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The effects of residual catalyst impurities (palladium) on the hole mobility of a fluorene-
thiophene-benzothiadiazole copolymer (poly{[40-(9,9-bis(2-ethylhexyl)fluoren-2-yl)-20 ,10,30-
benzothiadiazole-7,70-diyl]-co-[20-(9,9-bis(2-ethylhexyl)fluoren-2-yl)thien-7,50-diyl]})
(PFB-co-FT), as well as on its photovoltaic and photophysical response when blended with
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), are investigated. Two samples of the
copolymer, only differing for the Pd content (9 and 3360 ppm), are considered and compared.
The transport of positive carriers is characterized by a lower mobility and a higher dispersion
in the Pd-rich PFB-co-FT sample. The photovoltaic parameters of PFB-co-FT:PCBM solar cells
show a significant dependence on the residual catalyst impurities, attributed to a different
concentration of trap states. Variations in charge mobility and trapping induced by impuri-
ties was confirmed also by ESR (Electron Spin Resonance) experiments: an increased concen-
tration of trapped charges in the presence of a higher level of metal impurities was revealed
by light induced ESR, while the variation of polaron mobility correlates with the lifetime var-
iation of the photogenerated PCBM triplet state detected by time-resolved ESR. All experi-
mental evidences point to a strong effect of Pd impurities on the transport properties of
charge carriers.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The performance of the so-called bulk-heterojunction
(BHJ) solar cells [1], made of an interpenetrated network
of a conjugated polymer as electron-donor (D) and a solu-
ble fullerene derivative as electron-acceptor (A), under-
went to a significant improvement during the recent
years. This has been mainly achieved by the combination
. All rights reserved.
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of improved material engineering [2] and fine control of
the nanoscale morphology of the D/A blend [3]. Following
the approach of the energy level engineering, novel donor
materials with enhanced electronic properties have been
prepared, leading to solar cell with efficiencies exceeding
8% [4]. To further improve the power conversion efficiency
of BHJ polymer/fullerene solar cells, much efforts are
required to understand the factors limiting the device
performance and, among them, the transport properties
of charge carriers in the interpenetrated D/A blends are
attracting greater and greater attention with respect to
the past [5].
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Fig. 1. (a) Molecular structures of materials used in this study; (b) energy
levels diagram; (c) the device structure used for Time-of-Flight measure-
ments.
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Fullerene derivatives commonly employed as acceptors
in BHJ solar cells are characterized by a high mobility of neg-
ative carriers and values of the order of 10–3 cm2 V�1 s�1 are
usually reported in optimized polymer/fullerene blends
[6]. Thus, transport properties in this kind of solar cells
are mainly limited by the poor mobility of positive carriers
in the polymer phase, typically of 10�6–10�5 cm2 V�1 s�1

[7], leading to an unbalanced charge transport. It has been
clearly demonstrated that high and balanced mobilities are
a prerequisite for efficient polymer/fullerene solar cells, (i)
to avoid space charge effects [8], (ii) to reduce the occur-
rence of recombination processes [9], (iii) not to limit solar
light harvesting by the use of too thin photoactive layers
[10].

Charge transport in conjugated polymer films takes
place by hopping through a manifold of localized states
[11], so carrier mobility is intrinsically low for this kind
of materials and affected by a lot of parameters. Apart from
charge delocalization, factors such as molecular weight,
regioregularity, position and nature of the side-chain
groups, as well as chemical purity play a relevant role for
charge transport properties of conjugated polymer films
[12].

One of the main sources of chemical impurities is repre-
sented by residual catalyst used in the polymerization pro-
cess, affected by the method of polymer preparation as
well as by the purification process. Worth noticing, most
of donor polymer currently used in highly efficient solar
cells are obtained through palladium catalyzed polycon-
densations [13]. In the palladium-catalyzed polymeriza-
tions (Suzuki, Stille, Heck, Sonogashira, etc.), and, in
general, in most of the methods used for the synthesis of
conjugated polymers, the metal catalysts can be strongly
coordinated by the heteroatoms present on the polymer
backbone, so that their removal is difficult, other than
time-consuming, and sometimes involves extremely toxic
chemicals (cyanides). It has also been reported that insolu-
ble metallic nanoparticles are formed in some cases [14,15]
contaminating the polymer and affecting its electronic
properties. A variation of orders of magnitude has been re-
ported for the field-effect mobility measured for poly(3-
hexylthiophene) (P3HT) polymer samples, prepared by
oxidative coupling using ferric chloride and purified to dif-
ferent extents [16]. Differently, other studies have shown
that the performance of field-effect transistors, made with
other conjugated polymers with different levels of metal
contamination (Fe, Pd, Zn, Sn), are not meaningfully af-
fected by the impurity level [17,18], though a higher hys-
teresis has been observed for higher Pd content [17]. In a
couple of recent works, it has been shown how hole mobil-
ity decreases in P3HT with increasing palladium content,
according to impedance measurements [19], and how the
performance of related devices is affected [20]. Although
the authors themselves are aware that ‘‘artificial’’ impuri-
ties differ significantly from those present in real systems,
the investigated polymer samples were prepared by inten-
tionally adding known amounts of the palladium catalyst
precursor (Pd[PPh3]4) to P3HT. However, according to
Krebs et al. [14] the residual palladium from Heck polycon-
densation in a polyphenylenevinylene is present in the
final polymer in the form of metallic nanoaggregates.
Moreover, it should also be noted that the typical metal
impurities of P3HT are nickel and zinc, not palladium,
because P3HT is routinely prepared through Kumada,
McCullough or Rieke polymerizations [21]. Only in a recent
paper [22] the variation of the performance of poly[4,4-
bis(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4-b0]dithiophene-
2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl]:PCBM solar
cells (PCBM is methyl [6,6]-phenyl-C61-butyrate) with the
polymer purity has been reported. In that work the chem-
ical impurities were those arising from the original catalyst
and monomers, but the Pd content was not accurately
quantified because of the detection limit of the measure-
ment system (3000 ppm) [22].

Although the utmost importance of charge transport
properties for polymer electronics and in particular for
polymer solar cells, the effect of impurities on the perfor-
mance on these devices has been poorly reported in the lit-
erature. In this study, the effect of Pd catalyst impurities –
even at low levels – on the properties of a fluorene-thio-
phene-benzothiadiazole copolymer, poly{[40-(9,9-bis(2-
ethylhexyl)fluoren-2-yl)-20,10,30-benzothiadiazole-7,70-diyl]-
co-[20-(9,9-bis(2-ethylhexyl)fluoren-2-yl)thien-7,50-diyl]}
(PFB-co-FT, Fig. 1) are investigated. To this end, two sam-
ples of PFB-co-FT were prepared by removing the catalyst
residues from a common copolymer precursor, so the pal-
ladium present in the investigated polymer samples was
not artificially introduced but derived from the synthetic
process. The variation induced by the Pd residual impuri-
ties in the bulk transport properties of PFB-co-FT films as
well as in the photovoltaic behaviour of PFB-co-FT:PCBM
solar cells are reported and discussed. In addition, light in-
duced Electron Spin Resonance (ESR) and time-resolved
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ESR (TRESR) with sub-microseconds time resolution, in
combination with visible light excitation, are used to re-
veal the effect of Pd impurities on the photoexcited species
lifetime in PFB-co-FT:PCBM blends.

The results here reported show a clear dependence of
hole mobility of PFB-co-FT on the residual Pd impurities
and a significant variation of the photovoltaic parameters
of PFB-co-FT:PCBM solar cells, prepared with polymer
samples with different Pd contents. Similarly, differences
were found in the ESR spectra of PFB-co-FT:PCBM blends,
with intensities dependent on the copolymer purity, either
in steady-state or in transient mode. The experimental evi-
dences are discussed in terms of different trap states distri-
butions created by the residual Pd catalyst.
2. Experimental

2.1. Materials

Poly{[40-(9,9-bis(2-ethylhexyl)fluoren-2-yl)-20,10,30-ben
zothiadiazole-7,70-diyl]-co-[20-(9,9-bis(2-ethylhexyl)flu-
oren-2-yl)thien-7,50-diyl]} has been prepared as reported
elsewhere [23] by Suzuki polycondensation of boronic acid
of fluorene derivative, dibromobenzothiadiazole and 2,5-
dibromothiophene catalyzed by Pd[PPh3]4. The product
obtained from the polymerization was identified as PFB-
co-FT_A. A portion of the polymer was dissolved in 500 mL
of chloroform and 500 mL of 30% aqueous ammonia were
added. The mixture was vigorously stirred for 3 h at reflux
temperature and cooled to room temperature. The organic
phase was separated, 400 mg of disodium ethylenediamine-
tetraacetate were added and the mixture was stirred over-
night. Then the suspension was extracted three times with
500 mL of water. The organic phase was separated, concen-
trated to about 10 mL and added dropwise to 200 mL of
methanol to precipitate the polymer. The solid was collected
by filtration, washed with methanol and dried in a vacuum
oven to yield PFB-co-FT_B. Palladium content in the two
polymer samples, determined by ICP-mass analysis with a
Perkin Elmer Elan DRC-e spectrometer, was found to be
3360 and 9 ppm (w/w), for PFB-co-FT_A and PFB-co-FT_B
respectively.

2.2. TOF measurements

PFB-co-FT films were spin-coated onto glass/ITO
(Indium–Tin-Oxide) substrates from chloroform solutions
to a thickness of about 1.50 lm. A 150-nm thick layer of
terfluorene was vacuum evaporated on the top of the
PFB-co-FT films, as a charge generation layer. The device
structure was completed with a vacuum evaporated semi-
transparent aluminium electrode (20 nm), acting as the
illuminated electrode. A nitrogen laser (k = 337 nm) with
a pulse duration of 6–7 ns was used to photogenerate
charge carriers. A variable DC potential, with the Al elec-
trode positively biased, was applied to the samples and,
in order to ensure a uniform electric field inside the device,
the total photogenerated charge was kept less than 0.1 CV,
where C is the sample capacitance and V the applied po-
tential. The photocurrent was monitored across a variable
load resistance by using a Tektronix TDS620A digital
oscilloscope.

2.3. Solar cells

Solar cells were fabricated on patterned ITO-coated glass
substrates previously cleaned in detergent and water, then
ultrasonicated in acetone and isopropyl alcohol for 15 min
each. A PEDOT:PSS (Clevios P VP AI 4083) layer was spin-
coated at 4000 rpm onto UV–ozone-treated ITO-coated
substrates to a thickness of around 40 nm, then baked in
an oven at 140 �C for 10 min. PFB-co-FT was blended with
PCBM (Aldrich) and dissolved in 1,2-dichlorobenzene
(25 g L�1). The solutions were stirred at 40 �C for 4 days.
The blend solutions were spin-coated in air onto the ITO/
PEDOT:PSS substrates. The thickness of the active layers,
measured with a Tencor AlphaStep profilometer, was
around 100 nm. Then the samples were transferred to an ar-
gon glove-box, where the device structure was completed
with the thermal evaporation of the LiF (0.9 nm)/Al
(80 nm) cathode at a base pressure of 3 � 10�6 mbar. The
active device area, defined by the shadow mask used for
the cathode deposition, was 8 mm2.

The device electrical characterization was carried out at
room temperature in an argon glove-box. Solar cells were
illuminated by using a solar simulator (SUN 2000 Abet
Technologies, AM1.5G) and the light power intensity was
calibrated using a certified silicon solar cell. For light-inten-
sity dependent measurements, a set of quartz neutral filters
was used to vary the incident light power. The current–volt-
age curves were taken with a Keithley 2400 source-measure
unit.

2.4. Light induced ESR and TRESR Spectroscopy

ESR spectra were recorded with a Bruker Elexsys E500 X-
band spectrometer (9–10 GHz working frequency)
equipped with a nitrogen flow cryostat for sample temper-
ature control (110–400 K). Light induced ESR spectra were
obtained by subtracting the ESR spectrum recorded in the
dark from the spectrum recorded under illumination. Light
excitation was obtained using either the IR-filtered output
of a high pressure Xe lamp (�1 mW cm�2 on the sample)
or a laser excitation (from an Argon Neon laser, emitting
at 488 nm and 514 nm, �40 mW cm�2 on the sample).
The two irradiation methods gave similar results.

For ESR spectra, PFB-co-FT:PCBM films were obtained
from mixed solution of polymer and fullerene in 1,2-
dichlorobenzene (1:1 by weight, at 1 g L�1); films 2 cm
high are prepared putting a fixed appropriate quantity of
solution inside ESR quartz tubes (4 mm outer diameter)
and slowly evaporating the solvent under vacuum after
three freeze–pump–thaw cycles; after a successive 2 h vac-
uum treatment the tubes are sealed and the films ana-
lysed; minor differences of volume are measured and
accounted for. We took care to maintain the same geomet-
rical setup (position of sample tubes in the resonant cavity)
in all the measurement. The small dimensions of the
weighted sample allow to put it inside the region of the
resonant cavity giving a constant instrumental response.
At fixed illumination conditions, these cares allow to have
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a good repeatability and to compare quantitatively the
LESR intensities. Indeed repeated measurement on inde-
pendently prepared samples showed a variation on LESR
response of less than 15%.

TRESR experiments in the microsecond time range were
performed with a Bruker ER200D ESR spectrometer, and
photoexciting the sample with the second harmonic of a
Nd:YAG pulsed laser (Quantel Brilliant, k = 532 nm; 5 ns
pulse duration; energy/pulse ffi5 mJ, 20 Hz repetition rate).
By disabling magnetic field modulation, positive and nega-
tive TRESR intensities indicate absorptive and emissive
lines, respectively. The overall response time of the instru-
ment was about 150 ns. At each magnetic field position, an
average of 200 transients is usually recorded and a 2D
data-set was obtained, giving either the ESR spectrum at
different time delays after the laser pulse or the ESR signal
time evolution at each magnetic field position. Sample
preparation for TRESR experiments was the same as for
LESR. All geometrical (sample volume and position), opti-
cal (laser light intensity and sample area excited by the la-
ser) and instrumental parameters have been kept as
constant as possible. Repeated measurement on indepen-
dently prepared samples showed a variation on TRESR re-
sponse of less than 10%.
3. Results and discussion

The two investigated copolymer samples were indenti-
fied as PFB-co-FT_A and PFB-co-FT_B. The former was
directly obtained by Suzuki cross-coupling polymerization
with (Pd[PPh3]4) catalyst, the latter was achieved after a
purification process. The two PFB-co-FT samples were thor-
oughly characterized in order to exclude any other differ-
ence, besides the content of the residual palladium (3360
and 9 ppm for PFB-co-FT_A and PFB-co-FT_B, respectively)
and phosphorus catalyst (800 and 670 ppm for PFB-co-
FT_A and PFB-co-FT_B, respectively). Since phosphorus con-
tent is not significantly different in the two samples, any
variation is mainly attributed to palladium. NMR and UV–
vis absorption spectra were found to be exactly coincident.
Solubility, molecular weights and their distribution, as well
as the energy levels of the highest occupied molecular orbi-
tal (HOMO) and of the lowest unoccupied molecular orbital
(LUMO) (Table 1) do not significantly differ for the two
copolymer samples and are in any case within the experi-
mental error (see Supplementary Data for details).

The bulk transport properties of positive carriers in PFB-
co-FT films were investigated by small-signal Time-of-
Flight (TOF) [24]. The TOF measurements were performed
at room temperature by using the device structure ITO/
PFB-co-FT/terfluorene/Al shown in Fig. 1. The thin layer
of terfluorene (TF, Fig. 1) acts as a charge generation layer
Table 1
Properties of PFB-co-FT polymer samples and charge transport parameters.

Polymer sample Polymer properties

Pd (ppm) P (ppm) Mw (Da) PDI HOMO

PFB-co-FT_A 3360 800 31,400 2.95 �5.31
PFB-co-FT_B 9 670 33,600 2.95 �5.31
(CGL) [25]. Indeed, because of the high absorption coeffi-
cient of TF at the excitation wavelength of the TOF equip-
ment (around 1.3 � 105 cm�1 at 337 nm) [26], the thin
CGL layer is able to efficiently absorb the incident light
pulse. In addition, thanks to its deep-lying HOMO level
[24], the holes photogenerated in the CGL (with the illumi-
nated semitransparent Al electrode positively biased) are
easily injected into the PFB-co-FT film, as illustrated in
Fig. 1.

The photocurrent signals were found to be extremely
dispersive, for both PFB-co-FT formulations. A typical pho-
tocurrent transient is displayed in Fig. 2 in a double loga-
rithmic scale, while in the inset the same signal is shown
in a linear scale. The photocurrent signal shown in Fig. 2
was obtained for PFB-co-FT_A at DC bias of 90 V, corre-
sponding to an electric field E of around 6.1 � 105 V cm�1.
The transit times tt were extracted from the inflection
points in the double logarithmic plots, thus the hole mobil-
ity l was calculated through the well-known expression
l ¼ d=ttE where d is the thickness of the PFB-co-FT film.
Actually, the time required for holes to cross the charge
generation layer should be subtracted from the values of
tt extracted from the photocurrent signals. However, given
the high hole mobility of TF (around 1 � 10�3 cm2 V�1 s�1

at 2.5 � 105 V cm�1) [26] and the small thickness of the
terfluorene layer, the transit time of carriers through the
CGL was not taken into account.

The mobility values are reported as a function of the
square root of E in Fig. 3. As expected, l is clearly affected
by the residual Pd content in the polymer. PFB-co-FT_B
exhibits hole mobilities roughly four-fold higher, compared
to PFB-co-FT_A with a higher amount of residual catalyst.
For example, at a field of around 5 � 105 V cm�1, hole
mobility calculated for PFB-co-FT_A is 3.9 � 10�5 cm2 V�1

s�1, while that of PFB-co-FT_B is 1.6 � 10�4 cm2 V�1 s�1.
The trend of mobility with E1/2 is roughly linear, suggesting
that mobility in PFB-co-FT obeys, in the investigated range
of field, a Poole–Frenkel behavior [27,28].

lðEÞ ¼ l0 expðb
ffiffiffi

E
p
Þ ð1Þ

where l0 denotes the mobility at zero field and b is the
parameter describing how strong is the dependence on
the electric field. The parameters for the Poole–Frenkel fit
to mobility data of Fig. 3 are l0 = 9.4 � 10�7 cm2 V�1 s�1

and b = 5.2 � 10�3 (cm V�1)1/2, for PFB-co-FT_A, are
l0 = 3.6 � 10�6 cm2 V�1 s�1 and b = 5.3 � 10�3 (cm V�1)1/2,
for PFB-co-FT_B.

The square root field dependence of mobility, fre-
quently observed in disordered molecular materials [29]
is often attributed to trapping effects. The immobilization
of carriers for time periods by trapping sites distributed
in energy leads to a broad distribution of transit times, that
Transport parameters

(eV) LUMO (eV) l0 (cm2 V�1 s�1) b (cm1/2 V�1/2) a

�2.93 9.4 � 10�7 5.2 � 10�3 0.32
�2.94 3.6 � 10�6 5.3 � 10�3 0.42



Fig. 2. Photocurrent transient for a device based on PFB-co-FT_A, for an
applied bias of 90 V. The thickness of the polymer layer was 1.50 lm.

Fig. 3. Square root field dependence of hole mobility for devices based on
PFB-co-FT_A (squares) and on PFB-co-FT_B (circles). The lines represent
the linear fit to the experimental data.

Fig. 4. Electric field dependence of hole transit times for devices based on
PFB-co-FT_A (squares) and PFB-co-FT_B (circles). The lines represent the
linear fit to the experimental data.
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is to a dispersive transport. It has been shown [30] that, in
a multiple trapping model, the transit time of carriers
exhibits the electric field dependence of ttðEÞ / E�1=a,
where a is a dispersion parameter (0 < a < 1; a = 1 for
non dispersive transport) introduced by Scher and Mon-
troll [31] in their model for the description of dispersive
transport in amorphous solids. The electric field depen-
dence of hole transit times derived from the TOF signals
are reported in Fig. 4 in a double logarithmic plot. From
the slopes of the lines representing the linear fit to the
experimental data, values for the dispersion parameter a
of 0.32 and 0.42 were obtained, for PFB-co-FT_A and PFB-
co-FT_B, respectively. So, the residual impurities seem to
increase the dispersive character of hole transport, other
than affecting the mobility values. The charge transport
parameters obtained for PFB-co-FT samples are summa-
rized in Table 1.

In order to analyze the effect of Pd content on the pho-
tovoltaic properties of PFB-co-FT, BHJ solar cells were
prepared with the two polymer samples as donors and
PCBM as acceptor. The device behaviour was investigated
by varying the donor to acceptor weight ratio (D:A) of
the active layer. For a better comparison, the same experi-
mental conditions were used (same solvent and solution
concentration, same spin-coater revolution speed, same
active layer thickness), in order to achieve a comparable
morphology for PFB-co-FT:PCBM blends made with the
same D:A ratio. A remarkable effect was observed for the
open-circuit voltage (Voc) and fill factor (FF) of cells made
with the different donor samples, reflecting in the power
conversion efficiency (PCE), whereas a less significant ef-
fect was obtained for the short-circuit current (Jsc)
(Fig. 5). As shown in Fig. 5, in which the average values
of the photovoltaic parameters (over eight cells) are com-
pared by varying the D:A ratio for a comparable thickness
of the active layer (around 100 nm), both Voc and FF are
significantly lower for cells made with PFB-co-FT_A, trans-
lating in a factor of about two in the overall cell efficiency.
For both donors, the highest overall performance was
achieved for the D:A ratio of 1:2. As expected, because of
the high energy gap (about 2.7 eV) of the absorbing poly-
mer, PCE is modest for these cells (0.14% and 0.25% at
100 mW cm�2 for PFB-co-FT_A and PFB-co-FT_B, respec-
tively). However, the relevant result here is the relative
variation of the photovoltaic parameters and not the abso-
lute values, which, in terms of efficiency, means a variation
close to 80% for the investigated cells.

By changing the weight concentration of PCBM between
50% and 75%, the average value of Voc ranged between 0.54
and 0.64 V and between 0.93 and 0.98 V for PFB-co-FT_A
and PFB-co-FT_B, respectively. This significant variation
with the polymer sample is not expected on the basis of
the energy levels of the D/A couple [32], the HOMO level
of the donor polymer being not meaningfully affected by
the Pd content (Table 1). Also the fill factor was systemat-
ically lower for the cells made with the Pd-rich polymer
sample, showing its greatest variation at the best D:A ratio
(0.33 and 0.42 for PFB-co-FT_A and PFB-co-FT_B, respec-
tively, at D:A of 1:2). The strong effect of the impurity con-
tent in the donor polymer on both Voc and FF, could be a
signature of trapping effects and, in this case, also a



Fig. 5. Dependence of photovoltaic parameters on the donor to acceptor weight ratio for PFB-co-FT_A:PCBM (squares) and PFB-co-FT_B:PCBM (circles) solar
cells, made with a comparable thickness of the active layer (around 100 nm). The light power intensity is 100 mW cm�2. Error bars represent standard
deviations.
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different dependence of Voc with the light intensity (Pin)
should be observed [33]. As an example, the variation of
Voc with Pin, for cells made with the two different donor
samples and with a D:A ratio of 1:1, is displayed in the
semi-logarithmic plot of Fig. 6, which shows that the
dependence on light intensity was found to be much stron-
ger in the case of PFB-co-FT_A, mainly at low Pin. This could
be explained by considering trap-assisted recombination
Fig. 6. Dependence of the open-circuit voltage on light power intensity
for a PFB-co-FT_A: PCBM (squares) and a PFB-co-FT_B:PCBM (circles)
solar cell, both made with a donor to acceptor weight ratio of 1:1 and an
active layer thickness of about 100 nm.
of charge carriers [34], more relevant in the presence of
high content of impurities, as also confirmed by light in-
duced ESR and TRESR analysis.

Light induced ESR spectroscopy is frequently used to
identify the occurrence of photoinduced electron transfer
from conjugated polymers to fullerene, by unambiguously
revealing the presence and steady state concentration of
photoexcited charge-separated states (radical ions)
[35–37], the signal intensity being determined by the equi-
librium between photogeneration and recombination. Note
however that, using the 100 kHz modulation technique, the
ESR signal is mainly due to relatively long-lived radical spe-
cies, with lifetimes exceeding 10 ms and with a greater sen-
sitivity for species having lifetimes exceeding milliseconds
[38]. In addition, in order to have enough signal intensity,
the ESR measurements are performed at low temperature,
at which not only magnetic disorder is reduced but also
most of the recombination processes are severely slowed
down, so that charge lifetime is increased with respect to
high temperature and part of the species rapidly recombin-
ing at room temperature is brought to detection. On the
other hand, time-resolved ESR techniques are frequently
used to investigate, in the microsecond time range, the
dynamics of formation and decay of short-lived photoexcit-
ed paramagnetic states such as triplet states and fast decay-
ing radicals species [39]. The light induced ESR spectra of
PFB-co-FT:PCBM blends, recorded at low temperature
(T = 110 K), are reported in Fig. 7a. The lines in the spectra
of Fig. 7a are assigned to the radical cations of PFB-co-FT
and to the radical anions of PCBM, on the basis of the



Fig. 7. (a) Light induced ESR spectra of PFB-co-FT:PCBM blends, recorded
at T = 110 K using visible light illumination (at 488 and 514 nm with an
Argon Neon laser) and 0.05 mW microwave power. (b) Onset and decay of
the PCBM anion signal. Inset: signal decay normalized to 1, showing the
same time dependence in both cases. A and B represent PFB-co-
FT_A:PCBM and PFB-co-FT_B:PCBM blends, respectively.
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g-tensor principal values estimated by a best fit simulation
of the spectra (gx = 2.0035, gy = 2.0020, gz = 2.0010 for the
broader, low field line and gx = 2.0005, gy = 1.9999,
gz = 1.9998 for the high-field line, all g-values given with
an absolute error of ±0.0005) [23,40].

The spectral simulation is reported in the Supplementary
Data. A small difference between our g-values for PCBM and
the reported values of Ref. [40], could be ascribed to matrix
effects (different polymers), slightly changing the electron
distribution in the anion.

The slightly lower intensity of the lines assigned to
PFB-co-FT radical cations (polarons) is due to a well known
saturation phenomenon already described in other poly-
mer:PCBM blends [36,41,42]. By examining the total inten-
sities of the ESR spectra shown in Fig. 7a, it is clear that the
PFB-co-FT_A:PCBM blend shows an intensity about twice
that of the blend with less Pd impurities. The different
intensities could be caused either by a different efficiency
of the charge generation process or by a different average
lifetime of the charge carriers. Concerning the first possibil-
ity, the low concentration of impurities in the investigated
PFB-co-FT samples (in the ppm range, see Table 1) cannot
produce a dramatic effect on charge separation yield (the
blend morphology should not be significantly affected by
the residual catalyst). Moreover, we did not observe any dif-
ference in the polaron lines of PFB-co-FT:PCBM blends in a
microsecond time-scale, as evidenced by the TRESR analysis
(vide infra). On the other hand, a higher light induced ESR
intensity is expected in the blend with a higher content of
residual catalyst, generating a higher number of defect sites
where charge carriers can be trapped and can survive for a
longer time before recombination, as also inferred from
TOF and solar cells results.

The different intensities of the light induced ESR spectra
of Fig. 7a were attributed to a different average lifetime of
the photogenerated charge carriers, however the question
is if the incremented stationary state population of trapped
charges observed for PFB-co-FT_A:PCBM blend is due to an
increased trap concentration or to an increased trap binding
energy. In order to ascertain this, the signal kinetics was
registered for both blends. The formation and decay kinetics
of the PCBM anion signal is reported in Fig. 7b (due to the
weakness and broadness of the polaron signal, it was not
possible to measure its kinetics). After switching off the illu-
mination, the ESR signal decays slowly within the first
10 min to an almost constant value (persistent signal),
without reaching the value observed before illuminating
(which is almost zero). The signal decay is obviously due
to the recombination of PCBM anions with oppositely
charged species, that is trapped charges that can be ther-
mally detrapped at the measuring temperature, so that
can reach the transport level, diffuse and recombine. The
persistent signal is instead due to charges at very deep traps,
with respect to thermal energy, where they are seized over
hours. As it occurs with the LESR, also in the persistent sig-
nal the intensity is higher in sample A than in sample B, that
means that also deep traps are more concentrated in sample
A than in B (the intensity ratio is exactly the same as in pres-
ence of light, about two). More, the time dependence of the
signal normalized to 1 is exactly the same in the two sam-
ples, as shown in the inset of Fig. 7b. The observed full coin-
cidence of the time dependence of signal kinetics suggests
that the residual Pd catalyst does not affect the energy dis-
tribution of traps, but simply their concentration, being
higher for PFB-co-FT_A:PCBM blend.

Time-resolved ESR spectra of PFB-co-FT:PCBM blends,
recorded at T = 120 K and 1 ls after the laser pulse, are
shown in Fig. 8. The observed TRESR spectra extend over
about 200 Gauss, with a pattern in absorption at low field
and emission at high field. The TRESR spectra of the inves-
tigated blends are coincident with that of PCBM dissolved
in an inert solid matrix (e.g. frozen toluene or 1,2-dichloro-
benzene), assigned to the excited triplet state of fullerene
[43,44], but different from the spectrum of neat PCBM
films, where intermolecular interactions induce fast spin
relaxation and efficient decay of triplet excitons. Therefore
TRESR spectra of PFB-co-FT:PCBM blends are attributed to
the triplet state of isolated fullerene molecules in the poly-
mer matrix, not to fullerene aggregates. According to this
fact, the PCBM triplet state can be considered as a probe
of the charge carrier dynamics of the PFB-co-FT matrix in
which it is embedded. It is worth noting that in the centre
of the TRESR spectra (at g = 2, corresponding to a magnetic



Fig. 8. TRESR spectra of PFB-co-FT:PCBM blends at 120 K, recorded 1 ls
after the laser pulse with 2 mW microwave power (Abs. = absorption;
Em. = emission). Dashed line: PFB-co-FT_A:PCBM; continuous line: PFB-
co-FT_B:PCBM. Inset: Decay of the TRESR signals, recorded at the field
position corresponding to the maximum ESR intensity and using very low
microwave power (2 lW).
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field of 3345 Gauss in Fig. 8), there are very weak signals
that can be attributed to the radical pairs formed by photo-
induced charge transfer. Even though no quantitative con-
clusion can be drawn from these spectra, by observing the
g � 2 region with an increased signal to noise, the intensi-
ties of polaron lines always do not differ significantly in the
two blends (within experimental errors), giving support to
the assumption of a comparable charge photogeneration
yield. The fraction of 532 nm light absorbed by the copoly-
mer in PFB-co-FT:PCBM blends produces charge separated
states, but this is not the main process, because of the poor
absorption ability of PFB-co-FT at this wavelength (see
Supplementary Data, Fig. S3). Indeed, the 532 nm light is
also absorbed by PCBM, generating singlet excited states
(singlet excitons) efficiently converted into a triplet states
and giving rise to the triplet species detected by TRESR. The
catalyst impurities in PFB-co-FT_A cannot significantly in-
crease the PCBM triplet generation, because the triplet
quantum yield in [60] fullerene and its derivatives is usu-
ally already close to unity [45]. Despite this, the TRESR
spectrum obtained from PFB-co-FT_A:PCBM blend is about
two-fold more intense than that of PFB-co-FT_B:PCBM.
This result, confirmed by repeated measurements on at
least three independent samples, can be explained by con-
sidering the different density of trap states of polarons in
the blends with low residual catalyst content. After pulsed
photoexcitation with high photon flux, corresponding to
our experimental conditions, a large number of charge car-
riers are generated. In the presence of an excess of charge
carriers, all trap sites are filled and additional free carriers
are generated at the mobility edge. The free carriers under-
go a fast bimolecular quenching within less than 100 ns
[46]. Freely diffusing polarons are also able to quench ex-
cited triplet states, as recently demonstrated in polymer/
chromophore blends [47]. Therefore, it could be suggested
that, because of the higher number of free polarons in PFB-
co-FT_B (due to the low density of trap states), the proba-
bility of polaron-triplet exciton encounter is enhanced,
thus leading to a more efficient triplet quenching within
the first few tens of nanoseconds. The higher density of
mobile polarons in PFB-co-FT_B could in principle give rise
also to a variation of triplet PCBM lineshape because of an
enhancement of relaxation rates. However we did not ob-
serve a significant TREPR linewidth change between the
two samples and the lineshape is almost coincident with
that of triplet PCBM in an inert matrix (e.g. frozen dichlo-
robenzene solution). The time resolution of TRESR in our
experimental setup is more than 100 ns. Therefore the fast
quenching of triplet states in PFB-co-FT_B causes the de-
creased intensity of TRESR spectrum measured at about
1 ms after the laser pulse. The annihilation of triplet states
by polarons is most effective during the first 100 ns but can
be present also at a longer time scale. In order to check
whether this is true, we measured the TRESR decay curve
in a 100 ls time range on the two blends and determined
the decay constant of the curves (inset of Fig. 8). The best
fit of the TRESR signal decay, using a monoexponential
function, yielded the average decay times of 52 ± 3 ls
and 38 ± 5 ls for PFB-co-FT_A:PCBM and PFB-co-
FT_B:PCBM blend, respectively. An example of two decay
curves with their fittings is reported in the Supplementary
Data. The shorter decay time of the triplet state in latter
blend is an evidence in favour of an additional decay pro-
cess, besides the normal unimolecular triplet decay, likely
induced by an increased triplet-polaron quenching in the
blend with a higher number of available mobile polarons,
in agreement with previous evidences from electrical
characterization.

4. Conclusions

The effect of residual Pd catalyst on transport properties
of PFB-co-FT, as well as on the photovoltaic and photo-
physical behavior of PFB-co-FT:PCBM blends were investi-
gated. The residual catalyst impurities were the result of
the polymerization/purification process and not intention-
ally added to the investigated copolymer samples.

As expected, higher hole mobilities were measured for
the PFB-co-FT sample with a lower impurity content.
Moreover, the dependence of transit times on the electric
field indicated a higher dispersion character for the trans-
port of positive carriers in the Pd-rich copolymer sample,
attributed to a higher density of trap states.

Open-circuit voltage and fill factor were the photovol-
taic parameters mainly affected by the residual Pd catalyst,
showing higher values for cells made with the donor sam-
ple with a higher purity and leading to an increased power
conversion efficiency of around twice. The analysis of the
trend of the open-circuit voltage with light intensity con-
firmed a stronger trapping effect for cells made with the
PFB-co-FT sample richer of residual catalyst impurities.

Evidences of increased charge trapping in PFB-co-
FT:PCBM blends made from the copolymer with a higher
impurity level were also provided by light induced ESR
analysis, showing an increased stationary state signal of
trapped charges with respect to the purer PFB-co-FT sam-
ple. At the same time, in time-resolved ESR analysis the
faster decay of photoexcited PCBM triplet state in the purer
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blend points to a more effective triplet-polaron quench, in
agreement with a higher average polaron mobility. For the
first time, the PCBM molecule in triplet state is here
employed as a probe of the polymeric environment.

In conclusion, all the different experimental evidences
point to a common effect of higher density of trap states
in the copolymer sample with a higher content of the
residual palladium catalyst, greatly affecting the photovol-
taic performance of the related solar cells.
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