow volume-
relaxation of the glassy lm.165 Ye et al. demonstrated that by
washing a photovoltaic blend with a low boiling-point inert
solvent (such as methanol), it was possible to remove unwanted
solvent additives.166 Here, the removal of high boiling point
solvent additives has been found to enhance device perfor-
mance and morphological stability. This method has proved to
be effective in a number photovoltaic blends of PC71BM incor-
porating different donor polymers.

Another technique used to remove trapped, residual solvent
is to heat a blend lm at a temperature above the Tg of the blend
or the boiling temperature of the specic solvent.16,131 However
heating at high temperatures increase the diffusion coefficient
of PCBM and encourages aggregation.131 Once the size of the
PCBM aggregates and the extent of phase separation becomes
too coarse, detrimental effects can occur to limit device
7286 | J. Mater. Chem. C, 2013, 1, 7266–7293
efficiency.127,131 Recent work has demonstrated that low-level
light exposure (with an illumination intensity �10 mW cm�2)
before low-temperature thermal annealing can be used to
signicantly increase the thermal stability of PCDTBT:PC61BM
solar cell devices.167 Here, the enhanced stability upon light
exposure was suggested to result from the dimerization or
oligomerization of PC61BM; an effect assumed to slow down the
diffusion and crystallization of PCBM under thermal stress.168 It
was suggested that the effect was more effective in a PC61BM
based-blend compared to that containing PC71BM, as C60 has
greater tendency to undergo photo-induced crosslinking.167

However a different study on a blend of PDTSTzTz:PC61BM
found that the charge carrier mobility in an OPV device
underwent a signicant reduction upon light exposure (with an
illumination intensity �100 mW cm�2) caused by the optically-
induced dimerization of PC61BM.169 The same study also
reported that photo-induced dimerization did not occur in the
fullerene derivative bisPC61BM.

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) is widely used as the hole transporting layer in
organic solar cells. However its acidic and hygroscopic nature
make it susceptible to degradation, but also can result in
the degradation of the active semiconductor layer and the
device electrodes.170 Furthermore, the adsorption and transport
of moisture by the PEDOT:PSS anode-buffer into the active layer
can also enhance ionic conduction of the active layer and
accelerate corrosion.171 A cross-sectional TEM study reported by
Suh et al. showed that the Ag electrode layer was degraded into
particles of �10 s of nm over time in an inverted solar cell
comprising of Ag/PEDOT:PSS/P3HT:PCBM/TiO2/ITO/glass.170 It
was speculated that the water absorbed by the PEDOT:PSS layer
caused corrosion at grain boundaries within the Ag layer.
Indeed, it has been shown that by replacing PEDOT:PSS with a
more air-stable hole-transporting layer (such as MoOx), the
operational life-time of an OPV can be increased.172

While the use of alternative electrode materials having
greater stability is an effective way to improve interface stability,
the stability of the active layer requires the use of stable elec-
tron-donor and -acceptor materials.173 The synthesis of new
polymers for high efficiency thus needs to also combine high
stability on exposure to oxygen, water, and light as well as to
thermal stress, as described in a guide to the role of the polymer
structure on determining photochemical stability.174 Other
approaches to increasing the morphological stability of the
active layer by cross-linking the polymer175,176 or the fullerene177

have also been proposed.
9. Incorporation of interlayers in copolymer
solar cells

The incorporation of an interlayer between the polymer:-
fullerene active layer and the electrodes has been demonstrated
to be an efficient approach to improve the PCE of various D–A
copolymer solar cells.178 Conjugated polyelectrolytes, uncharged
conjugated polymers, saturated polymers and small organic
molecules have all been employed as an interlayer material. The
mechanism behind such improvements has oen been
This journal is ª The Royal Society of Chemistry 2013
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assigned to changes of electronic and orbital interactions at the
interface. In this section, we discuss the use of such interface
materials with D–A copolymer blends (see chemical structures
in Fig. 27) and highlight cases where signicant improvements
in OPV device efficiency have been gained.

He et al.179 reported simultaneous enhancement of Voc, Jsc
and FF in OPVs made by incorporating the alcohol/water-
soluble conjugated polyelectrolyte PFN between the cathode
and the active layer. As a result, OPV PCEs of 6.79% and 8.37%
were achieved using PCDTBT and PTB7 polymer:fullerene
Fig. 27 The chemical structure of a range of (a) polymers and (b) small molecules

This journal is ª The Royal Society of Chemistry 2013
blends. Scanning Kelvin probe microscopy measurements
indicate that in this system a microscopic electric dipole exists
at the interface. This particular dipole alignment enhances the
built-in potential and was estimated to be 0.3 V for 5 nm thick
PFN layer. This enhanced built-in potential can improve charge-
extraction, reduce the buildup of space-charge, and thus reduce
recombination. The effective work-function of the ITO anode
aer coating a PFN interlayer has been found to reduced from
4.7 to 4.1 eV from X-ray photoelectron spectroscopy measure-
ment.3 A PCE of 9.2% could be obtained by incorporating a PFN
that have been employed as interlayer in OPVs.

J. Mater. Chem. C, 2013, 1, 7266–7293 | 7287
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interlayer in the inverted OPV based on PTB7:PC71BM blend.3

Recently, Xia et al.180 found a non-monotonic variation of device
performance that was dependent on the thickness of the PFN
interlayer in an inverted OPV containing a PCDTBT:PC71BM
blend. It was found that a higher PCE could be achieved when
the thickness of the PFN layer was between 8 and 12 nm. The
use of a PFN interlayer has also been found to be an effective
approach to improve the efficiency of OPVs made using the low
bandgap polymers PCz-DTBTA181 and PECz-DTQx.182

A number of other interlayer materials (see Fig. 27 for the
molecular structure of these materials) have been used with
D–A polymer:fullerene blends to good effect. Yang et al.183

demonstrated an increase in PCE from 6.1% to 8.4% by
inserting a PFN-Br polyelectrolyte layer between a ZnO cathode
and a PBDT-DTNT:PC71BM active layer in an inverted device.
The inclusion of the interfacial PFN-Br layer was believed to
provide good interfacial contact and adhesion, to facilitate
electron transport and to suppress bimolecular recombination,
leading to an increased Voc, Jsc and FF.184 PFNBR and PSFNBr
have been found to improve the performance of OPVs based on
PFOTBT:PC61BM.185 Cationic conjugated polymer electrolytes
such as P3TMAHT, PF2/6-b-P3TMAHT have also been shown to
improve the efficiency of PCDTBT:PC71BM OPVs when they are
incorporated as a OPV interlayer.186 The use of a uncharged
conjugated polymer (PFPA-1) was reported as an interlayer
between a TQ1:PC71BM active layer and a TiOx/Al cathode. Here
the PFPA-1 layer was believed to act as a hole-blocking layer and
also to modify the substrate surface energy and generate a
ner morphology in the active layer.187 A homopolymer of
2,7-carbazole with hydrophilic phosphonate side chains (PC-P)
was used as an interlayer on ITO, and was reported to improve
the PCE of OPVs made from PCDTBT12 from 5.53% to 6.04%.188

It was proposed that the hydrophilic side chains of PC-P intro-
duced a sub-gap state that facilitated electron transport. TFB
has been incorporated between the hole-transporting layer and
the active layer in OPV devices to improve device performance
via its electron-blocking ability.189,190

The saturated polymer poly(ethylene oxide) (PEO) deposited
on the electrode ZnO was found to improve device performance
of OPVs made from TQ1 and PCDTBT. PEO was believed to
modify the ZnO by passivating surface traps, suppressing
charge recombination, reducing device series resistance and
improving the electrical coupling between ZnO and the active
layer.191 Zhou et al.192 reported that an ultrathin polymer layer
containing simple aliphatic amine groups (such as PEIE or PEI)
that is physisorbed onto a conductor surface (e.g. a metal, metal
oxide, conducting polymer, graphene etc.) can act as a
“universal” surface modier to create low-work function elec-
trodes for organic electronics. Chen et al.193 have developed a
new family of neutral alcohol-soluble small organic molecules
as the cathode interlayer (namely 3TPA-FEP, 2TPA-2FEP and
TPA-3FEP) that comprise of electron-rich triphenylamine (TPA)
and uorine that are decorated with phosphonate side chains
(FEP). A high PCE of 7.21%, 6.90% and 6.89% was achieved in
PCDTBT:PC71BM devices using 3TPA-FEP, 2TPA-2FEP and
TPA-3FEP respectively positioned between Al and the active
layer. Such PCEs are among the highest reported for OPVs based
7288 | J. Mater. Chem. C, 2013, 1, 7266–7293
on this particular blend. Other work has demonstrated that
small organic molecules such as MTDATA194 and Rhodamine
101 (ref. 195) can also be successfully applied as interlayers in
OPVs containing D–A copolymers.
10. Summary and outlook

The donor–acceptor concept provides a facile approach to tune
the physical and optoelectronic properties of donor–acceptor
copolymers as the electron-donating component in organic
photovoltaic devices. Many novel donor–acceptor copolymers
have been synthesized in the past few years, and have
promoted a rapid development of high performance bulk
heterojunction organic solar cells. Power conversion efficien-
cies above 10% have now been demonstrated in organic bulk
heterojunction solar cells using these D–A materials. As we
have described here, several strategies exist to synthesize D–A
copolymers having relatively low optical band-gaps, favorable
energy levels and ICT characteristics though the rational
choice of donor and acceptor moieties, substitution units,
branching units and the size and position of solubilizing side-
groups. We have also shown that the application of novel
donor–acceptor copolymers in the creation of high perfor-
mance solar cells requires the formation of a nanoscale
morphology and optoelectronic properties that favor absorp-
tion of sunlight, exciton splitting and charge-carrier collection
processes. Various morphological probes (e.g. high resolution
TEM and energy ltered TEM) and scattering techniques (e.g.
X-ray scattering, neutron scattering) have been employed to
explore the nanoscale morphology in bulk heterojunction
blends (e.g. molecular packing and ordering, nanoscale
aggregation, 3D connectivity, etc.). Such morphological
investigations – in both lateral and vertical directions – have
been used to correlate various processing conditions with
device performance, and ultimately provide feedback to
synthetic chemists in the design of new polymer donors.

Whilst the past few years has evidenced a rapid increase in
the efficiency of organic solar cells, there are still many chal-
lenges to be met in translating laboratory-scale demonstra-
tions into practical applications. These challenges include
increasing device stability and lifetime, the scale up from
small-scale to large-scale using solution-based deposition
processes such as roll-to-roll production, spray coating and
inkjet printing. Such challenges will clearly require close,
interdisciplinary collaboration between chemists, physicists and
engineers having a direct interest in thin-lm manufacturing
techniques.
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