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Diketopyrrolopyrrole-based single molecules in
photovoltaic technologies

Desiré Molina, Maria João Álvaro-Martins and Ángela Sastre-Santos *

The increasing demand for efficient energy sources has led to the emergence of photovoltaic (PV)

technologies. However, there remains a need to move them from the laboratory scale to the general

market, which requires exceptional materials that provide both stability and efficiency. Among the

materials currently being investigated, diketopyrrolopyrroles (DPPs) stand out due to their chemical

versatility, robustness, and optoelectronic properties, especially their intense absorption in the visible and

near infrared spectrum, high charge carrier mobility in conjugated systems, good crystallinity and,

sometimes, low production costs. In this article, we review the most successful DPP-based single

molecules applied in emerging PV technologies to date. Thus, DPP single molecules applied in organic

solar cells, dye-sensitized solar cells and perovskite solar cells are presented, together with their

chemical structures, photovoltaic device performance and additional information. In addition, we

attempt to give some pointers for the optimization of future, DPP-containing molecular designs and to

highlight the potential of these building blocks.

1. Introduction

Organic semiconducting materials are essential for improving
photovoltaic technologies as their optoelectronic properties can
be tuned by modifying their chemical structure, thus allowing
device performance to be optimized. In order to determine the
most suitable such materials, a great deal of research effort has
been exerted over the years. In this sense, there are many

structures on which these novel materials are based, including
porphyrinoids,1,2 phthalocyanines,3 perylenediimides,4,5 and
diketopyrrolopyrroles (DPPs).6 The latter are a good example of
moieties that can be used to build promising semiconductors.7–10

DPPs were discovered in the 1970s by Farmum et al. as a
by-product of the classical Reformatsky reaction between benzo-
nitrile and ethyl bromoacetate.11 DPPs are p-electron bicyclic-
dilactam systems that act as electron acceptors. These derivatives
are characterized by excellent stability, low solubility, and an
intense red colour due to the extended p-conjugation between
their electron-rich and electron-deficient units, as well as strong
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excitonic coupling in the solid state.12,13 As such, DPPs started to
be used as pigments. Due to the chemical versatility of DPPs, it
was possible to synthesize other derivatives, which resulted in
improvements and innovations in the pigment sector and,
subsequently, in the plastics and inks industries.14 Thus, it was
observed that the optoelectronic properties could be varied by
changing the chemical structure of DPP, thus allowing this type of
compound to be used in a large number of applications. These
systems can exhibit n-type, p-type or ambipolar semiconductor
behaviour and can therefore provide the desired electronic
character.15 The 2,5-positions of the lactam nitrogens (Fig. 1)
can be replaced by several groups, the most common being aryl,
acyl and alky groups. These substitutions allow the solubility in
organic solvents to be increased, whereas substitutions of the end-
capping groups at the 3,6-positions perturbs the optoelectronic
properties.16,17 These end-capping groups can be different
aromatic groups, depending on the reagents of origin of the DPPs
(Fig. 1). Other appealing properties of DPP derivatives are their
intense absorption in the visible and near infrared spectrum,
their high charge-carrier mobility in conjugated systems, good
crystallinity and low-cost production. In addition, DPPs can show
high thermal, photochemical and mechanical stability.10–19

The poor electronic character of the DPP core endows them with
outstanding light-harvesting properties, while their flat structure
enables significant intermolecular p–p interactions that facilitate
charge mobility in organic field-effect transistors (OFETs).20,21

As such, they are attractive building blocks with wide-ranging
applications, especially in the field of photovoltaic technologies

and OFETs.18,22–27 In addition to these properties, DPPs also
exhibit high fluorescence quantum yields in solution and in film,
with a large extinction coefficient, which allows them to be used
as fluorescence sensors.28–34 Singlet fission has also been
described in DPP systems, both in the solid state and in
solution.35,36 This property would allow the theoretical
Shockley–Queisser limit to be increased from 32% to 45%, thus
increasing the efficiencies of the solar devices in which they are
integrated. Given the interesting properties of this type of
compounds, many examples of DPP-based materials can be found
in the literature, both single-molecule and polymers.9–37 Single
molecules have advantages over their polymeric counterparts
because of their well-defined chemical structure, easier synthesis,
lower batch-to-batch variation and high open-circuit voltage.38,39

In this review article we recapitulate and discuss the latest
advances in photovoltaics involving DPP-based single molecules,
with an emphasis on the chemical structure of DPP-based
systems, to gain an insight into the possible relationships between
structure and performance in those devices in which they are
integrated.

2. DPP-based single molecules in
organic solar cells

Organic solar cells (OSCs) have attracted a great deal of
attention owing to their potential for obtaining lightweight
and low-cost solar cells.40 Various types of OSCs are discussed
herein and classified into two general groups: planar (PHJ)
(Fig. 2a) and bulk heterojunction (BHJ) OSCs (Fig. 2b and 3c).
Both are structurally defined by a multilayer in which each layer
can be deposited using a different manufacturing technique.
In a typical OCS device, the active layer is composed of a bilayer
(PHJ), or a blend of the donor and acceptor counterparts (BHJ),
between an anode (generally ITO) and a metal electrode
(cathode).41 Interfacial layers, such as the hole-transport layer
(HTL) and the electron-transport layer (ETL), are inserted
between anode-photoactive and cathode-photoactive interfaces,
respectively, to improve the performance and stability of the
OSCs.42 To simplify the model, it is assumed that the donor
absorbs the light, then an electron is excited from the donor’s
highest occupied molecular orbital (HOMO) to its lowest
unoccupied molecular orbital (LUMO). The resulting charge
transfer is efficient if the offset between the donor LUMO and
acceptor LUMO is high enough to overcome the exciton biding
energy, which is typically 0.1–1.4 eV, thus giving rise to
electron–hole pairs or excitons. In other words, the excitons
must diffuse to the donor–acceptor interface, where there is
enough potential energy drop to separate these excitons into the
free charge carriers, namely electrons and holes (Fig. 2-i).43

These electrons and holes are then transported to the respective
electrode via the bicontinuous pathway, thereby avoiding
recombination and charge capture. In this process, losses
due to thermalization, absorption losses owing to spectral
incompatibility, insufficient energy required for exciton
splitting, i.e. Ephoton o Eband gap, which promotes a new state,

Fig. 1 General structure of DPPs and numbering of their atoms.
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trapping the electron in this state (Fig. 2-ii), and charge recom-
bination, can occur (Fig. 2iii–v).44 As such, a low band gap
material can improve device performance.45 Over the past few
years, an inverted device architecture has also been established
for OSCs exhibiting a relatively high environmental stability. In

an inverted device, the cathode is at the bottom while the top
electrode is the anode (Fig. 2c).

Traditionally, given their excellent charge-transport
performance, the electron–acceptor materials that have been
extensively used in organic photovoltaics are fullerene

Fig. 2 General structure of: (a) a PHJ cell, (b) a standard BHJ, (c) an inverted BHJ and (d) general energy diagram of the photoelectric events involved in
the operation of a standard OSC. (i) Excitation of an electron between donor HOMO–LUMO and the respective diffusion from the donor LUMO to
acceptor LUMO (Ephoton 4 Eband gap). (ii) The electron at the donor HOMO level absorbs a low-energy photon, thus promoting a new state and trapping
the electron in this state. Recombination pathways are represented by downwards arrows and the green circle, where (iii) represents band-to-band
recombination, (iv) trap-mediated recombination and (v) interfacial recombination.

Fig. 3 Chemical structures and PCEs for (a) P1 and P2, (b) P3, (c) P4 and P5, and the acceptors PA1, PC60BM and C60.
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acceptors (FAs). Representative examples include [6,6]-phenyl-
C61/C71-butyric acid methyl ester (PC60BM/PC70BM) and
indene-C60/C70 bisadducts (ICBAs). These FAs have the
disadvantage of being expensive and having electronic levels
that are difficult to modify, in addition to poor absorption in
the visible region. In contrast, non-fullerene acceptors (NFAs)
are often energetically tunable by way of simple chemical
modifications, thus allowing them to participate in light
absorption and charge dissociation. Additionally, NFAs can
provide longer device lifetimes since they usually present
greater thermo- and photostability. In fact, in recent years there
has been a marked improvement in single-molecule-based
NFAs, many of which now exceed power conversion efficiencies
(PCEs) of 15%,46,47 and very recently there was a quantitative
leap to PCEs as high as 18.2%.48,49 DPP-based single molecules
are presented below, illustrating their chemical structure
(both donor and acceptor); the structures of their non-DPP
counterparts can be found in the corresponding section.

2.1. DPP-based single molecules in PHJs

PHJs were first reported in 1986 by Tang. These devices are
based on two layers stacked on top of each other. Each layer
comprises different organic films, one with a donor moiety and
the other with an acceptor semiconductor (Fig. 2).50 In these
devices, only excitons generated at a distance of 10–20 nm from
the interface can reach the heterojunction. Under these conditions,
the efficiency of the resulting solar cells is limited by the charge
generation. In addition, the photovoltaic properties are strongly
dependent on the nature of the electrodes. Although a lot of
scientific work had already been published on this topic,51,52 the
first example of DPP-based single molecules in PHJs would not be
published until 2011. In this article, Kylberg et al. described
the application of two DPP derivatives end-capped with two
trifluoromethylphenyl groups (P1 and P2) together with C60

(Fig. 3) as the acceptor counterpart.53 P2 contained extra vinylene
bridges between the aromatic rings (Fig. 3a). The best performance
was obtained with this latter after thermal annealing (PCE = 3.30%,
short-circuit current density ( Jsc) = 7.89 mA cm�2, open-circuit
voltage (Voc) = 790 mV and fill factor (FF) = 53%, under AM 1.5G
illumination (100 mW cm�2)). However, as a maximum PCE of
0.3% was achieved with P1, the structure with the most extended
conjugation could be more advantageous. These derivatives were
also used as electron acceptors in BHJ.54 Peng et al. designed an
NFA PHJ solar cell using tetraphenyldibenzoperiflanthene (PA1,
Fig. 3) as the donor and a 4-chlorophenyl-DPP (P3) as the acceptor
(Fig. 3b). This work aimed to compare the results for the PHJ and a
planar-mixed heterojunction solar cell (PM-HJ). PM-HJ devices
contain a layer between the donor and acceptor layers. This
architecture increases the exciton photogeneration, maintaining a
high Voc and FF.55 With the PM-HJ architecture glass/ITO/MoO3/
PA1/PA1:P3/P3/BCP/Ag they obtained a better performance (PCE =
3.20%) than with the regular PHJ one, mainly because of the
improvement in JSC from 2.78 to 5.42 mA cm�2, despite presenting
both lower Voc and FF. This donor/acceptor interface suggests a
high interface energy gap and a relatively low saturation, thus
highlighting the importance of these two parameters to generate a

high Voc. In a recent study, Rooney et al., synthesized two DPP-
based latent pigment donor materials (P4 and P5, Fig. 3c). Latent
pigments are organic pigments with a chemically or thermally
removable functionality, which induces a non-permanent dye-type
solubility.56 Di-tert-butyl dicarbonate (t-BOC) protecting groups
were introduced at the lactam nitrogens as this sterically bulky
group can prevent the formation of p–p stacking networks and
H-bonding sites, thereby the improving the solubility in common
organic solvents. Once deposited, the protecting groups were
removed thermally at 200 1C. These materials were combined with
PC60BM (Fig. 3) as acceptor in an ITO/PEDOT:PSS/DDP-DPP-Donor/
PC60BM/ETL/Al architecture.57 The best performance was obtained
for P5 after thermal annealing of the entire device at 140 1C using
LiF as ETL ( Jsc = 2.11 mA cm�2, Voc = 375 mV, FF = 42.6%, PCE =
0.33%). As we will see below, DPP-based PHJ OSCs performed more
poorly than their BHJ OSC analogues.

2.2. DPP-based single molecules in BHJs

DPP-based single molecules have been widely used in BHJ OSC
devices and applied in a variety of structures. DPPs can form part
of the structure of both donor single molecules and acceptor
single molecules, thereby emphasizing their versatility.

2.2.1. DPP-based single molecules as donors in BHJs. DPP-
based single donor molecules will be classified here as linear
donor molecules with a DPP core, linear donor molecules with a
core flanked by DPPs, star-shaped DPP-based donor molecules
and donor molecules based on porphyrinoids and DPPs.

2.2.1.1. Linear donor molecules with a DPP core. These molecules
have a central DPP core with different substituents attached to the
aromatic rings at positions 3 and 6 of the diketopyrrolopyrrole
bicycle. Due to the electronic nature of their component units,
these systems are usually of the donor–acceptor–donor (D–A–D)
type, with DPP being the acceptor. Since this structure induces
intramolecular charge transfer, these materials absorb over
a greater range of the spectrum and at longer wavelengths.
Furthermore, by changing groups D and A, the photophysical
properties of these systems can be tuned.58 Numerous relevant
studies have been published in this regard. For instance, Patil et al.
published two papers in 2016 in which they describe both
symmetrical (BH1 and BH3) and asymmetric (BH2 and BH4)
narrow band gap molecules, whose flanks were arranged triphenyl-
amines (TPAs) (BH1 and BH2)59 or N-phenyl carbazoles (BH3 and
BH4),60 linked via an ethyne moiety (Fig. 4a). Using PC70BM (Fig. 4)
as the acceptor material, these authors obtained better results
with those derivatives containing carbazole moieties after surface
treatment with a methanol/acetonitrile (98 : 2) blend. Thus, BH4
showed a PCE of 5.73% vs. 5.31% for BH2, while BH3 gave a PCE of
4.65% vs. 4.06% for BH1. As such, better results were obtained with
an asymmetrical structure including a carbazole heterocycle.
The same authors reported a symmetrical D–p–A–p–D dipolar
donor single molecule based on the donor moiety ferrocene also
linked to the DPP core via an ethynyl bridge (BH5, Fig. 4b).
The optimal ITO/PEDOT:PSS/BH5:PC70BM/PFN/Al device with
DIO additive gave rise to a PCE of up to 6.44% with a high Jsc of
10.48 mA cm�2, a Voc of 940 mV and an FF of 64% after thermal
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annealing.61,62 These studies show that inclusion of the ethynyl
bridge leads to a lower HOMO, and therefore to a higher Voc, as well
as enhanced intermolecular p–p stacking, thus facilitating
intramolecular charge transport (Table 1).

2.2.1.2. Linear donor molecules with a core flanked by DPPs.
These structures include a central core, usually of an aromatic
nature, linked and also more or less conjugated to the DPP
moieties. Most of these systems present an A–D–A molecular
structure in which the acceptor moieties are usually the DPPs.
As these systems of an electronic push–pull nature, their
optoelectronic properties are also customizable as in the
previous group and, of course, there are numerous publications
in this field. For example, Shi et al. developed a DPP–fluorene–
DPP derivative (BH6, Fig. 5a) as the donor and the acceptor
materials in BHJ OSCs together with the counterparts PC70BM
and P3HT (Fig. 5), respectively, on both devices, thus
demonstrating the ambipolar capacity of the DPP moiety.
In this section we will focus on BH6 as donor. To evaluate the
electron donor potential of BH6, devices with the architecture ITO/
PEDOT:PSS/BH6:PC70BM/PFN/Al were manufactured. The best PV
performances were obtained with a donor/acceptor ratio of 1 : 3,
with a PCE of 3.26% measured under AM 1.5G illumination
(100 mW cm�2) (Table 2).63 The same year, a DPP-dithienopyran
(DTP)-DPP system was presented by Jung et al. (BH7, Fig. 5b). BH7
was tested as donor with PC70BM and the n-type NFA conjugated
polymer N2200 (Fig. 5). These authors performed their study with
the inverted architecture ITO/ZnO/active layer/MoO3/Ag, testing
different donor/acceptor ratios. The best efficiencies were obtained
with PC70BM when a 1 : 3 donor/acceptor ratio was used (PCE of
6.88%), while the best device performance with N2200 BH7/N2200
(1 : 2) was 4.82%, mainly because Jsc and FF were lower in the latter
case (Table 2).64 Similarly, Tang et al. described a single molecule
with a large hole mobility based on DPP-thieno[2,3-f]benzofuran
(TBF)-DPP (BH8, Fig. 5c). The device architecture ITO/PEDOT:PSS/
BH8:Acceptor/LiF/Al was used, comparing the photovoltaic
performance of devices fabricated with PCBM and with the NFA
N2200. The devices with N2200 as the acceptor gave better results
than those with FA. The device that worked best contained a donor/
acceptor ratio of 1 : 3 and 1-chloronaphthalene (CN) as solvent
additive. The PCE for N2200 was 3.74%, and the best PCE for BH8/
PCBM was 3.44% (Table 2).65

To investigate the new NFAs SdiPBI and SdiPBI-S (Fig. 5) in
BHJ OSCs, Feng et al. coupled them to a narrow bandgap donor
DPP-pentacyclic bislactam-DPP (BH9, Fig. 5d). SdiPBI and SdiPBI-S
derivatives had a complementary absorption (400–600 nm) to BH9.

Fig. 4 Chemical structures and PCEs of the donors BH1–BH5 and the
acceptor PC70BM.

Table 1 Acceptor, band gap, LUMO, additive, architecture, and PV parameters for linear donor molecules with a DPP-core single molecule

Donor Acceptor
LUMO
(eV)

Band gap
(eV) Additive Architecturea

Jsc

(mA cm�2)
Voc

(mV)
FF
(%)

PCE
(%) Ref.

BH1 PC70BM �3.77 1.72 DIO Standard 11.16 850 56 4.06 59
BH2 PC70BM �3.69 1.84 DIO Standard 8.88 880 52 5.31 59
BH3 PC70BM �3.60 1.73 Methanol/acetonitrile (98 : 2) Standard 8.19 980 58 4.65 60
BH4 PC70BM �3.64 1.90 Methanol/acetonitrile (98 : 2) Standard 9.58 980 61 5.73 60
BH5 PC70BM �3.64 1.58 DIO Standard 10.48 940 64 6.44 61 and 62

a No additives were used.
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After an optimization process using the standard architecture
ITO/PEDOT:PSS/Active layer/LiF/Al, BH9:PC60BM provided the
best PCE of 4.80%, while the non-fullerene solar cells also
exhibited promising PCEs of 2.40% and 3.50% (Table 2).
The relatively low carrier mobilities of these NFAs and the large
phase separation could be responsible for the lower efficiency
of these solar cells.66 An interesting study in which the
synthesis of two DPP-based single molecules having the structure
D–A–D–p–D–A–D was described was published by Patil et al.
The difference was the bridge connecting the two DPP units,
which was either a double or a triple bond (BH10 and BH11,

respectively; Fig. 5e). This work highlights the utility of thermal
and solvent annealing treatments in improving the performance
of organic devices. The authors described how, after these treat-
ments, the efficiencies improved from 1.98% and 1.85% to 5.28%
and 5.52% for BH10 and BH11, respectively (Table 2).67 Lin et al.
compared two donors based on a DPP-benzo[1,2-b:4,5-
b0]dithiophene (BDT)-DPP (BH12 and BH13, Fig. 5f). BH12 had
linear alkylthio substituents in the thiophene units of the BDT
moiety, whereas BH13 presented alkyl chains in these positions.
As a consequence, significant variations in crystallinity, phase
separation, charge transport and photovoltaic properties were

Fig. 5 Chemical structures and PCEs for the DPP-core-DPP donors BH6-BH13, the donor P3HT and the acceptors N2200, SdiPBI and SdiPBI-S.
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observed, and BH12 showed higher hole mobility (1.1 �
10�2 cm2 V�1 s�1) than BH13 (3.0 � 10�3 cm2 V�1 s�1). BH12
and BH13 were subsequently applied as a donor semiconductor
together with IEIC (Fig. 5) as NFA in the active layer. The best
results were obtained using a binary solvent (CHCl3 and o-dichloro-
benzene [o-DCB]) with the device architecture ITO/PEDOT:PSS/
active layer/Ca/Al. The binary solvent leads to appropriate phase
separation domain sizes, higher domain purity, better charge
transport properties and better photovoltaic performance of the
blended films. BH12-containing devices demonstrated better PV
performance, with a PCE of 5.29%, while BH13-containing devices
achieved a PCE of 4.00%. Finally, when BH12 was included in
inverted architecture devices, all photovoltaic parameters were

improved, reaching an efficiency of 6.03% ( Jsc of 10.87 mA cm�2,
Voc of 940 mV and FF of 59%).68 In 2018, Huo et al. developed two
DPP-based donor materials compatible with both FA and NFA (2,20-
((2Z,20Z)-((4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b0]dithio-
phene-2,7-diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile) (IDIC, Fig. 6). The structure of
these materials follows the same scheme as we have seen
previously: two DPP units flanking a BDT donor unit. On this
occasion, the intention was to determine the effect of two
aromatic substituents with different degrees of conjugation
extension (BH14, with a bithiophene group and BH15, with
an (E)-1,2-di(thiophen-2-yl)ethane group, Fig. 6a). BHJ devices
had the architecture ITO/PEDOT:PSS/Active layer/PDIN/Al

Table 2 Acceptor, band gap, LUMO, additive, architecture, and PV parameters for DPP-core-DPP donor single molecules

Donor Acceptor
LUMO
(eV)

Band gap
(eV) Additive Architecture

Jsc

(mA cm�2)
Voc

(mV)
FF
(%)

PCE
(%) Ref.

BH6 PC70BM �3.39 1.82 Annealed at 120 1C Standard 8.08 890 45 3.26 63
BH7 PC70BM �3.73 1.52 — Inverted 14.12 800 61 6.88 64
BH7 N2200 Inverted 10.14 820 58 4.82
BH8 PC70BM �3.50 CN Standard 8.20 740 56 3.44 65
BH8 N2200 7.60 820 60 3.74
BH9 PC60BM �3.73 1.65 CHCl3/DIO Standard 9.70 890 56 4.80 66
BH9 SdiPBI 6.10 920 42 2.40
BH9 SdiPBI-S 6.70 960 53 3.50
BH10 PC70BM �3.47 1.54 TSA Standard 11.53 790 58 5.28 67
BH11 PC70BM �3.45 1.62 TSA Standard 10.82 910 56 5.52 67
BH12 IEIC �3.49 1.79 CHCl3/o-DCB Standard 9.80 930 58 5.29 68
BH12 Inverted 10.87 940 59 6.03
BH13 IEIC �3.46 1.77 CHCl3/o-DCB Standard 8.24 900 54 4.00 68
BH14 PC60BM �3.46 1.58 — Standard 10.92 828 61 5.53 69
BH14 IDIC 10.16 811 58 4.80
BH15 PC60BM �3.43 1.64 — Standard 7.32 830 57 3.48 69
BH15 IDIC 11.30 820 59 5.48
BH16 ITIC �3.67 1.67 CHCl3/DIO Inverted 13.35 850 63 7.15 70

No additives were used. TSA – two step annealing.

Fig. 6 Chemical structures and PCEs for the DPP-core-DPP donors BH14–BH16 and the acceptors IDIC and ITC.
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(where PDIN is N,N0-bis(propylenedimethylamine)-3,4,9,10-
perylenediimide, the cathode interfacial layer). The acceptors
with which they were studied were the FA PC60BM and the NFA
IDIC (Fig. 6a). The best PV results for BH14 were obtained with
the FA (PCE = 5.53%, Jsc = 10.92 mA cm�2, Voc = 828 mV and
FF = 61%), while for BH15 they were obtained with the NFA
(PCE = 5.48%). The authors attribute these differences mainly
to the higher absorptions of the active layers when mixtures
BH14:PC60BM and BH15:IDIC are used versus BH14:IDIC and
BH15:PC60BM, which led to a higher Jsc.69 Jung subsequently
studied BH14 against other acceptors such as PC70BM and 3,9-
bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone)-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:
5,6-b0]dithiophene) (ITIC, Fig. 6) with the architecture ITO/ZnO/
BH14: acceptor/MoO3/Ag. In order to extend the conjugation
length in two-dimensions, in 2019 Jung et al. attached a
5-alkylthio-thieno[3,2-b]thiophene unit to the central BDT
moiety (BH16, Fig. 6b). BH16 exhibited a strong intermolecular
interaction in the solid state, an intense UV-vis absorption with
a band gap of 1.71 eV, well matched energy levels with those of
the NFA ITIC, and also good crystallinity in the film state. The
best BH16:ITIC devices showed an overall PCE of 7.15% This
result was one of the best for single molecules in non-fullerene
BHJ OSCs.70

2.2.1.3. Star-shaped DPP-based donor molecules. Star-shaped
molecules are trimers, tetramers, pentamers, etc., whose
constituent units are linked to a central nucleus and usually
conjugated. This type of system has advantages over its linear
counterparts, such as higher solubility, better film formation
and less optical anisotropy properties.71

A series of star-shaped acceptor–acceptor–donor (A–A–D)
compounds based on a triazine core, 2,5-thienyl DPP or 1,4-
phenylene DPP as the p-conjugated bridge and tert-butyl-
substituted triphenylamine (tTPA) and tert-butyl-substituted
carbazole (tCz) as end groups and donor units were synthesized
by Shiau et al. in 2015 (Fig. 7a and Table 3). These three donors
were combined with the FAs PC60BM and PC70BM as acceptor
materials. BH17 gave the best performance, exhibiting higher
parameters than the other two systems when PC60BM was the
acceptor (a PCE of 1.08% for BH17 versus 0.79% for BH18
and 0.24% for BH19). These differences in the photovoltaic
performance were due to the fact that charge transfer between
tTPA and 2,5-thienyl DPP in the compound BH17 is higher than
for BH18 and BH19. Additionally, the lower band-gap and broader
solar-light absorption favor photo-energy conversion. When the
acceptor material was changed to PC70BM, it was possible to
improve the efficiencies in the devices fabricated with the same
optimized conditions as for PC60BM (PCEs of 1.57%, 1.14% and
0.39% for BH17, BH18 and BH19, respectively).72

Liu et al. designed two novel DPP-based 3D molecular
donors (BH20 and BH21, Fig. 7b and Table 3). The FA PC70BM
and the NFA N2200 were also compared in the inverted
architecture ITO/ZnO/active layer/MoO3/Ag. After optimization
of the active layer composition and adding CN, BH20 gave rise
to PCEs of 3.56% and 4.64% with PC70BM and N2200,

respectively, and BH21 yielded values of 4.02% and 3.22%,
respectively. These differences in BH20/acceptor devices were
due to the fact that the mixtures with N2200 generated higher
quantum efficiencies than those based on PC70BM, as
evidenced by the incident photon to current efficiency (IPCE).73

2.2.1.4. Donor molecules based on porphyrinoids and DPPs.
One very successful approach has involved the combination of
DPP moieties with porphyrinoid (Por) macrocycles74 to obtain
efficient donors, which is why these systems have been given
their own subsection. Thus, Liang et al. synthesized tetrafuranyl
and a tetraselenyl DPP-Por-DPP systems using triple bonds as
connectors between the units (BH22 and BH23, Fig. 8a). The aim
of this work was to determine how the different chalcogen atoms
influence the PV performance of the devices by comparing these

Fig. 7 Chemical structures for the star-shaped donors BH17–BH21.
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two molecules with a previously described tetrathienyl analogue
(BH24, Fig. 8a) in the standard architecture ITO/PEDOT:PSS/
donor:PC60BM/PFN/Al.75 BH23 gave better PV parameters
than BH22 when 0.6% DIO was added (PCE of 5.81%, Jsc of
14.93 mA cm�2, Voc of 710 mV and FF of 55%; Table 3), although
it was possible to significantly improve the performance of BH22
by replacing the DIO with 1 vol% of pyridine (PCE of 4.26%, Jsc of
10.52 mA cm�2, Voc of 810 mV and FF of 50%). Nevertheless,
BH24 continued to hold the series record with a PCE of 7.23%.
The active layer containing BH23 presents a more favorable
morphology than for BH22, although BH24 provides a better
morphology than either, with a smaller downhill driving force
for electron transfer and exciton dissociation.76 A further inter-
esting example is the work of Bucher et al., who designed and
synthesized two single molecules comprising a boron-
dipyrromethene (BODIPY) core linked to two Por by phenyl
(BH25) or thienyl units (BH26) and also linked to two DPP units
(Fig. 8b). The BHJ devices were designed using the following
architecture: ITO/PEDOT:PSS/donor:PC70BM/PFN/Al. Upon
optimization of the active layer after solvent vapor annealing,
BH26 reached a PCE of 8.98% ( Jsc of 14.32 mA cm�2, Voc of
950 mV and FF of 67%) versus a PCE of 6.67% for BH25 (Table 3).
The higher values for BH26 could be related to better exciton
dissociation, higher charge transport and charge mobility.77

The combination of DPP-Por donors with NFA has led to the
best results in OSCs for single molecules based on DPP. Thus,
Hadmojo et al. fabricated devices using three different
NIR-absorbing porphyrin-DPP donors and an IDIC as acceptor
(BH27–BH29, Fig. 8c). The influence of the meso substituents in
the porphyrin (p-octoxyphenyl (BH27), p-(2-ethyl)-hexoxyphenyl

(BH28) and 5-(2-ethyl)hexylthiophenyl groups (BH29)) was
analyzed. After optimization of the active layer, BH27:IDIC gave
a PCE of 6.13% ( Jsc of 15.46 mA cm�2, Voc of 710 mV and FF of
56%), which was higher than for BH28:IDIC (PCE of 5.21%) and
BH29:IDIC (PCE of 4.08%). The side chains on the porphyrin
donors modified the nanomorphologies of the BHJ devices, thus
giving better PCE values to the BH27-based devices due to the
more face-on preferred donor and acceptor domains.78 In 2019,
Gao et al. presented the DPP-Por-DPP donor BH30 (Fig. 8d),
which was studied in fullerene-free BHJ OSCs in the standard
architecture ITO/PEDOT:PSS/BH30:6TIC79,80 (Fig. 9)/C60-bissalt/
Ag, where C60-bissalt is the ETL. After applying a solvent annealing
treatment and including DIO as additive, a record efficiency was
achieved for non-tandem fullerene-free single molecule devices up
to that date. The best device reached a PCE as high as 12.08%
from a high Jsc of 20.44 mA cm�2, a Voc of 800 mV and an also
high FF of 74% (Table 3).81 More recently, Cuesta et al. compared
two Por-DPP-Por systems. In BH31, the DPP core is flanked by
separate selenophene rings, while in BH32 these rings are
replaced by thiophenes (Fig. 8e). The BHJ devices were fabricated
with the conventional architecture glass/ITO/donor:PC70BM/PFN/
Al. After solvent vapor annealing, the best performance
was achieved with an overall PCE value of 9.24% ( Jsc of
15.98 mA cm�2, Voc of 890 mV and FF of 66%) and 7.27%
( Jsc of 14.31 mA cm�2, Voc of 820 mV and FF of 62%) for BH31
and BH32, respectively. The authors explained this difference
based on the more planar conformation due to smaller lamellar
stacking and p–p stacking distances, broader absorption spec-
trum and higher hole mobility of BH31 compared to BH32, which
led to a more favorable active layer morphology for exciton

Table 3 Acceptor, LUMO, band gap, additive, architecture, and PV parameters for star-shaped DPP and DPP-Por donor single molecules BH17–BH36

Donor Acceptor
LUMO
(eV)

Band gap
(eV) Additive Architecture

Jsc

(mA cm�2)
Voc

(mV)
FF
(%)

PCE
(%) Ref.

BH17 PC60BM �3.68 1.58 — Standard 4.81 700 32 1.08 72
PC70BM — 6.34 730 34 1.57

BH18 PC60BM �3.41 2.06 — Standard 4.63 550 31 0.79 72
PC70BM — 5.85 610 62 1.14

BH19 PC60BM �3.42 2.09 — Standard 1.80 470 30 0.24 72
PC70BM — 2.75 500 28 0.39 73

BH20 PC70BM �3.35 2.01 CF Inverted 7.69 890 50 3.56
N2200 CF 8.59 870 52 4.64

BH21 PC70BM �3.4 2.04 DIO Inverted 7.12 860 49 3.22 73
N2200 DIO 8.14 890 54 4.02

BH22 PC60BM �3.55 1.38 Pyridine Standard 10.52 810 50 4.26 75
BH23 PC60BM �3.61 1.33 DIO Standard 14.93 710 55 5.81 75
BH24 PC60BM �3.60 1.36 DIO Standard 16.00 710 64 7.23 76
BH25 PC70BM �3.74 1.52 — Standard 12.43 880 61 6.67 77
BH26 PC70BM �3.79 1.44 — Standard 14.32 950 67 8.98 77
BH27 IDIC �3.85 1.37 TA Inverted 15.46 710 56 6.13 78
BH28 IDIC �3.86 1.37 TA Inverted 14.03 710 53 5.21 78
BH29 IDIC �3.87 1.41 TA Inverted 11.46 700 51 4.08 78
BH30 6TIC �3.81 1.37 DIO+

SVA Standard 20.44 800 74 12.08 79–81
BH31 PC70BM �3.90 1.40 SVA Standard 15.98 890 66 9.24 82
BH32 PC70BM �3.72 1.72 SVA Standard 14.31 820 62 7.27 82
BH33 IDT-C8 �3.51 1.30 SVA Standard 11.15 710 65 5.14 83
BH34 Y6 �3.24 1.82 CN + TA Standard 16.88 780 52 6.86 84
BH35 Y6 �3.33 2.02 DIO + TA Standard 18.26 690 55 6.93 84
BH36 PC70BM �3.33 1.57 — Inverted 5.00 551 38 1.04 85

No additives were used. TA – thermal annealing treatment. SVA – solvent vapor annealing.
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dissociation and charge transport.82 Chen et al. presented a
thieno[3,2-b]thiophene-functionalized DPP-Por-DPP structure
(BH33, Fig. 8f), which formed part of the active layer together

with the IDT-C8 acceptor. The PCE values for all small molecule
OSCs increased from 0.64% to 5.14% after SVA for the standard
architecture ITO/PEDOT:PSS/BH33:IDT-C8 (Fig. 9)/PDINO/Al,

Fig. 8 Chemical structures and PCEs for the DPP-Por donors BH22–BH35.
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where PDINO is (N,N0-bis(propylenedimethylamine)-3,4:9,10-
perylenediimide).83 Two star-shaped DPP-Por donors were pre-
sented very recently. Their structures include a central zinc-
porphyrin with its four meso positions linked to each DPP unit
via two different aromatic rings, namely phenyl (BH34) or thienyl
(BH35) (Fig. 8g). These materials were studied as donors in OSCs
with the acceptor Y6 (Fig. 9), with the standard architecture ITO/
PEDOT:PSS/active layer/PDINO/Al. A maximum PCE of 6.86% was
achieved with BH34 when 0.75 vol% CN was used as solvent
additive and after a thermal annealing at 120 1C for 10 minutes.
BH35 gave the best performance (PCE of 6.93%, Jsc of 18.26 mA
cm�2, Voc of 690 mV and FF of 55%) using DIO as additive after a
thermal annealing at 80 1C also for 10 minutes (Table 3). The
geometry of both molecules was determined by theoretical calcu-
lations. A more orthogonal geometry was established for BH35.
Moreover, it was found that DPP-arms were more coplanar with
the thienyl linker for BH35 than in the case of BH34. The small
differences in performances were attributed to these geometric
characteristics, thus suggesting that the orthogonal geometry of
BH35 favors the formation of additional charge pathways.84

Other well-known porphyrinoids include phthalocyanines
(Pcs). Molina et al. published a study presenting a Pc–DPP–Pc
conjugate system (BH36, Fig. 9) as donor in the standard
architecture glass/ITO/HTL/BH36:PC70BM/Ca/Ag, where HTL
was PEDOT:PSS or MoO3. The best results were obtained with
MoO3 as HTL (PCE = 1.04%, Jsc of 5.00 mA cm�2, Voc of 551 mV
and FF of 38%), since PEDOT:PSS was able to protonate the
donor, thus worsening the interface contact (Table 3).85

Considering the data described, the most successful
approach for the design of DPP-donors is the one that includes
a porphyrin in its structure. In this category, the stiffer molecules,
which include triple bonds, give rise to the best photovoltaic
parameters (BH26, BH30, and BH31, PCEs of 8.98%, 12.08% and
9.24%, respectively). In contrast, the 3D design of DPP-donors did
not result in adequate morphologies, with a mean PCE of 2.07%
and a maximum of 4.64% (BH20). Similarly, linear DPP-donor

designs did not give significantly better results depending on the
position of the DPP units (core or flanks). With regard to the
acceptor counterparts, although there is less data, all PV
parameters are higher, on average, when NFAs are used, including
the above-mentioned BH30, which holds the record for this series.

2.2.2. DPP-based single molecules as acceptor material in
BHJ. The current interest in developing NFAs has already been
mentioned. In this regard, DPP acceptors are strong candidates
for building acceptors for BHJ OSCs due to all the properties
discussed above, especially their acceptor core formed by the
bilactam and their ambipolar character. Sonar et al.86 and
Karsten et al.,87 in 2010, were the pioneers in the field of using
DPP derivatives as electron–acceptors, which opened the door to
intensive research in this area. Analogously to donors, the
acceptors will also be classified here according to their molecular
structure as linear acceptor molecules with a DPP core, linear
acceptor molecules with a core flanked by DPPs, star-shaped
DPP-based acceptor molecules and spirofluorene-DPP-based
acceptor molecules.

2.2.2.1. Linear acceptor molecules with a DPP core. The char-
acteristics of these systems are similar to those for linear donor
systems, although it is usual to find structures that combine
DPPs with other electron-acceptor units, such as 1,1,4,4-
tetracyanobuta-1,3-diene (TCBD), rhodanines (Rho) and
perylenediimides (PDI).

TCBD is a strong electron-withdrawing unit that promotes
charge transport and imparts good solubility in organic solvents
due to its nonplanar structure. Patil et al. described various
TCBD-DPP based compounds (BH37–BH42, Fig. 10a–f). For
BH37 (mono-substituted) and BH38 (di-substituted), the TCBD
was extended with triphenylamine (Fig. 10a and b). These single
molecules exhibited a good thermal stability and a broad and
strong absorption in the NIR region complementary to the
conjugated polymer Pol-1 (Fig. 10). A PCE of 3.90% was obtained
for BH37, and for BH38 the PCE value was 4.95%.88 In BH39

Fig. 9 Chemical structures and PCEs for the DPP-Pc donor BH36 and the acceptors 6TIC, IDT-C8 and Y6.
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(mono-substituted) and BH40, N-phenylene carbazole (Fig. 10c
and d) was used as end-group, with BH40 being a disubstituted
asymmetric compound with ethynylene-N-phenylene carbazole
as the end group on one side and a TCBD-N-phenylene carbazole
on the other.89,90 After optimization of the devices using a
thermal annealing treatment, the best PCEs were 4.86% and
7.19% for Pol-2:BH39 and Pol-2:BH40, respectively (Fig. 10).
These different values arise as a result of a large Jsc and FF for
BH40 (Table 4), related to the broader Pol-2:BH40 absorption
profile and more balanced charge transport. In turn, when
these authors replaced carbazole with ferrocene to give BH41
(mono-substituted) and BH40 (di-substituted), the PCE values
were similar (6.44% and 6.89% for Pol-3:BH41 and Pol-3:BH42,
respectively; Fig. 10e and f). According to the authors, the results
obtained were similar due to the large values of Jsc and FF.

Despite this, the Jsc and FF values for BH42 are slightly higher
than for BH41 (Table 4)due to the better charge transport and
lower lamellar and p–p stacking distance.91

Josse et al. designed and synthesized two materials based on
phthamilides as end group with a thienoisoindigo and a DPP
(BH43) bridged by acetylene moieties (Fig. 10g). The best
performance for P3HT:BH43 was obtained using the inverted
cell architecture (ITO/ZnO/active layer/MoO3/Ag), with DIO as
solvent additive, and after a thermal annealing treatment.
Thus, a PCE of 3.28% was obtained under these conditions.92

The same group subsequently studied the influence of the alkyl
side chain in this kind of compound on PV performance, using
BH43 as reference. The effects of the nature (linear or branched
alkyl chain) and position (in the DPP and in the phthalimide) of
the side chain on the optical properties and, consequently, the

Fig. 10 Chemical structures and the best PCEs for the acceptors BH37–BH46 and the donor polymers Pol-1, Pol-2, and Pol-3.
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corresponding PV performance, was studied. The UV-vis absorption
spectra recorded for solutions and films showed two types of
behavior: (1) compounds BH43 and BH44 (branched chains in
DPP core) arranged to form J-aggregates in the solid state; and (2)
compounds with linear side chains in the DPP core (BH45 and
BH46) formed H-aggregates. The authors concluded that the
branched alkyl chain in the DPP favors light absorption and
promotes a better phase separation with P3HT, whereas the linear
chain in phthalimide improves the charge-transport properties. The
efficiencies obtained this time were 1.10%, 0.02% and 0.12% for
BH44, BH45 and BH46, respectively.93

A series of A1–p–A2–p–A1 single molecules (BH47–BH49), in
which a thiophene and/or furan were introduced between two
strong electron-withdrawing units, namely DPP (A2) and Rho
(A1) (Fig. 11a and b), was reported by Eom et al.94 These authors
applied these compounds as donors and acceptors in
combination with PC70BM and P3HT, respectively, due to their
ambipolar character. The best performance was obtained with
the architecture ITO/PEDOT:PSS/active layer/LiF/Al, where
P3HT:BH47 gave the highest PCE of 1.28%, exceeding the
PCE obtained for BH47:PC70BM (0.92%). A PCE of 1.77% was
obtained for BH48 when mixed with PC70BM (1.77%), but only
0.49% for P3HT (Table 4). In contrast, in the case of BH49,
higher parameters were achieved when this compound was
used as the acceptor in the active layer along with P3HT (0.77%)
than with PC70BM (0.02%). When Privado et al. substituted the
LiF by PFN and added DIO, the PCE for the P3HT:BH49 mixture
improved to 2.16%.95 Likewise, the PCE increased to 4.17%
when using Pol-2 as the donor, subsequently increasing up to
7.52% when DIO was added, with a Jsc of 12.37 mA cm�2, a Voc

of 980 mV and an FF of 62% (Table 4). The higher PCE for
Pol-2:BH49 was related to the broader absorption profile of the

active layer, low energy loss and balanced charge transport.96

Subsequently, dicyano groups were introduced at the rhodanine
moieties of the thiophene-DPP (BH50, Fig. 11b) by the same
research group, who reported a comparative study between BH49
and BH50 as acceptors using DTS(QxHTh2)2 as donor counter-
part. The best PCEs were obtained when the active layer was
dried under vacuum (VD) instead of using the thermal annealing
technique. The vacuum-dried active layer improved the FF by
suppressing bimolecular recombination and enhancing charge
transport. DTS(QxHTh2)2:BH50 exhibited a PCE of 7.76% with a
Jsc of 12.15 mA cm�2, a Voc of 940 mV and an FF of 68%, while for
DTS(QxHTh2)2:BH49 the best PCE was 6.98%. These results were
attributed to the fact that BH50 blends exhibited enhanced light
absorption, molecular ordering and crystallinity.97 As an
evolution of this structure, the ethynyl linker was used as a
bridge between the terminal dicyanorhodanine and the
dithiophene-DPP core (BH51, Fig. 11c). In that study, p-DINI-
(FBTTTh3)2 (Fig. 11) was used as donor because it presents good
energy levels that match with the those of BH51. The SVA
method was implemented again, obtaining a high PCE of
9.14% with a Jsc of 13.72 mA cm�2, a Voc of 980 mV and an FF
of 67%, and this system currently holds the record for DPP-based
single molecules as acceptors in OSCs (Table 4).98

Combination of the DPP core with N-annulated PDIs was
described by the Welch group in two studies in which the BH52
derivative (Fig. 11d) is combined with different donor polymers
in the active layer (P3HT, PCDTBT, PTB7-Th and PDTT-BOBT),
in the inverted architecture ITO/ZnO/Donor:BH52/MoOX/Ag.
Using the SVA processing method, PCEs of up to 4.63% with
a Jsc of 10.84 mA cm�2, a Voc of 970 mV and an FF of 44% could
be achieved with the donor PTB7-Th (Fig. 11 and Table 4). The
donor polymer PDTT-BOBT also gave good PCEs (maximum

Table 4 Donor, LUMO, band gap, additive, architecture, and PV parameters for linear DPP acceptor single molecules

Acceptor Donor
LUMO
(eV)

Band gap
(eV) Additive Architecture

Jsc

(mA cm�2)
Voc

(mV)
FF
(%)

PCE
(%) Ref.

BH37 Pol-1 �4.22 1.32 SVA Standard 8.15 920 52 3.90 89
BH38 Pol-1 �4.36 1.28 SVA Standard 10.21 860 56 4.95 89
BH39 Pol-2 �3.83 1.69 SVA Standard 10.56 940 49 4.86 90
BH40 Pol-2 �3.81 1.52 SVA Standard 13.78 900 58 7.19 90
BH41 Pol-3 �3.92 1.51 VD Standard 11.34 980 58 6.44 91
BH42 Pol-3 �4.02 1.37 VD Standard 12.66 880 62 6.89 91
BH43 P3HT �4.13 1.65 DIO Inverted 5.91 890 50 3.28 92
BH44 P3HT a 1.67 DIO Inverted 4.40 500 40 1.10 93
BH45 P3HT a 1.64 DIO Inverted 0.51 140 25 0.02 93
BH46 P3HT a 1.64 DIO Inverted 2.72 150 25 0.12 93
BH47 P3HT �3.79 1.49 TA Standard 3.34 610 63 1.28 94
BH48 P3HT �3.93 1.48 TA Standard 2.06 750 31 0.49 94
BH49 P3HT �4.17 1.52 TA Standard 3.56 410 52 0.77 96

DTS(QxHTh2)2 �3.99 1.85 SVA Standard 11.04 1020 62 6.98 97
Pol-2 DIO Standard 12.37 980 62 7.52 97

BH50 DTS(QxHTh2)2 �4.15 1.57 SVA Standard 12.15 940 68 7.76 97
BH51 p-DINI-(FBTTTh3)2 �3.74 1.87 SVA Standard 13.72 980 67 9.14 98
BH52 PTB7-Th �3.70 1.60 SVA Inverted 10.84 970 44 4.63 99 and 100
BH53 SM1:PC70BM �3.96 1.64 SVA Standard 16.32 920 67 10.05 101
BH54 P3HT �3.65 1.66 DIO + TA Standard 6.25 970 39 2.37 102
BH55 P3HT �3.74 1.82 TA Standard 3.16 1170 62 2.30 103
BH56 PTB7 �4.18 1.52 DCB+ CN Inverted 7.77 830 47 3.03 104
BH57 PTB7 �4.33 1.52 DCB+ CN Inverted 12.10 810 51 5.00 104

a Not reported. TA: thermal annealing. SVA: solvent vapor annealing. VD: vacuum dried.
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PCE of 4.47%), but the utility thereof was limited by instability
because the alkoxy side chains on the polymer backbone
undergo C–O bond cleavage under irradiation.99,100

Very recently, Langa et al. compared the acceptor BH49 with
its analog with selenophenes (BH53, Fig. 11e and Table 4)
instead of thiophenes in the structure. When applied in binary
mixtures together with the donor SM1 (Fig. 11) in the
standard architecture ITO/PEDOT:PSS/active layer/PFN/Al,
BH53 resulted in higher PV parameters, with PCEs of 7.22%
and 8.96% for BH47 and BH51, respectively, after SVA. The
application of BH53 in a ternary system, in which PC70BM is the

co-acceptor and SM1 is the donor, resulted in a remarkable PCE of
10.05%, mainly due to the enhancement in Jsc and FF (Table 4).101

2.2.2.2. Linear acceptor molecules with a core flanked by DPPs.
These molecules are typically of the A–D–A type, in which DPP
is the A moiety.

As mentioned in the donors section, Shi et al. developed
devices with BH6 as the donor and the acceptor (Fig. 5a). When
using BH6 as acceptor the architecture was ITO/PEDOT:PSS/
P3HT (donor):BH6 (acceptor)/PFN/Al, with D/A ration of 1 : 1.
This device exhibited the highest PCE of 3.17% after thermal

Fig. 11 Chemical structures and the best PCEs for the acceptors BH47–BH53 and the donors SM1, p-DINI-(FBTTTh3)2.
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annealing. Similar PCEs were obtained when BH6 was used as
acceptor or donor. However, although Jsc for the BH6:PC70BM
mixture (8.08 mA cm�2) was higher than that for the P3HT:BH6
blend (5.35 mA cm�2), Voc for the BH6:PC70BM blend is
significantly higher than that for the P3HT:BH6 active
layer (1180 vs. 890 mV). Thus, due to its twisted molecular
conformation, BH6 exhibited similar HOMO and LUMO energy
levels to PC70BM and P3HT, thus providing a good example of
the versatility of DPP-based materials.63

More interesting studies were carried out using fluorene as
the core. Thus, Li et al. developed the compound BH54
(Fig. 12a), which contains a DPP end-capped with thiophene-
2-carbonitrile. Given the electronegativity of this group and the
conjugation with DPP, BH54 exhibited a LUMO of �3.65 eV and a
narrow bandgap of 1.66 eV. The devices were fabricated using the
polymer P3HT as donor material with the standard architecture
ITO/PEDOT:PSS/P3HT:BH54/PFN/Al and yielded a PCE of 2.37%
when DIO was added and after thermal annealing.102 This same
research group replaced the fluorene moiety with a carbazole to
give the compound BH55 (Fig. 12 and Table 4), which exhibited a
lower PCE of 2.30%.103

Jung et al. presented two narrow-bandgap acceptors (BH56
and BH57), whose structure includes a 4,7-dithien-2-yl-2,1,3-
benzothiadiazole (DTBT) central core end-capped by two DPP
units (Fig. 12b). BH57 has fluorine atoms in the DTBT core,
whereas BH56 does not The objective of the study was to
determine the influence of fluorine on PV performance, for
which devices with the inverted architecture ITO/ZnO/
PTB7(Fig. 12):Acceptor/MoO3/Ag were manufactured. The best
outcomes obtained using dichlorobenzene as solvent and CN
as solvent additive were 3.03% ( Jsc = 7.77 mA cm�2, Voc =
830 mV and FF = 30%) and 5.00% ( Jsc = 12.10 mA cm�2, Voc =
810 V and FF = 51%) for BH56 and BH57, respectively. Although
the Voc for BH56 was higher than that for BH57, the photo-
response of BH57 was higher, which led to a higher Jsc and a
70% higher FF (Table 4).104

2.2.2.3. Star-shaped DPP-based acceptor molecules. Another
approach has been the synthesis of star-shaped structures in order
to imitate the spherical shape of the fullerene p-system,105–111

which is assumed to be capable of aligning with the donor p-plane
in a three-dimensional way, thereby possibly decreasing the
Coulomb barrier for charge separation due to enhanced entropic
effects and enabling isotropic charge transport.112,113

In the study by Gupta et al., a tetraDPP bifluorenylidene
H-shaped acceptor was designed and synthesized (BH58,
Fig. 13a). BH58 exhibited good solubility and high electron
mobility and thermal stability, giving a remarkable PCE of
5.42%.114 In 2016, Rananaware et al. reported a star-shaped
acceptor based on tetraphenylethylene functionalized with four
DPPs (BH59, Fig. 13b). The BH59 film revealed a strong
absorption in the range between 540–800 nm, which matched
well with the absorption of the donor P3HT (380–640 nm). The
architecture of the device was ITO/PEDOT:PSS/P3HT:BH59,
using DIO as solvent additive. After thermal treatment this
system gave a PCE of 3.86% with one of the highest Voc values
for single-molecule BHJ devices based on P3HT as donor to
date (Voc = 1.18 V).115 Liu et al. reported a compound with the
same backbone as BH59 with additional phenyl capping on the
end of the DPPs (BH60, Fig. 13c). In addition, they also
synthesized a compound with biphenyl as backbone (BH61,
Fig. 13e and Table 5) in order to compare both cores. In both
cases, the hole and electron mobility and PCE increased after a
thermal annealing treatment. The best PCE for P3HT:BH60 was
2.49%, with a high Voc of 1.16 V, whereas the PCE for
P3HT:BH61 was 1.18% (Table 5).116 The tetraphenylethylene-
DPP was also used as core in the compound BH62 (Fig. 13d)
reported by Sun et al., in which the dicyanovinyl (DCV) electron-
withdrawing unit was introduced as end-group. This alteration
led to lower frontier energy levels in BH62 compared to BH59
and BH60. In the same report, the authors also described the
PV performance of the compound BH63 (Fig. 13f and Table 5),
the core of which comprises spirobicyclopentadithiophene

Fig. 12 Chemical structures and PCEs for the acceptors BH54–BH57 and the donor polymer PTB7.
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linked to four DPPs with DCV end-groups. In this case the
polymer PTB7-Th was the donor. PTB7-Th:BH62 exhibited a
PCE of 4.01% and PTB7-Th:BH63 4.20% (Table 5). BH63

presented a higher PCE due to the broader UV-vis absorption
profile and enhanced charge transport as a result of
better conjugation along the arms, exhibiting a higher Jsc

Fig. 13 Chemical structures and PCEs for the star-shaped acceptors BH58–BH69.
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(11.69 mA cm�2) than BH61 (9.89 mA cm�2) since it
contributed more to the photocurrent (Table 5).117

A further interesting work is a publication in Chinese in
which Hu et al. present three PDI-based acceptors that use
phenylDPP cores to reduce the planarity of derivatives. All these
systems produce amorphous films, which is thought to favor a
suitable blend morphology. The four-armed derivative BH64
displayed the best performance when blended with PTB7-Th
(Fig. 13g), with a maximum PCE of 8.45%, a Jsc of 15.26 mA cm�2,
a Voc of 850 mV and an FF of 65.2% (Table 5) in the inverted
architecture ITO/ZnO/Active layer/MoO3/Al. The authors
attributed these results to the fact that the structure with the
more expanded conjugation leads to a greater molar extinction
coefficient and greater electron transport mobility.118

Very recently, Jadhav et al. presented a new 3D derivative
(BH65) that combines a carbonyl-bridged triarylamine core
with three DPP blades (Fig. 13h). This compound was applied
as NFA together with the donor polymers PTB7 and P3HT in
OSCs with the standard architecture ITO/PEDOT:PSS/active
layer/Ca/Al. After testing various different manufacturing
conditions, it was found that the best performance was obtained
with PTB7 after a thermal annealing treatment (110 1C for
5 minutes). The maximum PCE achieved was 9.33%, with a Jsc

of 15.20 mA cm�2, a Voc of 1020 mV and an FF of 61%, compared
with a maximum PCE of 5.62% when the donor was P3HT ( Jsc =
10.20 mA cm�2, Voc = 910 mV and FF = 60%; see Table 5).119 In
another very recent study reported by Sastre-Santos, Torres and
Marsall et al., the synthesis of four DPP-based star-shaped single
molecules having subphthalocyanine (SubPc) as central kernel
bearing three DPP wings linked by an acetylene bridge (BH66,

BH67, BH68 and BH69, Fig. 13i) were studied. These acceptors
featured two different axial groups (4-tert-butylphenoxy or
chlorine) combined with two possible regioisomers (C1 and C3).
The aim of this work was to elucidate how the structural variations
between the different derivatives affect their optoelectronic
properties and consequently the performance of the devices.
The four derivatives were applied as NFA materials together
with the PBDB-T donor polymer in inverted devices with the
architecture ITO/TiO2/PBDB-T:acceptor/V2O5/Ag. After DIO
addition and subsequent thermal annealing, BH66 gave the best
performance (PCE = 3.17%), exhibiting a remarkable Voc of
1170 mV ( Jsc = 6.42 mA cm�2 and FF = 42%).120 For this reason,
SubPc-DDP derivatives are high promising NFAs for application in
ternary OSCs in which a high Voc is desired.

2.2.2.4. Spirofluorene-DPP-based acceptor molecules. Spiro-
fluorene (SF) is a basic moiety that provides non-planarity to
the structures in which it is included, thereby preventing inter-
molecular aggregation. As some of the molecules mentioned in
this section are star-shaped-DPP or linear acceptors, given the
number of relevant studies found for this fashionable scaffold,
we have decided to give them a subsection.

In 2015, Wu et al. developed a series of X-shaped geometries
using SF as core with thiophene-DPPs linked by a single bond
(BH70–BH72, Fig. 14a) and via acetylenes (BH71–BH73,
Fig. 14b).121 The branched 2-ethylhexyl (EH), linear n-octyl
(C8) and n-dodecyl (C12) alkyl chains were selected as substi-
tuents to functionalize the N,N-positions of the DPP moieties.
When blended with P3HT, BH70 gave a PCE of 3.63%, which is
higher than for the equivalent derivatives (PCEs of 1.87% and

Table 5 Donor, LUMO, band gap, additive, architecture, and PV parameters for star-shaped and spirofluorene-DPP-based acceptor single molecules

Acceptor Donor
LUMO
(eV)

Band gap
(eV) Additivea Architecture

Jsc

(mA cm�2)
Voc

(mV)
FF
(%)

PCE
(%) Ref.

BH58 P3HT �3.84 1.67 — Standard 7.74 1170 60 5.42 114
BH59 P3HT �3.81 1.72 DIO + TA Standard 3.15 1170 62 3.86 115
BH60 P3HT �3.64 1.59 TA Standard 4.45 1160 47 2.49 116
BH61 P3HT �3.61 1.60 TA Standard 2.93 1110 36 1.18 116
BH62 PTB7-Th �3.81 1.59 Standard 9.89 753 54 4.01 117
BH63 PTB7-Th �3.89 1.42 Standard 11.69 697 47 4.20 117
BH64 PTB7-Th �3.90 2.09 DIO Inverted 15.26 850 65 8.45 118
BH65 PTB7 �3.74 1.82 TA Standard 15.20 1020 61 9.33 119
BH66 PBDB-T �3.79 1.95 DIO + TA Inverted 6.42 1170 42 3.17 120
BH67 PBDB-T �3.74 1.95 DIO + TA Inverted 5.95 1150 41 2.83 120
BH68 PBDB-T �3.37 2.04 DIO + TA Inverted 3.04 930 36 1.01 120
BH69 PBDB-T �3.40 1.96 DIO + TA Inverted 4.50 1020 42 1.93 120
BH70 P3HT �3.60 1.66 TA Standard 6.96 1100 48 3.63 121
BH71 P3HT �3.55 1.69 TA Standard 5.52 880 41 1.87 121
BH72 P3HT �3.57 1.66 TA Standard 3.88 910 40 1.42 121
BH73 P3HT �3.58 1.72 TA Standard 2.37 750 43 0.76 121
BH74 P3HT �3.56 1.73 TA Standard 1.21 790 29 0.28 121
BH75 P3HT �3.57 1.72 TA Standard 1.96 700 33 0.45 121
BH76 P3HT �3.51 1.75 TA Standard 8.26 1140 55 5.16 122

— Inverted 10.23 1110 54 6.09 123
BH77 P3HT �3.54 1.83 TA Standard 4.82 930 37 1.67 124
BH78 P3HT �3.58 1.80 TA Standard 1.10 810 37 0.33 124
BH79 P3HT �3.63 1.80 TA Standard 1.98 1000 37 0.73 124
BH80 PTB7-Th �3.86 1.56 — Standard 10.71 740 49 3.85 125
BH81 PTB7-Th �3.85 1.55 — Standard 3.22 740 41 0.98 125
BH82 PTB7-Th �3.89 1.59 — Standard 1.09 740 32 0.26 125

No additives were used. TA – thermal annealing.
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1.42% for BH71 and BH72, respectively). These results can be
explained by the lower crystallinity of BH71 and BH72. The
values obtained for the compound with the acetylene bridge
were lower, with PCE values of 0.76%, 0.28% and 0.45% for
BH73, BH74 and BH75, respectively. This was attributed to the
fact that the sp3-hybridized C-bridge blocks electron transfer
from the SF core to the DPP units.

In turn, a SF core with four benzene end-capped DPP arms
was developed in the study by Li et al. (BH76, Fig. 14c).122

Introduction of the benzene rings at the end positions of
the DPP led to an improvement in comparison with the
analog BH70 (PCE increased from 3.63% to 5.16%). Furthermore,
this system also gave a high Voc value (1.14 V). P3HT:PC60BM
exhibited a lower PCE and Voc (3.18% and 620 mV)
than P3HT:BH76 (5.16% and 1140 mV). Moreover, an
enhanced PCE of up to 6.09% was reported for the inverted
architecture ITO/ZnO/PFN/active layer/MoO3/Ag by the same
authors.123

Chen et al. also developed an SF-DPP with extended con-
jugation containing 1,2,3-trifluorobenzene (BH77, Fig. 14d),
benzo[b]thiophene (BH78, Fig. 14d) and benzo[b]furan (BH79,
Fig. 14d). These derivatives exhibited a red-shifted absorption
compared with BH70. The best PCEs using P3HT as donor
were 1.67%, 0.33% and 0.73% for BH77, BH78 and BH79,
respectively. When fused rings were introduced, the solubility
decreased markedly, which could affect the morphology of the
active layer.124 Three single molecules were synthesized by Sun
et al. based on an SF core with a variable number of thiophene-
DPP arms and dicyanocinyl as end-group (BH80–BH82,
Fig. 14e–g). The PTB7-Th:BH76 blend presented the highest
PCE of 3.85% due to its better phase-separation morphology
and multiple electronic transmission properties. The PCE
for BH81 and BH82 was 0.98% and 0.26%, respectively. The
3D structure of BH82 formed a 3D charge-transport
network, thus resulting in an acceptable electron-transport
ability, which further leads to a higher Jsc (10.71, 3.22 and

Fig. 14 Chemical structures and PCEs for the spirofluorene-based acceptors BH70–BH82.
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1.09 mA cm�2 for BH80, BH81 and BH82, respectively;
Table 5).125

OSC performances with DPP-based acceptors are, in general,
lower than with DPP-based donors. Looking only at averages,
star-shaped designs are more successful as a result of their
higher photovoltaic parameters, probably because they give rise
to better morphologies. However, linear designs are very
promising since the record for this series belongs to one such
compound (BH53). Unfortunately, there are very few data for
linear molecules with DPP flanking a core. Similarly, the
parameters for DPP-based acceptors that include a spirofluorene
in their structure are quite low. Although the polymeric nature of
the donors is predominant, any general conclusion about
whether single molecules are more suitable or not could be
erroneous even though the record is held by a single molecule
counterpart (SM1).

As can be seen, DPP-based donors and acceptors are not
among the best single molecules in the active layer of OSCs.
However, in our opinion, this should not discourage researchers
in the future as these are really promising photoactive molecules
that offer a wide range of designs and enhancements that are yet
to be discovered.

3. DPPs as sensitizers in dye-sensitized
solar cells

Dye-sensitized solar cells (DSSCs) are a photovoltaic technology
that first appeared in 1991 in work by Grätzel and O’Regan.126

Unlike devices that had previously introduced the concept of
sensitizer, this type of device has a rough surface on which a
large amount of robust dye is adsorbed. This translates into an
extensive surface interaction between the different active
components that make up the architecture of the device. These
systems include three main components: an organic dye, a
nanocrystalline semiconductor and a redox couple as mediator

in an electrolyte. As an example, they exhibit the typical
architecture of an n-type DSSC device using the I�/I3

� redox
couple in the electrolyte and TiO2 as semiconductor (Fig. 15a).
Thus, these components can be arranged in different architectures,
giving rise to n-type and p-type devices. In n-type DSSCs, the
operating principle includes the absorption of radiation by the
dye, which moves it into the excited state, from which an
electron is injected into the conduction band (CB) of the
nanocrystalline semiconductor (usually TiO2). The dye remains
oxidized, subsequently returning to its fundamental state due
to the mediator present in the electrolyte. Finally, the anode
electrons move through an external circuit to reach the counter
electrode, where the mediator regenerates. P-Type DSSCs
(Fig. 15b), also known as inverted DSSC, typically offering lower
performances as NiO has a lower hole mobility (10�8–
0.141 cm2 V�1 s�1) and smaller diffusion length for holes
(2–3 mm) compared with TiO2 in n-type DSSCs.127 The operating
principle of a p-type DSSC includes light absorption by the
sensitizer to reach its excited state, which then injects a hole
into the valence band (VB) of a semiconductor (typically NiO
or CuO), thereby reducing the dye, which is regenerated by
subsequent reduction of the electrolyte mediator. The latter is
regenerated again thanks to the flow of electrons in the external
circuit. In the case of sensitizing dyes, both energy levels and
electrical properties are relevant. In general, these types of
systems have a donor–p-bridge–acceptor (D–p–A) structure. In
this structure, the donor unit absorbs the radiation to generate
the charge-separated state, from where the charge is
transmitted via the p-bridge to the acceptor unit, which is
usually anchored to the semiconductor via a carboxylic acid,
cyanoacrylic acid, etc. In the case of p-type devices, the charge
flow is the same, although in this case holes are injected into
the semiconductor. It is worth mentioning that the use of a co-
adsorbent agents together with the dye, the mission of which is
to passivate the surface of the semiconductor and to modulate
the interactions between the dye molecules, mainly to decrease

Fig. 15 (a) Scheme of an n-type DSSC device using the I�/I3
� redox couple in the electrolyte and TiO2 as semiconductor, and (b) scheme of a p-type

DSSC using the same electrolyte and NiO as semiconductor material.

Journal of Materials Chemistry C Review

Pu
bl

is
he

d 
on

 1
9 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/3

1/
20

24
 1

1:
26

:4
8 

PM
. 

View Article Online

https://doi.org/10.1039/d1tc01872h


This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 16078–16109 |  16097

recombination phenomena, is very common.128–130 Porphyrin-
based dyes have shown the best performance to date, with PCEs
of more than 13%.131–133 Nevertheless, due to their electronic
character, DPPs are highly suitable moieties for both n-type and
p-type devices, therefore they have been applied quite successfully
as dyes in this technology.

The first mention in English in the literature regarding the
use of DPPs in DSSCs is a patent from 2009.134 Articles
describing the application of DPPs as sensitizers in DSSCs
can be found since 2010.135,136 In the first published study,
two non-linear DPP systems (D1 and D2, Fig. 16 and Table 6), in
which the donor units are two different triarylamines, without
substituents and with p-methoxy groups in the more distal
benzene rings, are compared in a n-type device. A PCE of
2.68% was obtained with derivative D1 without the use of

co-adsorbent. In the case of D2, a maximum PCE was achieved
using chenodeoxycholic acid (CDCA). There has been extensive
research into the use of DPPs as sensitizers in DSSCs since
then.137–140 The most prominent examples since 2015 are
discussed briefly below.

3.1. DPP-based single molecules as sensitizers in n-type
DSSCs

Although we will focus on studies published since 2015, the
highest PCE for an n-type DSSC sensitized with DPP derivatives
was achieved in 2013 using molecule D3 in the presence of the
co-adsorbent CDCA (Fig. 16b and Table 6). In that article, four
asymmetric DPP derivatives that differ only in terms of the
donor moiety are compared. These derivatives are studied
using both computational calculations and spectroscopically

Fig. 16 Chemical structures and PCEs for D1–D12 and DA.
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and photovoltaically. A PCE of 10.10% was achieved with D3
when combined with the electrolyte Co[(bpy)3]3+/2+.141 In 2015,
Ganesan et al. compared two DPP-based dyes to determine the
influence of the different strength of the acceptor unit on light
harvesting and the electrochemical and photovoltaic properties
of DSSC devices containing CDCA. Here, the strong acceptor
cyanoacrylic acid (D4) is compared with the weaker acceptor
carboxylic acid D5 (Fig. 16c and Table 6). The difference in
optoelectrochemical properties was found to be not significant.
However, a better photovoltaic result was obtained with D5,
with a Jsc of 14.86 mA cm�2, a Voc of 687 mV, an FF of 75% and a
PCE of 7.65% under simulated one sun versus a PCE of 7.34%
with the cyanoacrylic acid group.142 The same year, Li et al.
published a paper in which they described four molecules with
a D–p–A–p–A structure, with N-annulated perylenes as the
donor groups (D6–D9, Fig. 16d and Table 6). These authors
studied the effect of additional electron-donating substituents
at a peri position of the perylene and found that the bulky
4-methoxyphenyl group attached at this peri position can
reduce charge recombination and enhance Voc, thus making
derivative D7 the most efficient of the four with and without
CDCA. Therefore, D7 with co-adsorbent showed a PCE of 8.30%
with a JSC of 17.14 mA cm�2, a Voc of 698 mV and an FF of
69%.143 Similarly, Chiu et al. synthesized and studied two DPP-
based dyes (D10 and D11, Fig. 16e and Table 6) with 4,40-
ditolylaniline as the donor and cyanoacrylic acid as the accep-
tor and anchoring group. The objective was to elucidate how
the presence of phenyl (D10) or thienyl (D11) spacers influences

the photovoltaic properties of the devices fabricated in the
presence of CDCA. Although D11 had a very high molar extinc-
tion coefficient at 530 nm (2.25 � 105 M�1 cm�1) and a lower
bandgap, D10 demonstrated better performance (PCE = 7.20%
vs. 6.60% for D11) due to its better ability to inject electrons into
TiO2 as a result of its linear structure, as shown by density
functional theory (DFT) calculations and femtosecond time-
resolved photoluminescence data.144

A further interesting study was published by Hao et al., in
which these authors described how the correct co-sensitization
between red and blue D–p–A organic dyes leads to an improvement
in the performance of solar cells. Thus, the blue DPP D12 was
combined with the red dye DA in a 3 : 4 ratio, which resulted in an
increase in PCE from 7.30% and 5.50%, respectively, separately to a
PCE of 8.70% when combined, using the cobalt-based electrolyte
tris(2,20-bipyridyl)cobalt(II/III) ([Co(bpy)3]3+/2+) under AM 1.5G (Fig. 16f
and Table 6).145

Shimogawa et al. designed and synthesized two low-bandgap
DPP-based sensitizers that included boryl-substituted thienyl-
thiazole moieties in the acceptor group (D13 and D14). D13 and
D14 possess octyl and 2,6-dialkoxybenzyl groups on the lactam
nitrogen atoms of the DPP unit, respectively (Fig. 17a and
Table 6). The DPP group was introduced into the system as
an enhancement to a previous prototype,146 namely the DB
sensitizer. As a result of this modification, the two DPP-based
derivatives have more suitable HOMO and LUMO levels with a
narrower bandgap than DB. The best performance was obtained
with D14 ( Jsc = 13.60 mA cm�2, Voc = 680 mV, FF = 66%, and

Table 6 Electrolyte, co-adsorbent and photovoltaic parameters for dyes D1–D30

Dye Electrolyte Co-adsorbent Jsc (mA cm�2) Voc (mV) FF (%) PCE (%) Ref.

D1 I�/I3
� No 9.57 455 58 2.68 135

D2 I�/I3
� CDCA 5.49 423 59 1.37 135

D3 Co[(bpy)3]3+/2+ CDCA 17.90 761 74 10.10 141
D4 I�/I3

� CDCA 15.28 698 69 7.34 142
D5 I�/I3

� CDCA 14.86 687 75 7.65 142
D6 I�/I3

� CDCA 15.29 675 72 7.46 143
D7 I�/I3

� CDCA 17.14 698 69 8.30 143
D8 I�/I3

� CDCA 14.60 639 72 6.69 143
D9 I�/I3

� CDCA 15.59 643 70 7.01 143
D10 I�/I3

� CDCA 12.70 762 74 7.20 144
D11 I�/I3

� CDCA 12.30 711 76 6.60 144
D12 [Co3+]/[Co2+] — 15.60 797 70 8.70 145
D13 I�/I3

�, tBP DCA 19.40 480 53 4.90 147
D14 I�/I3

�, tBP DCA 13.60 680 66 6.10 147
D15 I�/I3

� CDCA 14.21 670 64 6.14 150
D16 EMI-TBC/PMII, /tBP — 15.20 678 71 7.1 151
D17 I�/I3

� CDCA 11.01 513 61 3.43 152
D18 I�/I3

� CDCA 11.30 539 59 3.62 152
D19 I�/I3

� CDCA 0.75 125 37 0.03 154
D20 I�/I3

� CDCA 1.51 135 32 0.07 154
D21 [Co3+]/[Co2+] CDCA 1.62 365 31 0.18 154
D22a I�/I3

� — 1.89 100 33 0.063 155
D23a I�/I3

� — 1.44 84 33 0.040 155
D24a [Co3+]/[Co2+] — 2.06 330 30 0.205 155
D25a [Co3+]/[Co2+] — 1.95 370 29 0.210 155
D26a I�/I3

�, GuSCN, TBP — 0.26 74 53 0.008 156
D27a I�/I3

�, GuSCN, TBP — 0.70 81 25 0.010 156
D28a I�/I3

�, GuSCN, TBP — 7.38 147 32 0.35 156
D29a I�/I3

�, GuSCN, TBP — 4.04 123 32 0.16 156
D30 PC60BM CDCA 0.32 228 32 0.023 157

a Average values are provided.
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PCE = 6.10%), with deoxycholic acid (DCA) as co-adsorbent and
4-tert-butylpyridine (tBP) as additive.147 TBP in I�/I3

� electrolyte
solution increases the CB edge potential of TiO2, thus leading to
an increase in Voc and a decrease in electronic recombination by
preventing the access of I3

� to the TiO2 surface.148,149 Similarly,
Wang et al. reported the synthesis of two D–p–A–p–A systems (DC
and D15, Fig. 17b and Table 6) with N,N-di-p-tolylanilinyl in the
donor moiety. These authors studied the impact of the
difluorobenzo[c][1,2,5]thiadiazole or DPP auxiliary acceptor on
the photophysical and electrochemical properties and DSSC
performance. The DPP-containing molecule D15 exhibited a
higher Jsc due to its high molar extinction coefficient at higher
wavelengths and its wider absorption spectrum, which ranges
from the visible to the near-infrared region, thus generating a
greater photocurrent than its counterpart. A longer electron lifetime
and increased charge recombination resistance were observed for

DC, thus resulting in a higher Voc. DSSC devices sensitized
with D15 showed better performance ( Jsc = 14.21 mA cm�2,
Voc = 670 mV, FF = 64%, and PCE = 6.14%) than those contain-
ing DC ( Jsc = 11.01 mA cm�2, Voc = 750 mV, FF = 71%, and
PCE = 5.81%) when CDCA was used a co-adsorbent.150 Decop-
pet et al. developed different binary ionic liquid electrolytes
based on 1-methyl-3-propylimidazolium iodide salts and also
investigated the influence of adding lithium ions to the electro-
lyte to enhance the DSSC device performance, together with the
DPP-based sensitizer D16 (Fig. 17c and Table 6). The best device
exhibited a short-circuit current density of 15.20 mA cm�2, a Voc

of 678 mV and an FF of 71%, corresponding to an overall PCE of
7.1%, under standard AM 1.5G illumination at 100 mW cm�2

with the electrolyte mixture EMI-TBC/PMII 1 : 1 in the presence
of I2 and N-butylbenzimidazole.151

In a recent study by Lim et al., the synthesis of blue-colored
dyes featuring a DPP spacer with dimethylamine and bis(4-
dibutoxylphenyl)phenylamine as donor residues (D17 and D18,
Fig. 17d and Table 6) was reported, together with their spectro-
scopic, electrochemical and colorific properties and their
application in translucent DSSCs. In the DSSCs fabricated with
5 mm-thick TiO2 photoanodes and CDCA as co-adsorbent, D17
and D18 yielded PCEs of 3.43% and 3.62%, respectively, under
simulated one sun illumination.152

3.2. DPP-based single molecules as sensitizers in p-type
DSSCs

As mentioned at the beginning of this section, DSSC p-type
devices are generally less efficient than n-type devices since they
still face many challenges. The current record was published by
Perera et al. in 2015, with a PCE of 2.51% and an amazing Jsc of
7.65 mA cm�2.153 These authors used an electrolyte based on the
tris(acetylacetonato)iron(III)/(II) redox couple ([Fe(acac)3]0/1�) and a
perylene-thiophene-triphenylamine sensitizer (DD; Fig. 18a and
Table 6). The first study of DPP-based sensitizers was published by
Favereau et al. in 2013. In this paper, three diphenylDPP systems
with thienyl carboxylic acid as the anchoring group and with a
bromine (D19), a malononitrile (D20) or a naphthalenediimide
(NDI) (D21) as acceptor moiety were compared (Fig. 18b and
Table 6). All DPP derivatives were tested with I�/I3

� electrolyte, but
only D21 was used with [Co3+]/[Co2+] electrolyte, in this latter case
obtaining the best result in the presence of CDCA, with a Jsc of
1.62 mA cm�2, a Voc of 365 mV, an FF of 31% and a PCE of
0.18%.154 These authors also presented other molecules based on
diphenylDPPs with a dicarboxylated triphenylamine, an
anchoring group for attachment to NiO, and bromine (D22 and
D23) or NDI (D24 and D25) as acceptor group. DSSC devices were
fabricated with the classic electrolyte I�/I3

� and with cobalt(II/III)–
polypyridine electrolytes (Fig. 18c and Table 6). Those dyes
containing the NDI acceptor unit yielded higher photovoltaic
performances, exhibiting larger charge separation state lifetimes
than those with bromine. In addition, the devices containing
cobalt(II/III)–polypyridine electrolytes showed better results.155 The
same authors subsequently reported a series of four analogues
with structural modifications. Thus, they replaced diphenylDPP
with dithienylDPP, including the dicarboxylated triphenylamine

Fig. 17 Chemical structures and PCEs for D13–D18.
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anchoring group in D26 and D27, but replacing it with a thienyl
carboxylic acid in D28 and D29, and including the NDI acceptor
group also connected via a triple bond in D27 and D29 (Fig. 18d
and Table 6). As result of these modifications, these derivatives
exhibited higher molar extinction coefficients at longer wave-
lengths than their diphenyl counterparts. More importantly, these
modifications led to a notable improvement in performance,
achieving a PCE 0.35%, a Voc of 149 mV, an FF of 33% and a Jsc

of 7.40 mA cm�2 with sensitizer D29.156

DPP-sensitizers for p-type solid-state DSSC have also been
reported by Odobel’s group in a study published in 2017.

Two DPP derivatives with carboxylic acid as the anchoring
group were presented. One of them (D30, Fig. 19 and Table 6)
contains pyromellitimide (PYRO) as the acceptor substituent.
This compound plays the role of a secondary inner electron
acceptor to inject exited electrons into the known electron-
transporting material PC60BM more efficiently by
promoting the fast formation of a DPP+/PCBM� charge-
separated state. A Jsc value of up to 0.45 mA cm�2 was
achieved with the previously mentioned D23, which is 10 times
larger than previously reported values for this kind of
device.157,158

Fig. 18 Chemical structures and PCEs for D19–D29 sensitizers for p-type DSSCs. *Maximum PCEs are provided.
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In summary, with regard to DPP-based sensitizers, there is
still a long path to walk in view of the state of the art, although
these systems clearly have a potential that is yet to be exploited.
It is likely that their tendency to aggregate limits their utility in
DSSCs, and recombination phenomena may occur with high
probability.

In light of the state of the art, n-type devices are superior to
their p-type counterparts in this series. The highest PCE for an
n-type device is currently 10.1% for D3 when the redox
pair Co[(bpy)3]3+/2+ was applied as electrolyte and CDCA was
the co-adsorbent. As such, given that DPPs are not far from the
current record (E13%), perseverance in design may lead to
outstanding performance in the futures.

4. DPP-based single molecules in
perovskite solar cells

Perovskite solar cells (PSCs) represent a revolution in the field
of photovoltaics. This technology has achieved great attention

due to the high efficiencies being achieved, which can even
exceed 25%.159,160 Although progress is being made in this
regard, long-term stability remains a challenge preventing their
entry into the market.161–163 Perovskites are crystalline
structures of the ABX3 type in which A is typically an organic
cation, such as methylammonium (MA) and/or formamidinium
(FA), or an inorganic cation such as cesium or rubidium, B is a
metal, generally lead, or, to a lesser extent, tin, and X is a halogen
(iodine, bromine or chlorine) (Fig. 20a). The configuration of
PSCs can differ depending on the architecture used, and can be
mesoporous n–i–p (Fig. 20b), planar n–i–p (Fig. 20c) and planar
p–i–n (Fig. 20d). The layers that make up these devices are
typically a glass on which the contact is deposited (electron-
selective for n–i–p configuration and hole-selective for p–i–n
configuration), followed by an electron- or hole-transporting
layer (ETL or HTL), then the active or perovskite layer is added
(planar or mesoporous). This layer is then covered with another
hole- or electron-transporting layer, and finally by a metal
contact for the charges to flow. The outermost layer immediately
below the metal electrode (ETL or HTL) must let some charges
pass and block others (e.g., the ETL must let electrons pass and
prevent the passage of holes to minimize recombination
phenomena) and should also protect the device against damage,
such as by moisture. The single molecule 2,20,7,-70-tetrakis(N,N-
di-p-methoxyphenylamine)-9,90-spirobifluorene (spiro-OMeTAD,
Fig. 21a) and the polymer poly(triarylamine) (PTAA) are
commonly used HTMs to fabricate n–i–p PSCs, and PCBM is a
common ETL in p–i–n devices. It is necessary to add doping
agents to these materials in small proportions to obtain high

Fig. 19 Chemical structure of D30 for p-type solid-state DSSCs. Adapted
from Pham et al.157

Fig. 20 (a) Representation of the PSC crystalline structure (e.g., A = FA, MA, Cs, Rb; B = Pb, Sn; X = I, Br, Cl), (b) a mesoporous n–i–p architecture device,
(c) a planar n–i–p architecture device, and (d) a planar p–i–n device.
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performance devices, typically tBP or the salt lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI). However, these
dopants are hygroscopic in nature, therefore their presence
affects the stability of the PSCs.164–166 As such, it is of interest
to develop new HTMs that do not need to be doped to ensure a
good performance.

DPP-based materials can exhibit high charge carrier
mobility in conjugated systems, good crystallinity, tend to be
robust and have a great chemical versatility. Due to these
remarkable properties, they are good candidates for application
as HTMs or ETMs in PSCs.167,168

4.1. DPP-based single molecules as hole-transporting
materials in PSCs

The use of DPPs in PSCs has not been widely studied to date,
although some interesting recent reports can be found. Indeed,
studies of DPP-based single molecules as HTMs are the most

abundant. The values for the HOMO levels and hole mobilities
are crucial parameters since they determine if the HTM will be
able to extract holes from the active layer and conduct them to
the electrode efficiently. These values, together with the PV
parameters for the best devices including DPP-HTMs, are
presented in Table 7. In 2016, Jeon et al. published an inter-
esting article describing the study of two bis-N-phenylindolyl-
DPP single molecules as dopant-free HTMs in MAPbI3 PSCs
with two different N-alkyl chains: one linear (n-octyl, PK1) and
another one branched (2-ethylhexyl, PK2) (Fig. 21b). The side
chain determines how the molecules arrange in the solid state,
thereby affecting the hole extraction ability and charge
conductivity of the layer. The linear chain in PK1 causes the
molecules to have a strong tendency to aggregate in the film,
whereas PK2 films have an amorphous nature, as elucidated by
two-dimensional grazing-incidence X-ray diffraction. This
means that PK1 exhibits higher molar extinction coefficients

Fig. 21 (a) Chemical structure of spiro-OMeTAD, (b) chemical structures and PCEs for PK1 and PK2, (c) chemical structures and PCEs for PK3 and PKA.
Perovskite compositions are included.

Table 7 Perovskite composition, hole mobility, HOMO values and the best PV parameters for PK1–PK10 DPP-based HTMs

HTM Perovskite
mh
(cm2 V�1 s�1)

HOMO
(eV) Dopant

�Jsc
(mA cm�2)

Voc
(V)

FF
(%)

PCE
(%) Ref.

PK1 MAPbI3 — �4.90 No 15.1 0.96 70.0 10.14 169
PK2 MAPbI3 — �4.90 No 15.2 0.86 41.0 5.40 169
PK3 MAPbI3 — �5.13 Li-TFSI/tBP 16.6 0.92 66.0 10.05 170
PK4 MAPbI3 — �5.20 Li-TFSI/tBP 10.0 0.97 53.0 5.10 171
PK5 MAPbI3 — �5.21 Li-TFSI/tBP 14.4 0.97 71.0 9.85 171
PK6 MAPbI3 — �5.22 Li-TFSI/tBP 10.9 1.01 74.0 8.16 171
PK7 MAPbI3 1.38 � 10�4 �5.15 No — — — 8.63 172
PK8 MAPbI3 9.85 � 10�5 �5.16 No — — — 8.39 172
PK9 MAPbI3 5.32 � 10�4 �5.12 Li-TFSI 21.5 0.94 68.4 14.13 172

No 20.6 0.94 64.8 12.87
BH34 a — �4.90 No 20.6 1.10 73.8 16.80 174
PK10 MAPbI3 2.53 � 10�4 �4.87 No 14.4 0.93 60.2 8.32 175
PK11 MAPbI3 5.89 � 10�4 �4.84 No 17.7 0.92 63.2 11.16 175
PK12 MAPbI3 6.43 � 10�4 �4.89 No 19.8 0.94 64.0 12.05 175
PK13 MAPbI3 1.09 � 10�3 �4.97 No 22.3 1.05 71.1 17.64

1.84 � 10�3 LiTFSI 22.9 1.14 73.9 20.19

a [Cs0.05(FA0.83MA0.17)0.95]Pb(I0.83Br0.17)3.
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at higher wavelengths than PK2, as characterized by UV-vis
spectroscopy. Devices made with PK1 performed better than
those with PK2 (PCE of 10.14% vs. 5.40%, respectively,
measured in a reverse voltage scan). Moreover, an IPCE study
showed that PK1 contributes to light harvesting. In addition,
time-resolved photoluminescence and transient photovoltage
studies showed that the PK1-based device exhibited better
charge extraction ability and lower charge recombination than
the control dopant-free spiro-MeOTAD-based device.169 The
same year, and also using MAPbI3 as active layer, Liu et al.
presented a study in which they compared a new DPP-based
HTM (PK3) with a new benzodithiophene-based single molecule
(PKA) and spiro-OMeTAD in control PSCs (Fig. 21c). The optimized
devices fabricated with doped PK3 HTM exhibited a Jsc of
16.60 mA cm�2, a Voc of 0.92 V, an FF of 66% and a PCE of
10.05%, all of which were lower than in the case of the doped PKA
(PCE of 12.81%). Both PK3 and PKA demonstrated greater stability

than spiro-OMeTAD after aging for 10 days, with a 13% and 14%
loss of PCE, respectively, vs. a 36% PCE loss in the case of spiro-
OMeTAD.170

Three DPP-based D–p–A–p–D systems were published in
2018 (PK4, PK5 and PK6, Fig. 22a) as part of a study of the
effect of two different donor groups (triphenylamine and
phenothiazine) and two p-bridges (benzene and thiophene) on
PSC performance. PK5 gave the best photovoltaic performance
( Jsc = 14.35 mA cm�2, Voc = 0.97 V, FF = 71% and PCE = 9.85%, vs.
5.10% and 8.16% for PK4 and PK6, respectively). The structure of
PK5 contains thiophenes as p-bridges and two terminal triphenyl-
amine donor groups. The dihedral angle between the DPP core
and the thiophene ring is smaller than that for benzene, which
could lead to better organized morphologies and better hole
mobilities. The HOMO levels of these three systems are similar,
and all of them have adequate LUMO levels to block the flow of
electrons. Additionally, a shorter photoluminescence lifetime was

Fig. 22 (a) Chemical structures and PCEs for PK4–PK6, (b) chemical structures and PCEs for PK7–PK9, (c) chemical structures for BH36, PKB, PKC and
PKD, (d) chemical structures and PCEs for PK10–PK13. Perovskite compositions are included.
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observed for PK5 (1.65 ns) by time-resolved photoluminescence
than for PK4 and PK6 (9.02 ns and 2.69 ns, respectively), which
can be attributed to a better ability to extract holes.171 Three star-
shaped systems based on benzo[1,2-b:3,4-b0:5,6-b00]trithiophene
and DPP building blocks were published in 2019 by Kim et al
(PK7, PK8 and PK9; Fig. 22b). Differences in PSC performance
upon variation of the DPP side chain and extension of the
conjugated structure after adding a terminal thiophene ring were
studied. Dopant-free PK9, the structure of which comprises a
2-ethylhexyl side chain and an extra terminal thiophene ring,
exhibited the best PCE of 12.87%, with corresponding photo-
voltaic parameters Voc = 0.94 V, Jsc = 20.60 mA cm�2 and FF =
64.8%. This PCE value is higher than those for the other two
HTMs PK7 and PK8, which exhibited PCEs of 8.63% and 8.39%,
respectively. A marked improvement was obtained when PK9 was
doped with Li-TFSI, with a PCE of 14.13%, a Voc of 0.94 V, a Jsc of
21.5 mA cm�2 and an FF of 68.4%. Grazing incidence X-ray
diffraction, atomic force microscopy and scanning electron micro-
scopy indicated a nanofibril-type crystallinity for the PK9 film,
which seems to result in better charge mobility.172

A further study of interest was published by Molina et al.,
who reported four ZnPc dimers with 2,5-thienyl (PKB), 2,7-
fluorenyl (PKC), 3,6-bisthienyldiketopyrrolopyrrole (BH36)82

and 1,4-phenyl (PKD)173 bridges as dopant-free HTMs in a
triple-cation system [Cs0.05(FA0.83MA0.17)0.95]Pb(I0.83Br0.17)3

PSCs (Fig. 22c and Table 7). The push–pull character of BH36
was found to confer a better performance on the PSC compared
to the other dopant-free HTM systems studied, with a
maximum PCE of 16.8%, a Jsc of 20.6 mA cm�2, a Voc of
1.10 V and an FF of 73.8%, compared to PCEs of 15.5%,
15.6% and 15.7% for PKB, PKC and PKD, respectively, all of
them measured under standard global AM 1.5 illumination.
Steady-state and time-resolved photoluminescence studies
suggested that these dopant-free materials had a comparable
hole-extraction capacity to doped spiro-OMeTAD. Shelf and
thermal stability tests showed that all ZnPc-based materials
studied were more stable than doped spiro-OMeTAD.174

Four HTMs based on DPPs were compared in an interesting
study that has been published very recently. The structures
include a central DPP with two triphenylamine pendent groups
linked to both thiophenes. The structural difference is the alkyl
side-chain substituents (2-ethylhexyl-, n-hexyl-, ((methoxyethoxy)
ethoxy)ethyl-, and (2-((2-methoxyethoxy)ethoxy)ethyl)acetamide,
referred to here as PK10, PK11, PK12 and PK13; Fig. 22d). PK13
gave the best results, exhibiting an efficiency of 17.64% as
dopant-free HTM and exceeding 20% when LI-TFSI was
added as a dopant ( Jsc = 22.94 mA cm�2, Voc = 1.14 V, FF =
73.87%; see Table 7).175

4.2. DPP-based single molecules with other roles in PSCs

Different DPP derivatives have also been investigated in other
roles within PSC devices, for example as ETMs, additives and
interlayers. Thus, Patil et al. published a study in which the
performance of p–i–n planar PSC devices containing PK14 or
PCMB, or a mixture of both, as ETL, and with different
perovskite compositions, are compared. PK14 (Fig. 23a) has a
simple quinoidal structure possessing terminal malononitrile
groups. These authors obtained a discrete 3.57% PCE with the
double-cation FA0.85MA0.15Pb(I0.8Br0.2)3 perovskite composition
when PK14 was the ETL. Although PCBM was better than PK14
in terms of photovoltaic performance (PCE = 8.82%), PK14
offers greater stability than PCBM in OFETs under ambient
conditions.176 Huang et al. used the molecule PK15 as a 3D
additive in perovskite films (Fig. 23c), adding 0, 0.01 and
0.02 wt% PK15 to the MAPbI3 perovskite solution during
manufacture of the devices. Those devices containing 0.01 wt%
PK15 in the perovskite layer gave a better performance, with a Jsc

of 21.04 mA cm�2, a Voc of 1.02 V, an FF of 65.9% and a PCE of
14.1%, compared to PCEs of 10.6% and 11.6% when 0% and
0.02 wt% of PK15, respectively, was added. X-ray diffraction and
scanning electron microscopy studies showed that PK15 acts as a
crystallinity improver and grain-boundary filler, UV-vis spectro-
scopy studies showed that it acts as a light-capturer, and cyclic
voltammetry, steady-state and time resolved photoluminescence

Fig. 23 Chemical structures and PCEs for PK14–PK18. Perovskite compositions are included.
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analysis showed that it also acts as additional electron-donor.177

Zhang et al. were the first to use a p-type organic semiconductor
(BH12, Fig. 23b) as the interlayer at a perovskite/HTL interface in
n–i–p PSCs, thereby improving the efficiency and stability. BH12
is based on benzo[1,2-b:4,5-b0]dithiophene flanked with two
diketopyrrolopyrrole units. PSCs with a BH12 interlayer showed
better performances, with a Jsc of 22.0 mA cm�2, a Voc of 1.06 V,
an FF of 77.9% and a PCE of 18.2%, compared to a PCE of 16.9%
for the control devices. High hole mobility and an appropriate
energy level alignment to MAPbI3(Cl) were found. The numerous
sulfur atoms can act as Lewis bases, passivating the perovskite
layer surface by forming Lewis adducts between infra-
coordinated Pb and S, as confirmed by Fourier-transform
infrared and Raman spectroscopy; the energy profile was con-
firmed by performing trap density-of-states measurements.
Devices with a BH12 interlayer exhibited greater stability under
ambient conditions during 7 days than control devices due to the
hydrophobic nature of BH12, which protects the perovskite layer
from moisture.178 Derivatives PK15, PK16, PK17 and PK18 were
also used as an interlayer between the perovskite layer and the
ETL C60 in planar p–i–n PSCs with an MAPbI3 perovskite compo-
sition (Fig. 23c). The chemical structures are tetraphenylethylene-
diketopyrrolopyrrole with different branched N-alkyl chain
lengths. The authors demonstrated that the length of the N-
alkyl chain leads to different surface morphologies in the solid
state, thus meaning that the ability to extract electrons is affected.
All the devices with a DPP-interlayer exhibited a better perfor-
mance than those with no interlayer, especially those containing
PK16, which exhibited a maximum PCE of 18.93%, a Voc of 1.06 V,
a Jsc of 22.47 mA cm�2 and a high FF of 80%. The maximum PCEs
for the devices using PK15, PK17 and PK18 interlayers were
18.44%, 17.35%, and 17.44%, respectively.179,180

In summary, considering the state of the art (PCE 4 25%),
there is still significant scope for improvement in DPP-based
HTM designs. Moreover, features such as hydrophobicity,
synthetic versatility, and robustness, along with existing industrial
DPP-pigment development, should encourage researchers to find
cheap-to-produce DPP-based molecules for PSC applications.

5. Outlook and conclusions

In this article we have reviewed the most relevant studies in the
field of photovoltaics involving DPP-based single molecules from
the last few years. We have provided a perspective based on the
chemical structure in an attempt to find clues about its relationship
to performance. DPP-based single molecules stand out as donors in
BHJ OSCs, with the highest efficiencies for single-molecule-based
devices of more than 12%. The push–pull character of the
molecules, in which the acceptor character of the DPP-core
and the donor character of other units act together, is decisive
for the effective self-ordering of the molecules in the solid state,
especially with the appropriate annealing and doping
treatments. The molecular design strategies that stand out to
date are extension of the conjugation using ethynyl connectors
between the different units that make up the molecule, as well as

the inclusion of porphyrinoids in the molecular structure in the
case of donor systems. DPP-based single molecules are also
promising acceptors in OCSs since their chemical versatility
allows the energy levels of the acceptor materials to be tuned
and to compete with the FA. In general, although star-shaped NFA
designs lead to a better performance for OPV devices, a linear
donor molecule with a DPP core currently holds the record of
10.05% PCE. Varying results have been obtained for DSSCs to
date, probably due to the tendency of DPP derivatives to aggregate,
which increases the probability of charge recombination. As such,
it is necessary to design structures in which there is a compromise
between the tendency to aggregate and adequate charge
conduction. As for as the most popular experimental photovoltaic
technology to date, namely perovskite solar cells, is concerned,
DPP single molecules cannot currently compete with reference
materials (e.g. spiro-OMeTAD and PTAA) in terms of efficiency,
although they are similar in terms of stability. In addition, it must
be considered that the number of publications in each field is
currently very different. Even so, a promising maximum PCE of
more than 20% has been obtained with the HTM PK13.
Furthermore, when included in other roles, for example as ETLs,
interlayers or perovskite additives, some benefit has generally
been obtained, mainly an improvement in PV parameters and/or
stability. These push–pull systems may prove to be fundamental
for the development of materials with the characteristics needed
for indoor and outdoor PV applications.
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F. Odobel and J. Bouclé, J. Phys. Chem. C, 2017, 121, 129.

158 L. Zhang, G. Boschloo, L. Hammarströma and H. Tian,
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