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We have investigated the charge carrier mobility and photovoltaic response of two thiophene-[P1
(MEH-PPE1-PThV2) and P2 (MEH-PThE1-PPV2)] as well as two anthracene-containing poly (phenyleneethynylene) family of polymers [P3 (MEH-PPE1-PAnV2) and P4 (MEH-PAnE1-PPV2)], whereby the
position of thiophene or anthracene has been shifted from between two double bonds (P1 and P3) to
the bridge between triple bond and double bond (P2 and P4). P2 shows better photovoltaic
performance than P1, whereas similar photovoltaic characteristics were found for P3 and P4. The
devices using the blends of P2 as donor and PCBM as acceptor (1:3 weight ratio) exhibited a shortcircuit current density of JSC =5.2 mA/cm2, an open-circuit voltage of VOC = 800 mV, ﬁll factor FF = 0.44
and resulting power conversion efﬁciency ZAM 1.5 =1.8%.
& 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Organic solar cell research has attracted worldwide attention
during the last two decades. Organic semiconductors are easily
processable, light weight, easy to integrate in a wide variety of
devices and have chemically tunable properties.[1] These properties describe the advantages of organic ‘‘plastic’’ solar cells over
that of conventional silicon solar cells.
Conjugated polymers, also known as semiconducting polymers, are distinguished by alternating single and double bonds
between carbon atoms on the polymer backbone [2]. Polymeric
organic solar cells mainly consist of an electron-donating
conjugated polymeric material and an electron-accepting material, to make a mutually percolating structure with interpenetrating
networks [3,4,5].
Among p-conjugated polymers, polythiophenes are promising
candidates not only for organic solar cells but also for other
optoelectronic devices such as light emitting diodes and ﬁeld
effect transistors (OFETs).[6] At present, the commonly used
polythiophene derivatives, as the electron donor in polymer solar
cells, are mainly poly(3-hexylthiophene) (P3HT) and poly
(3-octylthiophene) (P3OT) [7,8,9]. Recently, Heeger et al. demon-
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strated 6.1% bulk heterojunction solar cells with internal quantum
efﬁciency reaching 100% [10]. Research on the subject of organic
solar cells has focused on improving the power conversion
efﬁciency of laboratory type organic solar cells and also focuses
on the operational stability that can be achieved under ideal
conditions [11–15]. The improvement in organic solar cells
creates a demand for advanced materials with better absorption
and transport properties. The main efforts for improvement are
based on designing and developing new generation of materials
among conjugated polymers [16].
In this study, we have investigated the hole mobility and the
photovoltaic performance of two thiophene-containing polymers
[poly{(1,4-(5-(2-ethylhexyl)oxy)-2-methoxy)-phenylene-ethynylene1,4-(5-[(2-ethylhexyl)oxy]-2-methoxy)phenylene-vinylene-2,5-thiophenylene-vinylene} (MEH-PPE1-PThV2) (P1) and poly(1,4-(5-(2ethylhexyl)oxy)-2-methoxy)-phenylene-ethynylene-2,;5-thiophenylene-vinylene-1,4-(5-(2-ethylhexyl);oxy)-2-methoxy);-phenylenevinylene) (MEH-PThE1-PPV2) (P2)] as well as two anthracenecontaining polymers [poly{1,4-(5-[(2-ethylhexyl)oxy]-2-methoxy)
phenylene-ethynylene-1,4-(5-[(2-ethylhexyl)oxy]-2-methoxy)phenylene-vinylene-9,10-anthracenylene-vinylene}(MEH-PPE1-PAnV2)
(P3) and poly {(1,4-(5-(2-ethylhexyl)oxy)-2-methoxy)-phenyleneethynylene-9,10-anthracenylene-vinylene-1,4-[(5-(2-ethylhexyl)
oxy)-2-methyloxy]-phenylene-vinylene} (MEH-PAnE1-PPV2) (P4)].
The difference between P1 and P2 as well as between P3 and P4 lies
in the position of thiophene or anthracene in polymeric backbone.
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In this work, we have evaluated the photovoltaic performance
of the P1–P4 as donor materials with respect to (1) the position of
either thiophene or anthracene within the conjugated backbone
and (2) the density of the hydrophobic side chains around the
conjugated backbone. The devices using the blends of P2 and
PCBM with 1:3 ratio showed JSC of 5.2 mA/cm2, a VOC of 800 mV
and ﬁll factor of 0.44 which corresponds to the power conversion
efﬁciency of 1.8%.

2. Experimental
The synthesis, molar masses thin ﬁlm optical and electrochemical characteristics of the four polymers have been described
elsewhere [17]. The chemical structures are depicted in Fig. 1
while Table 1 summarizes the SEC, optical and electrochemical
data.
For solar cell preparation, as substrates, glass sheets of
1.5 cm  1.5 cm covered with ITO, from Merck KG Darmstadt,
were used with an ITO (indium tin oxide) and sheet resistance
o15 Ocm  2. The ITO was patterned by etching with an acid
mixture of HCl:HNO3:H2O (4.6: 0.4: 5) for 30 min. The part of the
substrate which forms the contact is covered with a scotch tape to
prevent etching. The tape was removed after etching and the
substrate was then cleaned using acetone and isopropanol in an
ultrasonic bath.
Poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate)
(PEDOT:PSS) was spin coated on the glass–ITO substrate, and
dried under a dynamic vacuum.
The blends for the active layer with 1:1, 1:2, 1:3 or 1:4 (w:w)
ratios of PX/PCBM (X stands for 1, 2, 3 and 4), prepared by
dissolving 6 mg of polymer and 12 mg of PCBM (in the case of 1:2)
in 1 ml of chlorobenzene (CB) and stirring at 50 1C overnight. For
the top electrodes, 0.6 nm of lithium ﬂuoride (LiF) and 100 nm of
Aluminum (Al) were thermally evaporated.
All current–voltage (I–V) characteristics of the PV devices were
measured using a Keithley SMU 236 under nitrogen in a dry glove
box. A Steuernagel solar simulator for AM1.5 conditions was used
as the excitation source with an input power of 100 mW/cm2
white-light illumination which was calibrated using a standard
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crystalline silicon diode. The solar cells were illuminated through
the ITO side.
The evaluation of the solar cells was carried out by using the
power conversion efﬁciency.

ZAM1:5 ð%Þ ¼



Pout
FFxVoc  Jsc
 100 ¼
 100:
Pin
Pin

The percentage efﬁciency, ZAM1.5, is given by the ratio of the
power output (Pout), to the power input from the solar simulator
(Pin, 100 mW/cm2). The output power of a solar cell under
illumination is the product of the ﬁll factor FF, the open-circuit
voltage VOC (V) and the current density under short-circuit
conditions JSC (mA/cm2). The ﬁll factor is obtained using the
following equation:
FF ¼

Vmpp  Jmpp
;
Voc  Jsc

where maximum power point of the product of the voltage and
the current density (Vmpp and Jmpp) is divided by the product of
the open-circuit voltage and the short-circuit current.
The spectrally resolved photocurrent was measured with an
EG&G Instruments 7260 lock-in ampliﬁer. The samples were
illuminated with monochromatic light of a Xenon lamp. The
incident photon to current efﬁciency (% IPCE) was calculated
according to the following equation:
IPCEð%Þ ¼

Isc  1240
;
Pin  lincident

Table 1
SEC thin ﬁlm optical and electrochemical data of P1–P4.[17].
Code

Mn[g/mol]

Mw/Mn

Pn

la[nm]

Eopt
g

P1
P2
P3
P4

16 600
32 500
33 000
31 000

1.9
2.3
2.4
2.5

26
52
46
43

508
499
453
506

2.11
2.11
2.22
2.05

Fig. 1. Chemical structures of the polymers.

b)

[eV]

HOMO
[eV]

LUMO
[eV]

Eelc
g
[eV]

5.17
5.15
5.21
5.23

3.23
3.15
3.23
3.35

1.94
2.00
1.98
1.88
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where ISC ( mA/cm2) is the measured current under short-circuit
conditions of the solar cell, Pin (W/m2) is the incident light power,
measured with a calibrated silicon diode, and l (nm) is the
incident photon wavelength.
Atomic force microscopy studies were performed using Digital
Instruments DIMENSION 3100 in the tapping mode.
Sandwich-type samples were prepared for charge carrier
mobility measurements. The solutions were ﬁltered through a
0.45 mm ﬁlter before deposition by spin coating or drop casting on
top of pre-patterned ITO-covered glass substrates. Subsequently,

100 nm aluminum top contacts were evaporated on top of the
polymer (vacuum 10  6 mbar). Samples were prepared under
inert atmosphere and the ﬁlms were measured in vacuum using
an optical cryostat (Oxford Optistat DNV). Thicknesses for thin
ﬁlms (spin coated) were on the order of several hundred of
nanometers whereas for thick ﬁlms (drop cast) on the order of
several micrometers. For the CELIV experiments a variable pulse
generator (Agilent 33250A) and oscilloscope (Tektronix TDS 754C)
were used to record the current transients. For triggering
purposes to ensure the proper delay time between voltage and
light pulse, a pulse and the delay function generator (Stanford
DG535) was used. A 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.

3. Results and discussion

Fig. 2. Optical absorption spectra of thin ﬁlms of pristine polymers P1–P4.

Optical absorption spectra of the pristine polymers P1, P2, P3
or P4 are shown in Fig. 2.
Transparent thin ﬁlms of the polymers were spin-casted on
a quartz glass substrate from a chlorobenzene solution (concentration 10  3–10  2 M), leading to thicknesses between 100 and
150 nm. The difference between P1 and P2 as well as between P3
and P4 lies in the position of thiophene or anthracene in
polymeric backbone. Despite the difference in the chemical
structure, polymers P1 and P2 exhibit nearly identical absorption
spectra both in solution and thin ﬁlm [17]. The absorption spectra
of the anthracene-containing polymers P3 and P4 differ clearly.
When the position of anthracene is shifted from between two
double bonds (P3) to the bridge between double bond and triple
bond (P4) a bathochromic shift of 53 nm occurs, which is
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Fig. 3. Current–voltage characteristics of P1:PCBM, P2:PCBM, P3:PCBM and P4:PCBM with 1:3 wt ratio.
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Fig. 4. AFM images of blend ﬁlms of different polymers with PCBM spin cast from chlorobenzene (a) polymer P1:PCBM, (b) polymer P2:PCBM, (c) polymer P3:PCBM and
(d) polymer P4:PCBM with 1:3 wt ratio.
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25
20
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attributed to the extension of conjugation in the same order. This
results from a signiﬁcant steric interaction between the hydrogen
atoms in the 1, 4, 5 and 8 positions and the vinylenic protons that
causes a torsion about the (formal) single bonds and thus
decreases the conjugation along the main chain [18].
This positional difference has led to ca 50 nm bathochromic
shift of the absorption maximum, when comparing the
anthracene-containing materials P3 with P4, due to different
level of distortion around the anthracene unit in both
compounds. This was not the case for the thiophene-containing
compounds P1 and P2, where virtually no difference in their
optical absorption behavior was observed, presumably as a
result of the strong tendency of thiophene to induce planarization [17].
P1–P4 have been investigated as possible donors in organic
solar cells. The current–voltage (I–V) characteristic curves in dark
and under illumination (under AM1.5 conditions) of ITO/PEDOT:PSS/Polymer:PCBM/LiF/Al (1:3 wt ratios) are shown in Fig. 3.
Among these four polymers P2 showed far better performance
with a power conversion efﬁciency of 1.8% than those from P1, P3
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Fig. 5. IPCE spectra of the solar cells (P1:PCBM, P2:PCBM, P3:PCBM, P4:PCBM
blends with 1:3 ratio).
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and P4. They exhibit open-circuit voltages (VOC), as high as
800 mV. Although there are still discussions on the nature of VOC
in literature, VOC is known to be proportional to the difference
between the HOMO of the donor and the LUMO of the acceptor.
HOMO and LUMO levels of the investigated polymers are shown
in Table 1. Considering the LUMO level of PCBM as 4.2 eV, [19]
theoretical values of VOC are calculated as 0.97, 0.95, 1.01 and 1.03
for P1, P2, P3 and P4, respectively. In this study, the VOC of the
devices was found to be around 0.8 V for P2, P3 and P4 and 0.7 V
for P1.
The behavior of solar cells can be better analyzed via understanding the nanomorphology of the active layer. The challenge in
1E-4

Mobility
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Thick films [mu]
Thin films [mu]

1E-7
P1

P2

P4

Fig. 6. Hole mobility vs investigated polymers.
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bulk heterojunction solar cells is to organize donor and acceptor
materials in a nanometer scale. On one hand, their interfacial area
shall be maximized, while typical dimensions of phase separation
shall stay within the exciton diffusion length (in the order of
10 nm) [20]. On the other hand, continuous, preferably undisturbed pathways for transport of charge carriers to the electrodes
must be ensured [21].
To correlate the morphology of the solar cells to the
photovoltaic performance, we performed an AFM study on
polymer:PCBM blends. Fig. 4 shows the height images obtained
by AFM for polymer:PCBM ﬁlms 1:3 wt ratios spin cast from
chlorobenzene.
The ﬁlms consisting of P1, P2, P3 and P4 with 1:3 blend ratios
have roughness (height scale) values varying between 5 and
10 nm which indicate smooth surfaces. The ﬁlms of P4:PCBM
blends seem to lack hole-like structures which might be the
reason for the lowest performance of all. For all blend ﬁlms no
apparent phase separation was observed. However, among four
polymer:PCBM ﬁlms, P2:PCBM ﬁlms indicate the smoothest
surface which was derived from the height scale values (5 nm
for P2). Such a ﬁne blending of the donor and acceptor
components in a bulk heterojunction can result in increased
carrier recombination, which would explain the low ﬁlling factor
(below 0.5) of the four polymers. Similar results were also
observed in a study by Kopidakis et al. [22]. On the other hand
P4:PCBM blend ﬁlms contain hole-like structures on the surface
which might be an indication for ﬁlm formation problems on
PEDOT:PSS covered ITO surface and this might lack the device
performance.
IPCE shows how many percent of photons at a given
wavelength create charges that reach the electrodes. Fig. 5
shows the IPCE for P1:PCBM, P2:PCBM, P3:PCBM and P4:PCBM
with 1:3 ratio.
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Fig. 8. AFM images of polymer P2:PCBM blend ﬁlms for different wt ratios (a) 1:1, (b) 1:2, (c) 1:3, (d) 1:4.

The % IPCE plot exhibits a maximum photocurrent contribution
of ca. 30%, 14%, 5% and 4% at around 500 nm for P2, P1, P3 and P4,
respectively, which is in accordance with the photovoltaic
performance. It is noted that the spectrum lies over a wide range
of wavelengths, 350–750 nm in agreement with the absorption
spectra in Fig. 2 above.
To correlate the photovoltaic performance to the mobility of
the polymers we performed mobility measurements on pristine
polymers. The hole mobility graph and values of the investigated
polymers are shown in Fig. 6 and Table 2, respectively. When
trying to relate the mobility of carriers to the photovoltaic
performance, it is very important to know the slower charge

carrier mobility which dominates the total transport in the device.
It has been also shown that the dispersive charge transport in
pristine polymers becomes non-dispersive when PCBM is added
to the blend [23].
However, relating mobility in pristine ﬁlms and in bulkheterojunctions might be very difﬁcult due to strong morphology
dependence of carrier mobility. On the other hand, the trend of
mobilities should be similar in pristine polymer ﬁlms and in
organic solar cells. Among the investigated polymers P4 and P2
had the highest carrier mobility even though P4 shows the worst
photovoltaic performance. The composition dependence between
the polymer and PCBM strongly inﬂuences the charge transport
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Fig. 9. IPCE for P2:PCBM blend solar cells with different wt ratios..

properties in the blend. The difference in carrier mobility between
thin and thick ﬁlms (P4 and P2) can be clearly attributed to the
changes in morphology when ﬁlms are spin coated or drop cast.
The polymer P3 showed no detectable results in CELIV studies,
which indicates a rather low mobility o10  7 cm2/Vs.
One of the important parameters in bulk heterojunction solar
cells is the charge carrier mobility. We compared our mobility
results with the charge carrier mobilities of the most well-known
polymers, MDMO-PPV and P3HT, which were investigated by
Mihailetchi et al. and Mozer et al., respectively [24,25,26]. A hole
mobility of mh = 5.10  7 cm2/Vs was reported for MDMO-PPV
pristine thin ﬁlms [24,25] whereas a hole mobility of mh = 4.10  3
cm2/Vs was reported for P3HT ﬁlms [25]. Our mobility values lies
between these values.
Among the four polymers, P2:PCBM solar cells had the highest
power conversion efﬁciency. Therefore, we focused more on solar
cells consisting of P2:PCBM blends with varying ratio of PCBM
(1:1, 1:2, 1:3 and 1:4 wt ratios). Fig. 7 shows the current–voltage
characteristics of the solar cells consisting of ITO/PEDOT:PSS/
P2:PCBM/LiF/Al (with 1:1, 1:2, 1:3 and 1:4 ratios).
The best device performance for P2 was achieved when P2 was
blended with PCBM in 1:3 wt ratio. The VOC was found to be
800 mV except for the 1:1 wt ratio. Although ﬁll factor of around
0.4 can be regarded as low, the lowest ﬁll factor was found for 1:1
wt ratio. This cell exhibited the lowest power conversion
efﬁciency. The short-circuit current densities were over 3 mA/
cm2. However, the highest short-circuit current density was
achieved for P2 blended in 1:3 wt ratio. To better correlate the
photovoltaic performance we also performed morphology and
incident photon to current efﬁciency studies on the P2:PCBM
solar cells with varying ratios of PCBM. To correlate the
morphology of the P2:PCBM solar cells to the photovoltaic
performance, we performed an AFM study. Fig. 8 shows the
images obtained by AFM for P2:PCBM ﬁlms 1:1, 1:2, 1:3, 1:4 wt
ratios spin cast from chlorobenzene.
As can be seen from Fig. 8, for the blend ﬁlms of P2:PCBM with
1:1 ratio phase separation can be clearly seen. 100 nm height
scale value indicates the coarse granied nanomorphology of the

ﬁlms. The grained nanomorphology in the 1:1 blend ﬁlm seems to
be the main limiting factor which might be an explanation for the
low short-circuit currents. For the rest of the blend ﬁlms of
P2:PCBM with 1:2, 1:3, and 1:4 ratios, AFM images indicate rather
smooth surfaces ( 5 nm height scale) which is in accordance with
the photovoltaic results.
For further understanding, we also performed IPCE studies.
Fig. 9 shows the IPCE of P2:PCBM blend solar cells with 1:1, 1:2,
1:3 and 1:4 wt ratios.
P2:PCBM blend solar cells with 1:3 wt ratio, as is the case in
the photovoltaic results, showed the best performance with an
almost 30% IPCE at around 500 nm. The results for 1:2 wt ratio
was almost similar to 1:3 wt ratio which is in accordance with the
photovoltaic results.
From chemistry point, placing the thiophene ring at the bridge
between triple bond and double bond as in P2 leads to far better
photovoltaic performance as when it is placed between two
double bonds as in P1. Comparable photovoltaic results were
obtained for both anthracene-containing polymers P3 and P4,
despite the strong differences observed in their charge carrier
mobilities. According to the CELIV measurement technique, no
charge carrier mobility was detected for P3, bearing anthracene
between two double bonds, while the highest mobility value
among the four materials was obtained for P4, where anthracene
is at the bridge between triple bond and double bond.
Among these four polymers, P2 seems to be the most
promising. The hydrophobic alkyl side chains act as shield around
the conjugated backbone, thereby hinder the movement of
charges, as proven by electrochemical studies [27, 28, 29]. Very
high side-chain density is disadvantageous in the construct of
solar cells due to following reasons: (1) They dilute the
concentration of the active conjugated species in the volume
unit, so that less photons are absorbed, and (2) they reduce the
interfacial area between donor and acceptor components leading
to strong phase separation and concomitant poor photovoltaic
performance [28]. For instance, by reducing the side-chain density
(synonymous to a decrease of the hydrophobicity) in the case of
P2, we observed a constant increase of the short-circuit current,
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Table 2
Thick(a) and thin(b) ﬁlm hole mobilities of pristine P1, P2 and P4 ﬁlms.
Polymer

mhole (cm2/Vs) (a)

mhole (cm2/Vs) (b)

P1
P2
P4

1.6  10  6
2  10  6
1.6  10  5

1.3  10  6
3  10  5
7.1  10  5

JSC, and concomitant increase of the power conversion efﬁciency,
ZAM1.5 of the resulting photovoltaic cells. We attribute this
increase to the enlargement of the donor–acceptor interfacial
area, large interfacial area between donor and acceptor provides
increased charge separation in the case of P2. However, the lower
ﬁlling factor FF of P2 as well as of P1, P3 and P4 is an indication
that the majority of the dissociated free charge carriers are not
effectively transported to the electrodes. The low mobility of
holes is a major reason for this poor transport. In addition to this,
P4 exhibits the highest mobility value (Fig. 6 and Table 2), but the
lowest energy conversion efﬁciency of 0.2% among the four
studied polymers. Similar effects were also observed by Kopidakis
et al. [22].

4. Conclusions
We have investigated the hole mobility and photovoltaic
performance of two thiophene- as well as two anthracenecontaining PPE-PPV polymers. Placing thiophene at the bridge
between triple bond and double bond as in P2 leads to far better
solar cell performance than placing thiophene between two
double bonds as in P1, despite identical absorption of both
compounds.
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