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a b s t r a c t
New poly(p-phenylenevinylene) (PPV)-type conducting polymers containing different concentrations
of thiophene and ﬂuorene functional units were investigated in this work and the photophysical and
electrochemical properties were evaluated. We observed a dependence of these properties on the concentration of thiophene units in the polymer backbone. The hole mobilities were estimated to be on
the order of 10−6 cm2 V−1 s−1 . The polymers were combined with different concentrations of a soluble
fullerene derivative (PCBM) and applied in bulk-heterojunction photovoltaic cells. The effects of PCBM
concentration and of annealing (post-production treatment) on these devices were investigated. The best
results were obtained for the materials containing higher concentrations of thiophene units.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Organic solar cells are among the most promising devices for
low cost solar energy conversion. In these devices, the polymeric
materials are important components, acting as light absorbers,
electron donors and hole transporters. Fullerene acts as an electron
acceptor and transporter. The introduction of a post-production
treatment (annealing), the addition of small alkyl thiol molecules,
the optimization of solvent conditions and device design improved
the power conversion efﬁciency of these devices [1–5]. Although
remarkable progress has been made in device efﬁciency in the
last few years, important bottlenecks, including nanomorphology,
mismatches with the solar spectrum, adjustments of the highest
occupied molecular orbital (HOMO) energies of the semiconducting polymers (which affect the open circuit voltage), and stability,
still remain to be improved.
Conjugated polymers are important materials for the development of a variety of advanced optical and electronic applications
(light emitting diodes, photovoltaic cells, ﬁeld effect transistors
and non-linear optical materials). Among the most used poly-
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mers in optoelectronic devices are the poly(p-phenylenevinylene)s
(PPV), polyﬂuorenes, polythiophenes and their derivatives. The
insertion of side-chains in these polymers reduces the rigidity of the backbone, increases their solubility and enables the
preparation of ﬁlms through inexpensive, solution-based methods,
such as casting and spin-coating [6]. Besides, these ramiﬁcations
can also be used to tune the photophysical and electrochemical properties of these polymers using a variety of routes. For
example, the modiﬁcation of PPV with alkoxy side-chains made
possible the synthesis of the polymer poly[2-methoxy-5-(3,7dimethyloctyloxy)-p-phenylene vinylene] (MDMO-PPV), which
presents an absorption maximum at 500 nm, while the unmodiﬁed
PPV presents its absorption maximum at 420 nm [7]. This change
in properties allowed the use of MDMO-PPV in organic solar cells
with 2.5% of efﬁciency [8].
Poly(ﬂuorenevinylene)s have similar structures to PPV. In these
materials, the vinylene units in the polymer backbone lead the
absorption spectra to broaden and the photoluminescence emission spectra to red-shift in comparison to pristine polyﬂuorenes [9].
The structure is rigid and has a nearly one-dimensional coplanarity,
which restrains the distortion of arylic rings, leading to high charge
mobility. Thiophene and its derivatives have also been investigated
as promising materials for optical devices, especially because of
their narrow band gap and high stability [10]. Alkyl-substituted
thiophenes, especially at position 3 of the aromatic ring, enable the
preparation of regioregular polymers, which present interesting
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optic and electronics properties [11,12] and high charge mobility
[13].
The incorporation of thiophene units in polyﬂuorene systems
can change the band gap, extending light-harvesting [10,14]. Thus,
copolymers of these materials provide opportunities to attach different functional units so that the electronic and physical properties
can be tuned according to the desired application. So far, copolymers containing ﬂuorene and thiophene units directly linked by a
single bond have been extensively investigated [15–21]. Research
on materials containing these units linked by double bonds or
vinylic groups, on the other hand, have not been well explored
and only few reports can be found [22,23]. The presence of vinyl
groups decreases the repulsion between aromatic hydrogens, thus
leading to less twisting of the rings. In this work, new materials
containing ﬂuorene and thiophene units, linked by vinylene units
(PPV-type polymers) are investigated and applied in organic solar
cells.

2. Experimental
2.1. Photophysical and electrochemical measurements
UV–vis spectra were measured with a Cary 3G UV–vis spectrophotometer and ﬂuorescence spectra were measured with
a ISS Photon Counting Spectroﬂuorometer (excitation = 370 nm).
Cyclic voltammetry was carried out in a conventional three
electrode-cell (electrolyte: 0.1 mol L−1 of tetrabutylammonium
tetraﬂuoroborate in anhydrous acetonitrile) with Ag/AgCl as reference electrode, a platinum wire as counter electrode and
a polymer-coated platinum substrate (1 cm2 ) as working electrode. Cyclic voltammograms were recorded at 30 mV s−1 , under
nitrogen atmosphere, using an Eco Chemie Autolab PGSTAT 10
potentiostat. Film thickness and morphology were determined
using a Veeco Nanoscope DI 3100 AFM microscope operating in the tapping mode. Molar mass determination was made
by gel permeation chromatography (GPC) at a ﬂow rate of
1 mL min−1 in THF on a Shimadzu Class-LC10 HPLC equipped
with three Supelco Progel columns (G5000 + G4000 + G3000). The
molar mass is reported relative to narrow dispersity polystyrene
standards (2500, 5000, 17 500, 30 000, 50 000, 95 800 and
184 200).

2.2. Mobility measurements using the charge extraction by
linearly increasing voltage (CELIV) method
Sandwich-type samples were prepared for charge carrier mobility measurements. The polymers were dissolved in chlorobenzene
(20 mg/mL) and the solutions were ﬁltered through a 0.45 m
PTFE ﬁlter before deposition by casting on top of pre-patterned
ITO-covered glass substrates. The ﬁlms were 200–400 nm thick.
Subsequently, 30 nm aluminum top contacts were evaporated on
top of the polymer (vacuum ∼ 10−6 mbar). Samples were prepared
under inert nitrogen atmosphere and the ﬁlms were characterized
in vacuum using an optical cryostat (Oxford Optistat DNV). For the
CELIV experiments a variable pulse generator (Agilent 33250A) and
oscilloscope (Tektronix TDS 754C) were used to record the current
transients. To ensure the proper delay time between voltage and
light pulse, a pulse and a function generators (Agilent AG33250A
and Stanford DG535) were used. A frequency quadrupled Nd:YAG
laser (Coherent Inﬁnity 40–100) was employed to photogenerate
the charge carriers using a 5 ns laser pulse at a wavelength of
355 nm and an intensity of less than 1 mJ/pulse. Carrier mobility
was measured at an electric ﬁeld of ∼40 kV cm−1 .
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2.3. Solar cells
Bulk-heterojunction solar cells were prepared according to the
following procedure: indium tin oxide (ITO) coated glass substrates
were cut to square pieces 1.5 cm × 1.5 cm and approximately half
of ITO was chemically etched away. Substrates were then washed
in an ultrasonic bath using acetone, isopropanol, ethanol and
water, and dried under a nitrogen ﬂow. A thin layer of poly(3,4ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS) in
aqueous solution (Baytron PH) was spin-coated on the substrates
using 1500 rpm spin-coater speed, originating ﬁlms of ∼60 nm.
Substrates covered with PEDOT were annealed on a hot plate for
10 min at 150 ◦ C. The photoactive layer of polymer and [6,6]-phenyl
C61 -butyric acid methyl ester (PCBM) was spin-coated on top from
chlorobenzene solutions, using 800 rpm for 40 s, with typical thicknesses of 80–100 nm. To ﬁnalize the preparation of solar cell, the
top electrode consisting of 0.7 nm LiF and subsequently 70 nm Al
was evaporated in the vacuum (∼10−6 mbar). The size of the active
area of the solar cells was ∼0.1 cm2 . During all measurements the
samples were kept at room temperature. Later, the devices were
thermally annealed on the hot plate at 130 ◦ C for 10 min under
nitrogen and measured again. A KHS Steuernagel solar simulator
was adjusted to give 100 mW cm−2 of AM1.5G irradiation using a
calibrated Si photodiode. Current–voltage curves were measured
with a Keithley 236 source meter in the dark and under illumination. The incident-photon-to-electron conversion efﬁciency (IPCE)
spectra were determined by shining light from a 75 W Xe lamp
through an Acton monochromator and a chopper and measuring
the resulting short-circuit current with an EG&G lock-in ampliﬁer.
Device fabrication and all electrical measurements were made in a
nitrogen glove box to minimize degradation.
3. Results and discussion
Five different polymers containing ﬂuorene, vinylene and
thiophene and/or benzene units were synthesized through the
Wittig route, originating alternate copolymers of poly(9,9-ndihexyl-2,7-ﬂuorenylenevinylene-alt-1,4-phenylenevinylene)
(PF),
poly(9,9-n-dihexyl-2,7-ﬂuorenylenevinylene-alt-2,5thienylenevinylene) (PFT), and copolymers with the combination
of different ratios of these structures, as shown in Fig. 1. The
synthesis of these materials can be found elsewhere [24,25]. The
molar masses of these materials were determined using GPC (see
supporting information). The values obtained are rather low:
9666, 4228, 3315, 14 363 and 7743 g mol−1 for PF, PF–PFT 75–25,
PF–PFT 50–50, PF–PFT 25–75 and PFT, respectively. Conducting
polymers usually present small chains, which frequently arise
from the low solubility of the polymers in the solvents employed
in the synthesis. Yu et al. [22] and Chen et al. [23] also synthesized conducting polymers containing ﬂuorenylenevinylene and
thienylenevinylene units, and obtained molar masses of about
15 000 and 42 000 g mol−1 , respectively. The values reported here
are even lower than those reported by those authors, but in all
cases the polymer chains can be considered small.
3.1. Photophysical and electrochemical properties
Thin ﬁlm cyclic voltammetry was employed to investigate the
electrochemical behavior of the conjugated polymers and to estimate the position of their highest occupied molecular orbital,
HOMO (or valence band edge). For conducting polymers, the HOMO
values can be estimated from the onset oxidation potentials measured in the voltammograms. This method is well accepted to
estimate the energy levels of conjugated polymers [26–28]. Usually,
the reduction potentials are not clearly seen for conducting poly-
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Fig. 1. Structure of the polymers investigated in this work.

mers. Therefore, one can estimate the LUMO (lowest unoccupied
molecular orbital) position using the combination of the band gap
energy (Eg ) and HOMO values. The band gap can be estimated from
the absorption spectra, using Tauc’s equation [29]. Fig. 2 presents
the values estimated for the polymers using this method. The values
found for PCBM, ITO, PEDOT:PSS and aluminum are also shown.
The HOMO and LUMO values estimated for the polymers PF–PFT
resemble the values obtained for the polymer PFT, suggesting that
the presence of thiophene units dominated the characteristics. The
values reported here are also similar to the values reported by other
authors for polymers containing the combination of ﬂuorene and
thiophene units [23]. The polymer PF, on the other hand, presents
very distinct characteristics, with higher values (less negative) for
HOMO, LUMO and Eg .
Fig. 3 presents the absorption coefﬁcient and the photoluminescence (PL) spectra obtained for polymer ﬁlms deposited onto
ITO-glass substrates. The absorption coefﬁcient observed in Fig. 3a
is very high in the region between 400 and 450 nm, reaching values comparable to those reported for other polymers, such as
poly(3-alkylthiophene) (P3HT) [30] and poly[2-methoxy-5-(3,7dimethyloctyloxy)-p-phenylene vinylene] (MDMO-PPV) [31]. As a
general trend, the absorption coefﬁcient increases with the increase
in PF content. Also, PL intensity increases signiﬁcantly with increasing in PF unit concentration, as can be seen in Fig. 3b. This could
be related to the fact that, in the solid state, thiophene units tend
to form strong interchain interactions, reducing the PL intensity

Fig. 2. Energy level diagram showing HOMO and LUMO levels for the polymers,
LUMO of PCBM and the work function of the electrodes.

[10]. Also, the heavy sulfur atoms can suppress singlet excitons,
favor the formation of the triplet state and intersystem crossing,
and therefore, reduce PL yield [32–34].
The maximum absorption and emission wavelengths are listed
in Table 1. For comparison, the values of maximum absorption/emission wavelength reported for other polyﬂuorene and
polythiophene derivatives are also shown.
The polymer containing only PF units present absorption maximum at ∼400 nm (the PF characteristics are very similar to those

Fig. 3. Absorption coefﬁcient (a) and photoluminescence (b) spectra obtained for
polymer ﬁlms of ∼70–90 nm, deposited onto ITO-glass: () PF, () PF–PFT 75–25,
) PF–PFT 50–50, () PF–PFT 25–75 and (*) PFT.
(

Author's personal copy
J.N. de Freitas et al. / Synthetic Metals 160 (2010) 1654–1661

1657

Table 1
Absorption and emission (PL) maximum observed in the spectra of ﬁlms of the polymers deposited onto ITO-glass. For comparison, values reported for polyﬂuorenes
and poly(3-akyl-thiophene) derivatives are also shown [10,36].
Polymer
PF
PF–PFT 75–25
PF–PFT 50–50
PF–PFT 25–75
PFT
Polyﬂuorenosa
Poly(3-alkyl-thiophene)sb
a
b

max absorption (nm)
398
405
400
420
430
350–410
450–550

max emission (nm)
565
580
575
605
605
410–500
580–670

From the work of Liu et al. [36].
From the work of Perepichka et al. [10].

reported for polyﬂuorenes and/or polyﬂuorenylenevinylenes and
are dominated by the presence of the ﬂuorene unit [9,35]), while
the polymer containing only PFT units presents absorption maximum at 430 nm. The copolymers containing both units present
intermediate characteristics, indicating that the presence of thiophene units is indeed responsible to reduce the bandgap energy,
as expected. On the other hand, these materials present significant absorption only in the region below 500 nm. As has been
found for many other polymers based on thiophene units, absorption extended up to 600–750 nm would be desirable. The limited
absorption observed for the materials investigated here is probably related to the small chain lengths observed for these polymers,
which consist of about 10 repetitive units or less (see supporting
information), in comparison with longer chains of commercially
available P3HT, for example.
The polymers PF, PF–PFT 75–25 and PF–PFT 50–50 show PL
maximum at 565, 580 and 575 nm, respectively, while the materials with higher thiophene concentrations (PFT and PF–PFT 25–75)
show PL maximum at 605 nm. In both absorption and emission
spectra, the polymer PF–PFT 50–50 presents an odd behavior, not
following the expected trends. Its absorption and emission are
blue-shifted and less strong (reduced PL intensity and absorption
coefﬁcient) than would be expected, compared with the polymers
PF–PFT 75–25 and PF–PFT 25–75. This might be related to the very
small chains in this polymer, with a average size of only 5 units per
chain.
The results shown in Table 1 are similar to those reported by Yu
et al. [22] for random copolymers of poly(ﬂuorenylenevinylene)
containing 10 or 20% of thienylenevinylene units. These authors
show that there is energy transfer from the ﬂuorene to thiophene
units and, therefore, the later act as traps. Thus, the absorption
characteristics are mainly inﬂuenced by the ﬂuorenylenevinylene
units, while the emission characteristics are dominated by the
thienylenevinylene units. Energy transfers between ﬂuorene and
thiophene units have also been shown for other types of polymer
structures [37,38].
3.2. Charge mobility
Dark current–voltage (J–V) curves were recorded for devices
assembled with the different polymers, as shown in Fig. 4. These
devices consisted of polymer ﬁlms of ∼70–90 nm sandwiched
between PEDOT:PSS-covered ITO substrates and LiF/Al electrodes.
A description by Vlegaar and collaborators for the J–V characteristics proposes that the behavior of PPV-based devices is dominated
by the bulk conduction properties of the polymer, the hole current being governed by space charge limited conduction (SCLC) and
the electron current being limited by the presence of traps [39,40].
Under the application of high positive bias, signiﬁcant differences
in the current density between the devices assembled with different polymers can be seen. The device assembled with PF is the one

Fig. 4. J–V characteristics in the dark for devices with the following conﬁguration: ITO | PEDOT:PSS | polymer | LiF | Al, where the polymer ﬁlm thickness is about
)
∼80–100 nm and the active area is ∼0.1 cm2 . () PF, () PF–PFT 75–25, (
PF–PFT 50–50, () PF–PFT 25–75 and (*) PFT.

with the highest current and that assembled with PF–PFT 50–50
is the one with the lowest current. Higher current values can be
attributed to two factors: increased equilibrium charge concentration, or increased charge mobility, according to Eq. (1), where J is
the current density, q is the electron charge, e and p are the electron
and hole concentrations, respectively, e and p are the electron
and hole mobilities, respectively, and E is the electric ﬁeld.
J = qee E + qpp E

(1)

For an optimal performance of conjugated polymers in devices,
sufﬁcient charge carrier mobility is essential. Hence, to verify this
ability for these materials, charge carrier mobility was measured
using the charge carrier extraction by linearly increasing voltage
(CELIV) technique. CELIV is a rather novel technique used to measure the carrier mobility in semiconductors with a broad range of
conductivities, including conjugated polymers [41,42]. The advantage of this technique is that the carrier mobility can be directly
measured from the experimentally recorded current transients and
no data ﬁtting procedures are required. Given the experimental
conditions, the charge carrier mobility can be directly estimated
from the extraction maximum of the current transient [43]. An
additional advantage of CELIV is the possibility to estimate the
mobility even when rather dispersive charge carrier transport prevails. Even though the carrier mobility and conductivity of the
semiconducting materials can be measured in the dark, in the case
of pure undoped organic semiconducting ﬁlms, in which the sample
conductivity is low, the charge carriers can also be generated using a
laser pulse. The essence of this technique is that a triangular-shaped
voltage pulse is applied to the sample. The initial current step (displacement current) is caused by the geometrical capacity of the ﬁlm
between the two electrodes. The increasing extraction current that
follows is caused by the photoconductivity of the sample due to
the photogenerated charge carriers. As the triangular voltage pulse
continues to increase, electric ﬁeld redistribution takes place inside
the sample and carrier mobility values can be calculated directly
from the current transients.
In Fig. 5a the experimental CELIV current transients typically
obtained for the polymers investigated here are shown. The capacitive current response (black line in Fig. 5a) shows rather low
equilibrium carrier concentrations in the ﬁlm. In order to photogenerate additional charge carriers, a laser pulse was applied
(photo-CELIV technique). The current transients are recorded for
various delay times (tdel ) between the laser pulse and the triangleshaped voltage pulse. The extraction current transients (gray lines
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Table 2
Mobility values estimated using the CELIV technique.

Fig. 5. Photo-CELIV current transients recorded for various delay times tdel between
the laser pulse and the triangle-shaped voltage pulse (a) and charge carrier mobility
calculated for the different polymers: () PF, () PF–PFT 75–25, ( ) PF–PFT 50–50,
() PF–PFT 25–75 and (*) PFT.

in Fig. 5a, for different tdel ) show rather dispersive extraction with
an unpronounced extraction maximum, from which the charge carrier mobility is then estimated using Eq. (2), where A is the slope of
the triangle-shaped voltage pulse, d is the ﬁlm thickness and tmax
is the time where the current reaches the maximum of extraction,
observed in Fig. 5a.
=

2d2
2
3Atmax

(2)

The proﬁle observed in Fig. 5a (unpronounced extraction maximum) suggests that the transport is dispersive, dominated by SCLC,
due to disordered charge transport [44]. In Fig. 5b, the charge mobility is plotted as a function of time, which is the sum of both the
delay time between the laser pulse and triangle-shaped voltage
pulse and the extraction maximum. The quality of the PF–PFT 50–50
ﬁlms was not good to allow reliable measurements. This is due to
a frequent formation of pinholes in the ﬁlm prepared by casting
(see supporting information), which usually led to the observation of shorts. The carrier mobility for all polymers has a strong
time-dependence which is attributed to the disordered nature of
studied ﬁlms, as well as to defects and traps in the bulk, caused
either by the presence of impurities or inadequate, rough, heterogeneous and/or amorphous morphologies. At longer times, the carrier
mobility approaches dynamic equilibrium and tends to saturation.
The relaxation of the photogenerated charge carriers and the carrier mobility saturates when the density of states has a Gaussian
distribution, as described by Bässler’s theory of charge transport in
disordered organic materials [44].

Polymer

Mobility at 1 s (10−6 cm2 V−1 s−1 )

PF
PF–PFT 75–25
PF–PFT 50–50
PF–PFT 25–75
PFT

2.4
1.5
0.4
1.0
1.7

In the CELIV experiments, the measured current is a sum of
both faster and slower charge carrier mobilities, as shown in Eq.
(1). However, for conducting polymers usually electron mobility is
many orders of magnitude lower than hole mobility. Therefore, the
measured mobility values can be attributed to the faster charge carriers [45], holes in this case. The motility values estimated at 1 s
after the laser pulse are presented in Table 2.
In this context it is noteworthy that the hole mobilities reported
in the literature for MDMO-PPV using the CELIV technique are about
3 × 10−6 cm2 V−1 s−1 [46], while the mobilities reported for P3HT
and some polyﬂuorenes range from ∼10−5 to ∼10−2 cm2 V−1 s−1 ,
depending on the measurement procedures utilized [47–49]. This
demonstrates that hole mobility for unoptimized thin ﬁlms of PF
and PFT-based polymers are currently about the same order of
magnitude of those of MDMO-PPV, but are about 2–3 orders of magnitude lower than those reported for P3HT, the most used polymer
in organic solar cells.
According to Kline et al. [50], for regioregular-P3HT, the molar
mass can also affect charge transport. For example, the ﬁeld effect
mobility measured by these authors changed from 1.7 × 10−6 to
9.4 × 10−3 cm2 V−1 s−1 when the polymer molar mass is increased
from 3.2 to 36.5 kDa. This effect was attributed to the formation of
different morphologies (with different crystallite sizes and shapes)
for polymers containing different molar masses. In the study presented here, the mobility values can also be related to the molar
masses of the materials. The highest mobility values were obtained
for PF and PFT, which present the highest molar masses. Also, all
the polymeric materials present rather low mobility values, which
might be related to the small chain sizes observed (consider that
these materials are in fact oligomers, thus the ﬁlm morphology
might be affected by this parameter). Indeed, theoretical simulations using the Monte Carlo model predict a signiﬁcant decrease
in mobility for heterogeneous and full of defect-types of polymeric
ﬁlms [51]. Although in this work the degree of crystallinity of the
polymers was not investigated, the work of Grova [24] and Chen
et al. [23] showed that PFT and copolymers based on ﬂuorene and
thienylenevinylene units, respectively, are predominantly amorphous. These results suggest that this class of materials is not highly
crystalline, as opposed to what is observed for P3HT.
The estimated mobility values are in agreement with the current
density values observed under forward bias in the J–V curves in
Fig. 4b: PF > PFT > PFT–PFT 25–75 > PF–PFT 75–25 > PF–PFT 50–50.
Also, this sequence can be related to molar masses of the polymers:
the polymers with higher molar masses also present the higher
mobilities and current density values. This is probably related to
the ability of higher-molar mass materials to assemble more defectfree and homogeneous ﬁlms.
3.3. Solar cells
First, the PL spectra of polymer ﬁlms after mixing with 50 wt% of
PCBM were obtained (see supporting information). An almost complete quenching of the polymer emission was observed, which can
be considered as a ﬁrst indication of the existence of charge transfer between the polymer and PCBM. Then, devices were assembled
by adding 50 or 80 wt% of PCBM to the polymers. The ideal concentration of PCBM is different for each system, as it strongly depends
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Table 3
Photovoltaic parameters obtained for solar cells assembled with polymer + PCBM
(active area ∼ 0.1 cm2 ), illuminated under 100 mW cm−2 : short-circuit current (Jsc ),
open circuit voltage (Voc ) and ﬁll factor (FF). The values presented correspond to the
mean and standard deviation after 12 measurements.
Polymer

PCBM (wt%)

Jsc (mA cm−2 )

PF
PF–PFT 75–25
PF–PFT 50–50
PF–PFT 25–75
PFT

50
50
50
50
50

0.12
0.20
0.51
0.78
0.72

±
±
±
±
±

0.02
0.04
0.05
0.04
0.04

0.18
0.40
0.38
0.67
0.48

±
±
±
±
±

0.02
0.01
0.04
0.03
0.02

27
28
29
25
27

±
±
±
±
±

1
2
2
1
1

PF
PF–PFT 75–25
PF–PFT 50–50
PF–PFT 25–75
PFT

80
80
80
80
80

0.22
1.0
1.1
2.4
1.6

±
±
±
±
±

0.02
0.4
0.4
0.3
0.3

0.35
0.50
0.53
0.64
0.58

±
±
±
±
±

0.05
0.03
0.02
0.02
0.03

27
27
27
28
28

±
±
±
±
±

2
2
2
1
3

MDMO-PPV
P3HT

80
50

3±1
10 ± 2

Voc (V)

FF (%)

0.65 ± 0.08
0.60 ± 0.02

40 ± 4
53 ± 2

on the morphology, phase separation and formation of crystallites.
For example, when using P3HT, the ideal concentration of PCBM is
around 30–50 wt%, while for MDMO-PPV it is ∼80% [52,53] and for
polyﬂuorene it is ∼75% [54]. For poly(thienylenevinylene), Smith
et al. [55] showed that the use of PCBM concentrations above 80%
enhances the photocurrent and efﬁciency of the devices.
Table 3 presents the parameters extracted from J–V curves for
devices operating under 100 mW cm−2 of white light illumination.
Three devices of each kind were measured, where each of them consisted of four different electric contacts. Thus, the values reported
in Table 3 shows the mean and standard deviation obtained after
12 measurements. The deviation values are included because they
denote the reproducibility of the devices. For comparison, the values obtained for devices assembled and characterized in the same
conditions, using MDMO-PPV or P3HT as hole conduction materials,
are also shown.

1659

For all polymers investigated, both the short-circuit current (Jsc )
and the open circuit voltage (Voc ) increase when the amount of
PCBM is increased. This behavior is similar to that observed for
MDMO-PPV, which would be expected, since the materials investigated here present PPV-type structures.
In this kind of device, it is accepted that the thermodynamic
limit for Voc is given by the energetic difference between the LUMO
of PCBM (−4.2 eV) and the HOMO of the polymer [56]. For MDMOPPV and P3HT, the estimated HOMO values are −5.3 and −5.2 eV,
respectively [57,58]. The polymers investigated here present similar HOMO values (see Fig. 2), reﬂecting in satisfactory Voc values
for the devices assembled, as can be seen in Table 3. The exception
is the device assembled with PF, which shows lower Voc , due to the
less negative value of the HOMO of this material.
The analysis of Jsc is not straightforward. There must be a balance
between at least two distinct effects: improved light-harvesting
and improved charge transport and collection. The higher mobility
is responsible for a better transport of free charge carriers to the
electrodes, while the improved light-harvesting allows the generation of more excitons, which can provide the generation of more
free charge carriers. Both effects contribute to increase Jsc . It is also
important to notice that morphology plays a crucial role, since an
extended interface must be formed between the polymer and PCBM
to allow an efﬁcient dissociation of excitons into free charge carriers, and at the same time a percolation network must exist in each
phase, to allow the efﬁcient transport of charge carriers [59].
For the assembled devices, the lowest Jsc are observed for PF,
despite the higher charge carrier mobility presented by this polymer. In this case, the low Jsc is attributed to the poor light absorption
shown by this material. It is interesting to notice that devices prepared with PF–PFT 50–50 delivered higher Jsc compared to devices
assembled with PF, despite the fact that both materials have similar light-absorption characteristics. This might arise from a better
interaction of PF–PFT 50–50 with PCBM, and the formation of

Fig. 6. Tapping mode AFM of ﬁlms of different polymers mixed with 80 wt% of PCBM. The scanning area is 2.5 m × 2.5 m.
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Table 4
Photovoltaic parameters obtained for solar cells assembled with polymer + PCBM
after annealing at 130 ◦ C for 5 min, illuminated under 100 mW cm−2 (active
area ∼ 0.1 cm2 ): short-circuit current (Jsc ), open circuit voltage (Voc ) and ﬁll factor
(FF).
Polymer

PCBM (wt%)

Jsc (mA cm−2 )

Voc (V)

FF (%)

PF
PF–PFT 75–25
PF–PFT 50–50
PF–PFT 25–75
PFT

80
80
80
80
80

0.1
1.3
1.0
2.0
0.9

0.30
0.45
0.50
0.60
0.55

28
33
35
35
28

a more appropriate morphology in the ﬁlms prepared by spincoating.
Besides, although PFT is the material which presented the best
light-harvesting, and the second highest charge mobility, the best
photovoltaic devices were obtained using the copolymer PF–PFT
25–75. This is probably related to the existence of a synergistic effect between PF and PFT units in this material: PF units
show higher emission, and have a more rigid structure, which can
account for better charge transport; on the other hand, PFT units
might deactivate singlet excitons, but their presence decreases the
bandgap energy of the material, contributing to improve lightharvesting. It is also possible that, somehow, the coexistence of
these units in one material may lead to the formation of a better
morphology, maximizing the interface for exciton splitting, while
maintaining the percolation network.
Even after optimization of the PCBM concentration, the
observed ﬁll factor (FF) values are still low (∼30%, while for
solar cells assembled with MDMO-PPV the values are above
50% [8,60]). The low FF values indicate the existence of recombination losses, caused by poor charge transport or by ﬁlm
morphology. Even though the mobility values reported here are
quite low, they are on the same order of magnitude of those
reported for MDMO-PPV. Therefore, the lower FF values may result
from morphology. To investigate this parameter, AFM images for
polymer–PCBM mixtures deposited by spin-coating are shown in
Fig. 6. The ﬁlms are rather smooth, homogeneous, with few – if
any – defects, revealing a good mixing between the materials.
As shown in other works, there should be phase separation, at
least to a certain extent, with the formation of PCBM-rich and
polymer-rich domains, which can improve the charge transport
properties while maintaining the interface for exciton splitting
[61–63].
Next, an annealing treatment was applied to the devices (130 ◦ C
for 5 min), in order to investigate if this could allow for a better
organization of polymer chains and PCBM domains in the ﬁlm, thus
changing the morphology and improving FF. This effect is commonly observed for P3HT based devices, and also increases the
Jsc values [30,62,63]. For MDMO-PPV-based devices, on the other
hand, depending on the solvent from which the ﬁlms are deposited,
it is known that annealing may lead to a pronounced phase separation, with formation of too large aggregates of PCBM, resulting in
losses in charge transport [61].
Fig. 7a presents the J–V characteristics for the annealed devices.
The parameters extracted from these curves are listed in Table 4.
Fig. 7b shows the IPCE characteristics for devices assembled with
80 wt% of PCBM. As a general trend, the IPCE proﬁle follows the
polymer absorption spectra proﬁle.
For PF and PFT a decrease in both Voc and Jsc , with no improvements in FF, is observed. These materials present a similar behavior
as observed for PCBM/MDMO-PPV cast from toluene solutions,
where the annealing also led to excessive phase separation, resulting in less current collection and lower Voc . For the PF–PFT
copolymers, independent of the ratio of PF and PFT units, the FF
values increased, and Jsc and Voc are almost unaffected by the heat

Fig. 7. J–V curves under 100 mW cm−2 (a) and IPCE characteristics (b) for devices
assembled with 80 wt% of PCBM, ∼0.1 cm2 active area, annealed at 130 ◦ C for 5 min:
) PF–PFT 50–50, () PF–PFT 25–75 and (*) PFT.
() PF, () PF–PFT 75–25, (

treatment. In these samples, the improved FF must arise from an
improved contact with the aluminum electrode. The smaller chain
size in these polymers may facilitate rearrangements in the ﬁlm
surface, allowing the formation of a better contact at the interface. Nevertheless, all the FF values measured in this work are still
low. Since this was attributed to morphology effects, some alternatives to improve this parameter would be the use of polymers with
higher molar mass (longer chains), or the introduction of a third
component in the active layer, such as CdSe nanoparticles, which
can change the morphology, resulting in more efﬁcient devices, as
will be reported elsewhere [64].
4. Conclusions
In this work, the electrochemical, photophysical and charge
mobility properties of new PPV-type polymeric materials, based
on the combination of ﬂuorene and thiophene units, were investigated. These materials were also used to assemble organic solar
cells, in combination with the fullerene derivative PCBM. Lightharvesting and charge transport measured for these materials
(∼10−6 cm2 V−1 s−1 ) are low compared to the characteristics of the
commercially available polymer P3HT. The J–V results showed that
the ﬁll factor was low, but the current and voltage values obtained
for devices based on PFT and PF–PFT 25–75 were comparable to
those obtained for devices assembled with MDMO-PPV. The voltages are similar to or higher than those obtained when using P3HT,
but the current is still much lower compared to this polymer. It
was also evident that the molar mass (chain size) of these materials must be increased, in order to improve light absorption, charge
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transport, and ﬁlm morphology, which are crucial for the assembly
of high efﬁciency solar cells.
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