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Abstract Organic solar cells (OSCs) have gained serious attention during the last decade and are now
considered as one of the future photovoltaic technologies for low-cost power production. The first dream of
attaining 10% of power coefficient efficiency has now become a reality thanks to the development of new
materials and an impressive work achieved to understand, control and optimize structure and morphology of
the device. But most of the effort devoted to the development of new materials concerned the optimization
of the donor material, with less attention for acceptors which to date remain dominated by fullerenes and
their derivatives. This short review presents the progress in the use of non-fullerene small molecules and
fullerene-based acceptors with the aim of evaluating the challenge for the next generation of acceptors in
organic photovoltaics.

1 Introduction

The conversion of solar energy into electrical energy
is probably one of the most exciting research challenges
nowadays. The recent advances in the development of
OSCs using carbon-based materials constitute an attrac-
tive alternative to silicon-based photovoltaics, essentially
because of their potentially low cost and their ease of
manufacture. In the last two decades, this tendency to
move progressively from inorganic to organic-based ma-
terials for photovoltaic applications has emerged as the
third generation of photovoltaic materials. These devices
that contain organic materials in the active layer include
dye-sensitized solar cells [1–4] and donor-acceptor hetero-
junction based solar cells [5–9]. This last topic has re-
cently been the subject of intensive academic interest and
has particularly captured a huge amount of industrial at-
tention due to the rapid increase in power conversion ef-
ficiencies (PCE) of these solar cells and their potential
for developing flexible, light-weight devices using low-cost
production methods. A first significant advance was the
contribution made in 1986 with the application of the
p-n junction approach in organic photovoltaic cells [10].
A double-layer solar cell with the efficiency close to 1%
was obtained by thermal evaporation of successive lay-
ers of copper phthalocyanine and a perylene-based small
molecule playing the role of donor and acceptor, respec-
tively. A major breakthrough arose with the discovery of
fullerene C60 in 1985, followed by the demonstration of
the photophysical, photochemical and photoinduced elec-
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tron transfer properties of fullerene derivatives. In par-
ticular, it was demonstrated in 1992 that a π-conjugated
polymer was able to transfer electrons efficiently to a C60

core giving rise to long-lived charge-separated states [11].
Considerable improvements in fundamental understand-
ing, device construction, processing of the active layer,
and optimization of new materials [12] have been made
during these last few years and a certified 10.6% PCE
was recently reported [13]. Extensive studies have been
aimed at designing optimal conjugated polymers as elec-
tron donors, and this development has played a crucial
role in the dramatic improvement of OSC performance
in recent years. On the other hand, fullerene derivatives
were rapidly considered as the most efficient acceptors and
much less attention has been devoted to other classes of
n-type acceptors. In this paper we present a short and non-
exhaustive overview of non-fullerene small-molecules in a
first part and fullerene-based acceptors in a second part
which are developed so far. These two different families
of n-type materials used in OSCs, with small-molecules
non-fullerene materials [14,15] and fullerene based accep-
tors [16, 17], have been recently and separately reviewed.

2 Principles of organic solar cells

Organic solar cells, based on heterojunctions using
p-type donor (D) and n-type acceptor (A) semiconduc-
tors, are fabricated by sandwiching the p-type and n-type
materials between two different electrodes, such as for ex-
amples Indium Tin Oxide (ITO) and aluminium layers for
the anode and cathode, respectively. Donor and acceptor

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.epj-pv.org
http://dx.doi.org/10.1051/epjpv/2013020
http://www.pvdirect-journal.org
http://www.edpsciences.org
http://creativecommons.org/licenses/by/2.0/
http://creativecommons.org/licenses/by/2.0


EPJ Photovoltaics

Fig. 1. Schematic representation of an OSC with a planar het-
erojunction (bilayer structure) or bulk-heterojunction (inter-
penetrating network of blended donor and acceptor materials).

Fig. 2. HOMO-LUMO energy level diagram of donor and
acceptor materials in an OSC.

materials can be deposited as two distinct layers (planar
p-n heterojunction) or blended in an homogeneous mix-
ture throughout an interpenetrating network known as
bulk-heterojunction (BHJ) which presents a larger interfa-
cial area (Fig. 1). With the aim of covering more effectively
the solar spectrum, another useful approach consists in
stacking multiple photoactive layers with complementary
absorption spectra in series to reach a tandem device [18].
From the technological point of view, the potential for
low cost of these OSCs stems from the ability to produce
these devices using high-throughput vacuum processing
for small molecular weight based solar cells or roll-to-roll
solution processing methods for polymer solar cells [19].

When incident photons are absorbed by the active
layer, the photovoltaic effect is built following a precise
sequence of events: (1) excitation of the donor upon ab-
sorption of light; (2) electron transfer from the donor to
the acceptor component and formation of an electron-hole
pair (exciton) with the positive charge (hole) on the donor
and negative charge on the acceptor; and (3) diffusion
then migration of the exciton at the donor/acceptor in-
terface and collection of the charges at the corresponding
electrodes [20].

From a theoretical point of view, the principal feature
of the p-n heterojunction is the built-in potential at the
interface between both materials presenting a difference of
electronegativities. Photoexcitation of the absorbing ma-
terial causes, through a photoinduced electron transfer
process, the promotion of an electron from the highest
occupied molecular orbital (HOMO) of the donor to the
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Fig. 3. Molecular structures of donor CuPc and acceptor
PTCBI.

lowest unoccupied molecular orbital (LUMO) of the ac-
ceptor. If the off-sets of the energy levels of the donor
and acceptor materials are higher than the exciton bind-
ing energy, photogenerated excitons in the donor side will
dissociate by transferring the electron to the LUMO level
of the acceptor, while those created in the other side will
transfer the hole to the HOMO of the donor. Resulting free
hole/electron charge carriers diffuse to the electrodes and
are transported through semiconducting materials with
the electron reaching the cathode (Al) and the hole reach-
ing the anode (ITO).

3 Non-fullerenes acceptors for organic
solar cells

The first heterojunction OSC was reported by
Tang where a 3,4,9,10-perylenetetracarboxylic bis-
benzimidazole (PTCBI) (50 nm) as the acceptor and
copper phthalocyanine (CuPc) (30 nm) as the donor
were successively evaporated between ITO-coated glass
substrate and Ag electrode (Fig. 3). The resulting bilayer
device provided a PCE of 0.95%, with a relatively high
fill factor (FF) of 0.65 (Voc = 0.45 V; Jsc = 2.3 mAcm−2)
under 75 mWcm−2 of AM2 illumination [10]. By modifi-
cation of the device architecture with the same materials,
efficiency exceeding 2% was attained [21,22]. It should be
noted that the PTCBI acceptor is synthesized and used
for devices as a mixture of cis and trans isomers. But the
configuration cis/trans does not significantly interfere
on the performance of the solar cell. Isomerically pure
cis and trans PTCBI isomers were prepared by repeated
fractionation in sulfuric acid. Bilayer devices consisting of
CuPc and trans-, cis-, and mixed-PTCBI cells exhibited
PCE of 1.1%, 0.93%, and 0.99%, respectively [23]. The
higher efficiency for the trans isomer was attributed to
a substantially better molecular ordering and a closer
packing of trans-PTCBI molecules in corresponding films,
mainly contributing to a higher exciton diffusion length.

Perylene-3,4:9,10-bis(dicarboximide) (PBI) derivatives
are considered as the best n-type organic semiconductors
available to date [24, 25]. Because of their unique optical,
redox, stability properties and charge carrier mobilities,
PBI dyes provide significant prospects for investigations
in photovoltaic devices [26]. Whereas solution process-
able perylene acceptors can be prepared by introducing
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Fig. 4. Representation and X-ray crystallographic structures
of planar non-bay substituted PBI (left) [30] and twisted di-
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Fig. 5. Molecular structures of 2-ethylpropyl PBI and
hexabenzocoronene (HBC).

solubilizing groups on the imide nitrogen atoms by keeping
the planarity of the backbone, the synthesis of PBI deriva-
tives bearing substituents in the 1,12- and 6,7-positions
(the so-called bay region) has considerably promoted the
development of emerging applications thanks to their in-
creased solubility in organic solvents and the possibility
to tune the electronic properties [24, 25, 27]. The intro-
duction of substituents enforces a considerable twisting of
the perylene skeleton as a result of electrostatic repulsion
and steric effects among the substituents in positions 1,7
(31.7◦ for 1,7-dibromoPBI) [28] or 1,6,7,12 positions (37◦
for 1,6,7,12-tetrachloroPBI) [29] (Fig. 4).

An interesting work was carried out on ethylpropyl-
substituted PBI at the imide periphery which was blended
with a variety of donor polymers using spin coating tech-
niques to prepare photovoltaic devices. It was shown
that the tendency of such PBI acceptor to form crys-
talline domains was limiting the efficiencies of devices
by creation of electron traps thus reducing the photocur-
rent [31,32]. On the contrary, their high crystallinity could
be exploited when this ethylpropyl-substituted PBI was
blended with discotic liquid crystal alkylated hexabenzo-
coronene (HBC) (Fig. 5) [26,33,34]. An external quantum
efficiency (EQE) of 34% corresponding to about 2% PCE
was observed for the PBI/HBC blend under illumination
at 490 nm.

Interesting results were recently reported with the
device using the 1,7-bis(4-tert -butylphenoxy)-bay substi-
tuted PBI derivative containing pyrene moieties at the
imide positions. This Pyrene-PBI-Pyrene triad acceptor
was blended with a phenylenevinylene based oligomer
playing the role of the donor (Fig. 6). The corre-
sponding device using the donor/acceptor couple in a

1:3.5 ratio yielded a PCE of 1.87% (Voc = 0.98 V,
Jsc = 4.15 mAcm−2, FF = 0.46) which could reached
3.17% by insertion of a ZnO layer between the active
organic layer and the cathode in order to enhance elec-
tron collection [35]. By introducing methylacenaphtho[1,2-
b]pyrazine-8,9-dicarbonitrile at the PBI periphery and
benzo[c][1,2,5]-selenadiazole in the donor system, the de-
vice (ITO/PEDOT-PSS/Donor: Acceptor/Al) provided
an efficiency of 3.88% (Voc = 0.9 V; Jsc = 8.30 mAcm−2;
FF = 0.52). This performance was largely attributed to
the wide 400−800 nm absorption range of the blend. This
corresponds to the highest efficiency reported so far for a
rylene-bis imide-based acceptor and also for a non-fullerene
based organic BHJ solar cell [36].

Other classes of acceptors have been recently devel-
oped to be incorporated in OSCs. One of these corre-
sponds to the diketopyrrolopyrrole (DPP) moiety. DPP-
based polymers have recently received large attention for
their excellent performance as donor materials in BHJ so-
lar cells with an efficiency of 4.7% in combination with
a fullerene derivative [37]. Interestingly the introduction
of electron withdrawing groups such as fluoro or fluo-
roalkyl groups enhanced the DPP electron affinity to reach
acceptor materials. For example, trifluoromethylphenyl
groups have been introduced onto the DPP core and
when blended in a BHJ device with the donor poly(3-
hexylthiophene) (P3HT), a PCE of 1.0% (Voc = 0.81 V,
Jsc = 2.36 mAcm−2, FF = 0.52) was achieved [38].

Similarly, metallophthalocyanines are widely known
for their p-type conductivity but the introduction of flu-
orine atoms at the periphery of the aromatic rings in-
creased their n-type character. A series of fluorinated
boron subphthalocyanines used as acceptors in bilayer
OSC devices were associated with phthalocyanine-based
donors leading to PCE close to 1% [39]. Small molecular
acceptors combining the highly electron deficient 2-vinyl-
4,5-dicyanoimidazole moiety named Vinazene and ben-
zothiadiazole were developed as processable oligomers for
photovoltaics applications [40]. These oligomers displayed
a wide range of optical and electronic properties thanks
to the modification of the central aromatic moiety. Best
results were described by blending this bis-vinazene – ben-
zothiadiazole oligomer with an octylphenyl-substituted
polythiophene giving a device for which a PCE of 1.4%
(Voc = 0.62 V, Jsc = 5.5 mAcm−2, FF = 0.4) could be
obtained.

A recent innovative approach introduced the concept
of gain of aromaticity as a driving force to reach ef-
ficient small molecule acceptors represented by the use
of a 9,9′-bifluorenylidene (99′BF) polycycle scaffold [41].
The addition of one electron onto the central double
bond issued from the electron transfer from the donor
should be highly favorable thanks to the formation of
a less strained and twisted system which is character-
ized by a gain of aromaticity due to the generation of
a 14-π electron structure. Preliminary BHJ solar cells
(ITO/PEDOT-PSS/P3HT: 99′BF/Ba/Al) showed an im-
pressive 1.7% PCE, and a relatively high Voc of 1.10 V.
Further promising results are expected in a near future
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using this versatile 9,9′-bifluorenylidene backbone consid-
ering that the possibility of functionalization on theoreti-
cally twelve positions constitutes advantages of particular
interest for the development by organic chemists of this
scaffold.

4 Fullerenes acceptors for organic solar cells

It is clear that at the present time and in the field of or-
ganic photovoltaics, fullerene derivatives play a dominant
role as acceptor materials. Main reasons for the choice of
fullerenes are their favorable LUMO energy and reversible

reduction leading to stable reduced species, their excel-
lent electron transport properties, and their spherical
shape allowing a three-dimensional charge transport, per-
fectly in agreement with this of the three-dimensional
hole transport ability of conjugated polymers. Neverthe-
less, to be applied in the fabrication process of OSCs,
the functional fullerene requires sufficient solubility in
organic solvents, such as toluene, chlorobenzene, or o-
dichlorobenzene. With the aim of designing new efficient
fullerene acceptors, it is important to have in mind some
critical factors known to affect the performance of BHJ
solar cells. First, the open circuit voltage (Voc) was found
to correlate directly with the acceptor strength of the
fullerene derivative [42]. Moreover, in order to reach high-
est efficiencies, practically around 10%, the difference be-
tween both LUMO levels of donor and acceptor needs
to be around 0.3 eV [43] (Fig. 8). Consequently, the en-
ergy level of the fullerene derivative has to be engineered
to maximize the ΔE LUMO(A) – HOMO(D) to achieve
high Voc, while maintaining proper LUMO offset [ΔE
LUMO(D) – LUMO(A)] to facilitate exciton dissociation.
In a first approach, the Voc was proposed to be propor-
tional to the difference between the HOMO level of the
donor and the LUMO level of the acceptor [7]. Then it
was more precisely evidenced that the maximum attain-
able and empirical limit for the Voc is equal to the optical
band gap energy minus ∼0.60−0.66 V and that the Voc

correlates with the energy of the charge transfer states in
donor-acceptor blend [44–46].

Soluble fullerene derivatives with the 6,6-phenyl-
C61-butyric acid methyl ester ([60]PCBM), historically
synthesized by Hummelen et al. [47], and its C70 ana-
logue ([70]PCBM) are the most widely used acceptors
for BHJ solar cells. A major difference between C60
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and [60]PCBM concerns their relative acceptor strength,
[60]PCBM appearing to be a less effective electron ac-
ceptor but more soluble in organic solvents than pristine
C60. The LUMO of [60]PCBM was reported to be between
−3.7 eV [48] and −4.3 eV [43] because of the different mea-
surement techniques, either in solution or solid form, or
with different standards to estimate the values. Recently,
the LUMO and HOMO levels of fullerene acceptors mea-
sured under the same conditions were correlated using the
PCBM reference molecule with its widely accepted LUMO
(−4.30 eV) and HOMO (−6.00 eV) energy levels [17]. Con-
sidering this LUMO value for [60]PCBM acceptor and if
the bandgap of the polymer is in the range of 1.2−1.7 eV,
this would correspond to donor HOMO levels of −5.2 to
−5.7 eV.

Since the advent of [60]PCBM, the blend which asso-
ciated P3HT has been extensively investigated and ex-
hibits a reproducible PCE around 5% [49]. One draw-
back of fullerenes is their relatively low light absorption
in the visible region of the spectrum. Although [70]PCBM
partially solved this problem [50], a major breakthrough
towards efficient organic devices was obtained with the

development of low bandgap conjugated polymers able to
harvest more light and to optimize corresponding energy
levels to attain higher Voc [51–53]. When blended with
[60]PCBM or [70]PCBM, efficiencies have increased up to
7−8% [54] with a record which has recently reached over
10% [13].

Nevertheless, due to the different energetic HOMO and
LUMO levels to be respected, it clearly appeared that
PCBM was not the best acceptor for solar cells containing
near infrared absorbing polymers. Consequently, alterna-
tive fullerene materials have to be developed and efforts
are currently being made by organic chemists to obtain
alternatives to[60]PCBM and [70]PCBM acceptors [12].

In the last decade, synthetic efforts were strengthened
for chemical engineering on PCBM to change the proper-
ties of the fullerene π-system and to design novel fullerene
acceptors with higher-lying LUMO levels compared with
PCBM (Fig. 9). A systematic study of slight variations
on the aryl or alkyl groups of PCBM can cause a signif-
icant change in its physical properties and in particular
its solubility in organic solvents with strong effects on the
morphology of the blend and the efficiency of solar cells.
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It was concluded that the best combinations are those
where donor and fullerene materials are of similar and
sufficiently high solubility in the solvent used for the de-
position of the active layer [55].

In order to evaluate the influence of electron-donating
and -withdrawing groups on the electrochemical prop-
erties of [60]PCBM, the phenyl ring of [60]PCBM was
substituted with different functional groups and fluorine
atoms were shown to influence the most the first reduc-
tion potential [56]. On the other hand, the phenyl group
of PCBM was replaced by a thienyl group [57] and the
resulting BHJ solar cell based on P3HT: Th[60]CBM ex-
hibited a PCE of 3.97% which was comparable to the
reference P3HT: [60]PCBM device [58]. Another alter-
native consisted in replacing the phenyl ring with the
bulky triphenylamine or 9,9-dimethylfluorene groups [59].
These acceptors showed electron mobility comparable to
[60]PCBM, while solar cells using P3HT as the donor
exhibited a high PCE of around 4% with a significant
enhanced thermal stability thanks to the higher glass-
transition temperature of these fullerene derivatives. Since

a slight structural modification of PCBM can influence
the photovoltaic performance significantly, a series of
[60]PCBM-like fullerene derivatives were synthesized in
which the alkyl chain in PCBM was changed from 3 to
7 carbon atoms [60]. Devices based on P3HT as the donor
were fabricated and PCE varied from 2.3 to 3.7%. These
results indicated that the alkyl chain length significantly
influenced the absorption intensity, the electron mobility,
the morphology of the films, and the P3HT: PCBM ana-
logue interface structure, so that it clearly influenced the
photovoltaic performance of the solar cell. To enhance the
solubility of [60]PCBM in organic solvents, several ana-
logues were synthesized with different ester alkyl chains,
varying from C1 to C16 [61,62]. The length of the chain did
not influence optical and electrochemical properties but it
was noted that the morphology of the film was improved
with length and the more soluble acceptors were able to
produce a good quality film either alone or as a blend
with donor components. The effect of the chain length on
the terminal ester functionality was also established [63]
as well as the replacement of the ester group by an acid
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Fig. 10. Molecular structures of bis- and tris-adducts currently used in OSCs.

or amide functionality in order to evaluate the role of
hydrogen bonds in the aggregation of fullerenes [64, 65].
Among the different strategies investigated for modifi-
cation of the attachment mode on the fullerene moiety
using cycloaddition reaction [66–70] (Fig. 9), new solu-
ble fullerene derivatives were synthesized using the [4+2]
Diels-Alder reaction onto C60 [71] to reach IC60MA [72]
and NC60MA cycloadducts [73]. Blends P3HT: NC60MA
were fabricated which exhibited a PCE up to 4.5% (Voc =
0.65 V, Jsc = 11.3 mAcm−2, FF = 0.57, AM 1.5
G 80−100 mWcm−2). This suggested that excellent al-
ternatives to PCBM could be reasonably considered in
the future.

The maximum Voc delivered by the BHJ in polymer:
fullerene solar cells being correlated to the difference be-
tween the energy of the HOMO of the donor and the
LUMO of the acceptor, some research works have focused
on the strategy to design fullerene C60 bis-adducts rais-
ing directly the LUMO energy level with an increase of
the Voc (Fig. 10). An increase of about 100 meV for the
bis [60]PCBM LUMO level was reported [74], and the cor-
responding P3HT: bis [60]PCBM device exhibited a PCE
of 4.5% (Voc = 0.72 V, Jsc = 0.91 mAcm−2, FF = 0.68,
AM 1.5 G 100 mWcm−2), this being 1.2 larger than
that of similar P3HT: [60]PCBM solar cells. Consequently,
the bis-adduct isomer mixture could be used without
further separation of the theoretically eight regioisomers
to yield enhanced cell performance compared to that of
[60]PCBM.

A remarkable indene-C60 bis-adduct (IC60BA) was
more recently invented in 2006 by Laird et al. (Plextronics
& NanoC patent) using a Diels-Alder cycloaddition of
indene to C60 as a mixture of multiple isomers, consid-
ering that two syn and anti configurations could exist
for each regioisomer [75]. The IC60BA acceptor is char-
acterized by a LUMO energy level 0.17 V higher than

that of [60]PCBM [76]. The solar cell based on P3HT:
IC60BA showed a high Voc of 0.84 V and an impressive
PCE of 5.1% (Voc = 0.84 V, Jsc = 9.43 mAcm−2,
FF = 0.64, AM 1.5 G 100 mWcm−2) [75] or 5.44%
(Voc = 0.84 V, Jsc = 9.7 mAcm−2, FF = 0.67, AM
1.5 G 100 mWcm−2) [76] compared to the 3.3 or 3.88%
for a reference solar cell based on [60]PCBM, respectively.
After optimization of the device morphology, a PCE of
6.48% was achieved (Voc = 0.84 V, Jsc = 10.61 mAcm−2,
FF = 0.73, AM 1.5 G 100 mWcm−2) as the highest val-
ues reported in the literature so far for P3HT-based solar
cells [77]. Reproducibility on twenty P3HT: IC60BA de-
vices from 6.06 to 6.76% indicated that the photovoltaic
performance of ICBA as acceptor is greatly superior to
that of the traditional [60]PCBM with a PCE of 3.73%
obtained in the same experimental conditions. An effi-
cient way to improve OSCs efficiency consists in using the
tandem structure in order to cover a broad part of the
emission solar spectrum. By combining P3HT: IC60BA in
a front cell and PDTB-DFBT: [60]PCBM in a rear cell,
with PDTB-DFBT acting as a benzothiadiazole based low
bandgap polymer, a certified 10.6% PCE was very recently
attained (Voc = 1.53 V, Jsc = 10.1 mA cm−2, FF = 0.68,
AM 1.5 G 100 mW cm−2) [13]. The indene-C70 bis-adduct
(IC70BA) analogue was synthesized and the LUMO energy
level of IC70BA was shown to be 0.19 eV higher than that
of [70]PCBM [78]. P3HT: IC70BA devices showed a higher
Voc of 0.84 V and higher PCE of 5.64%, while the devices
based on P3HT: [60]PCBM (Voc = 0.59 V) and P3HT:
[70]PCBM (Voc = 0.58 V) blends displayed PCE of 3.55%
and 3.96%, respectively.

Nevertheless, a limiting factor to this polymer: C60 bis-
adducts strategy was evidenced for some blends where a
simultaneous dramatic loss in the Jsc and lower electron
mobilities resulted in a reduced PCE for most polymers
other than P3HT [79]. It was identified that the principal
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reason was the correlation between Jsc and the free energy
of the photoinduced charge generation ΔGCT. An increase
of this parameter ΔGCT was shown to eventually inhibit
the photoinduced electron transfer between the polymer
and the fullerene bis-adduct [80].

In addition to the systematic decrease of the elec-
tron affinity of the acceptor with the number of additions
onto the fullerene moiety, it was shown that the intro-
duction of a third unit impacts all device parameters and
performance. For example, the blend P3HT: [60]PCBM
trisadduct, although having a high Voc of 0.81 V, showed
significantly reduced efficiency due to the deterioration of
electron transport in the fullerene phase [81]. In the indene
series, the Voc values increase effectively with the degree
of substitution for BHJ solar cells fabricated with P3HT
(0.65, 0.83 and 0.92 V for IC60MA, IC60BA and IC60TA,
respectively), but the P3HT: ICTA based device exhibited
a much lower efficiency (1.56%) compared with similar
device P3HT: ICBA (5.26%) [82]. It was suggested that
an increase of the number of solubilizing groups added
to the C60 decreased the electron mobility due to signif-
icant structural disorder and hindered electron transport
within the fullerene phase resulting in lower current and
fill factor [83].

Innovative approaches need to be applied for OSCs
to cover the visible and near infrared region of the so-
lar spectrum. One route, as an alternative strategy to the
development of low bandgap polymers, consists in the im-
provement of the light-harvesting ability of the fullerene
derivatives. The principle of associating a dye attached to

the fullerene was proposed to reach C60-PBI or C60-PMI
dyads as super-absorbing fullerenes (Fig. 11) [84–87].
Even if the PCE were low using this dyad as an accep-
tor, the role of the perylenebis imide (PBI) acting as a
light-harvesting antenna was evidenced by an efficient in-
tramolecular energy transfer occurring from PBI onto C60

and the relationship between electrochemical properties
of the dyad and the P3HT: C60-PBI blend efficiency was
evidenced [88]. Another efficient example was recently re-
ported by modification of [70]PCBM with introduction
of a cyanovinylene 4-nitrophenyl moiety. Resulting CN-
[70]PCBM showed broader and stronger absorption in the
visible region (350−550 nm) of the solar spectrum. The
P3HT: CN-[70]PCBM blend showed a PCE of 4.88%,
which is higher than that of devices based on [70]PCBM
as the electron acceptor (3.23%). An increase in both the
Jsc and the Voc were noted thanks to the stronger light
absorption of CN-[70]PCBM and a LUMO level higher by
0.15 eV compared to that of [70]PCBM [89].

Among aspects other than efficiency, improved pro-
cessing, cost, and stability have been identified as impor-
tant for the future development of OSCs [90]. It remains
highly challenging to develop such devices that can pro-
vide a high PCE while maintaining good ambient stabil-
ity, since prolonged exposure to air rapidly reduces the
performance of unencapsulated conventional devices. The
incorporation of an additional n-type C60 derivative as
an interlayer or in the organic active layer might im-
prove the device performance and the long-term stabil-
ity thanks to the establishment of a thermal chemical
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cross-linking process. In this topic, main results involved
the synthesis of cross-linkable fullerene materials for which
epoxyde [91], oxetane [92], or styryl groups have been in-
troduced (Fig. 11). In the latter case, the[60]PCB styryl
dendron ester (PCBSD) was incorporated as an interlayer
in P3HT: [60]PCBM [93] or P3HT: IC60BA [94] solar cells.
Whereas the P3HT: IC60BA inverted device was leading
to a remarkable PCE of 4.8%, the incorporation of PCBSD
yielded to an exceptional record PCE of 6.2% then 7.3%
using cross-linked-PCBSD nanorods [95].

5 Conclusion

Organic solar cells have shown a tremendous progress
over the past decade with an important increase in the
power coefficient efficiency. In parallel to the redaction
of this mini-review, an accredited new record with 12%
efficiency was achieved by Heliatek industry for organic
photovoltaics1. Moreover, the estimation of the efficiency
limits was very recently revisited and theoretical models
suggested that 20−24% could be attained in organic pho-
tovoltaics [96]. Research efforts have been dominated by
the optimization of the materials by tuning their optical
and electronic properties, the design and the control of
nanoscale morphology of devices. Whereas the synthesis
of p-type donor materials was particularly fruitful, n-type
acceptors have been less regarded. Non-fullerene based ac-
ceptors are today gaining attention and the new challenge
for them would be to attain in the near future the effi-
ciency of fullerene derivatives for which PCBM and more
recently ICBA are leaders. Whereas C60 was regarded two
decades ago as an exotic material, costs have been dramat-
ically reduced (20 $ per gram in 2013!) and their deriva-
tives are now compatible for an industrial application in
organic photovoltaics. In searching for the next generation
of fullerene acceptors, some efforts should be directed to
derivatives which possess a broader absorption coverage
with high extinction coefficient, a controlled LUMO level
to achieve the highest Voc, a high electron mobility, and
the development of derivatives which do not aggregate
should also increase the stability of the device. Chemi-
cal and technological challenges will have to be overcome,
but there is undoubtedly an exciting future for organic
chemists to offer new acceptors for the development of
organic photovoltaics.
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43. M.C. Scharber, D. Mühlbacher, M. Koppe, P. Denk, C.
Waldauf, A.J. Heeger, C.J. Brabec, Adv. Mater. 18, 789
(2006)

44. D. Veldman, S.C.J. Meskers, R.A.J. Janssen, Adv. Funct.
Mater. 19, 1939 (2009)

45. K. Vandewal, K. Tvingstedt, A. Gadisa, O. Inganäs, J.V.
Manca, Nat. Mater. 8, 904 (2009)

46. M.A. Faist, T. Kirchartz, W. Gong, R.S. Ashraf, I.
McCulloch, J.C. de Mello, N.J. Ekins-Daukes, D.D.C.
Bradley, J. Nelson, J. Am. Chem. Soc. 134, 685 (2012)

47. J.C. Hummelen, B.W. Knight, F. Lepeq, F. Wudl, J. Yao,
C.L. Wilkins, J. Org. Chem. 60, 532 (1995)

48. J.J. Benson-Smith, L. Goris, K. Vandewal, K. Haenen,
J.V. Manca, D. Vanderzande, D.D.C. Bradley, J. Nelson,
Adv. Funct. Mater. 17, 451 (2007)

49. M.T. Dang, L. Hirsch, G. Wantz, Adv. Mater. 23, 3597
(2011)

50. J.M. Kroon, M.M. Wienk, W.J.H. Verhees, J. Knol, J.C.
Hummelen, P.A. van Hal, R.A.J. Janssen, Angew. Chem.
Int. Ed. 42, 3371 (2003)

51. Y.-J. Cheng, S.-H.Yang, C.-S. Hsu, Chem. Rev. 109, 5868
(2009)

52. J. Chen, Y. Cao, Acc. Chem. Res. 42, 1709 (2009)
53. H. Zhou, L. Yang, W. You, Macromolecules 45, 607 (2012)
54. Y. Liang, Z. Xu, J. Xia, S.-T. Tsai, Y. Wu, G. Li, C. Ray,

L. Yu, Adv. Mater. 22, E135 (2010)
55. P.A. Troshin, H. Hoppe, J. Renz, M. Egginger,

J.Y. Mayorova, A.E. Goryachev, A.S. Peregudov, R.N.
Lyubovskaya, G. Gobsch, N.S. Sariciftci, V.F. Razumov,
Adv. Funct. Mater. 19, 779 (2009)

56. F.B. Kooistra, J. Knol, F. Kastenberg, L.M. Popescu,
W.J.H. Verhees, J.M. Kroon, J.C. Hummelen, Org. Lett.
9, 551 (2007)

57. L.M. Popescu, P. van’t Hof, A.B. Sieval, H.T. Jonkman,
J.C. Hummelen, Appl. Phys. Lett. 89, 213507 (2006)

58. J.H. Choi, K.-I. Son, T. Kim, K. Kim, K. Ohkubo, S.
Fukuzumi, J. Mater. Chem. 20, 475 (2010)

59. Y. Zhang, H.-L. Yip, O. Acton, S.K. Hau, F. Huang,
A.K.-Y. Jen, Chem. Mater. 21, 2598 (2009)

60. G. Zhao, Y. He, Z. Xu, J. Hou, M. Zhang, J. Min, H.-Y.
Chen, M. Ye, Z. Hong, Y. Yang, Y. Li, Adv. Funct. Mater.
20, 1480 (2010)

61. L. Zheng, Q. Zhou, X. Deng, M. Yuan, G. Yu, Y. Cao, J.
Phys. Chem. B 108, 11921 (2004)

62. C.-H. Yang, J.-Y. Chang, P.-H. Yeh, T.-F. Guo, Carbon
45, 2951 (2007)

63. L. Zheng, Q. Zhou, X. Deng, W. Fei, N. Bin, Z.-X. Guo,
G. Yu, Y. Cao, Thin Solid Films 489, 251 (2005)

64. C. Yang, J.Y. Kim, S. Cho, J.K. Lee, A.J. Heeger, F. Wudl,
J. Am. Chem. Soc. 130, 6444 (2008)

65. C. Liu, Y. Li, C. Li, W. Li, C. Zhou, H. Liu, Z. Bo, Y. Li,
J. Phys. Chem. C 113, 21970 (2009)

66. N. Camaioni, L. Garlaschelli, A. Geri, M. Maggini, G.
Possamai, G. Ridolfi, J. Mater. Chem. 12, 2065 (2002)

67. N. Camaioni, G. Ridolfi, G. Casalbore-Miceli, G.
Possamai, L. Garlaschelli, M. Maggini, Sol. Energy Mater.
Sol. Cells 76, 107 (2003)

68. X. Wang, E. Perzon, J.L. Delgado, P. de la Cruz, F. Zhang,
F. Langa, M. Andersson, O. Inganäs, Appl. Phys. Lett. 85,
5081 (2004)

69. X. Wang, E. Perzon, F. Oswald, F. Langa, S. Admassie,
M.R. Andersson, O. Inganäs, Adv. Funct. Mater. 15, 1665
(2005)

70. S.K. Pal, T. Kesti, M. Maiti, F. Zhang, O. Inganäs,
S. Hellström, M.R. Andersson, F. Oswald, F. Langa, T.
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