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a b s t r a c t

We show how molecular doping can be implemented to improve the performance of
solution processed bulk heterojunction solar cells based on a low-bandgap polymer mixed
with a fullerene derivative. The molecular dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (F4-TCNQ) is introduced into blends of poly[2,6(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta[2,1-b:3,4-b0]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT)
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) via co-solution in a range of con-
centrations from 0% to 1%. We demonstrate that the hole conductivity and mobility
increase with doping concentration using field-effect measurements. Photoinduced
absorption (PIA) spectroscopy reveals that the polaron density in the blends increases with
doping. We show that the open circuit voltage and short circuit current of the correspond-
ing solar cells can be improved by doping at 0.5%, resulting in improved power conversion
efficiencies. The increase in performance is discussed in terms of trap filling due to the
increased carrier density, and reduced recombination correlated to the improvement in
mobility.

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

Solar cells based on polymer:fullerene bulk-
heterojunctions (BHJ) can be processed from solution at
low temperatures and low production costs to offer a
promising technology for flexible, large area photovoltaic
applications [1,2]. In the BHJ solar cell [3], the polymer and
fullerene form an interpenetrated network of donor and
acceptor domains at the nanoscale [4,5]. Excitons are gener-
ated upon light absorption by the polymer. The fullerene is
used as an electron acceptor, and charge transfer occurs
when excitons diffuse to the polymer and fullerene
. All rights reserved.
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interface. An efficient collection of the photogenerated
charge carriers depends on the percolation of holes and
electrons towards the anode and cathode with minimized
recombination. However, in such thin-film solar cells
recombination is a delicate interplay between morphology
and carrier lifetime/mobility [6–8]. Several aspects have
been explored towards the optimization of morphology
[9–11], whereas intrinsic carrier mobility is a material
parameter, with limited possibilities for improvement
[12]. Both the morphology of the active layer and the charge
carrier mobilities in the blend influence the efficiency of BHJ
solar cells, which is primarily limited by low photocurrents.
The design of conjugated polymers with low bandgaps lying
in the near infrared has improved the light harvesting
properties and thus the amount of photocarriers potentially
capable of generating photocurrent [13]. These novel low
bandgap polymers have recently been the focus of intense
research [13–15]. However, poor carrier transport
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characteristics and the resulting recombination losses may
remain a significant problem for further optimization [16].

PCPDTBT is a low bandgap polymer based on two
alternating repeat units with different electro affinities, in
this case dithiophene and benzothiadiazole [17]. PCPDTBT
blended with the soluble fullerene derivative PCBM is con-
sidered to be a promising material combination for BHJ so-
lar cells [18]. The power conversion efficiencies of these
cells have been found to be limited by recombination
resulting in relatively low short circuit currents (Jsc), fill
factors (FF) and thus external quantum efficiencies (EQE)
[16]. Previous studies addressing recombination effects in
this system have been focussed on the role of morphology
[19], and the transport properties of the blends [16]. While
control over morphology has been effectively achieved by
using solvent additives [20], the tuning of the transport
characteristics remains more challenging.

Molecular doping is an effective possibility to improve
the electrical characteristics of organic semiconductor de-
vices [21]. Doping molecules with suitable energy levels
can accept electrons from the highest occupied molecular
orbital (HOMO) level of polymers, resulting in p-type
doping in the ground state. F4-TCNQ is commonly used
to p-dope organic semiconductors [21,22]. In small mole-
cule devices, where stacked layers are prepared by subli-
mation, it has been shown that transport layers doped
with F4-TCNQ can be used to lower the operating voltages
of organic light emitting diodes (OLEDs) [23] and achieve
efficient p–i–n junction solar cells [24]. Several investiga-
tions demonstrated how doping in such devices has an im-
pact on carrier injection and extraction by modifying
energy barriers at the metal organic interface [25,26]. On
the other hand, many comprehensive studies on conju-
gated polymers mixed via co-solution with F4-TCNQ dem-
onstrated that doping leads to an increase not only in
conductivity but also in mobility, [27,28] so it is likely that
doping may have an effect on the various recombination
phenomena in BHJ solar cells. For example, the initial gem-
inate recombination depends on the local mobilities of
electrons and holes after charge transfer [29]. A very recent
work from us based on transient absorption spectroscopy
proved that it is possible to reduce geminate recombina-
tion in PCPDTBT:PCBM blend films upon doping [30]. An
increased carrier mobility via doping was demonstrated
by both diode and field-effect transistor (FET) measure-
ments [27,28] resulting in the general improvement of
the electrical properties in polymer films through doping.
The improvement in transport has been recently attributed
to the filling of traps by the dopant-induced carriers and a
shift of the mobility edge towards the center of the density
of states, where mobility is known to be higher [31].

In this paper, we show how molecular doping can be
used to improve the hole mobility in solution processed
blends based on PCPDTBT:PCBM and therefore the perfor-
mance of BHJ solar cells. F4-TCNQ is introduced to the
blend via co-solution at concentrations ranging from 0 to
1 wt.% with respect to the polymer, demonstrating a sim-
ple method to dope solution processed cells. From trans-
port measurements based on FETs we demonstrate that
the hole conductivity and mobility increase with doping
concentration. Solar cells prepared with doped blends ex-
hibit short circuit currents improved by more than 10%,
resulting in higher power conversion efficiencies. We dis-
cuss the improvement in performance in terms of reduced
recombination correlated to the increase in mobility and
transport properties.
2. Material and methods

PCPDTBT, supplied by Konarka Technologies GmbH
(Nürnberg, Germany), was p-doped with F4-TCNQ
(Sigma-Aldrich) and blended with PCBM, purchased from
Solenne BV. F4-TCNQ and PCPDTBT were separately dis-
solved in chlorobenzene, in concentrations of 1 mg/mL
and 10 mg/mL, respectively. For the field-effect measure-
ments, the dopant solution was added to the polymer solu-
tion to achieve concentrations of 0%; 0.1%; 0.2% and 0.3%
by weight with respect to the polymer. Solutions were left
stirring overnight. For the polymer:fullerene solutions,
PCBM was added to obtain a weight ratio of 1:1 with re-
spect to the polymer. The semiconducting layers were then
spin coated onto pre-cleaned substrates. All solution pro-
cessing was performed in a N2-filled glovebox.

FETs were fabricated on highly n-doped silicon sub-
strates purchased from Fraunhofer IPMS (Dresden) with a
thermally grown layer of SiO2 with a thickness of
230 ± 10 nm. The source-drain contacts are Au and have
an interdigitated structure with channel lengths L of
20 lm and channel width W of 1 cm. The silicon substrates
were cleaned using the same method as for the ITO sub-
strates. The substrates were then transferred into the
glove-box for deposition of the semiconductor via spin-
coating. The electrical characterization of the transistors
was carried out in a cryostat at 10�6 mbar in the dark.
The source-drain current voltage characteristics were re-
corded using a Keithley 236 and the gate voltage was reg-
ulated with a Keithley 2400 source measurement unit.

For the PIA and solar cell measurements, blend solu-
tions in chlorobenzene:diodooctane (100:3 v/v) and
toluene:diodooctane (100:1 v/v), respectively, with a 1:2
polymer:fullerene ratio were prepared with doping con-
centrations from 0% to 1%. For the PIA measurements, the
blends were spun onto saphire samples. The samples were
excited at 660 nm and probed with white light from a hal-
ogen lamp. Laser induced changes in transmission of the
white light source were measured using lock-in detection.
The samples were cooled to 80 K and kept in vacuum dur-
ing the measurements. To prepare solar cells, patterned
ITO coated glass substrates from PGO (Germany) were
cleaned in hot acetone and isopropanol and exposed for
10 min to an oxygen plasma treatment to remove organic
residuals from the surface. PEDOT:PSS (HC Stark) was then
spun on the substrates and annealed at 180 �C for 10 min.
The layer thickness was 60 nm. The samples were trans-
ferred into the glovebox to perform all subsequent pro-
cessing steps. The blends were spun on top of the
PEDOT:PSS layer to get an active layer thickness of
80 nm. Here, doping concentrations from 0% to 1% were
used. The cathode was formed by thermal evaporation of
LiF:A1. The active layer of the solar cells was defined by
the overlap of the cathode and anode, and was approxi-
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mately 0.15 cm2. The exact area was measured under an
optical microscope.

Current-voltage characteristics (IV) of the solar cells un-
der simulated AM 1.5 G sun light were recorded with a
Keithley 2400 source measurement unit. The reference so-
lar spectrum was provided by a class A solar simulator
(P.E.T. Inc.) calibrated with a reference silicon photodiode
supplied by Fraunhofer ISE (Germany). External quantum
efficiency (EQE) was measured with a lock-in technique
on a setup equipped with a Xe–Hg tandem lamp using a
two-grating monochromator. The incident photon flux
was monitored with a calibrated silicon photodetector.
Fig. 1. FET parameters: (a) source–drain current Ids at Vds = �10 V and
Vg = �60 V as a function of F4-TCNQ concentration for PCPDTBT (black
squares) and PCPDTBT:PCBM (red dots) thin films. (b) Field-effect
mobility extracted from the linear regime as a function of F4-TCNQ for
the same samples in (a).

Table 1
Field-effect parameters of FET prepared with PCPDTBT and PCPDTBT:PCBM
blends at doping concentrations of 0; 0.1; 0.2; and 0.3 wt.% with respect to
the polymer.

l
(cm2 V�1 s�1)

Ion/Ioff VT

(V)

PCPDTBT 1.03 � 10�5 2 � 105 �32
PCPDTBT – F4-TCNQ (0.1%) 2.91 � 10�5 1 � 103 5
PCPDTBT – F4-TCNQ (0.2%) 3.74 � 10�5 2 � 101 20
PCPDTBT – F4-TCNQ (0.3%) 4.57 � 10�5 4 � 100 –
PCPDTBT:PCBM 1.14 � 10�4 5 � 104 0
PCPDTBT:PCBM – F4-

TCNQ(0.1%)
2.86 � 10�4 2 � 105 1

PCPDTBT:PCBM – F4-
TCNQ(0.2%)

3.63 � 10�4 1 � 104 5

PCPDTBT:PCBM – F4-
TCNQ(0.3%)

3.80 � 10�4 1 � 104 7
3. Results and discussion

3.1. Field-effect measurements on doped PCPDTBT and
PCPDTBT:PCBM

The influence of doping on the dark hole conductivity
and mobility of PCPDTBT and PCPDTBT:PCBM was investi-
gated using FET measurements on the pure polymer and
the polymer:fullerene blends. The doped PCPDTBT (with-
out PCBM) was used as a reference system to investigate
the effects of the molecular dopant on the polymer alone.
PCPDTBT and PCPDTBT:PCBM blends were doped with
F4-TCNQ at concentrations of 0%; 0.1%; 0.2% and 0.3% with
respect to the polymer. FETs were prepared according to
the details provided in the experimental section.

We observe an increase in the source–drain current (Ids)
with doping concentration for both the pure polymer and
the blend. This is shown in Fig. 1a, in which Ids for a hole
conducting channel (taken at a source–drain voltage (Vds)
of �10 V and a gate voltage (Vgs) of �60 V is plotted against
the doping concentration for the pure polymer (black sym-
bols) and the blend (red symbols). Besides the increase in
the hole current when PCBM is added to the polymer by
a factor of thirty, already discussed in previous reports
[32], the current is observed generally to increase with
doping, as a result of the increase in the conductivity of
the polymer. While the improved conductivity in blends
with respect to PCPDTBT can be attributed to changes in
the polymer morphology due to PCBM, the trend observed
with doping demonstrates the effect of F4-TCNQ in
increasing the hole density, i.e. the p-type doping, in both
systems. The increase in conductivity of the layer with
doping concentration results in an increase in Ids by more
than an order of magnitude in the pure polymer going from
0 doping to 0.3% doping, and by a factor of four in the
blends for the same doping range.

More interesting is the influence of the dopant on the
charge carrier mobility. The hole field-effect mobility was
determined from the linear part of the FET transfer charac-
teristics according to ref. [33] for all the samples discussed
in panel a. The mobility vs. doping concentration is shown
in Fig. 1b for PCPDTBT (black symbols) and for
PCPDTBT:PCBM blends (red symbols). These results clearly
indicate that molecular doping can increase the hole
mobility in PCPDTBT and PCPDTBT:PCBM blends. The
mobility was observed to increase by a factor of five in
the polymer from 0% to 0.3% doping and by a factor of three
in the case of the blend. The increase in mobility is signif-
icant at 0.1% and begins to saturate between 0.2% and 0.3%,
thus higher concentrations were not investigated. In addi-
tion, the increase in conductivity of the blends with doping
leads to a decrease in the quality of the field effect behavior
of the devices. This is consistent with results from the lit-
erature which demonstrated an increase in hole mobility
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for polythiophene doped at F4-TCNQ concentrations simi-
lar to those reported here [34].

The FET parameters are summarized in Table 1. The on/
off ratio and the threshold voltage (VT) decrease with dop-
ing in both PCPDTBT and in the blend. This can be attrib-
uted to an improvement in the charge carrier injection
due to doping and to a filling of the traps in the organic
layer by the increased charge carrier concentration. The
improved injection is consistent with reports showing that
the injection barrier between Au and organic semiconduc-
tors can be lowered by doping with F4-TCNQ [35]. In addi-
tion, the high concentration of holes in the doped layers
can lead to trap filling and a transition from a semiconduc-
tor- to a metallic-like behaviour. This effect can be seen
specifically in the decrease of VT with doping in the transfer
characteristics of Fig. 2. Here, the transfer characteristics of
the polymer and blends are plotted taking the linear part of
the output curves at Vds = �10 V. The threshold voltage,
which corresponds to the onset for current in the channel
of the FET [33], exhibits a significant shift. We can consider
this as the voltage at which traps are filled and conduction
begins. A similar behaviour has been recently reported for
doped pentacene FETs [36]. Therefore, these results indi-
cate the beneficial role of doping in increasing mobility
by filling tail states in the polymer and in enabling better
injection characteristics. The differences in the relative
Fig. 2. Transfer characteristics (square root of source–drain current Ids

versus gate voltage Vgs) at Vds = �10 V for PCPDTBT (a) and
PCPDTBT:PCBM (b) FETs prepared with 0% (black crosses), 0.1% (red
squares), 0.2% (green circles) and 0.3% (blue triangles) F4-TCNQ wt with
respect to the polymer. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
improvements of mobility and conductivity for the pure
polymer and the blend with PCBM can be partially under-
stood considering a dilution by a factor of two in the dop-
ant density when going from PCPDTBT to PCPDTBT:PCBM.
Below we discuss the negligible influence of dopant mole-
cules on film morphology.

Improvements in the hole mobility are expected to have
an impact on the photocurrent in BHJ solar cells, for exam-
ple on the initial geminate recombination of bound pairs at
the polymer:fullerene interface. Such pairs are known to
form charge transfer excitons at the heterojunction or sepa-
rate into free carriers depending on the local mobility
within the polymer and fullerene domains [29]. This gem-
inate recombination has been directly correlated to the Jsc

and a decrease in this recombination channel is expected
to result in larger photocurrents. [29,37] In the next part
of this study we examine the influence of the dopant on
the polaron densities in the blend; polarons are the optical
signatures of separated charge carriers.
3.2. Photoinduced absorption spectroscopy on PCPDTBT:PCBM
blends doped with F4-TCNQ

We investigated the influence of the dopant on the ex-
cited states in the blends using steady-state photoinduced
absorption spectroscopy (PIA). Fig. 3 shows the PIA spectra
of the blends for doping concentrations from 0% to 1%. The
spectra were corrected to account for the number of ab-
sorbed photons from the pump at 660 nm by normalizing
with respect to the peak in the ground state bleaching
(GSB) band, as this is equal for all samples excited under
the same conditions. The spectrum of the undoped blend
agrees with results from the literature, and the peaks at
0.93 eV and 1.42 eV correspond to polaron transitions
[19]. Notable is the influence of the dopant on the polaron
signals and on the position of the GSB onset at around
1.45 eV. At 0.93 eV the blend with 0.5% doping shows the
highest intensity in the polaron signal. This intensity can
be directly correlated to the polaron density. Differences
between the polaron densities in the other blends are also
Fig. 3. PIA spectra of the PCPDTBT:PCBM blends for doping concentra-
tions between 0% and 1%. Polaronic transistions can be seen at 0.93 eV
and 1.42 eV. The positive signal at energies above 1.5 eV corresponds to
ground state bleaching (GSB). The spectra were corrected for absorption
by normalizing the GSB.
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expected [30], but seem to be not apparent at the long time
scales in steady-state experiments. Additionally, it can be
observed that the GSB band shifts to higher energies with
increasing doping concentrations. These results indicate
that the tail states of the polymer are filled with the addi-
tional charge carriers from the dopant, which shifts the
emissive recombination of carriers to higher energies in
agreement with our previous results on photolumines-
cence [30]. This is also consistent with the increase in the
mobility with doping observed in the field-effect
measurements.
Fig. 5. EQE spectra for the solar cells shown in Fig. 4. The inset shows a
typical absorption spectrum for a PCPDTBT:PCBM undoped blend.
3.3. PCPDTBT:PCBM solar cells doped with F4-TCNQ

Fig. 4 shows the current density–voltage (J–V) charac-
teristics of PCPDTBT:PCBM solar cells under illumination
of AM 1.5 prepared with doping concentrations as speci-
fied in the figure. From the J–V characteristics an increase
in the short circuit current density (Jsc) from 9.42 mA/cm2

to 10.31 mA/cm2 in the 0.5% doped blends is clearly appar-
ent. The fill factor (FF) shows negligible differences going
from 56% in the undoped cell (0%) to 55.4.% in the 0.5%
doped cell, but the improvement in the Jsc (9 %) and the in-
crease in Voc (from 0.61 to 0.63 V) results in an overall in-
crease in the efficiency, as detailed below. The inset
shows the dark JV characteristics of the devices. The cur-
rent density increases upon doping. These results agree
with the FET measurements, which demonstrated satura-
tion in the conductivity and mobility values at doping con-
centrations at doping concentrations around 0.3 %.
Interestingly, in the case of the illuminated JV, the current
continues to increase even at higher doping concentrations
demonstrating the positive impact of doping on efficient
charge separation, and the subsequent influence on the
photocurrent and device efficiency.

Fig. 5 shows the external quantum efficiency (EQE)
spectra of the solar cells. In general, the EQE exhibits two
main features: one centred at 750 nm and the other at
370 nm. While the near infrared band (750 nm) can be as-
Fig. 4. J–V curves recorded under illumination with an AM 1.5 solar
simulator for PCPDTBT:PCBM (1:1) solar cells doped with different
amounts of F4-TCNQ: 0 (black), 0.25 (red), and 0.5 (blue). The insert
shows the dark JV characteristics of the devices. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
signed to photocurrent originating from the PCPDTBT
absorption, the UV band is likely due to a superposition
of PCBM and PCPDTBT contributions. The inset shows an
absorption spectrum of the undoped blend as reference.
With the introduction of the dopant in the polymer–fuller-
ene system, the near IR EQE contribution due to PCPDTBT
undergoes a visible enhancement for doping concentra-
tions above 0.1%. This indicates that the collection of
photogenerated charges is more efficient in a spectral re-
gion where PCPDTBT is the main absorber of light in the
blend system. In general the data for the EQE reflect the
trends in the J–V characteristics of the cells at Jsc.

To provide a better overview of the effect of doping on
the solar cell performance the parameters extracted from
the J–V characteristics are shown in Fig. 6. As already
apparent from the J–V curves, it can be seen in panel a that
Jsc increases with higher doping concentration as well as
the open circuit voltage (panel b), for doping up to 0.5%.
On the other hand, the FF (Fig. 6c) varies only slightly
(decreasing by a factor of 0.12) with doping over the whole
range investigated. Both the increase in Jsc and Voc are sig-
natures of a reduced recombination of the photogenerated
carriers. As reported in studies on the nature of Voc this de-
Fig. 6. Photovoltaic parameters extracted from the J-V characteristics of
PCPDTBT:PCBM solar cells as a function of F4-TCNQ concentration in the
blend. (a) Short circuit current; (b) open circuit voltage; (c) fill factor; and
(d) power conversion efficiency.



Fig. 7. Transmission electron microscopy images of PCPDTBT:PCBM blends for different concentration of F4-TCNQ. (a) 0%; (b) 0.25%; (c) 0.5%; and (d) 1%.
The images were obtained with an operating voltage of 100 kV.
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pends on the overall amount of carriers recombining via
charge transfer excitons [38]. We demonstrated that dop-
ing can reduce the amount of carriers recombining as
charge transfer excitons in blends of the same materials
[30]. Therefore, the increase in the Voc and Jsc can be di-
rectly correlated to reduced recombination in the doped
cells. The increase in efficiency Fig. 6d) by a factor of 10%
is essentially determined by the improvement in the Jsc

with doping. Considering that the thicknesses of the blend
films were all �80 nm, resulting in optical absorption char-
acteristics with negligible differences, the improvement in
efficiency can be clearly attributed to a decrease in recom-
bination and better charge carrier transport and extraction.
3.4. Morphology of the blend films

Fig. 7 shows transmission electron microscopy pictures
of four BHJ films of PCPDTBT:PCBM doped with different
amounts of F4-TCNQ. Several studies have already demon-
strated how the bright/dark contrast of these images can
be used to distinguish between polymer and fullerene rich
domains [4,39]. PCBM rich domains appear as darker re-
gions, while polymeric regions appear bright. The images
clearly show the formation of PCBM domains with average
in-plane dimensions of about 100 nm in diameter. The
shape of the domains appears to be irregular with borders
which are not well defined. An important aspect to be
noted is that doping at these concentrations has no influ-
ence on the morphology of the BHJ. The four pictures are
virtually identical and we exclude substantial effects due
to morphology changes in the solar cell improvements re-
ported in Fig. 4 upon doping.
4. Conclusions

We demonstrate that molecular doping using F4-TCNQ
leads to an increase in the photocurrent in PCPDTBT:PCBM
solar cells. We investigate blends doped at 0; 0.1; 0.25, 0.5
and 1 wt.% with respect to the polymer. Field-effect mea-
surements demonstrate that doping increases the hole
conductivity and mobility in both PCPDTBT films and
PCPDTBT:PCBM blends. The conductivity of the pristine
polymer increases by more than ten times and for the poly-
mer:fullerene blend by about four upon doping. The hole
mobility was also observed to increase with doping concen-
trations between 0% and 0.3% by five times for the pure
polymer and three for the blend. PIA spectroscopy revealed
an increase in the polaron densities and a shift in the GSB
band, corresponding to trap filling by the increase in
charges introduced by doping. In solar cells, doping leads
to increases in the photocurrent from 9.42 to 10.31 mA/
cm2 and an overall increase in the solar cell efficiency from
3.28% to 3.62 %. From the EQE data it is apparent that dop-
ing increases the efficiency in collecting photogenerated
charges in spectral regions attributed to the PCPDTBT
absorption. These results show that molecular doping is a
feasible and simple method to improve the efficiency of
BHJ solar cells.
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