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is therefore a measure of how fast a charge carrier can 
travel in a semiconductor. Inorganic semiconductors are 
highly ordered materials with a periodic lattice leading 
to a delocalisation of charge carriers. The mean free path 
of charge carriers in these materials is high and only lim-
ited by scattering of carriers with phonons. As a result, 
the charge carrier mobility in inorganic semiconduc-
tors decreases with increasing temperature. In contrast, 
the charge carrier mobility in organic semiconductors is 
observed to be strongly thermally activated. This behav-
iour is known from impurity conduction in inorganic 
semiconductors [ 1–3 ]  and from molecularly doped poly-
mers, in which conjugated organic molecules are dis-
persed in an insulating polymer matrix. This latter class 
of materials was heavily investigated in the 60’s and 70’s 
due to their applicability in photocopying machines. In 
these materials charge transport takes place via ‘hopping’ 
between localized states. Although semiconducting poly-
mers feature a delocalisation of charges, this delocalisa-
tion extends only in one dimension along the conjugated 

 This article reviews the charge transport and photogeneration in bulk-heterojunction solar 
cells made from blend fi lms of regioregular poly(3-hexylthiophene) (RR-P3HT) and methano-
fullerene (PCBM). The charge transport, specifi cally the hole mobility in the RR-P3HT phase 
of the polymer:fullerene photovoltaic blend, is dramatically affected by thermal annealing. 
The hole mobility increases more than three orders of magnitude and reaches a value of up 
to 2 × 10 −4  cm 2  V −1  s −1  after the thermal annealing process as a result of an improved semi-
crystallinity of the fi lm. This signifi cant increase of the hole mobility balances the electron 
and hole mobilities in a photovoltaic blend in turn reducing 
space-charge formation, and this is the most important factor 
for the strong enhancement of the photovoltaic effi ciency 
compared to an as cast, that is, non-annealed device. In fact, 
the balanced charge carrier mobility in RR-P3HT:PCBM blends 
in combination with a fi eld- and temperature-independent 
charge carrier generation and greatly reduced non-geminate 
recombination explains the large quantum effi ciencies mea-
sured in P3HT:PCBM photovoltaic devices.    
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  1.     Introduction 

 The charge carrier mobility is one of the key parameters 
determining the effi ciency of organic electronic devices 
such as light-emitting diodes (OLEDs), solar cells (OSCs), 
and fi eld-effect transistors (OFETs). The mobility  μ  defi nes 
the drift velocity  v  that a charge carrier obtains under the 
infl uence of an electric fi eld  E , that is  v  =  μE . The mobility 
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polymer backbone. Additionally, the conjugation is dis-
rupted in many places due to torsion, impurities, chem-
ical defects, and kinks in the polymer backbone. What 
results is a structure consisting of conjugated polymer 
segments of varying length on which charges are local-
ized and need to ‘hop’ to other conjugated segments, 
similar as in molecularly doped polymers. This picture 
is in principle equivalent to an ensemble of oligomers 
of different length and as a consequence of the hopping 
process, the mobility in organic semiconductors is typi-
cally orders of magnitude lower than in inorganic semi-
conductors. Furthermore, the localised states in organic 
semiconductors are subject to spatial and energetic 
disorder. Carrier jumps upwards in energy may be ther-
mally assisted by phonons to overcome the energy differ-
ence, leading to a strong temperature dependence of the 
mobility. The resulting mobility that is measured with, 
for instance, single-carrier devices, thus originates from 
the aggregate of many microscopic hopping events. The 
intrinsic nature of hopping transport is also the reason 
why the description of charge transport in molecularly-
doped polymers is applicable to both semiconducting 
polymers and small molecule devices, despite their dis-
similar molecular structure. 

 From time-of-fl ight (TOF) studies and single-carrier SCL 
measurements, it has been deduced that the charge car-
rier mobility increases with electric fi eld. [ 4,5 ]  The depend-
ence of the mobility on electric fi eld was found to have 
the form of a stretched exponential, as described by a 
Poole-Frenkel relation. [ 6 ]  The temperature dependence 
was observed to obey an Arrhenius-type temperature 
dependence. Combined with a Poole-Frenkel dependence 
this led to the following empirical equation for the charge 
carrier mobility.

    µ µ γ= −
∆⎡

⎣⎢
⎤
⎦⎥

⎡⎣ ⎤⎦T E
k T

E( , ) exp exp0*

B
  (1) 

 with  μ  0*  a mobility prefactor, ∆ the activation energy,  k  B  
Boltzmann’s constant,  T  the absolute temperature,  E  the 
electric fi eld, and  γ  the fi eld activation parameter. Note 
that the mobility prefactor  μ  0*  is equal to the mobility 
 μ(E = 0,T→∞)  at zero electric fi eld and in the limit of infi -
nite temperature. Equation  ( 1)   has been used to describe 
charge transport in a variety of molecularly-doped poly-
mers, however, it lacks proper theoretical justifi cation. 
The origin of the stretched exponential term in the Poole-
Frenkel theory lies in the description of how a coulomb 
potential near a charged localized state is modifi ed by 
an electric fi eld. In order to explain the charge transport 
in organic semiconductors in terms of the Poole-Frenkel 
theory it is required that every hopping site is equivalent 
to a trap that is neutral when fi lled by a charge carrier 
and electrically charged after its release, which would 
lead to unrealistically high trap densities. 
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 As stated above, specifi cally in conjugated polymers 
but also in most organic semiconductors, charges are 
localized due to the large energetic disorder. Although the 
charge is delocalized over a certain conjugated segment, 
these segments are limited in size. Hence, the movement 
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of charges in the material is limited by jumps from one 
segment to the other. This type of charge transport is 
typically described by hopping: phonon-assisted tun-
neling from transport site to site. By absorbing a phonon, 
a charge carrier can gain suffi cient energy to hop. Con-
sequently, the carrier mobility increases with increasing 
temperature. Many hopping models are based on the 
hopping rate proposed by Miller and Abrahams. [ 3 ]  In their 
model the rate of charge carrier hopping from site  i  to an 
unoccupied site  j , that is  W ij  , depends on the spatial dis-
tance,  R ij  , and the energetic difference between the sites, 
 ∆ε  = ε j   –  ε i  , and was calculated as:

    ν α
ε ε

ε
( )= −

−
∆⎛

⎝⎜
⎞
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∆ >

∆ ≤

⎧

⎨
⎪
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⎪
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exp 0

1 0
ij ij0 B   (2) 

 where  ν 0   is the attempt-to-jump frequency,  α  −1  is an effec-
tive overlap parameter,  k B   is Boltzmann’s constant, and  T  
is the absolute temperature. The exponential term on the 
left represents the tunneling probability, resulting in an 
exponential decrease of the rate with hopping distance. 
The exponential term on the right accounts for the phonon 
density. If the unoccupied site is lower in energy, then this 
term is unity, otherwise the hop is thermally assisted. In 
the pioneering work of Bässler, a charge transport model 
for disordered organic systems was proposed based on hop-
ping in a system with spatial and energetic disorder. The 
hopping rate was assumed to follow Equation  ( 2)  . In order 
to account for the statistical broadening of the highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) levels due to disorder a Gaussian 
density of states (DOS) was assumed. The approximation 
of a Gaussian DOS is, however, not arbitrary. In fact, it is 
supported by the observation of Gaussian-shaped optical 
spectra of electronic transitions. The transport in such a 
system cannot be solved analytically, and therefore Monte 
Carlo simulations were employed. The transition rates 
between hopping sites were given by the Miller-Abrahams 
model. [ 3 ]  Furthermore, it was assumed that not only the 
energy levels of the hopping sites, that are the HOMO for 
hole transport and LUMO for electron transport, exhibit a 
Gaussian distribution in energy, namely energetic or diag-
onal disorder, but that also the distance or the orientation 
between hopping sites exhibit a spreading, the so-called 
off-diagonal disorder. The mobility dependence proposed 
based on these assumptions and Monte-Carlo calcula-
tions is now widely known as the Gaussian disorder model 
(GDM), [ 7 ] 
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 with σ σ≡ k Tˆ / B , in which  σ  denotes the energetic disorder, 
 Σ  a parameter describing the off-diagonal disorder, and  C  

an empirical constant depending on the distance between 
the hopping sites. The GDM exhibits a ln( μ ) ∝ 1/ T  2  depend-
ence which is in contrast to Equation  ( 1)  . However, in the 
temperature range that is typically measured the differ-
ence between a 1/ T  and a 1/ T  2  dependence is diffi cult to 
discriminate experimentally. Within the GDM, the fi eld 
dependence according to Equation  ( 1)   is only reproduced 
in a limited electric fi eld range, while such fi eld depend-
ence is experimentally observed over a much wider range 
of electric fi elds. An improvement of this model was made 
by taking into account spatial correlation between the 
energies of neighbouring sites. For example, the presence 
of dipoles in an organic semiconductor affects the energy 
landscape that a charge carrier experiences. As a result the 
energy of a hopping site is not fully random within the 
Gaussian distribution anymore, but it is correlated with 
the energy of neighbouring sites. This resulted in the so-
called correlated disorder model (CDM). In this model the 
stretched exponential fi eld dependence is extended to 
lower electric fi elds. [ 8–10 ] 
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 with  q  the elementary charge and  a  the distance between 
the hopping sites. 

 While the dependence of the mobility on electric fi eld 
has been investigated intensively, it was realised much 
later that an additional factor infl uences mobility: the 
charge carrier density. The carrier density dependence of 
the mobility was diffi cult to determine from diode meas-
urements, since in diodes an increase of the electric fi eld is 
simultaneously accompanied by an increase of the charge 
carrier density. The key in disentangling the density- and 
electric fi eld dependence of the mobility was the unifi -
cation of diode and fi eld-effect transistor (FET) measure-
ments. In FETs the electric fi eld between source and drain 
is much smaller than that in diodes, while the charge 
carrier density in the conductive channel is considerably 
larger than typically achieved in diodes. [ 11 ]  The meas-
ured mobilities in FETs are orders of magnitude larger 
than those in diodes. Additionally, a dependence of the 
mobility on the gate voltage is generally observed. [ 12,13 ]  
Since the charge carrier density in the channel is con-
trolled by the gate voltage, the gate-voltage dependence 
of the mobility can be explained by a charge carrier den-
sity dependence. [ 12,14 ]  The explanation for the charge car-
rier dependent mobility is deep state fi lling. Within the 
framework of the hopping model, charge transport is 
thought to take place in the tail of the DOS, in which only 
few hopping sites are available when the charge carrier 
density is low. As the density of charge carriers increases, 
more states become accessible by hopping, which in turn 
is refl ected in a higher mobility. 

Macromol. Rapid Commun. 2015,  36,  1001−1025



F. Laquai et al.
Macromolecular
Rapid Communications

www.mrc-journal.de

 
www.MaterialsViews.com1004 © 2015  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

 Vissenberg and Matters obtained an analytical expres-
sion for the density dependence of the mobility based 
on variable range hopping in an exponential DOS. The 
resulting density dependence has the form of a power 
law according to [ 16 ] 

    µ σ π
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 where  σ 0   is a prefactor for the conductivity,  α −1   is the 
effective overlap parameter between localized states,  B  c  
the critical number for the onset of percolation that is 
equal to 2.8 for 3D systems and  T  0  the characteristic tem-
perature describing the decay of the exponential distribu-
tion. Taking into account a density dependent mobility, it 
could be shown that the difference between the mobili-
ties in diodes and FETs is the direct result of the difference 
in the typical charge carrier densities. [ 17 ]  Moreover, it was 
demonstrated that at room temperature, the dependence 
of the mobility on the charge carrier density is dominant 
over the fi eld dependence of the mobility. [ 18 ]  By acknow-
ledging that the mobility depends on both electric fi eld 
and charge carrier density, it also became clear that the 
mobility is not entirely a material property, but to some 
extent also dependent on the device architecture and 
measurement conditions. 

 Only recently, a full description of the mobility taking 
into account both the fi eld and charge carrier density 
dependence was obtained by Pasveer et al. in the form of 
the extended Gaussian disorder model (EGDM). [ 19 ]  In this 
expression the dependencies of the mobility on electric 
fi eld and charge carrier density are factored in fi eld- and 
density enhancement functions.
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 with  c  1  = 1.8 × 10 −9  and  c  2  = 0.42. It should be noted that 
both mobility models describing the density dependence 
of the mobility assume a different shape of the DOS. The 
Vissenberg-Matters equation was obtained for an expo-
nential DOS, while the EGDM is based on a Gaussian DOS. 
The fundamental difference between an exponential DOS 
and a Gaussian DOS is, that while in the former system 
the average energy of the hopping carriers relaxes to –∞, 
it relaxes to – σ  2 / k  B  T  in the latter. During a voltage sweep 

only a small part of the DOS is fi lled. Consequently, the 
segment of a Gaussian that is being fi lled during a voltage 
sweep can be approximated by an exponential. However, 
the reverse can also be true. There are only a few reports 
on experimental measurements of the shape of the DOS in 
organic semiconductors. Hulea et al. measured a complex 
DOS in PPV consisting of a Gaussian core, and a tail that 
contains both, features of a Gaussian as well as an expo-
nential distribution, while Tal et al. found an exponential 
tail for the DOS of the small organic molecule α-NPD. [ 20 ]  
Finally, from a computational study it was predicted that 
the tail of the DOS of poly(3-hexylthiophene) is exponen-
tial rather than Gaussian. [ 21 ]  The various mobility models 
used to describe the charge transport in organic semicon-
ductors depend critically on the assumed shape of the DOS. 
The actual shape of the DOS is therefore a major source of 
uncertainty.  

  2.     Charge Transport, Generation, 
and Extraction 

  2.1.     Charge Transport in Pristine P3HT and P3HT:PCBM 
Blends 

 The charge carrier mobility of P3HT and its blends with 
fullerene derivatives depends heavily on several para-
meters such as the regioregularity of the polymer, its 
molecular weight, the processing conditions used for 
fi lm preparation and any post-processing annealing 
procedures. Consequently, the photovoltaic device per-
formance is also impacted by all of the aforementioned 
para meters. As a rule of thumb, high and balanced charge 
carrier mobilities are benefi cial for device performance, 
for instance in photovoltaic devices non-geminate recom-
bination of charges is suppressed by fast carrier extrac-
tion, and a balanced carrier mobility reduces space-charge 
formation in the photoactive layer. The charge carrier 
mobility of pristine P3HT and its photovoltaic blends with 
fullerene as acceptor has been studied by several groups 
in the past. 

 In an early study Mihalietchi et al. [ 22 ]  investigated 
the charge transport and photogeneration in regio-
regular poly(3-hexylthiophene):methanofullerene (RR-
P3HT:PCBM) solar cells. Figure  1  shows the experimental 
 J  ph  of such RR-P3HT:PCBM blends (50:50 wt%) in a double 
logarithmic plot as a function of the effective applied 
voltage ( V  0 − V ). [ 23 ]  By correcting the applied voltage  V  
with the built-in voltage  V o   the effective voltage ( V  0 − V ) 
represents the net electric fi eld in the device. In this way 
the photocurrent can be visualized as a function of the 
electric fi eld in the solar cell. The curves correspond to 
different postproduction treatments: as-cast, thermally 
annealed at a temperature where the enhancement 
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in power conversion effi ciency  η  is maximized (120 °C), 
and annealed at lower temperature (70 °C). Thermal 
annealing was performed on complete devices, that is, 
with the photoactive layer between the electrodes, on a 
hot plate for a period of 4 min.  

 Figure  1  shows that the photocurrent is strongly 
enhanced after thermal annealing. For the completely 
annealed device (at 120 °C) the short-circuit current ( J  SC ) 
increases by a factor of 5, the fi ll factor (FF) by a factor of 
2, and the overall enhancement of the power conversion 
effi ciency is about an order of magnitude when compared 
to the as-cast device. It has been suggested that this dra-
matic boost in effi ciency as a result of thermal treatment 
of the photoactive layer is caused by burning of shunts, [ 24 ]  
an increase in hole mobility due to an improvement of 
semi-crystallinity of the polymer, changes in morphology, 
and an improved overlap with the solar emission due to a 
red shift of the optical absorption. [ 24–27 ]  The effect of the 
thermal annealing process on the solar cell performance 
was further quantifi ed in terms of physical parameters, 
specifi cally the charge carrier mobility, charge generation, 
and recombination in these devices. 

 For this analysis a device model was used that quan-
titatively describes the characteristics of organic bulk 
heterojunction solar cells. The dissociation effi ciency of 
bound electron-hole (e−h) pairs created after photoin-
duced electron transfer at the donor-acceptor interface 
is an important effi ciency-limiting factor in photovol-
taic devices. [ 28–30 ]  Furthermore, with regard to charge 
transport, it was also demonstrated that the photocur-
rent reaches the fundamental space-charge limit when 
the difference in electron and hole mobility exceeds two 

orders of magnitude. [ 31 ]  This model has been applied to 
understand the effect of postproduction annealing at dif-
ferent temperatures on the performance of P3HT:PCBM 
bulk heterojunction solar cells and to quantify the para-
meters that limit the device performance. 

 Prior to the investigation of the photocurrent of 
P3HT:PCBM blends, knowledge about the hole and elec-
tron mobilities is indispensable. Much work has been 
done to measure the hole mobility of pristine P3HT using 
fi eld-effect transistors (FET), [ 32,33 ]  time-of-fl ight (TOF) pho-
tocurrent measurements, [ 34 ]  and space-charge limited 
(SCL) current in a sandwich structure corresponding to 
solar cells or light-emitting diode confi gurations. [ 35 ]  The 
measured hole mobility ranges from 10 −4  cm 2  V −1  s −1  in 
TOF and SCL and up to 10 −1  cm 2  V −1  s −1  in FETs. It should 
be noted that regioregular P3HT self-organizes into a 
semi-crystalline structure and due to the π–π stacking 
direction the charge (hole) transport is extremely effi -
cient. Since in FET measurements the current travels in 
the plane of the fi lm, that is parallel to the substrate, the 
anisotropy in the polymer chain orientation strongly con-
tributes to the difference of the measured mobilities. [ 36 ]  
Moreover, a different molecular-weight of P3HT, the pres-
ence of PCBM and/or applying annealing also affects the 
measured electron and hole mobilities. [ 33,35 ]  Therefore, 
the relevant values for charge carrier mobilities can only 
be obtained when measured in the exact same confi gu-
ration and experimental conditions as used in an opera-
tional solar cell device. 

 The electron and hole mobilities in the blend can be 
determined from current-voltage measurements by using 
suitable electrodes which either suppress the injection 
of electrons or holes, resulting in a hole- or electron-only 
device, respectively. [ 28,37 ]  A schematic diagram of a hole-
only device is shown in the inset of Figure  2 a, and a dia-
gram of an electron-only device is presented as inset in 
Figure  2 b.  

 Figure  2  shows the experimental dark current densities 
( J  D ) of P3HT:PCBM blends that were measured in hole-
only (Figure  2 a) and electron-only (Figure  2 b) devices for 
different thermal annealing temperatures performed on 
the completed device. For clarity, only the devices that 
were measured as-cast, after thermal annealing at 90 °C 
and 120 °C are shown. The applied voltage was corrected 
for the built-in voltage ( V  BI ) and the voltage drop ( V  RS ) 
due to the substrate's series resistance. When the applied 
voltage is greater than  V  BI ,  J  D  for all devices increases 
quadratically with voltage, indicative of space-charge lim-
ited charge transport. This observation is typical for low 
mobility disordered semiconductors and it allows for a 
direct determination of the charge carrier mobility. [ 28,35,37 ]  

 Figure  3  shows the calculated zero-fi eld mobility of 
electrons and holes in 50:50 wt% blends of P3HT:PCBM 
devices as a function of the annealing temperature. For 
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 Figure 1.    Experimental photocurrent ( J  ph ) versus effective applied 
voltage ( V   0  − V ) of P3HT:PCBM devices at room temperature for 
an as-cast device and after thermally annealing of the photo-
active layers (see legend). The device thickness ( L ) is 96 nm and 
the arrow indicates the position of the short-circuit current ( J  SC ). 
The dashed lines represent a square-root dependence of  J  ph  on 
voltage. Reproduced with permission. [ 22 ] 
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comparison, the hole mobility of pristine P3HT meas-
ured under the same experimental conditions is also 
shown. Figure  3  indicates that the hole mobility in pris-
tine P3HT is hardly affected by thermal annealing, with a 
typical value of (1.4–3.0) × 10 −4  cm 2  V −1  s −1 . This mobility 
was found to be completely fi eld independent and is 
fully consistent with previously reported values for high 
molecular-weight RR-P3HT (as the one used here). [ 35 ]  
In contrast, the hole mobility of RR-P3HT in the blend 
is strongly affected by the presence of PCBM, in fact, it 
drops almost 4 orders of magnitude for an as-cast device. 
Upon annealing, however, the mobility starts to increase 
sharply at an onset of 50–60 °C followed by saturation at 
approximately the level of the pristine polymer, when the 
devices are annealed above 120 °C. Moreover, the electron 
mobility of PCBM in the blend is also affected by thermal 
annealing: for as-cast fi lms the electron mobility is 

(1–2) × 10 −4  cm 2  V −1  s −1 , typically a factor of 5000 higher 
than the hole mobility. As a result, the charge transport 
in as-cast fi lms is strongly unbalanced and the current is 
fully dominated by electrons. The experimental charge-
carrier mobilities depicted in Figure  3  were used to ana-
lyze the photocurrent generation and the performance 
of the solar cells as a function of the thermal annealing 
temperature as will be discussed in a succeeding section.  

 Charge carrier mobilities similar to those reported by 
Mihailetchi et al. (vide supra) were also obtained by Yang 
et al. who investigated the electron and hole transport 
in pristine regioregular P3HT fi lms. [ 38 ]  Carrier mobili-
ties on the order of 4 × 10 −4  cm 2  V −1  s −1  were found for 
electrons and holes, yet only dispersive transport was 
observed. The mobilities were found to be almost fi eld-
independent, however, the temperature dependence 
was not investigated in this study. In line with Mihai-
letchi et al., [ 22 ]  Huang et al. studied the effect of compo-
sition and annealing on the charge transport properties 
of P3HT blends with PC 61 BM, but now using the time-of-
fl ight technique instead of SCLC. [ 39 ]  They found a transi-
tion from dispersive to non-dispersive transport upon 
increasing the fullerene fraction and balanced charge car-
rier mobilities at a weight ratio of 1:1. The mobility was 
found to be only weakly fi eld-dependent with low-fi eld 
electron and hole mobilities approaching 10 −4  cm 2  V −1  s −1 . 
At higher PCBM loadings the transport became dispersive 
and only at a 1:1 ratio both electron as well as hole trans-
port were found to be non-dispersive in part explaining 
the optimum photovoltaic performance for a 1:1 blending 
ratio. Unfortunately, the authors did not mention the 
molecular weight, polydispersity, and regioregularity 
of the P3HT investigated in their study, which makes 
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 Figure 3.    Room temperature electron (�) and hole (�) zero-fi eld 
mobilities in 50:50 wt% blends of RR-P3HT:PCBM as a function of 
postproduction annealing temperature of the completed devices. 
For comparison, the hole mobility measured in pristine P3HT 
devices (∆) is also shown. The mobilities were calculated from 
the SCL currents measured in electron- and hole-only device con-
fi gurations (compare Figure  2 ). Reproduced with permission. [ 22 ] 

 Figure 2.    Experimental dark current densities ( J  D ) of a 50:50 wt% 
RR-P3HT:PCBM blend device measured at room temperature in 
the hole-only (a) and electron-only (b) device confi guration, as 
shown by the inset schematic diagrams. The symbols correspond 
to different thermal annealing temperatures of the photoactive 
layer, that are, as-cast (∆), 90 °C (�), and 120 °C (�), respectively. 
Here, the thickness of the annealed hole-only devices (�,�) is 
120 nm, whereas for the other devices it is 220 nm. The solid lines 
represent fi ts according to a model of single carrier SCL current 
with fi eld-dependent mobility. The  J  D - V  characteristics are cor-
rected for the voltage drop over the contacts  V  RS  and the built-in 
voltage  V  BI  that arises from the work function difference between 
the contacts. Reproduced with permission. [ 22 ] 
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it diffi cult to directly compare their results with other 
studies. Likewise Baumann et al. investigated charge 
transport in P3HT:PCBM blends of varying composition 
by TOF experiments. [ 40 ]  They observed two transit times 
for electrons at P3HT:PCBM ratios of 1:4 and 1:1 and for 
hole transients at a ratio of 1:2 with hole and electron 
mobilities on the order of 10 −4 –10 −3  cm 2  V −1  s −1  and ambi-
polar transport in pristine P3HT with a mobility in the 
range of 10 −4  cm 2  V −1  s −1 . Mauer et al. presented a time-of-
fl ight study on charge carrier transport in pristine P3HT 
and its blends with PCBM, specifi cally the carrier mobility 
in regiorandom P3HT (RRa-P3HT), regioregular P3HT (RR-
P3HT) with 95% and 98% regioregularity, and RR-P3HT 
blended with PC 61 BM as a function of the electric fi eld 
and temperature. [ 41 ]  The experiments showed that hole 
transport in regiorandom P3HT (RRa-P3HT) is largely dis-
persive. This is a straightforward consequence of the large 
disorder of the polymer introduced by torsion along the 
polymer backbone due to steric hindrance between adja-
cent alkyl-sidechains suppressing the pi-overlap between 
chains and thus limiting the semi- crystallinity and inter-
chain transport. Furthermore, the glass transition temper-
ature of RRa-P3HT is around room temperature and hence 
the polymer is not in a glassy amorphous state with sig-
nifi cant side chain motion likely perturbing charge trans-
port. In contrast, hole transport in regioregular P3HT was 
found to be partially non-dispersive as the TOF photocur-
rent transients exhibited a short but plateau-like region. 
Figure  4  shows examples of respective time-of-fl ight hole 
transients of pristine RRa-P3HT and RR-P3HT fi lms.  

 The hole mobility was found to be higher for the 
polymer with higher regioregularity, most likely as a con-
sequence of increased order and thus facilitated interchain 
transport. However, the two RR-P3HT polymers studied 
by Mauer et al. [ 41 ]  differed also in their molecular weight 
and polydispersity, which can have an additional impact 
on the hole mobility as demonstrated by Zen et al. [ 42 ]  The 
hole mobility in RR-P3HT was found to be virtually fi eld-
independent at moderate electric fi elds, but exhibited a 
moderate temperature dependence as shown in Figure  5 .  

 This is characteristic for a material with low energetic 
disorder and no static dipoles. In fact, analyzing the tem-
perature dependence of the mobility measurements in 
the framework of the Gaussian Disorder Model (GDM) as 
proposed by Bässler and coworkers revealed an energetic 
disorder parameter of only about 58 meV. [ 41 ]  This is sig-
nifi cantly lower than found for many other conjugated 
polymers, which often exhibit energetic disorder param-
eters close to or even above 80−100 meV. [ 43,44 ]  Cowan 
et al. performed transient photoconductivity studies on 
P3HT:PCBM solar cells and reported mobilities ranging 
from 4 × 10 −4  cm 2  V −1  s −1  to 9 × 10 −4  cm 2  V −1  s −1  for the 
slowest and fastest carriers, respectively. [ 45 ]  The authors 
demonstrated that in P3HT:PCBM and PCDTBT:PCBM, 
a carbazole-containing copolymer commonly used for 
organic photovoltaic devices, on the one hand a competi-
tion between sweep-out of carriers driven by the internal 
electric fi eld itself limited by the charge carrier mobility 
and on the other hand a loss of photogenerated carriers 
by non-geminate recombination determines the bias 
dependence of the photocurrent. Overall, all charge car-
rier mobility studies performed on P3HT:PCBM demon-
strated that the bulk hole and electron mobility is on the 
order of 10 −4  cm 2  V −1  s −1  with largely balanced mobilities 
at a mixing ratio of 1:1 and a weak fi eld-dependence of 
the charge carrier mobility.  
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 Figure 4.    Representative time-of-fl ight hole transients of 
regioregular (98%) RR-P3HT (top panel) and regiorandom RRa-
P3HT. Note the different scaling of the time axis. Reproduced 
from data reported in  [ 41 ] .

 Figure 5.    Semilogarithmic representation of the fi eld- and tem-
perature dependence of the hole mobility of regioregular (>98%) 
RR-P3HT. Reproduced with permission. [ 41 ] 
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  2.2.     Charge Carrier Generation in P3HT:PCBM 

 The charge carrier generation rate is the measure taking 
into account all processes that ultimately lead to the gen-
eration of free charge carriers including absorption of pho-
tons, formation of singlet excitons, exciton diffusion, and 
their dissociation at the heterojunction as well as the for-
mation of coloumbically-bound charge-transfer (CT) states, 
their recombination and alleged dissociation. It is deter-
mined by the photon fl ux of incident solar illumination in 
the spectral range absorbed by the photoactive layer. For 
instance, the absorption onset of a prototypic annealed 
RR-P3HT:PCBM solar cell is typically around ≈620 nm. 
Integrating the photon fl ux of the AM1.5G solar spectrum 
in the spectral range between 280 nm and 620 nm, the 
latter being the absorption onset of P3HT:PCBM, yields 
9.97 × 10 16  photons cm −2  s −1 , resulting in an upper limit of 
the charge generation rate of  G  max  = 9.97 × 10 21  cm −3  s −1  in 
a photoactive layer of ≈100 nm, assuming that all incident 
photons are absorbed in the photoactive layer. Clearly, this 
is not the case in common photoactive layers, as the thick-
ness is typically limited to not more than a few hundred 
nanometers and as the absorption of organic molecules 
is intrinsically limited to certain spectral regions corre-
sponding to the electronic transitions. This in turn causes 
a lower charge generation rate and several strategies have 
been developed to increase the absorbance of the device 
such as the fabrication of tandem solar cells consisting of 
sub-cells each optimized for a certain spectral region [ 46 ]  
and the development of non-fullerene acceptors that 
unlike the fullerenes can contribute to the absorbance of 
the photoactive layer. [ 47 ]  Furthermore, photon losses due 
to refl ection at interfaces, waveguiding in the active layer, 
and parasitic absorption of the individual layers in the 
device reduce the performance. Optical simulations using 
a transfer matrix formalism presented by Burkhard et al. 
could give an estimate of the real absorption of the photo-
active layer in a device by taking into account the afore-
mentioned parasitic losses. [ 48 ]  It turned out that refl ection 
off the back electrode and parasitic absorption by the 
metal electrodes reduces the charge generation rate by 
10−50%, depending on the thickness and optical constants 
of each layer in the device. Furthermore, interference 
effects can modulate the absorption in turn modulating 
the photocurrent and effi ciency as a function of the photo-
active layer thickness. [ 49 ]  Absorption measurements on 
P3HT:PCBM solar cells with 4% power conversion effi ciency 
have demonstrated that the parasitic losses account for a 
reduction of the charge generation rate by ≈20% yielding 
 G  abs  = 7.98 × 10 21  cm −3  s −1 . [ 8 ]  

 After absorption of photons by the photoactive layer 
charge transfer occurs at the polymer:fullerene interface. 
There is compelling evidence that this process is largely 
ultrafast, that is, it occurs on a sub-100fs timescale, 

implying that photogenerated excitons do not have to 
diffuse prior to charge transfer at the interface. However, 
in recent transient absorption studies on annealed RR-
P3HT:PCBM blends it was observed that phase segrega-
tion between P3HT and PCBM leads to a small diffusion-
limited exciton dissociation component within the fi rst 
10 ps after photoexcitation. [ 50,51 ]  This is rather fast com-
pared to the exciton lifetime in pristine P3HT fi lms of 
576 ± 2 ps as determined by time-resolved photolumi-
nescence spectroscopy, [ 41 ]  implying that less than 2% of 
the excitons recombine before reaching an interface and 
before being dissociated. Overall the impact of exciton 
recombination on the total exciton dissociation rate is 
low and including losses due to exciton recombination 
yields G exc  = 7.82 × 10 21  cm −3  s −1 . 

 The product of exciton quenching at the interface can 
be free charge carriers and coloumbically-bound interfa-
cial charge-transfer states. The latter are created if charges 
do not manage to entirely escape their mutual attrac-
tion during the charge transfer process. Recent transient 
absorption (TA) experiments by Howard et al. suggested 
that in annealed blends of RR-P3HT and PCBM more than 
80% of the excitons dissociate into free charge carriers and 
less than 20% create bound CT states. [ 51 ]  This is in stark 
contrast to blends of regiorandom (RRa) P3HT and PCBM 
in which the splitting ratio is reversed, yielding 20% free 
charge carriers and 80% CT states. However, the driving 
force for electron transfer from P3HT to PCBM is very sim-
ilar in these two systems and thus the origin of the sub-
stantial difference is likely associated with the different 
morphology of the blends. In RRa-P3HT:PCBM diffusion-
limited exciton dissociation was not observed, implying 
that all photogenerated excitons dissociate in less than 
100 fs. This in turn indicates a much smaller component 
demixing likely equivalent to molecular dispersion of 
PCBM molecules in a RRa-P3HT polymer matrix. However, 
a certain degree of phase segregation and fullerene aggre-
gation appears to be required for effi cient charge carrier 
separation, as previous studies have demonstrated. [ 52,53 ]  
In line with these results as-cast RR-P3HT:PCBM blends, 
which exhibit an intermediate degree of demixing and 
reduced semi-crystallinity of both the P3HT and fullerene 
component and thus rank in between RRa-P3HT:PCBM 
and annealed RR-P3HT:PCBM blends, showed a free car-
rier yield of 68% versus 32% charge-transfer states. [ 51 ]  
Burkhard et al. determined an internal quantum effi -
ciency (IQE) of P3HT:PCBM solar cells of 80% (at short cir-
cuit conditions), [ 48 ]  which is in excellent agreement with 
the 20% loss by geminate recombination of CT-states 
demonstrated by TA experiments. [ 51 ]  Finally, the external 
quantum effi ciency (EQE) of optimized P3HT:PCBM solar 
cells has frequently been reported to be ≈65%, which 
is perfectly in line with a loss of 20% due to absorp-
tion and another 20% due to geminate recombination 
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of CT-states in turn yielding a total loss of 36%. Hence, 
approximating the charge generation rate in P3HT:PCBM 
including all of the aforementioned processes yields 
G SSC  = 6.26 × 10 21  cm −3  s −1 , irrespective of the applied elec-
tric fi eld and irrespective of the temperature. Assuming 
that all photogenerated free charge carriers can be 
extracted from the device prior to non-geminate recom-
bination yields an upper limit of the photocurrent of 
10.0 mA/cm 2 , which is in good agreement with the short 
circuit current of optimized P3HT:PCBM solar cells that 
have a ≈4% power conversion effi ciency.  

  2.3.     The Effect of Thermal Annealing on Solar 
Cell Performance 

 After reviewing the charge transport and optical absorp-
tion properties of P3HT:PCBM solar cells we proceed with 
a more detailed discussion of the changes of the solar cell 
performance upon thermal annealing of the photoactive 
50–50 wt% RR-P3HT:PCBM layer. Figure  6  shows the vari-
ation of the principal photovoltaic parameters that are 
their mean values together with the standard deviations 
as a function of the annealing temperature. The devices 

were illuminated by a halogen lamp, intensity-calibrated 
by a silicon photodiode at an intensity of approximately 
1.15 Sun (115 mW/cm 2 ). The  V  OC  was found to be relatively 
constant and varied less than 40 mV with a slight increase 
above 150 °C.  

 Conversely, all remaining device parameters showed a 
very fast increase with annealing temperature between 
50 and 110 °C, followed by saturation. The onset of this 
enhancement strongly corresponds to the onset of the 
increase in hole mobility of RR-P3HT in the blend (com-
pare Figure  3 ). Furthermore, the saturation of  J  SC , FF and 
 η  upon annealing above 110 °C appears also to be related 
to the P3HT hole mobility. Above this annealing tempera-
ture the enhancement of the hole mobility of P3HT in the 
blend is maximized, and consequently the difference in 
the electron and hole mobility is reduced typically by a 
factor of 20, leading to a much more balanced charge car-
rier transport. 

 An important question to address is whether the 
unbalanced transport limits the performance of an 
as-cast device or a device annealed at lower tempera-
ture. It has been demonstrated that the photocurrent in 
polymer:fullerene blends can be limited by the build-up 
of space-charge, even under normal operation conditions 
equivalent to 1 sun illumination. This space-charge lim-
ited photocurrent occurs when the difference between 
electron and hole mobility is signifi cant. [ 31 ]  The fi nger-
prints of a SCL photocurrent are its square-root depend-
ence on voltage and a three-quarter dependence on light 
intensity. [ 31 ]  The mobility measurements presented in 
Figure  3  show that there is more than a two orders of 
magnitude difference between the electron and hole 
mobility in as-cast devices and devices annealed up to 
90 °C. As expected, the photocurrents shown in Figure  1  
indeed exhibit a square-root dependence on voltage for 
both the as-cast fi lm and the device annealed at 70 °C. 
To gain further insight in the operation of P3HT:PCBM 
devices and quantify the limiting parameters, the light 
intensity ( P  light ) dependence of the photocurrent has been 
studied for the device annealed at 70 °C. The  P  light  was 
varied from 1000 W m –2  (upper curve) down to 76 W m –2  
using a set of neutral density fi lters. Qualitatively,  J  ph  fol-
lows a power law dependence:

    J P~ ,S
ph light   (7) 

 where the exponent  S  ranges from 0.75 in the case of 
entirely space-charge limited photocurrent to 1.0 for the 
space-charge-free limit. [ 31 ]  

 Figure  7 a shows the  J  ph −( V  0 − V ) characteristics of a RR-
P3HT:PCBM device after thermal annealing at 70 °C as 
a function of the light intensity  P  light . For  V  0 − V  < 0.03 V 
the  J  ph  showed a linear dependence on voltage at all light 
intensities, which is caused by the counteracting effect of 
drift and diffusion of charge carriers. [ 29–31 ]  Above 0.03 V, 
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 Figure 6.    Device performance of the 50:50 wt% RR-P3HT:PCBM 
blends, under illumination from a halogen lamp, as a function 
of the annealing temperature. The annealing was done on a hot 
plate in N 2  atmosphere for 4 min. The thickness of all devices 
ranges from 94 to 97 nm. Reproduced with permission. [ 22 ] 
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however, a square-root dependence of the experimental 
 J  ph  on voltage was observed, as predicted for blends with 
a large difference in electron and hole mobilities. [ 31 ]  At 
even larger voltages the  J  ph  showed a clear transition to 
the saturation regime, which was modeled by a fi eld- and 
temperature dependence of the dissociation of bound 
electron-hole pairs according to  J  ph  =  qG (E,T) L . [ 30 ]  These 
results are distinctly different when the devices were 
annealed at higher temperature, where the electron and 
hole transport became more balanced. In that case, the 
square-root dependence of  J  ph  was no longer observed, 
as indicated in Figure  1  by the curve at 120 °C. Moreover, 
it appears from Figure  6 a that  J  ph  showed a weaker light 
intensity dependence in the square-root regime com-
pared to the saturation regime. Figure  7 b displays, on a 
double-logarithmic scale, the experimental  J  ph  taken from 
Figure  7 a as a function of light intensity for two different 
voltages, that are  V  0 − V  = 0.1 V in the square-root regime 
and at  V  0 − V  = 3 V in the saturation regime. The slope  S  
determined from the linear fi t (solid lines) to the experi-
mental data (as shown in Figure  6 b) clearly proved that 
 J  ph  was limited by the build-up of space-charge in the 
square-root regime and became space-charge-free in the 
saturation regime. [ 31 ]  Because the short circuit current  J  SC  
(indicated by the arrow in Figure  6 a) at high light inten-
sity lies in the square-root part of the  J  ph −( V  0 − V ) charac-
teristics, the device is entirely limited by the build-up of 
space-charge between the open- and short circuit point. 
In this case the FF of the device is reduced to less than 0.42 
and the  J  SC  approaches the three-quarters light intensity 
dependence (S ≈ 0.75). By decreasing the light intensity, 

the transition voltage from a square-root dependence to 
the saturation limit shifted to lower values and the device 
was only partially limited by space-charge effects. [ 31 ]  As 
a consequence, the FF of the device increased and the  J  SC  
approached a linear dependence on light intensity (S ≈ 1).  

 From Figure  7 a it is clear that the build-up of space 
charge dramatically reduced the device performance, 
since it caused a fundamental limitation of FF and  J  SC . 
This space charge is a direct result of the unbalanced 
transport of electrons and holes in the device. Due to the 
strongly increased hole mobility, leading to more bal-
anced charge transport, this limitation was prevented 
under normal operation conditions in the device previ-
ously annealed above 110 °C. With improved hole trans-
port the devices recovered from the space-charge limi-
tation and became space-charge-free, as a direct result 
of a more balanced transport. As shown in Figure  1 , the 
absence of the square-root voltage dependence in the 
device annealed at 110 °C led to a pronounced enhance-
ment of both FF and  J  SC . 

 In subsequent work the photocurrent generation in RR-
P3HT:PCBM solar cells was further quantifi ed with the 
aid of numerical simulations. [ 29 ]  A process considered in 
these simulations is the dissociation probability [ P (E,T)] 
of electron-hole pairs at the donor-acceptor (D/A) inter-
face, which is considered to be a fi eld- (E) and tempera-
ture (T) dependence process. [ 30 ]  In the saturation regime 
the photocurrent is given by  J  ph  =  qG (E,T) L , in which 
 G (E,T) =  P (E,T) G  max . The dissociation probability  P  is cal-
culated using the Onsager-Braun model that takes into 
account the initial electron-hole separation distance ( a ) 
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 Figure 7.    a) Light intensity dependence of the photocurrent ( J  ph ) versus effective applied voltage ( V   0  − V ) of the device thermally annealed 
at 70 °C. The intensity was varied from 1000 (upper curve) down to 76 W/m 2 , and the arrow indicates the position of the short-circuit cur-
rent ( J  SC ) condition. b) Light intensity dependence of the photocurrent ( J  ph ) taken from Figure  6 a at an effective voltage of  V 0  − V  = 0.1 V and 
 V   0  − V  = 3.0 V (symbols). The slope ( S ) determined from the linear fi t (solid lines) to the experimental data is denoted in the fi gure. 
Reproduced with permission. [ 22 ] 
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and the decay rate of bound pairs ( k  F ). Once separated, 
the free electron and hole can again recombine non-gem-
inately at the interface to (re)form a bound pair with a 
rate constant ( k  R ), which may dissociate again during its 
lifetime. To fi t the experimental data, the  G (E,T) had been 
taken into account in a numerical model which solves the 
steady-state continuity equations for electrons and holes 
including diffusion, recombination and space-charge 
effects via the Poisson equation. [ 29 ]  To calculate the 
photocurrent for the RR-P3HT:PCBM devices, the input 
parameters required in the model are: the charge carrier 
mobility of electrons and holes, the spatially averaged 
dielectric constant < ε  r > of P3HT and PCBM, the initial 
(electron-hole) separation distance  a , the bound pair life-
time ( k  F  −1 ), the maximum generation rate  G  max , and the 
semiconductor band gap ( E  g ). Since  ε  r  for P3HT and PCBM 
are known, the  E  g  is estimated from the HOMO(P3HT)-
LUMO(PCBM) difference,  G  max  is determined from the 
saturation of the photocurrent, and the charge carrier 
mobilities are known as well (compare Figure  3 ), the only 
adjustable parameters of the model that remain are  a  and 
 k  F  −1 . Figure  8  shows the temperature dependence of the 
 J  ph  versus  V  0 − V  of a RR-P3HT:PCBM device after thermal 
annealing at 120 °C. It appears that the experimental 
 J  ph  exhibits an extremely weak fi eld- and temperature 
dependence in the saturation regime for  V  0 − V  > 0.3 V, 
where  J  ph  =  qP (E,T) G  max  L . For effective voltages  V  0 − V   > 3 V, 
the experimental  J  ph  clearly approached full saturation 
meaning that all electron-hole pairs are fully dissoci-
ated ( P →1) and  J  sat  =  qG  max  L . By comparing the  J  ph  with 
the experimentally observed  J  sat , the dissociation prob-
ability at any effective voltage can be read directly from 
the experimental data. For example, under short-circuit 

condition ( V  = 0 V), the dissociation probability of elec-
tron-hole pairs ( P  SC ) is close to 0.9 (at room temperature), 
that is considerably larger than previously reported for 
MDMO-PPV:PCBM devices ( P  SC  = 0.6). [ 30 ]  This high internal 
quantum effi ciency is in perfect agreement with the 
results reported by Burkhard et al. [ 48 ]  and the 20% loss by 
geminate recombination of CT-states demonstrated by TA 
experiments of Howard et al. [ 51 ]   

 The solid lines in Figure  8  represent the numerical 
calculation of  J  ph  including the fi eld- and temperature-
dependent generation rate  G (E,T). From the best fi t to the 
experimental data an electron-hole separation distance 
of  a  = 1.8 nm and room temperature bound pair decay 
lifetime of  k  F  −1  ≈ 50 μs were obtained. Compared to the 
MDMO-PPV:PCBM system it was deduced that both  a  and 
 k  F  −1  are larger, [ 28,30 ]  thereby leading to an enhanced disso-
ciation probability. Because of this effi cient dissociation, 
the fi eld-dependence of  J  ph  is extremely weak, which in 
turn means in terms of photocurrent-voltage characteris-
tics that it is possible to obtain a FF as high as 0.7, as in 
fact is observed experimentally (Figure  6 ). The very weak 
dependence of the photocurrent on temperature and 
electric fi eld is also in agreement with the observation 
in TA experiments that reducing the temperature of the 
blends to 80 K did not have an effect on the splitting ratio 
between free charge carriers and charge-transfer exci-
tons for both RR-P3HT:PCBM and RRa-P3HT:PCBM. [ 54 ]  
This implies that the free energy difference between 
the polymer exciton and the free charges is suffi cient to 
drive charge separation even at cryogenic temperatures. 
In addition, recent time-delayed collection fi eld (TDCF) 
experiments addressing the fi eld dependence of charge 
separation in P3HT:PCBM by the Neher group convinc-
ingly demonstrated fi eld-independent charge separation 
in as-cast and annealed blends. [ 55 ]  

 It should be noted that the inverse recombination rate 
used in the Onsager-Braun model required to fi t the bias 
dependence of experimentally measured  J - V -curves are 
often on the order of hundreds of nanoseconds, some-
times even microseconds, and thus are incompatible with 
the geminate recombination rates determined by spec-
troscopy. Hence, the Onsager-Braun model should rather 
be considered a parametrization of the experimental data 
than refl ecting the underlying physics of the charge sepa-
ration process. However, the physics behind the charge 
separation process is still controversially discussed and 
out of the scope of this review.  

  2.4.     Charge Carrier Recombination in P3HT:PCBM 

 Geminate recombination of charge transfer states is intrin-
sically included in the charge generation rate, while non-
geminate recombination of free charge carriers occurs 
after charges have been fully separated. The prerequisite of 
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 Figure 8.    Temperature dependence of the photocurrent (sym-
bols) versus effective applied voltage ( V 0  − V ) for a 50:50 wt% RR-
P3HT:PCBM device with a thickness of 120 nm, annealed at 120 °C 
for 4 min. The solid lines represent numerical calculations using 
the model from ref.  [ 29 ] . Reproduced with permission. [ 22 ] 
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non-geminate recombination of spatially-separated charge 
carriers is their encounter in the photoactive medium. In 
pristine organic semiconductors bimolecular recombina-
tion is of Langevin-type, that is, the rate-limiting step of 
the recombination is the diffusion of electrons and holes 
toward each other and the capture in their mutual Cou-
lomb fi eld. The Langevin bimolecular recombination coef-
fi cient is given by

    γ
ε ε

µ µ= +
q ( ),L

r
n p

0

  (8) 

 with  μ n   and  μ p   the electron and hole mobilities, respec-
tively. The bimolecular Langevin recombination rate then 
yields  R L  = γ L  ( np–n i  2  ), where  n(p)  is the free electron (hole) 
density and  n i   is the intrinsic carrier density. Langevin-type 
recombination is characteristic of materials in which the 
mean free path of the charge carriers is smaller than a crit-
ical distance  r c  = q 2 /4πε  0  ε r kT , with  q  the elementary charge, 
 ε 0   and  ε r   the vacuum permittivity and dielectric constant 
of the medium, respectively, and  T  the absolute tem-
perature, at which the Coulomb binding energy between 
an electron and hole equals  kT . As stated above charge 
transport in organic semiconductors is of a hopping nature, 
with a typical hopping distance of 1–2 nm, whereas  r c   
amounts to 18.5 nm at T = 300 K for  ε r   = 3. Therefore, the 
manifestation of Langevin recombination in organic semi-
conductors is expected. Indeed, from a fi rst glance, as 
observed in MDMO-PPV:PCBM solar cells, the recombina-
tion is equivalent to a Langevin-type non-geminate recom-
bination process. [ 56 ]  

 However, in a bulk heterojunction solar cell charges 
can only recombine at the interface between donor and 
acceptor. Therefore, the recombination coeffi cient  γ  is 
not necessarily equal to the calculated Langevin coef-
fi cient  γ L   and in fact often is reduced. Furthermore, in a 
solar cell an equal amount of electrons ( n ) and holes ( p ) is 
created, thus  p = n . Hence, carrier recombination follows 
a modifi ed (reduced) Langevin recombination rate model 
according to the following rate equation:

    γ ξ
µ µ
ε ε

( )= − = −
+ λ+dn

dt
n n

e
n

( )
,n p

r

2

0

1   (9) 

 in which  γ   is the recombination coeffi cient,  n  is the charge 
carrier concentration,  ξ  is a reduction prefactor,  e  is the ele-
mentary charge, and  λ+1  is the total recombination order, 
while the other parameters have their usual meaning is 
described above. In fact, the recombination rate  γ  differs 
from the traditional Langevin rate in two ways. Firstly, 
the rate constant is not independent of the charge car-
rier density. The total recombination order determined 
for annealed RR-P3HT:PCBM blends is increased by 0.45, 
that is to  λ  + 1 = 2.45, [ 51 ]  compared to a simple two-body 
Langevin recombination mechanism. The higher reaction 

order can have two origins. On the one hand Juska et al. 
have shown that when charge transport is limited to 
two dimensions, the order of the recombination process 
increases to 2.5. [ 56 ]  The tendency of regioregular P3HT to 
align into well-ordered lamellar structures could indeed 
explain a preferential charge transport in two dimensions. 
However, other studies have shown that the non-gem-
inate recombination order is heavily infl uenced by the 
processing conditions [ 57 ]  and also varies between different 
donor polymers used. [ 58 ]  In addition, the total recombi-
nation order increases with decreasing temperature as 
shown by temperature dependent TA measurements. [ 54 ]  
This cannot be explained by a limitation of the dimension-
ality of charge transport. On the other hand, an increased 
recombination order can be a consequence of a charge 
carrier density dependent charge carrier mobility. In fact, 
Shuttle et al. recently investigated the charge carrier den-
sity dependence of both the non-geminate recombination 
rate and the charge carrier mobility in RR-P3HT:PCBM 
solar cells and observed virtually identical dependen-
cies for both parameters, indicating that indeed the 
dependence of the charge carrier mobility on the carrier 
concentration is responsible for the density dependence of 
the recombination rate. [ 59 ]  In fact, at lower temperatures 
a more pronounced dependence of the mobility on the 
charge carrier concentration is expected [ 19 ]  in turn leading 
to a higher recombination order in agreement with tem-
perature dependent TA measurements. [ 54 ]  

 The second deviation from the classical Langevin 
recombination is the dimensionless reduction prefactor 
ξ. Using a charge carrier mobility of 5 × 10 −5  cm 2  V −1  s −1  
for both electrons and holes as determined by TOF 
experiments for RR-P3HT:PCBM and a relative permit-
tivity of 3.5 yields a Langevin recombination rate of 
 γ  = 5.2 × 10 −11  cm 3  s −1 . Experimentally, rate constants 
corresponding to a second order recombination process 
of 3 × 10 −13  cm 3  s −1  for annealed RR-P3HT:PCBM and 
1.7 × 10 −12  cm 3  s −1  for as-cast RR-P3HT:PCBM at a charge 
carrier concentration of 10 16  cm −3  were found, [ 51 ]  that is 
a factor  ξ  = 5.8 × 10 −3  and 3.4 × 10 −2  lower than the calcu-
lated value of  γ , respectively. These values obtained by TA 
experiments are well in line with recent experimental 
results presented by several groups. [ 60–62 ]  The reduction 
of the recombination rate constant is an inherent prop-
erty of the bulk heterojunction structure of the photo-
active layer. In fact, Langevin theory was developed for 
recombination of charge carriers in a homogeneous 
and isotropic medium. In a bulk heterojunction how-
ever, the holes and electrons are confi ned to the donor 
and the acceptor phase, and thus can only recombine, 
if they encounter at the interface. This in turn reduces 
the probability for recombination effectively leading 
to a reduction of the non-geminate rate constant. The 
reduction factor  ξ  used to modify the Langevin equation 
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is therefore closely related to the morphology of the 
blend and the effective interfacial area. The observation 
that annealing causes a reduction of the recombination 
rate by one order of magnitude suggests that it leads 
to a higher degree of demixing and thus to a reduced 
interfacial area. The effect of external stimuli on the 
recombination rate mainly follows the charge transport 
dependencies. Field-dependent TOF measurements dem-
onstrated a weak fi eld dependence of the charge car-
rier mobility hence, the recombination rate itself can be 
considered independent of the applied electric fi eld. [ 41 ]  
However, this does not mean that the non-geminate 
recombination rate does not vary with the electric fi eld 
in a solar cell. In fact, the steady-state charge carrier 
density in a solar cell strongly depends on the applied 
bias and in turn the recombination rate changes with 
the charge carrier concentration in the device. The tem-
perature dependence of the charge carrier mobility for 
instance determined by TOF experiments can explain 
the reduction of the recombination rate constant by two 
orders of magnitude when going from room temperature 
to 80 K.  

  2.5.     Charge Carrier Extraction in P3HT:PCBM Blends 

 Let us start with reviewing some basic considerations of 
the carrier extraction mechanism in organic photovoltaic 
devices. The charge carrier extraction from the photo-
active layer is governed by the charge transport properties 
of the blend, that is mostly by the charge carrier mobility. 
A directed movement of charge carriers is a consequence 
of drift of charges in the internal electric fi eld or Fickian 
diffusion due to carrier concentration gradients in the 
photoactive layer. Generally, both effects have to be consid-
ered when modeling the dependence of the photocurrent 
density on the device bias and thus a complete descrip-
tion of the bias dependence of the photocurrent requires 
the use of numerical drift-diffusion models. [ 29 ]  However, 
neglecting the diffusional contribution to charge trans-
port allows an analytic description of the fi eld dependence 
of the photocurrent at the cost of a precise description at 
low biases, that is close to the open circuit voltage, where 
diffusion is dominant over drift. [ 63 ]  In the following this 
simplifi cation was used to illustrate some basic depend-
encies. Apart from the limiting case of low electric fi elds, 
the analytical model can yield insight into the processes 
that govern the fi eld-dependence of the photocurrent and 
it is much more intuitive than a drift-diffusion model. 
Assuming that charge extraction is exclusively driven by 
the drift of carriers in the electric fi eld and neglecting any 
fi eld-dependence of the charge carrier mobility, which is 
safe for P3HT:PCBM in the low fi eld regime that solar cells 
typically operate in, the charge carrier extraction rate can 
be expressed as follows:

    µ( ) ( )=k F T
d

T F, 2
extr   (10)   

 Here, a factor of 2 simply accounts for the fact that 
charge carriers have to travel on average a distance 
equal to half of the thickness  d  of the photoactive 
layer before being extracted at an electrode, if a homo-
geneous charge generation profi le throughout the photo-
active layer is assumed. The value expected for  k extr   in 
annealed RR-P3HT:PCBM can be estimated to  k extr   = 
6 × 10 5  s −1  from the charge carrier mobility µ = 5 × 
10 −5  cm 2  V −1  s −1  as obtained by time-of-fl ight measure-
ments and the internal electric fi eld of an organic solar 
cell close to short circuit conditions as given by  F = U/d  = 
0.6 V/100 nm = 6 × 10 4  V/cm. In fact, the extraction rate is 
the only fi eld-dependent parameter in the description of 
the photocurrent of annealed RR-P3HT:PCBM solar cells, if 
one assumes a fi eld-independent charge carrier mobility 
and a fi eld-independent free charge carrier generation 
yield as demonstrated by time-of-fl ight and time-delayed 
collection fi eld experiments, respectively. [ 41,55 ]  Using 
the expressions for the extraction rate constant  k extr   and 
 γ = ξ(μ n  + μ p )e/(ε 0 ε r ) ≈ 2ξμe/(ε 0 ε r )  yields the following 
fi eld dependence of the photocurrent  J photo  :
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 Clearly, increasing the charge carrier mobility has the 
same benefi cial effect on the photocurrent as decreasing 
the prefactor  ξ  of the non-geminate recombination rate. 
Hence, from the point of device performance increasing 
the charge carrier mobility while decreasing the inter-
facial area available for charge recombination is ben-
efi cial. However, decreasing the interfacial area may 
not only decrease the non-geminate recombination rate 
but also the exciton quenching effi ciency. This implies 
an optimum morphology exists that provides a balance 
between effi cient exciton quenching and charge separa-
tion on the one hand and reduced non-geminate recombi-
nation on the other hand. 

 Figure  9  shows the voltage dependence of the photo-
current of a P3HT:PCBM solar cell assuming a charge gen-
eration rate of G = 6.26 × 10 21  cm −3  s −1  (see above) plotted 
for different ratios of the prefactor  ξ  and the charge car-
rier mobility  μ . The electric fi eld  F =  ( V appl  – V BI  ) /d  used in 
this calculation was calculated from the effective voltage, 
that is the difference between the built-in voltage  V BI   
(0.7 V) [ 54 ]  and the externally applied voltage  V ext  , and the 
active layer thickness  d .  

 The calculated data indicates that at a high reverse bias 
such as −1 V essentially all charge carriers are extracted 
except for the highest  ξ/μ  ratio shown here. However, when 
lowering the electric fi eld by going from a high reverse 
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bias towards the built-in voltage, not all charge carriers are 
extracted anymore and non-geminate recombination sets 
in. Thus, the fraction of charge carriers lost due to non-gem-
inate recombination at any given voltage depends on the 
 ξ/μ  ratio. 

 In P3HT:PCBM this ratio depends on the morphology 
on different length scales. On the one hand the regio-
regularity determines the packing of the polymer chains 
within the P3HT domains. [ 41 ]  This results in a drastic 
variation of the charge carrier mobility even for small 
changes in the regioregularity. In fact, the hole mobili-
ties of polymers with regioregularities of >98% and 94% 
differ by one order of magnitude with the higher mobility 
for the higher regioregularity. [ 41 ]  In samples of as-cast 
RR-P3HT:PCBM the order of P3HT chains is much less 
and consequently the hole mobility is signifi cantly lower 
than in annealed samples (vide supra). [ 22 ]  The packing 
of the P3HT chains infl uences the charge transport and 
thus the  ξ/μ  ratio. Besides, the degree of demixing plays 
an important role. The miscibility of PCBM molecules 
with amorphous P3HT tends to be higher than with well-
ordered more semi-crystalline P3HT domains, likely due 
to size exclusion in the tightly-packed lamellar structure 
of well-ordered P3HT chains suppressing PCBM inter-
calation. [ 51,64,65 ]  In general this implies that blends of 
well-ordered RR-P3HT and PCBM exhibit a higher degree 
of demixing and only limited intermixing in the more 
amorphous regions of the polymer fi lm and close to the 
interface. The degree of demixing and the extent of inter-
mixing are thus related to the regioregularity of P3HT. 
Annealed >98% RR-P3HT:PCBM shows a high degree 
of demixing with very limited intermixing, while RRa-
P3HT:PCBM lacks demixing almost entirely and rather 
consists of fi nely-dispersed PCBM in an amorphous RRa-
P3HT matrix. Consequently, the interfacial areas differ 

extensively between the two system as does the reduc-
tion factor  ξ . 

 In annealed RR-P3HT:PCBM the ratio of the reduc-
tion factor to the charge carrier mobility is ≈10 2  Vs cm –2 , 
which corresponds to the dashed line in Figure  9 . At this 
ratio charge extraction from the photoactive layer at short 
circuit conditions is almost quantitative. In fact, time-
delayed double-pump (TDDP) experiments reported by 
Mauer et al. demonstrated that at short circuit conditions 
only 2% of the free charges undergo non-geminate recom-
bination prior to extraction (see Figure  10 ). [ 66 ]  The fraction 
of non-geminate recombination increases towards open 
circuit conditions and in turn determines the fi ll factor of 
these devices.  

 When cooling annealed RR-P3HT:PCBM to 80 K thereby 
reducing the charge carrier mobility by approximately 
2 orders of magnitude, the  ξ/μ  ratio is increased to 
10 4  Vs cm –2  (dash-dotted line in Figure  9 ). This is in 
line with the temperature dependent reduction of 
the device performance of annealed RR-P3HT:PCBM 
solar cells observed at low temperatures. [ 54 ]  In as-cast 
RR-P3HT:PCBM this ratio is even higher. Despite the hole 
mobility being much lower than in the annealed case [ 22 ]  
the effective recombination rate is almost an order of 
magnitude higher, which demonstrates that the reduc-
tion factor must also be much bigger than in annealed 
RR-P3HT:PCBM. In fact, using the values of the charge 
carrier mobility determined by Mihailetchi et al. [ 22 ]  for 
as-cast RR-P3HT:PCBM the ratio  ξ/μ  is estimated to be 
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 Figure 10.    Fraction of nongeminate recombination in a RR-
P3HT:PCBM device as a function of the external bias recalcu-
lated to steady-state conditions from time-delayed double pump 
experiments. The solid line is a fi t using an effective charge car-
rier mobility of 4.6 × 10 −5  cm 2  V −1  s −1  to determine the extraction 
rates. Reproduced with permission. [ 66 ]  Copyright 2011, American 
Chemical Society.

 Figure 9.    Voltage dependence of the photocurrent of a solar 
cell for various ratios of the reduction prefactor  ξ/μ  and the 
charge carrier mobility  μ  assuming a charge generation rate of 
G = 6.26 × 10 21  cm −3  s −1 . The electric fi eld is calculated from the 
applied and built-in voltage as  F = (V appl  – V BI )/d  with  V BI   = 0.7 V.
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≈10 5  Vs cm –2  (corresponding to the dash double-dotted 
line in Figure  9 ), in part explaining the poor performance 
of as-cast RR-P3HT:PCBM devices.   

  3.     Theoretical Studies of Hole Transport in 
P3HT and P3HT:PCBM Mixtures 

 In this section we review theoretical interpretations and 
simulation results related to charge transport in both pris-
tine P3HT and P3HT:PCBM mixtures. It has already been 
mentioned that P3HT exhibits reasonable charge mobili-
ties [ 67 ]  which depend on polymer regioregularity, mole-
cular weight, and processing conditions. Hole mobilities 
of − − −10 cm V s5 2 1 1 ( − − −10 cm V s4 2 1 1) were measured for 94% 
(98%) regioregular P3HT using the time-of-fl ight (TOF) 
technique. [ 41 ]  Dispersive transients of regiorandom P3HT 
indicated that the polymer is conductive, yet its mobility 
could not be extracted from TOF measurements due to 
sizeable disorder. The mobility-temperature depend-
ence analyzed using the Gaussian disorder model (GDM) 
suggested an energetic disorder on the order of 

−50 60 meV. Both hole and electron TOF mobilities were 
reported to be independent of the molecular weight up to 
20kDa, which then decreased by an order of magnitude as 
molecular weight was further increased to 120 kDa. [ 68 ]  The 
reported zero-fi eld mobilities for shorter chains were of the 
order of − − −10 cm V s4 2 1 1. A GDM-fi tted energetic disorder 
of 71(54) meV  was extracted for short (long) chains. Mean-
while, fi eld-effect mobilities ranging around − − −10 cm V s5 2 1 1 
were reported for OFET devices. [ 69 ]  By using regioregular 
P3HT, the OFET mobility could be increased by three orders 
of magnitude. [ 70 ]  Moreover, OFET mobilities of − −0.1 cm V s2 1 1  
were measured after spin-casting from higher boiling point 
solvents. [ 71 ]  The fi eld-effect mobility was found to increase 
with molecular weight in spite of reduced semi-crystal-
linity. This was attributed to either better interconnectivity 
of the polymer network [ 72 ]  or smaller intrachain ring tor-
sions present in high molecular weight molecules. [ 73 ]  Tran-
sistor hole mobilities have even been reported for P3HT 
nanofi bers. [ 74–76 ]  Along the fi ber this mobility was as high 
as − −0.06 cm V s2 1 1, and energetic disorder of 108 meV was 
extracted from temperature-dependent measurements. 

 Stipulated by the multitude of experimental investi-
gations, a number of theoretical studies have been con-
ducted to rationalize the wide spectrum of mobilities 
obtained for a single compound and to link the trans-
port characteristics to the self-assembly properties, mor-
phology, and electronic structure of P3HT. The contro-
versy started already when examining conformations 
of an isolated chain, where the thiophene dimer was 
reported to adopt a twisted backbone conformation, [ 77 ]  
while increasing the oligomer length results in a planar-
ized backbone. The situation with oligomer assemblies 

turned out to be even more complex. To this end, we do 
not know the order of semi-crystalline polymorphs on the 
energy axis and cannot quantify the density of defects in 
a semi-crystalline morphology or relative volume frac-
tions of crystalline and amorphous phases. We do not 
really understand whether large energetic disorder or 
small electronic couplings is the main transport-limiting 
factor and cannot rationalize the dispersive, in spite of a 
moderate energetic disorder, nature of charge transport. 
The goal of this chapter is to outline approaches and 
answers to some of these questions and to provide an out-
look for the rest of them. 

 We will fi rst discuss the morphology of a pristine P3HT 
and a P3HT:PCBM mixture, since it is known to have a large 
impact on charge transport as well as optical properties of 
these materials. As many conjugated polymers, P3HT is a 
polymorph forming different crystal structures depending 
on processing conditions. The most frequently observed 
are so-called forms I and II, [ 78 ]  which differ by the side 
chain conformation and interdigitation, tilt of conjugated 
backbones with respect to the stacking direction, and 
the shift of successive (along the  π -stacking direc-
tion) polymer chains. [ 79 ]  Form I, which is observed after 
annealing, is the structure encountered in most studies 
dealing with OFETs and OPVs. It has a monoclinic unit-
cell (for bulk P3HT samples XRD provides  a  = 1.6 nm,  b  = 
0.78 nm,  c  = 0.78 nm). [ 80 ]  Polymorph II has been found to 
have a signifi cantly smaller unit cell dimension along the 
 a -axis and has thus been assumed to have interdigitated 
alkyl groups, [ 78 ]  which distinguishes it from form I. Upon 
heating, form II irreversibly transforms into form I. This 
phase transition is accompanied by a change in unit-cell 
dimensions, with the interlayer spacing increasing and 
the intrastack distance decreasing. A similar fi rst-order 
phase transition has been described recently by a com-
bined infrared-spectroscopy and wide-angle X-ray diffrac-
tion study for a non-interdigitated metastable polymorph 
that transforms into the stable form I, hence establishing 
a third polymorph I’. [ 81,82 ]  

 The goal of theoretical and computational techniques 
is to self-assemble the polymer in silico, that is, to pre-
dict its polymorphs as well as the degree of disorder in 
the kinetically trapped molecular arrangements. The 
computational toolbox developed for this purpose is very 
versatile: On the highest level of resolution, it includes 
accurate quantum chemical calculations capable of pre-
dicting properties of isolated oligomers and dimers, 
normally without side chains. Less computationally 
demanding density functional methods can deal with 
much longer oligomers (10−20 repeat units), including 
side chains, and are often used to compare ground state 
energies of experimentally proposed arrangements of 
atoms in a unit cell. To assess crystalline packing modes 
at ambient conditions and during annealing, as well 
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as to study amorphous melts and longer chain lengths, 
classical force-fi elds have been parameterized. To reach 
even longer length- and timescales (micrometers, micro-
seconds), coarse-grained models have been developed to 
study amorphous melts and liquid-crystalline phases of 
P3HT. In spite of such versatility, we are still unable to sys-
tematically study polymer self-assembly. The main obsta-
cles are insuffi cient accuracy of methods at a specifi c level 
of resolution, long simulation times required to study self-
assembly, and uncontrolled error propagation from one 
level to another, e.g., when parameterizing force-fi elds 
based on quantum chemical calculations, or developing 
coarse-grained models using force-fi eld-generated refer-
ence data. Below we provide a summary of simulation 
results, starting with single-molecule properties and then 
expanding to molecular arrangements of P3HT in crystals, 
melts, and fi nally binary mixtures with PCBM. 

 To this end, ab initio methods have been exten-
sively used to analyze conformations of the conju-
gated backbone and side-chain orientations with 
respect to the plane of conjugation. [ 77 ]  Here, the 
extended  π -conjugated system fl attens the backbone, 
while non-bonded interactions between consecutive 
repeat units (that is, steric repulsions between hydrogens, 
Coulomb and van-der-Waals interactions) often tend to 
distort its planarity. For P3HT both planar [ 83 ]  and non-
planar stable geometries have been reported, depending 
on the side-chain orientation. [ 84 ]  At the B3LYP/6–31+G** 
level of theory the non-planar backbone has an energy of 
0.03 eV lower (per monomer) than the planar backbone 
(evaluated in a 10-mer). [ 85 ]  This indicates that chain con-
formations in the bulk are predominantly determined 
by interchain van-der-Waals and Coulomb interactions, 
a conclusion also drawn from calculations of molecular 
dimers. [ 86 ]  Since typical energy differences between 
planar and non-planar conformations are in the order of 
tens of meV, which is the accuracy threshold of density 
functional methods, one is forced to use more accurate 
(and computationally demanding) quantum-chemical 
methods. However, the ground-state twist angle between 
repeat units has been found to depend on the oligomer 
length, saturating at ca. 10 repeat units. Furthermore, tor-
sional potentials are correlated up to the second-nearest-
neighbor rings, [ 87 ]  thus making geometry predictions a 
formidable task even for isolated oligomers. [ 88 ]  

 Both density functional and force-fi eld calculations have 
been used to study crystalline P3HT mesophases. Den-
sity functional calculations have been primarily used to 
establish whether experimentally reported crystal struc-
tures correspond to well-defi ned energy minima. [ 89–92 ]  
Using a van-der-Waals corrected GGA functional, Dag 
and Wang concluded that the crystal with shifted back-
bones, that is with one of the thiophene layers shifted 
along the chain direction by the thiophene-thiophene 

distance, and side chains rotated around the torsion angle 
is the most stable among three studied structures. [ 93 ]  Xie 
et al. have reached the conclusion that a structural motif 
without this registry shift and without rotation of the 
side chains, but instead with a small backbone tilt has 
the lowest potential energy. [ 92 ]  Similar to the situation 
with a single isolated chain, typical energy differences 
between different packing motives are in the order of ten 
meV per unit cell and hence theoretical methods are at 
their accuracy limits, making it diffi cult to rank different 
molecular arrangements. Also, unit-cell optimizations are 
performed at zero Kelvin, hence entropic effects, notably 
the chain excluded volume, are ignored. 

 To study larger systems and longer timescales, var-
ious fl avors of P3HT force fi elds were developed. In the 
majority of cases, parameters of an existing force fi eld 
were refi ned in order to reproduce the torsional poten-
tial between thiophene units and electrostatic potential 
around an isolated oligomer. [ 94,95 ]  The parameteriza-
tion has been subsequently refi ned to account for the 
change in the backbone potential with the oligomer 
length. [ 83,85,95–97 ]  To this end, atomistic simulations have 
been used to analyze proposed packing arrangements 
of three P3HT polymorphs, phases I, ′I , and II, and to 
scrutinize the effect of regioregularity on paracrystal-
line, dynamic, and static nematic order parameters. [ 95 ]  
Molecular dynamics simulations predicted that the most 
stable P3HT polymorph has planar thiophene backbones 
shifted by one thiophene ring with respect to each other. 
Hexyl side chains are twisted away from the backbone in 
a  trans  fashion, resulting in a non-interdigitated packing 
structure, though stable structures with interdigitated 
side chains were also reported. [ 98 ]  Force-fi eld-based esti-
mates of the mass density (1.05 g/cm 3 ), melting temper-
ature (490 K), and surface tension (32 mN/m) all agree 
with the reported experimental values. [ 96 ]  One should 
note that even on this, classical, level of description, only 
highly crystalline morphologies and high-temperature 
amorphous melts can be studied. Still, some indications 
of local-chain ordering upon cooling of amorphous high-
temperature melts have been observed. [ 99 ]  

 Early simulations of amorphous systems considered 
thiophene oligomers as a model for P3HT: Alignment of 
polymer chains and thiophene units within chains have 
for instance been studied in a Monte-Carlo approach. [ 100 ]  
The authors were able to reproduce density of the amor-
phous mesophase (an estimate of 1.06 g/cm 3  was given) 
and concluded that chains tend to align parallel to each 
other, while thiophene rings of neighboring chains tend to 
adopt parallel or antiparallel  π -stacked arrangements. Sys-
tems with much shorter chains had signifi cantly denser 
packing (predicted density 1.4 g/cm 3 ) and stronger align-
ment, a result obtained using molecular-dynamics simula-
tions. [ 101 ]  Amorphous melts of oligomers of P3HT were also 

Macromol. Rapid Commun. 2015,  36,  1001−1025



Macromolecular
Rapid CommunicationsCharge Carrier Transport and Photogeneration in P3HT:PCBM Photovoltaic Blends

www.mrc-journal.de

 
www.MaterialsViews.com 1017© 2015  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

simulated in order to calculate the glass transition tempera-
ture (300 K), hence validate the atomistic force-fi eld [ 96 ]  and 
to develop coarse-grained models of P3HT in a liquid state 
approaching 500−600 K. [ 102,103 ]  Simulations of free-standing 
fi lms of P3HT melts have been used to estimate the room-
temperature value of surface tension (21−36 mN/m). [ 104 ]  
Amorphous melts of P3HT are, however, of only moderate 
interest, since conductive abilities of this polymer are 
related to its high degree of lamellar ordering. 

 In order to understand molecular ordering and elec-
tronic processes in bulk heterojunction devices, blends 
of P3HT oligomers with fullerene and PCBM have been 
simulated at different levels of resolution. Atomistic 
simulations showed that bulk oligothiophenes (fi ve 
chains of 20 repeat units each) tend to cluster better 
than oligo thiophene/fullerene systems. [ 105 ]  Prototypical 
model interfaces have been used to evaluate energetic 
profi les for electrons and holes. [ 106 ]  Coarse-grained simu-
lations could observe the onset of phase separation, [ 103 ]  
distributions of domain sizes and interface-to-volume 
ratios [ 107 ]  in P3HT:PCBM mixtures. Nevertheless, the 
fi eld of coarse-grained modeling of conjugated polymers 
is still in its infancy. Complications reside in the large 
persistence length and anisotropic non-bonded interac-
tions that promote  π − π  stacking. In addition, mesoscopic 
ordering of conjugated polymers is equally important 
for the functionality of organic semiconducting devices. 
In a bulk heterojunction solar cell, for example, domain 
sizes of the donor and acceptor mesophases have consid-
erable impact on cell effi ciency. To predict and analyze 
such effects, modeling strategies that target the mor-
phology on length scales reaching several hundreds of 
nanometers, the typical thickness of the active layer in 
a polymer-based solar cell, are required. With the cur-
rently available computational power, such system sizes 
can only be addressed on a coarse-grained level. Struc-
ture-based coarse-grained models have been developed 

for melts, [ 102,103 ]  high-temperature (liquid) mixtures of 
P3HT:PCBM,  [ 103,107,108 ]  and solutions of P3HT. [ 109 ]  These 
models allow for self-assembling polymer backbones into 
lamellar arrangements. [ 108,109 ]  They have also been used 
to study the morphology of phase-separated P3HT:PCBM 
blends, where explicit incorporation of side chains helped 
to understand penetration of acceptor molecules into 
side chains as a function of their grafting density along 
the backbone. No intercalation was found for P3HT, con-
trary to poly(bithiophene-alt-thienothiophene) (PBTTT), 
which has a lower grafting density of side chains. [ 108 ]  As 
a further advantage of coarse-graining, solvent-mediated 
interactions can be incorporated into coarse-grained 
interactions, leading to a dramatic decrease of the 
number of degrees of freedom. For example, a simulation 
of P3HT aggregation in solutions with anisole could repro-
duce the experimentally observed aggregation of P3HT as 
a function of temperature with the backfolded hairpins of 
stacked P3HT molecules. [ 110 ]  The spacing between P3HT 
lamellae was found to be 1.7 nm, comparable to experi-
mental observations. [ 79 ]  

 The coarse-grained models with explicit beads for side 
chains are still too complex for simulations of dense sys-
tems and long chains. Further reducing the number of 
degrees of freedom, for instance, by removing coarse-
grained side chains (see Figure  11 ), necessitates orien-
tationally anisotropic interaction potentials needed to 
account for the energetically favorable stacking of back-
bones. The symmetry of the mesophase (nematic, smectic, 
lamellar) can then be directly included into this anisotropic 
interaction potential. [ 110,111 ]  With these (soft) models, one 
can equilibrate morphologies as large as 50 × 50 × 50 nm 3 , 
containing in the order of 5 × 10 5  hexylthiophenes with up 
to 32 monomers per chain. [ 111 ]  With these morphologies 
at hand some insights can be obtained on how the collec-
tive orientation of chains affects the energetic landscape 
for drift-diffusing charges. This has been done by splitting 
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 Figure 11.    Atomistic and coarse-grained representation of a P3HT chain (left). Biaxial nematic alignment in a melt of P3HT chains (right). 
Adapted with permission. [ 109 ]  Copyright 2013, American Chemical Society.
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polymer segments into conjugated segments (using a 
simple criterion for the torsion angle [ 112 ]  and evaluating 
gas-phase ionization energies of these segments. Even this 
crude model predicted that isotropic melts consist of short 
conjugated segments with defects uniformly distributed 
along the chains. In the biaxial nematic case, the average 
segment length increased signifi cantly, and the collective 
orientation of these segments led to a spatially-correlated 
energetic landscape, even without accounting for long-
range Coulomb interactions. [ 111 ]   

 Let us now discuss the semiconducting properties of 
P3HT. When choosing an appropriate model for charge 
transport in this polymer, we have to rely on the experi-
mentally observed increase in mobility with increasing 
temperature. This is interpreted as a sign of temperature-
activated hopping transport. In other words, charges 
(charged states) are localized and charge transfer reac-
tions that propagate the localized states are thermally 
activated. Localization is often interpreted in terms of 
conjugated segments or part of a chain between the 
conjugation-breaking deviations of the backbone from 
planarity. [ 113 ]  This idea has been used to interpret spec-
troscopic data, but it is very diffi cult to apply to com-
putational systems. First of all, it is not clear how one 
can rigorously defi ne a sharp threshold separating 
the complete conjugation breaking from full conjuga-
tion between monomers. Moreover, there are many poly-
mers (including P3HT) that form crystalline domains so 
extended that no conjugation breaks are found for tens of 
nanometers [ 114 ]  and the charge is certainly more localized 
than that, either by the disorder present in the semi-crys-
talline phase or by electron-phonon coupling. [ 115,116 ]  To 
determine the charge localization there is no other alter-
native than computing the electronic wavefunction of a 
large model system, generated by classical simulation of 
polymers containing thousands of atoms. It is not prac-
tical to study them in a charged state using quantum-
mechanical methods: A calculation of the electronic 
structure of such a large model with an electron less 
than the neutral state would only yield the ground state, 
while one is generally interested in the energy distribu-
tion and localization of many charged states. The excited 
state of the charged simulation box cannot be computed 
with modern computational methods and therefore one 
cannot even evaluate the nuclear relaxation (reorgani-
zation energy) for the hopping between two states. For 
these reasons all attempts to evaluate the wavefunction 
of a large model of polymers have focused on neutral sys-
tems and have interpreted the one-electron states (the 
orbitals) as the possible sites where the excess charge 
can be localized. [ 117,118 ]  Results are normally presented in 
terms of a density of states (DOS) and localization length, 
but it should be noticed that these two quantities are 
computed for the system with orbitals fully fi lled and 

empty above and below the band gap, respectively: they 
do not include effects of electron and nuclear polariza-
tion. For the one-electron states to be representative of the 
actual localization of the charge carrier the charge needs 
to be localized predominantly by the conformational 
disorder of the polymer and not by the electron-phonon 
coupling. If this coupling is particularly strong, the fron-
tier orbitals may be delocalized over many monomers 
but, when an excess charge is added, the nuclear polari-
zation will localize the charge, completely modifying the 
electronic wavefunction with respect to the neutral cal-
culation. The localization of the wavefunction in P3HT 
is largely originating from disorder and not from elec-
tron-phonon coupling as there is a correlation between 
increased order of P3HT and increased mobility. [ 71,119,120 ]  
Alternatively, one can be convinced that the conforma-
tional disorder is stronger than the electron-phonon cou-
pling by comparing the polaron size of a perfectly ordered 
polymer chain with the localization of the orbitals com-
puted from calculation of large realistic models of disor-
dered chains. If the polaron size of the perfectly ordered 
system is much larger than the orbital in the disordered 
model it is acceptable to determine the charge localiza-
tion from calculations that neglect the electron-phonon 
coupling as a fi rst approximation. Calculations for P3HT 
support this approximation, [ 117,121 ]  but it should be noted 
that polaron sizes are strongly dependent on the DFT 
methodology. [ 122 ]  

 Under the conditions that the calculation of a ground 
state wavefunction of a polymer model yields informa-
tion of the charge localization, it is still not trivial to carry 
out such calculations. It is not known in advance how 
large should a model of bulk polymer be to reproduce the 
DOS and localization length without the results being 
affected by fi nite-size effects. The available calculations 
with P3HT suggests that a model containing chains of 20 
to 40 monomers displays electronic properties that do not 
depend appreciably on the chain length [ 123 ]  (it should not 
be forgotten though that the morphology depends on the 
chain length until much larger molecular weight. [ 111,124 ]  
Such models will contain tens of thousands of atoms, 
a number still one order of magnitude larger than what 
is normally achievable by the current software special-
ized in linear scaling ab initio calculations. Various parti-
tioning schemes proposed for polymer systems are there-
fore very often complemented by further approximations 
that take into account the chemical structure of the inves-
tigated system. For lamellar systems such as P3HT and 
PBTTT it is an excellent approximation to neglect com-
pletely the electronic coupling between lamellae there-
fore describing a system that is essentially two-dimen-
sional. [ 117,125 ]  The described methodology provides the 
DOS and a measure of the localization length of the states 
relevant for transport, that are those located at the edge of 

Macromol. Rapid Commun. 2015,  36,  1001−1025



Macromolecular
Rapid CommunicationsCharge Carrier Transport and Photogeneration in P3HT:PCBM Photovoltaic Blends

www.mrc-journal.de

 
www.MaterialsViews.com 1019© 2015  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

the valence (or conduction) band for holes (or electrons). 
For all polymers (amorphous and semi-crystalline), the 
states deep in the tail of the DOS are more localized and 
the localization length increases as states deeper in the 
band are considered, as predicted by simplifi ed generic 
polymer models. [ 126 ]  The chemical description of these 
states in the tail is potentially very useful because it may 
suggest possible routes to increase charge mobility by 
reducing the number of trap states. Calculations suggest 
that hole trap states (high-energy occupied orbitals) are 
found in regions of P3HT where the conjugated backbone 
is more planar than on average. [ 117,127 ]  The possibility of 
different degrees of planarity generates regions where 
the HOMO-LUMO gap is smaller, which coincide with the 
more planar segments of P3HT. Not surprisingly, when 
regioregularity defects are introduced, the trap states 
become localized far away from the regioregularity defect 
and, for this reason, the total number of trap states is not 
much affected by the regioregularity as found also experi-
mentally. [ 117 ]  By adopting fast methods for the calculation 
of the electronic structure, it is possible to monitor the life-
time of these trap states by repeating the electronic struc-
ture calculation for different snapshots obtained via clas-
sical molecular dynamics. For P3HT the most stable trap 
states are stable for many tens of picoseconds, and thus 
it is possible to consider these trap states as static defects 
from the point of view of the moving charge carrier. [ 127 ]  
Further analysis showed that these local deformations 
within the semi-crystalline domain are stabilized by 
gauche conformations in the side chain. 

 Once the one-electron states of a large system have 
been evaluated it is still very challenging to calculate 
hopping rates between these approximate states. One 
can use a perturbative expression assuming that these 
states are coupled by non-adiabatic coupling terms 
which can be evaluated explicitly [ 118 ]  or can be approxi-
mated using the overlap between the absolute value of 
the wavefunction. [ 127 ]  However, the proposed expression 
does not contain the effect of nuclear polarization in the 
presence of an additional charge (reorganization energy) 
and so it is strictly valid in the limit of vanishing reor-
ganization energy, similar to Miller-Abrahams rates. [ 3 ]  
Using this approach it was highlighted that it is possible 
to have reduced broadening of the DOS due to increased 
order, but still have low mobility because the coupling 
between states is reduced. [ 128,129 ]  An alternative,  ad hoc  
approach relies on partitioning of polymer chains on 
conjugated segments and evaluating the charge transfer 
rate between these segments. Within this framework, the 
simplest rate expression, [ 130,131 ]  
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depends on three microscopic parameters: reorgani-
zation energy  λ , electronic coupling  J  AB , and driving 
force ∆ U  AB  =  U  A  − U  B , all of which can be evaluated using 
quantum-chemical methods, classical polarizable force-
fi elds, or quantum-classical hybrids as discussed in the 
following sections. Note that various generalizations of 
this expression to quantum-mechanical modes have been 
derived. [ 132–136 ]  

 For P3HT, the reorganization energy decreases to 0.1 eV 
as of a chain length of 20 monomers, which is small com-
pared to 0.2−0.4 eV observed in many small-molecule 
based organic semiconductors also due to the better delo-
calization of the charge. Additionally, steric hindrance 
prevents conformational changes of the polymer chain 
upon charging if embedded in a  π -stacked crystal. The 
resulting constraint on the backbone planarity lowers the 
reorganization energy. 

 Let us now analyze the distribution of electronic cou-
plings in P3HT crystals, which is shown in Figure  12 . 
Unexpectedly, the 100% regioregular P3HT with crys-
talline side chains (CC-100) has (on average) lower elec-
tronic couplings than the corresponding 90% regioreg-
ular phase (CC-90). This effect is due to the different 
interlevel shift observed for the two regioregularities, 
since transfer integrals tend to be very sensitive to this 
structural mode. [ 136 ]  For two perfectly aligned chains the 
coupling element JAB

2
 can vary between 0 and 10 −2  eV 

as the backbones are shifted with respect to each 
other along the polymer’s long axis by one repeat unit, 
yielding a sin 2 -type variation of JAB

2
 with interlevel 
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 Figure 12.    Distributions of squared electronic couplings for 
CC-100, CA-100, CC-90, CA-90. We use C(A) to denote crystalline 
(amorphous) packing, i.e. CA-100 corresponds to a system with 
a crystalline arrangement of backbones, amorphous packing of 
side-chains, and regioregularity of 100%. Adapted with permis-
sion. [ 95 ]  Copyright 2013, American Chemical Society.
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shift. Side-chain melting leads to a broadening of the 
distributions and a tail of very small couplings, down 
to 10 −6  eV (even though only nearest neighbors are pre-
sent in the neighbor list). This would obviously result in 
rather small average mobility values. [ 137 ]  However, this 
conclusion is valid only if (one-dimensional) charge-
carrier transport were to occur within a static snapshot 
of the system. In reality, both transfer integrals and site 
energies are time-dependent. In order to understand 
whether such a static picture can be used in the case 
of P3HT in what follows we compare the distributions 
of relaxation times of the electronic coupling elements 
and site energies to the distribution of escape times of a 
charge carrier.  

 Another important ingredient of the charge transfer 
rate is the site energy difference, or the driving force 
∆ U  AB . It can be evaluated by expanding the molecular 
fi eld and fi eld response in terms of distributed multipoles 
and polarizabilities. Only a few studies have discussed the 
infl uence of this perturbation on the transport behavior 
of P3HT: systems of up 10 4  thiophenes have been treated 
in this fashion, for example, in order to explore the den-
sity of states of P3HT in dependence on polymorph and 
regioregularity or at interfaces. [ 95,137 ]  

 In crystalline systems, P3HT backbones are fully con-
jugated and a charge can be assumed to delocalize over 
an entire oligomer. [ 117 ]  The internal contribution to the 
ionization potential does not change from segment to 
segment and the energetic disorder is mostly due to a 
locally varying electrostatic potential. The resulting dis-
tributions in hole site energies, that is, the differences 
between the energies of the system when a selected 
molecule is in the cationic or neutral state are shown 
in Figure  13 , together with the fi ts to a Gaussian func-
tion. Here, both the width  σ  and the mean  U  of the dis-
tribution depend on the side-chain packing and polymer 
regioregularity. As expected, 100% regioregular P3HT 
always has narrower site energy distributions than the 
90% P3HT. Interestingly, the hole becomes less stable 
upon side-chain melting in the 100% regioregular P3HT 
(the distribution shifts to more negative numbers by 
0.1 eV), while it is stabilized upon side chain melting in 
the 90% regioregular P3HT. One can attribute the changes 
in the energetic DOS to specifi c structural features. [ 95 ]  The 
width in the distributions is governed by regioregularity, 
with CC-100 and CA-100 having virtually identical widths 
of  σ  = 45 meV and 51 meV, whereas CC-90, CA-90 are ener-
getically more disordered with  σ  = 74 meV and 75 meV, 
respectively. The magnitude of the disorder compares 
well with the width of the DOS as extracted from time-
of-fl ight experiments, [ 41,68 ]  where values for  σ  of 56 meV 
and 71 meV, respectively, have been proposed from a fi t of 
the fi eld-dependence of the mobility as obtained within 
the Gaussian Disorder Model. [ 138 ]  Even though  σ ’s did 

not vary signifi cantly between 94% and 98% regioregular 
P3HT, [ 41 ]  an increase in DOS width in the order of 30 meV 
can already drastically impact charge mobility in the case 
of a one-dimensional connected hopping network, as can 
be assumed to appropriately refl ect conditions in crystal-
line lamellae. On the level of chain ordering, the increase 
in energetic disorder can also be related to the increase in 
para-crystallinity along the  π -stacking direction. [ 95 ]  Con-
sidering that the hole-quadrupole interactions associated 
with thiophene dimers is the leading contribution to site 
energies, this origin for the increase in  σ  is fully justifi ed, 
and explains the similar energetic disorder computed for 
CC-100 and CA-100.  

 Shifts of the mean  U  of the site-energy distributions 
can be linked to the negative quadrupole moment of 
thiophene dimers: A hole localized on a polymer chain 
will be stabilized already on an electrostatic level due to 
the quadrupole moment of the neighboring chains, even 
without including polarization. This means that better 
geometrical overlap of the backbones leads to a larger sta-
bilization of holes. During the transition from a staggered 
to a coplanar stacking, the reduction in tilt angle leads to 
enhanced hole-quadrupole interactions. These are respon-
sible for the lower  U  in CA-100 compared to CC-100. For 
the systems of lower regioregularity, the transition in 
backbone stacking is less pronounced, since side-chain 
defects already lead to a slight planarization of the back-
bone, and hence lowered ionization potentials (compare 
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 Figure 13.    Densities of states together with Gaussians fi tted to 
CC-100, CA-100, CC-90. Note the aberration from a Gaussian line 
shape found for CA-90, which results from slipping defects in the 
lamellar stack. We use C(A) to denote crystalline (amorphous) 
packing, that is, CA-100 corresponds to a system with a crystalline 
arrangement of backbones, amorphous packing of side-chains, 
and a regioregularity of 100%. Adapted with permission. [ 94 ]  Copy-
right 2013, American Chemical Society.
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the site-energy mean of CC-90 to CC-100). As the back-
bone stacking turns entirely coplanar, side-chain defects 
lead to a high degree of slipping-type para-crystallinity. 
This implies a weakening of the energetically favorable 
hole-quadrupole interaction, and therefore an increase in 
the mean of the site-energy distribution when comparing 
CC-90 to CA-90. In addition to this shift of the mean, slip-
ping defects in CA-90 lead to a slight deviation from a 
Gaussian shape of the DOS. Summing up, the external 
contribution to the energetic density of states in P3HT 
is intimately connected to para-crystallinity along the 
 π -stacking direction, with energetic disorder  σ  linearly 
related to the amplitude of backbone-backbone distance 
fl uctuations, and the mean of the backbone-backbone 
distance distribution analogously related to the average 
site energy  U . 

 With electronic couplings and driving forces at hand, 
one can evaluate charge transfer rates, solve the resulting 
master equation for occupation probabilities of these 
localized states and extract information about charge dis-
tribution, currents, and eventually mobility, all as a func-
tion of temperature, external fi eld, charge density, and, 
importantly, morphology. Studies of different levels of 
complexity have been performed to study hole transport 
along the  π -stacking direction of P3HT lamellae. [ 95,139,140 ]  
Since the transport has a one-dimensional character, it 
can already be anticipated that a broad and static distribu-
tion of electronic couplings limits charge mobility along 
lamellae. [ 131,136,141–146 ]  This is illustrated in Figure  14 : 
mobility values, evaluated for 5000 lamellae, each con-
sisting of 40 stacked chains, are broadly distributed, with 
small mobilities as low as − − −10 cm V s7 2 1 1 .  

 It is important to relate the distribution of mobilities 
to those of electronic couplings and site energies. It has 
been found by comparing materials of different regioreg-
ularity that the associated mobility distributions are 
fundamentally different from what one would expect 
solely on the grounds of electronic couplings, which are 
shown in Figure  12 . The distribution of transfer integrals 
is determined by the polymorph at hand (I’ or I) and 
is not sensitive to a small decrease in regioregularity, 
whereas energetic disorder is governed by regioregu-
larity defects and is polymorph-independent. Aiming for 
high mobilities, one should hence prefer high regioregu-
larity over medium regioregularity due to the smaller 
energetic disorder and P3HT form I’ over P3HT form I 
due to higher electronic couplings. The mobility implic-
itly depends on both quantities: the average mobility 
decreases from CC-100 to CA-100 to CC-90 to CA-90. [ 94 ]  
These averages are indicated by vertical bars in Figure  13 . 
In the case of 100% regioregular P3HT, simulation results 
are in excellent agreement with fi eld-effect mobilities in 
P3HT nanofi bers (devoid of grain boundaries) extracted 
from experimental transistor I-V curves on P3HT 

nanofi bers [ 74,76,147 ]  The range of experimental values 
( µ = − − −0.01 0.06 cm V s2 1 1) obtained for different solvent 
and processing conditions is shown as the gray bar in 
Figure  14 . 

 The effect of regioregularity on charge transport has 
been studied experimentally in the context of time-of-
fl ight experiments, [ 41 ]  where a reduction in regioregu-
larity by 5% led to a decrease in mobility by a factor of 
fi ve. In simulations, a reduction in regioregularity by 
10% translates into a factor of ten decrease in mobility, 
indicating that the decrease in mobility is due to intra-
domain instead of interdomain transport. Hence, the 
regioregularity effect is exclusively due to increased 
energetic disorder. [ 95 ]  Additionally, the intramolecular 
contribution to the density of states was found to have 
a negligible effect on localization length and hence 
transport in the high-regioregularity regime. [ 117 ]  Thus, 
the higher mobility in the more regioregular material 
is entirely attributable to a narrowing of the density of 
states that results from increased order in hole-quadru-
pole interaction distances. 

 In the hopping picture, understanding the factors 
that limit charge-carrier mobility in polymers not only 
demands knowledge of the distribution of transport 
parameters, but also their time dependence. The latter 
is an important hint as to whether or not the hopping 
picture is justifi ed to begin with, since there is in fact 
no theoretical technique available that can predict the 
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 Figure 14.    Distributions of lamellar mobilities for CC-100, CA-100, 
CC-90, and CA-90. Vertical lines indicate averages. The gray 
bar includes the range of mobilities measured in P3HT nano-
fi bers. [ 72,74,145 ]  We use C(A) to denote crystalline (amorphous) 
packing, that is, CA-100 corresponds to a system with a crystalline 
arrangement of backbones, amorphous packing of side-chains, 
and regioregularity of 100%. Adapted with permission. [ 94 ]  Copy-
right 2013, American Chemical Society.



F. Laquai et al.
Macromolecular
Rapid Communications

www.mrc-journal.de

 
www.MaterialsViews.com1022 © 2015  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

regime of charge transport for a given material system. In 
P3HT, the relaxation of the electronic coupling elements 
and site energies occurs on similar time scales in spite of 
their dissimilar physical origins: Site energies are related 
to long-range electrostatic interactions where averaging 
occurs over a large number of nearest neighbors and 
leads to spatial correlations. [ 95 ]  On the other hand, the 
electronic coupling elements (to a fi rst approximation) 
only depend on the geometries of pairs of molecules, 
which results in increased sensitivity to thermal motions 
of the internal degrees of freedom. The reason for sim-
ilar time scales is the chemical structure of P3HT: Every 
thiophene unit is linked to an alkyl side chain with slow 
dynamics both in the crystalline and amorphous phases. 
This overdamps the backbone dynamics, in particular 
torsional motions of thiophene units, and results in slow 
variations of electronic couplings. Interestingly, for the 
similar conjugated polymer PBTTT, where the thienothio-
phene unit is not linked to a side chain (implying a lower 
side-chain density and better crystallinity), the signifi -
cantly faster dynamics of electronic couplings can boost 
the charge-carrier mobility. [ 96 ]  For P3HT, even the slowest 
escape times for holes do not extend into the decorrela-
tion regime. Charge-carrier dynamics is therefore lim-
ited by the static disorder of electronic couplings and site 
energies, since their relaxation times exceed typical time 
scales of hopping transport. Hence, it is possible to resort 
to a single charge-transfer rate to describe transport 
without time-averaging of electronic couplings of a pair 
of molecules, as it was needed in columnar discotic liquid 
crystals [ 148 ]  or PBTTT. [ 95 ]   

  4.     Conclusions and Outlook 

 The charge transport and photogeneration in regioregular 
poly(3-hexylthiophene):methanofullerene (P3HT:PCBM) 
solar cells is reviewed. A ten-fold increase in power con-
version effi ciency was obtained by simply annealing 
the devices at a temperature above 110 °C for 4 min. The 
most important factor in obtaining these effi ciencies 
was found to be the enhancement in hole mobility in 
the P3HT phase of the blend by more than three orders of 
magnitude relative to the as-cast device. For the devices 
as-cast or annealed at a temperature lower than optimal 
(<110 °C), the difference in electron and hole transport 
in the blend is too large and the photocurrent is strongly 
limited by the build-up of space-charge. Consequently, 
the devices are hindered by the fundamental electrostatic 
limit and the fi ll factor of the cells cannot exceed 42%. At 
optimum annealing temperatures (above 110 °C), the dif-
ference in electron and hole mobility is reduced and the 
space-charge no longer limits the performance under 
normal operation conditions leading to fi ll factors as high 

as 70%. Furthermore, at short-circuit conditions the dis-
sociation effi ciency of bound electron-hole pairs at the 
donor/acceptor interface is close to 90%, which explains 
the large quantum effi ciencies measured in P3HT:PCBM 
blends. These results are valuable for the design of new 
materials to further improve the performance of organic 
photovoltaic devices. On the theoretical side, an adequate 
understanding of highly crystalline and completely 
amorphous systems has been achieved. However, for 
partially ordered systems substantial method develop-
ment is still required. Imperative for predicting large-
scale morphologies are accurate polarizable force-fi elds 
and computationally effi cient coarse-grained models. 
These models should be capable of describing backbone 
crystallization and allow for reintroduction of atomistic 
details. Essential for charge transport are extensions of 
large-scale fi rst-principles methods to charged states. 
Challenging is the incorporation of polaronic effects and 
a unifi ed description of charge transfer along a single 
chain and between conjugated segments located on dif-
ferent chains.  
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