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a b s t r a c t

Herein we present a methodology for improving the power conversion efficiency of organic solar cells
made by photoactive layers of poly(3-hexylthiophene) (P3HT) and phenyl-C61 butyric acid methyl ester
(PCBM) of non-optimized microstructure. In our study we achieve a 47% improvement in the power
conversion efficiency (PCE) of the device by utilizing a thiophene-based quinoid (QBT) moiety as the
third component in the P3HT:PCBM:QBT photoactive layers. Based on a set of independent characteriza-
tion experiments we address the QBT composition dependent photophysical, electrical, thermal,
structural and morphology-related properties of the ternary photovoltaic P3HT:PCBM:QBT system for
elucidating the origin of the PCE improvement. In small amounts (0.3–0.6 wt%), QBT serves as a
nucleation agent, it enlarges the size of the P3HT crystallites by 15% and it increases the fraction of well-
ordered P3HT chains in the P3HT:PCBM:QBT layer. The improved microstructure of the photoactive layer
in combination with the QBT-assisted photo-induced hole transfer step from PCBM to P3HT, lead to an
increase of the charge photogeneration yield in the P3HT:PCBM:QBT triple bulk heterojunction. The
relatively small optical gap of QBT facilitates a resonant energy transfer step from the photoexcited PCBM
to the QBT followed by a charge transfer process between QBT and the P3HT matrix. Based on these
findings we propose general guidelines for the design of next generation functional additives to be used
in organic photovoltaics.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

During recent years significant improvements have been achieved
in the power conversion efficiency (PCE) of organic photovoltaic
(OPV) systems. Breakthrough PCE values, for active layers consisting
of a conjugated polymer and a fullerene derivative, have risen from
the early record of 2.5% [1] to the order of 10% [2–4], increasing the
probability for OPV technology to gain access in commercial applica-
tions. One of the well-studied OPV composites consists of the
electron-donor poly(3-hexylthiophene) (P3HT) polymer blended
with the electron-acceptor phenyl-C61-butyric acid methyl ester
(PCBM) fullerene derivative [5]. In addition, new formulations of
next-generation materials have been disclosed in the literature [6,7].

Apart from the search of new n-type materials that can replace
the widely used fullerene based derivatives, smart processing
protocols have been also sought for the alternative development
of organic photovoltaic films based on the use of ternary photo-
active composites [8,9] and solvent additives [10–13]. The positive
effect of using a third photoactive additive in the binary OPV
composite layer on the photovoltaic efficiency of devices has been
demonstrated in several recent reports. The use of ternary solid
state mixtures has been suggested as a practical method for
imposing control over the layer morphology of the OPV layer
[14]. Another report has suggested that the use of organic binary
mixtures dispersed in insulating polymeric matrices can lead to
the fabrication of mechanically robust flexible OPV devices [15].
More recently, a report on the photophysical properties of hybrid
ternary photoactive composites based on near-infrared absorbing
PbS quantum dots has addressed the mechanism of charge
photogeneration in P3HT:PCBM:QD layers [16]. Furthermore, tern-
ary OPV films exhibited improved P3HT crystallinity. [17,18].
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The use of ternary mixtures for the optimization of device
properties is therefore ongoing and further analysis on the proper-
ties of devices based on these systems is required. One of the main
prerequisites for a successful realization of OPV ternary systems
seems to be the favourable energetic alignment for achieving a
cascade-like arrangement in the frontier orbitals of the photo-
active components in the composite [19–21].

In this paper we demonstrate a simultaneous improvement in
the microstructure and in the photon harvesting properties of an
organic photovoltaic layer by using a minimal amount, i.e. 0.3 wt%
�0.6 wt%, of a third component. In particular we use a thiophene-
based phenoquinone derivative, 5,5′-bis(3,5-di-tert-butyl-4-oxo-
2,5-cyclohexadiene-1-ylidene)-5,5′-dihydro-2,2′-bithiophene
(QBT) for the realization of bulk triple-heterojunction photovoltaic
devices based on P3HT:PCBM:QBT ternary blend films. We inves-
tigate the effects of varying the QBT content on the performance of
the P3HT:PCBM:QBT composites by using a P3HT of high regio-
regularity. In order to prevent losses in the open-circuit voltage of
devices of these systems, caution was taken for utilizing a third
QBT species with a LUMO level that is comparable to that of PCBM.
With the use of QBT as the third component, our aim is two-fold,
pointing both at the enhancement of the charge generation
processes via the optimization of the layer microstructure and at
the improvement of light harvesting strength of the modified
P3HT:PCBM:QBT composite.

Based on composition dependent differential scanning calori-
metry (DSC) and X-ray diffraction (XRD) experiments we show
that the addition of the QBT component at low quantities improves
the overall crystallinity of the P3HT matrix in the ternary layer and
it results in the enlargement of the P3HT crystallites. Moreover, the
use of QBT increases the fraction of the absorbed light that is used
effectively for the production of photocurrent.

In a P3HT:PCBM binary blend photoexcited PCBM molecules
can potentially undergo photoinduced hole-transfer to P3HT,
however the efficiency of this step is expected to be limited by
the large energetic gap (E1 eV) between the HOMO levels of
P3HT and PCBM. Previous studies on the QBT derivative
have presented the occurrence of photo-induced hole transfer
from QBT to a conjugated polymer with an ionization potential (IP)
similar to that of P3HT, namely poly[2-methoxy-5-(2′-ethyl-hex-
yloxy)-1,4-phenylene vinylene] (MEH-PPV) [22]. We now extend
the utilization of QBT by enabling an energy transfer step from
PCBM to QBT that is followed by photo-induced hole transfer from
QBT to P3HT. We thus suggest that the use of low content additives
such as quinoid derivatives helps in the improvement of the device
performance by utilizing the high energy photons of the absorbed
light that are normally lost due to unfavourable energetic align-
ment in the HOMO levels of the donor and acceptor components
that comprise the OPV photoactive layer. In addition, the light
absorbing power of the QBT component at low photon energies in
the spectral region of 700 nm enhances further the light harvest-
ing capabilities of the P3HT:PCBM:QBT ternary system and it
results in an improved photocurrent generation in devices made
of the ternary layers.

Our strategy is verified by the observed 47% increase in the
power conversion efficiency of ternary-based devices, in respect to
the reference binary P3HT:PCBM device, and supported by spec-
troscopic evidences.

2. Materials and methods

2.1. Synthesis of QBT

All reactions were carried out under a dry, oxygen-free,
argon atmosphere. Unless otherwise specified, all chemicals were

commercial (Sigma Aldrich). Dry solvents were freshly used or
maintained over molecular sieves.

2.1.1. 1-Trimethylsilyloxy-2,6-di-tert-butyl-4-bromo benzene (1)
28 ml of butyllithium 2.5 M in hexane (70.1 mmol) were

dropped in a solution of 4-bromo-2,6 di-tert-butyl-phenol (20 g,
70.1 mmol) in dry THF (100 ml) at �78 1C. After 10 min, (CH3)3
SiCl (9.75 ml, 77.1 mmol) was added and after 15 min the mixture
was slowly warmed to room temperature. After overnight stirring,
H2O was added and the reaction mixture was extracted with
CH2Cl2 and dried over Na2SO4. Purification by flash chromatogra-
phy on silica gel (petroleum ether: CH2Cl2¼9:1) afforded the
desired product 1 as a yellowish solid in 99% yield. 1H NMR
(400 MHz, CDCl3), δ (ppm): 7.32 (s, 2H, Ph-H), 1.39 (s, 18H, t-Bu),
0.41 (s, 9H, –OSiMe3).

2.1.2. Tris(3,5-bis-di-tert-butyl-4-trimethylsilyloxy
phenyl)boroxin (2)

3.4 ml of butyllithium 2.5 M in hexane (8.4 mmol) were
dropped in a solution of 1 (2 g, 5.6 mmol) in dry THF (20 ml)
and TMEDA (4 ml) at �78 1C. After 1 hour, B(OC3H7)3 (5.2 ml,
22.4 mmol) was added and after 45 minutes the mixture was
slowly warmed to room temperature. After overnight stirring, a
saturated aqueous solution of NH4Cl was added. The reaction
mixture was extracted with diethyl ether/H2O and dried over
Na2SO4. Purification by flash chromatography on silica gel (petro-
leum ether:ethyl acetate¼2:1) afforded the desired product 2 as a
yellowish solid in 66% yield.1H NMR (400 MHz, CDCl3), δ (ppm):
8.18 (s, 6H, Ph-H), 1.49 (s, 54H, t-Bu), 0.46 (s, 27H, -OSiMe3).

2.1.3. 5,5′-Bis(3,5-di-tert-butyl-4-hydroxyphenyl)-2,
2′-bithiophene (3)

Pd(PPh3)4 (130 mg, 0.112 mmol), tris(3,5-bis-di-tert-butyl-4-
trimethylsilyloxy phenyl)boroxin (2) (1 g, 1.10 mmol) and K2CO3

aq 1 M (907 mg, 6.58 mmol in 6.5 ml H2O) were added to a
solution of 5,5′-dibromo-2,2′-bithiophene (239 mg, 0.736 mmol)
in 13 ml of degassed DME. After refluxing overnight, the reaction
mixture was extracted with diethyl ether/H2O and dried over
Na2SO4. Purification by flash chromatography on silica gel (petro-
leum ether:ethyl acetate¼2:1) afforded 360 mg of a yellow solid
(3), in 86% yield. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.41 (s, 4H,
Ph-H), 7.11 (d, 2H, Th-H, J¼3.8 Hz), 7.08 (d, 2H, Th-H, J¼3.8 Hz),
5.27 (s, 2H, –OH), 1.49 (s, 36H, t-Bu).

2.1.4. 5,5′-Bis(3,5-di-tert-butyl-4-oxo-2,5-cycloexadien-1-ylidene)-
5,5′-dihydro-2,2′-bithiophene (QBT)

K3Fe(CN)6 (1.42 g, 4.32 mmol) and KOH 0.2 M (2.42 g, 43.2 mmol
in 220ml H2O) were added to a solution of 3 (0.250 g, 0.432 mmol) in
CH2Cl2 (150 ml). After 3 h of vigorous stirring, the mixture was
extracted with CH2Cl2/H2O and dried over Na2SO4. After solvent
removal, the desired product (QBT) was obtained in 98% yield.1

H-NMR (400MHz, CDCl3), δ (ppm): 7.51 (m, 4H, Ph-H), 7.42 (d, 4H,
Th-H, J¼5.14 Hz), 1.37 (s, 36H, t-Bu).

2.2.. Materials processing and solution preparation

Regio-regular P3HT (Mw¼65,200 g mol�1, D¼2.2, RR¼95.7%)
was purchased from Merck, amorphous polystyrene
(Mw¼350,000 gmol�1, D¼2.05) was purchased from Sigma Aldrich,
PCBM was purchased from Solenne BV. All materials were used as
received without any additional purification. Binary films of PS:QBT,
P3HT:QBT and ternary blend films of P3HT:PCBM:QBT with increasing
QBT content were fabricated by dissolving the materials in chloro-
benzene, followed by stirring for 30 min before spin coating. Complete
solubility of QBT in chlorobenzene is achieved for all the solution
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