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  1.     Introduction 

 The dissociation of a charge transfer (CT) state at an organic 
donor-acceptor (D−A) interface into a charge separated (CS) 
state where electrons and holes are free to move is a critical 

 To determine the role of photon energy on charge generation in bulk het-
erojunction solar cells, the bias voltage dependence of photocurrent for 
excitation with photon energies below and above the optical band gap is 
investigated in two structurally related polymer solar cells. Charges generated 
in (poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′′]dithiophene)-
alt-4,7-(2,1,3-benzothia diazole)] (C-PCPDTBT):[6,6]-phenyl-C61-butyric acid 
methyl ester (PCBM) solar cells via excitation of the low-energy charge 
transfer (CT) state, situated below the optical band gap, need more voltage to 
be extracted than charges generated with excitation above the optical band 
gap. This indicates a lower effective binding energy of the photogenerated 
electrons and holes when the excitation is above the optical band gap than 
when excitation is to the bottom of the CT state. In blends of PCBM with 
the silicon-analogue, poly[(4,4-bis(2-ethylhexyl)dithieno[3,2- b :2 ′ ,3 ′ - d ]silole)-
2,6-diyl- alt -(2,1,3-benzothiadiazole)-4,7-diyl] (Si-PCPDTBT), there is no effect 
of the photon energy on the electric fi eld dependence of the dissociation 
effi ciency of the CT state. C-PCPDTBT and Si-PCPDTBT have very similar 
electronic properties, but their blends with PCBM differ in the nanoscale 
phase separation. The morphology is coarser and more crystalline in Si-
PCPDTBT:PCBM blends. The results demonstrate that the nanomorphological 
properties of the bulk heterojunction are important for determining the effec-
tive binding energy in the generation of free charges at the heterojunction. 

  [+]Present address: Department of Physics, University of Bath, BA2 7AY Bath, UK   
 [++]Present address: ECN – Solliance, High Tech Campus 5 (P-061), 5656 
AE Eindhoven, The Netherlands  

process in the operational mechanism of 
organic solar cells. At present the mecha-
nistic details of the charge separation pro-
cess are only partly understood. Due to the 
low dielectric constant, the electron and 
hole in the D + −A −  CT state can be expected 
to be bound by Coulomb interactions 
across the heterojunction interface, [ 1–4 ]  
typically by few hundreds of millielec-
tronvolts, exceeding the thermal energy 
at room temperature by roughly a factor 
10. At fi rst glance, this makes dissocia-
tion of CT states into the free charges (CS) 
improbable. Yet an increasing number 
of organic solar cells exhibit internal 
quantum effi ciencies for charge genera-
tion up to unity, [ 5–7 ]  implying very effi cient 
dissociation of the interfacial D + −A −  CT 
state or bypassing its formation via a “hot” 
process.  Figure    1   summarizes some of the 
critical processes in the charge generation 
and recombination in organic solar cells.  

 Under standard illumination condi-
tions, photogenerated charges in an 
organic solar cell are dominantly created 
via excitation above the optical band gap, 
i.e., with photon energies  hν  >  E  S1 , where 
 E  S1  is the energy of the lowest excited 

singlet state in the D−A blend ( E  S1  = min( E  S1 (D), E  S1 (A)). For 
effi cient organic solar cells, the energy of the CT state ( E  CT ) is 
preferably close to  E  S1  to prevent loosing photon energy, yet 
 E  S1  −  E  CT  has to be large enough to enable quantitative forward 
electron transfer. In addition, also direct excitation of the CT 
state can produce free charges. [ 8,9 ]  The low absorption coef-
fi cient of the interfacial CT state makes this sub optical band 
gap excitation ( E  CT   < hν  <  E  S1 ) of negligible importance for the 
power conversion effi ciency of organic solar cells. Neverthe-
less the dissociation from the CT state into free charges is not 
only of scientifi c interest but also of profound importance for 
the overall performance if illumination with light  hν  >  E  S1  pro-
duces fully relaxed CT states, before free charges are created. 
At present a strongly debated question is whether the excess 
energy ( E  e ), defi ned as the difference between the energy of 
the absorbed photons ( hν ) and the energy of the bottom of the 
CT band ( E  CT ),  E  e  =  hν  –  E  CT , assists in the formation of free 
charges. CT excitons for which  E  e  > 0 are often indicated as 
“hot” CT excitons. Because hot CT excitons possess more delo-
calized wave functions, they are easier to dissociate. Evidence of 
a correlation between available excess energy and charge gen-
eration effi ciency has been recently reported in literature. [ 10–15 ]  
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On the other hand, it has also been demonstrated in various 
polymer-fullerene blends that the availability of photon excess 
energy does not infl uence the effi ciency of CT state dissocia-
tion into free charges. [ 16–21 ]  Clearly, a better understanding of 
the mechanism of free charge generation at donor-acceptor 
heterojunctions is needed. Such an improved understanding is 
essential for further optimizing device performance. The need 
of excess energy for effi cient CT dissociation would impose a 
limit to the maximum attainable open-circuit voltage ( V  oc ), 
since the latter scales with the energy of the CT state. [ 8,22,23 ]  In 
this respect it is important to understand that the energy dif-
ference between  E  S1  and  E  CT  represents, in principle, an unde-
sired energy loss, but if excess energy is important for achieving 
quantitative charge separation, this energy loss could enhance 
photocurrent. 

 Apart from the relative positioning of energy levels such as 
shown in Figure  1 , the kinetics of the various processes is also 
important. Starting from the energetically relaxed CT state, the 
ratio of the rates for radiative and non-radiative charge recom-
bination vs that of charge separation is crucial for the amount 
of free charges formed. Likewise, for hot CT states vibrational 
relaxation within the CT manifold competes with the dis-
sociation of the hot CT state. It is well established that the 
nanoscale morphology of the blends plays a role in the kinetics 
of charge separation and recombination. [ 24–26 ]  In intimately, 
almost molecularly mixed, donor-acceptor blends charges have 
higher chance of recombining. In contrast, the presence of 
nanocrystalline fullerene domains has been found to enhance 
the dissociation of charge transfer states into free charge car-
riers. [ 24,25 ]  Several recent studies also suggest that the delo-
calization of electron and hole wave functions is benefi cial for 
the effi ciency of CT dissociation, because delocalized charges 

result in a lower net binding energy at the interface. [ 14,15,27–29 ]  
Molecular structures favoring such delocalization are there-
fore the best suited to obtain effi cient CT dissociation. Finally, 
Monte Carlo simulations demonstrate that electron and holes 
may escape effi ciently from their Coulomb interaction by using 
the static energetic disorder that is associated with organic 
semiconductors. [ 30–33 ]  

 To investigate the role of excess energy in the photogenera-
tion of charges in polymer:fullerene solar cells experimen-
tally, it is possible to compare the electric fi eld dependence 
of the external quantum effi ciency (EQE) for a wide range of 
photon energies, corresponding to excitation to the bottom of 
the CT state (CT←S 0 ) and above the optical band gap (S 1 ←S 0  
and S n ←S 0 ). For relaxed CT states the presence of an electric 
fi eld can reduce the barrier for dissociation into free charges, 
while for higher excited CT states the electric fi eld should have 
a lesser role. Hence, comparing the bias voltage dependence of 
charge generation for excitation at different photon energies 
 hν  ≥  E  CT  can provide useful insight into the role of the excess 
energy. 

 In this paper we are specifi cally interested in the effect 
of the nanomorphology in free charge generation in rela-
tion to excess energy. We compare a blend of (poly[2,6-
(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′′]dithiophene)-
 alt -4,7-(2,1,3-benzothia diazole)] (C-PCPDTBT) with [6,6]-phenyl-
C 61 -butyric acid methyl ester (PCBM) to a blend of poly[(4,4-
bis(2-ethylhexyl)dithieno[3,2- b :2 ′ ,3 ′ - d ]silole)-2,6-diyl- alt -
(2,1,3-benzothiadiazole)-4,7-diyl] (Si-PCPDTBT) with PCBM 
( Figure    2  a). The only difference in chemical structure between 
the two small band gap polymers, C-PCPDTBT and Si-PCP-
DTBT, is the bridging atom in the CPDT unit, which is either 
a carbon or a silicon atom. This small structural change has a 
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 Figure 1.    State diagram of a donor-acceptor organic solar cell and relevant photophysical processes. Direct excitation of the donor (D) or acceptor (A) 
can result in a relaxed interfacial D + −A −  charge transfer (CT) state or, avoiding relaxation, produce a charge separated state (CS) with free electrons and 
holes directly. Alternatively, the CT state can be excited and then lead to charge separation. Loss processes that can occur from the CT state are charge 
recombination to the ground state (GS) or formation of a triplet state (T 1 ). The diagram shows triplet formation for the donor only, but depending on 
its energy level it may also occur for the acceptor. The absorption coeffi cient for direct CT excitation is orders of magnitude less than for excitation of 
the two S 1  states, making direct absorption to the CT state less important for the solar cell performance.
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minimal effect on the molecular electronic structure and the 
absorption spectra of blend fi lms with PCBM cover the same 
spectral range (Figure  2 b), yet it induces a rather large differ-
ence in the nanoscale morphology in blends of these polymers 
with PCBM. [ 34 ]  As a result, Si-PCPDTBT:PCBM solar cells show 
a considerably higher power conversion effi ciency compared 
to C-PCPDTBT:PCBM cells. [ 34 ]  We will show that the electric 
fi eld dependence of charge separation in C-PCPDTBT:PCBM 
solar cells depends to a small, but distinct, extent on the 
photon energy for  E  CT   < hν  <  E  S1 , but that it is independent 
of photon energy for  hν  ≥  E  S1 . For Si-PCPDTBT:PCBM cells, 
in contrast, charge generation is independent of the elec-
tric fi eld for all photon energies. The results indicate that 
for above band gap excitations excess energy plays no role in 
free charge generation, even in relatively poor photovoltaic 
blends. Furthermore, in blends with optimized nanoscale 
morphology exciting the CT state band results in the same 
charge generation effi ciency as when above-gap excitations are 
used.   

  2.     Results and Discussion 

  2.1.     Bias Dependent Current Density and External Quantum 
Effi ciency 

  Figure    3   shows the  J−V  characteristics under 100 mW cm −2  
white light illumination (corresponding to ≈1 sun) of solar 
cells based on C-PCPDTBT:PCBM and Si-PCPDTBT:PCBM 
blends. Both blends were spin cast from a chlorobenzene solu-
tion containing the polymer and fullerene in a weight ratio 
of 1:2 without any co-solvents. Comparing C-PCPDTBT to 
Si-PCPDTBT, the fi ll factor ( FF ) and short-circuit current ( J  sc ) 
improve considerably, going from 0.39 to 0.62 and from 7 to 
12 mA cm −2  respectively, resulting in power conversion effi -
ciencies increasing from close to 2% to about 4%, consistent 
with previous observations. [ 34–36 ]  We note that the optimized 
polymer–fullerene weight ratio varies somewhat with the exact 
polymer, but the performance does not change signifi cantly for 
weight ratios between 1:2 and 1:3. [ 34–36 ]   

  Figure    4  a shows the normalized EQE of a C-PCPDTBT:PCBM 
solar cell for photon energies ranging from 1.24 to 3.1 eV, meas-
ured for applied bias voltages between −3 and +0.65 V. For this 
cell  V =  +0.65 V corresponds to a value slightly lower than  V  oc  
under ≈1 sun illumination. The EQE was measured with modu-
lated monochromatic light using sensitive lock-in detection. To 
create conditions representative for ≈1 sun operational illumi-
nation intensity, the measurements were performed with a con-
stant background illumination (see Experimental Section). The 
curves in Figure  4 a are all normalized to the maximum EQE, 
which always occurs at the same photon energy (1.75 eV) and 
coincides with the maximum of optical absorption of the blend. 
Figure  4 a shows only a small selection of the complete set of 
measurements, namely the normalized EQE spectra recorded 
at +0.65, 0, and −3 V. The maximum of the un-normalized EQE 
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 Figure 2.    a) Chemical structure of C-PCPDTBT, Si-PCPDTBT, and PCBM. b) Absorption spectra of C-PCPDTBT:PCBM and Si-PCPDTBT:PCBM fi lms.

 Figure 3.     J−V  characteristics under white light (100 mW cm −2 ) for 
C-PCPDTBT:PCBM (empty circles) and Si-PCPDTBT:PCBM (full circles) 
solar cells. The solid line represents the numerical simulation of the illu-
mination  J−V  curve of the C-PCPDTBT:PCBM solar cell.
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increased from 9% at 0.65 V to 53% at −3 V, passing 28% at 
short circuit (0 V).  

 The normalized EQE spectra are shown in a semi-loga-
rithmic plot to better visualize the different absorption bands. 
The low energy absorption is attributed to the CT←S 0  transi-
tion. [ 22,37 ]  The S 1 ←S 0  of C-PCPDTBT transitions give rise to the 
absorption band with onset at ≈1.45 eV, as measured on thin 
fi lms. The contribution of the absorption by C-PCPDTBT to the 
EQE extends to the UV. The PCBM contribution likely starts at 
the onset of absorption (1.75 eV), but it only becomes appre-
ciable at 2.5 eV where the absorption coeffi cient of PCBM is 
much larger than at the onset. The EQE for excitations via the 
C-PCPDTBT and PCBM absorption bands is between 10 and 
100 times higher than for direct excitation to the CT state. 

 Figure  4 a shows no signifi cant change in spectral shape of 
the EQE with applied bias for photon energies above ≈1.45 eV 
that correspond to excitations above the optical band gap. This 
observation rules out any effect of the excess energy for above 
optical band gap excitation in this blend, in accordance with 

previous observations. In contrast, for photon energies below 
1.45 eV, i.e., sub-optical band gap excitation, the normalized 
EQEs reveal a small, but distinct, monotonic increase going 
to higher reverse bias. The inset in Figure  4 a illustrates that 
the increase is higher at the lower photon energies. Figure  4 b 
depicts the EQE recorded at different photon energies normal-
ized with respect to the EQE at  hν  = 1.75 eV and plotted as 
function of applied voltage bias. The change in the normalized 
EQE at  hν  = 1.31 eV amounts to ≈30% going from 0.65 to −3 V 
bias. Above the optical band gap the change in normalized EQE 
with applied bias is negligible. At  hν  = 3.02 eV the normalized 
EQE shows a sharp, small decrease at  V  = 0.65 V, i.e., very close 
to  V  oc  where the absolute value of the EQE becomes very small. 
Therefore, we did not further consider this feature. 

 Figure  4 a also shows the electroluminescence spectrum 
of the same device measured by applying a forward bias of 
 V  = +3 V. The electroluminescent emission can be attributed 
to the radiative recombination of the CT state, [ 38 ]  which is 
formed by recombination of injected electrons and holes that 
meet at the heterojunction. The photon energy of maximum 
electroluminescence intensity is an estimate for a lower bound 
for the energy of the bottom of the CT band:  E  CT  = 1.18 eV. 
We note, however, that energetic disorder in these bulk hetero-
junctions creates a distribution in  E  CT . Taking  E  CT  = 1.18 eV 
and  V  oc  = 0.70 V, we fi nd that  E  CT   − qV  oc  = 0.48 eV, in excel-
lent agreement with general relation  E  CT  =  qV  oc   −  0.47 eV found 
previously. [ 22 ]  

  Figure    5  a shows the corresponding EQE measurements for a 
Si-PCPDTBT:PCBM solar cell at  V =  +0.5, 0, and −2.2 V, normal-
ized at the maximum of polymer absorption ( hν  = 1.77 eV). In 
this solar cell  V  oc  = 0.56 V. At  V  = +0.5 V the EQE signal became 
undetectable for photon energies below 1.25 eV. The max-
imum of the EQE has an absolute value of 29% at  V  = +0.5 V, 
increases to 50% at short circuit, and to 58% at −2.2 V. The 
assignment of the EQE bands to CT←S 0  and S 1 ←S 0  excitations 
is indicated in Figure  5 a and does not differ signifi cantly from 
the assignment for C-PCPDTBT:PCBM (Figure  4 a). Given the 
very similar chemical structure of the two polymers, the optical 
properties are rather similar. The Si-PCPDTBT:PCBM did not 
show any detectable electroluminescence from the CT state, in 
accordance with previous results. [ 34 ]  To estimate a lower bound 
for the energy of the CT state in the Si-PCPDTBT:PCBM we 
use the linear relation between  E  CT  and  V  oc  and consider that 
 E  CT  ≈0.56 + 0.47 = 1.03 eV in Si-PCPDTBT:PCBM.  

 Figure  5 a reveals that for the Si-PCPDTBT:PCBM solar cell 
there is no measurable change in the shape of the EQE in the 
bias range −2.2 <  V  < 0 V. A change in spectral shape of the 
EQE is only observed in the bias range 0 <  V  < +0.5 V, at photon 
energies between 2.5 and 3 eV, and below 1.5 eV. In these two 
regions of the EQE spectrum more bias is required to extract 
charges compared to those created by exciting between 1.5 and 
2.5 eV. The inset in Figure  5 a shows the normalized spectra at 
three different biases in the low energy region below 1.4 eV. 
The normalized spectra recorded at −2.2 and 0 V are virtually 
identical. The normalized EQE recorded at +0.5 V deviates from 
the other two spectra. 

 The behavior of the EQE as function of bias at low photon 
energy is shown in Figure  5 b. Here the EQE recorded for 
different photon energies and normalized to the values at 
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 Figure 4.    a) Semi-logarithmic plot of the normalized EQE spectra of a 
C-PCPDTBT:PCBM solar cell at three different applied voltage biases. 
The inset shows the normalized EQEs for low photon energies. The blue 
curve represents the normalized electroluminescence (EL) from the same 
device obtained when biasing the device at +3 V forward bias. The ver-
tical dashed line at 1.45 eV is a guide to the eye to differentiate between 
the CT←S 0  and S 1 ←S 0  absorption bands. b) EQE recorded at different 
photon energies ranging from 1.31 to 3.02 eV (see legend) as function of 
applied bias, normalized to the EQE at  hν  = 1.75 eV.
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 hν =  1.77 eV is shown as function of applied voltage bias. 
Between −2.2 and +0.3 V the normalized EQE values are essen-
tially constant with bias. The normalized EQE reduces substan-
tially only above 0.4 V. Apart from the fact that the photocurrent 
is approaching zero for bias >0.4 V, which reduces the accuracy 
of the measurement, the explanation for this might be found 
in the fact that the Si-PCPDTBT polymer is known to aggre-
gate more strongly than C-PCPDTBT. [ 34 ]  The spectral response 
related to Si-PCPDTBT falls in the ≈1.6–2.1 eV region. Regions 
in the bulk with lower degree of order could be present. In these 
regions the transport of photogenerated charges is expected 
to be more problematic and therefore more fi eld dependent 
than in the more ordered domains. We tentatively attribute 
the stronger fi eld dependence observed between 2.5 and 3 eV 
to lower collection effi ciency of charges created in less ordered 
regions of the bulk. We previously observed a similar behavior 
on the EQE spectral dependence on bias of P3HT:PCBM solar 

cells. [ 18 ]  An alternative explanation is the generation of bound 
electron-hole pairs in the PCBM domains. 

 Summarizing, the spectral shape of the EQE changes with 
applied bias for C-PCPDTBT:PCBM solar cells in the low energy 
part of the spectrum, corresponding to direct absorption to the CT 
state. Charges created via excitations in this part of the spectrum 
require more bias voltage to be dissociated compared to charges 
created via excitations of C-PCPDTBT or PCBM. Compared to 
C-PCDPTBT:PCBM cells, the bias voltage dependence of the EQE 
spectral shape is much smaller in Si-PCPDTBT:PCBM solar cells. 
A barely detectable change of the low energy part of the spectrum 
appears only for bias voltages between short circuit and open 
circuit. Si-PCPDTBT:PCBM devices do not give any measurable 
electroluminescence in forward bias. For C-PCPDTBT:PCBM 
devices, instead, a clear CT electroluminescence is observed.  

  2.2.     Transmission Electron Microscopy (TEM) 

 Bright fi eld TEM images on bulk heterojunction thin fi lms 
consisting of C-PCPDTBT or Si-PCPDTBT mixed with PCBM 
are shown in  Figure    6  . The fi lms were spin coated from chlo-
robenzene solutions under the conditions as the active layers 
in the solar cells devices. Consistent with previous reports, [ 34,39 ]  
we fi nd a very fi nely dispersed blend for C-PCPDTBT:PCBM, 
with the TEM images showing barely any contrast. The images 
of Si-PCPDTBT:PCBM blends show instead a clear contrast, 
which is attributed to phase separation between PCBM richer 
domains (darker regions) and Si-PCPDTBT domains. [ 34 ]  The 
phase separation appears to be in the order of a few tens of 
nanometers. The polymer domains show a fi bril-like structure, 
indicating aggregation. Enhanced polymer aggregation in Si-
PCPDTBT:PCBM is also indicated by the presence of an addi-
tional ring in the electron diffraction image (inset of Figure  6 b), 
which is not visible in the C-PCPDTBT:PCBM case (inset in 
Figure  6 a). The additional diffraction ring indicates a stacking 
distance of 0.36 nm, which is in the typical range of distances 
for π–π stacking between polymer chains. [ 34 ]   

 Additionally we observe the formation of 20–30 nm size 
lamellar crystals in the Si-PCPDTBT:PCBM blend (Figure  6 c), 
showing an average  d -spacing of 1.7 nm. This value is in good 
correspondence with the observed 2 θ  of around 5° observed in 
grazing incidence CuKα ( λ  = 1.5418 Å) X-ray diffraction meas-
urements on similar Si-PCPDTBT:PCBM blends compositions 
by Morana et al., corresponding to  d  = 1.77 nm. [ 34 ]  These semic-
rystalline structures can be attributed to Si-PCPDTBT π-stacked 
chains forming lamellae, separated from each other by the side 
chains. Similar structures have been observed previously with 
TEM in P3HT domains inside P3HT:PCBM blends. [ 40 ]   

  2.3.     Modeling of Photocurrents in C-CPDTBT:PCBM 

 We now attempt to quantify the bias-dependence of the photo-
current in terms of a binding energy and an electron-hole sepa-
ration. We make the assumption that the transport properties of 
free carriers are independent of the energy of the primary photo-
excitations from which they are generated. With this assumption, 
the comparison of the bias dependence of extracting charges 
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 Figure 5.    a) Semi-logarithmic plot of the normalized EQE spectra of a 
Si-PCPDTBT:PCBM solar cell at three different applied voltage biases. The 
inset shows the normalized EQEs in the low energy band. The vertical 
dashed line is a guide to discriminate between the CT←S 0  and S 1 ←S 0  
absorption bands. b) EQE recorded at different photon energies ranging 
from 1.31 to 3.02 eV (see legend) as function of applied bias, normalized 
to the EQE at  hν  = 1.77 eV.
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generated with different photon energies reduces to a compar-
ison of the bias dependence of the separation of the CT state into 
free charges at the donor-acceptor heterojunction. At this point 
one might argue that with different photon energies free charges 
are generated which have different CT states as precursors. 

 To investigate the nature of the CT states as precursor states to 
free charges, we analyzed the results by means of numerical sim-
ulations. We use numerical one-dimensional drift-diffusion sim-
ulations to reproduce the dependence of the EQE on the applied 
bias at each photon energy  hν . In the numerical simulations, 
the fi eld dependence of charge generation is treated using the 
Onsager-Braun model for the dissociation of the CT state, [ 41–43 ]  
as proposed by Blom et al. [ 44 ]  In the Onsager-Braun model the 
fi eld dependent rate of CT state dissociation  k  d  is described as:
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 where  R  cc  is the electron-hole separation distance in the CT 
state (i.e., with the electron on the fullerene acceptor and the 

hole on the polymer donor) and  E  B  is the binding energy, 
expressed as  E  B  =  q 2 / 4 πε  0  ε  r  R  cc , with  ε  r  the dielectric constant 
of the medium.  J  1  is the Bessel function of order 1 and  b  is 
given by  b ( E , T ) =  q  3  E/ 8π ε  0  ε  r  k  B  2  T  2 . The recombination rate 
constant is modeled via the Langevin equation as  k  r  =  q<µ>/
ε  0  ε  r , with < µ > the average charge mobility of the electrons 
and holes. In the model, the fi eld and temperature dependent 
probability  P ( E , T ) of CT state dissociation is calculated as 
 P ( E , T ) =  k  d ( E , T )/[ k  d ( E , T ) +  k  f  ], where  k  d ( E , T ) is the rate of dis-
sociation into free charges and  k  f  is the rate of CT state recom-
bination. To account for disorder in the blend, a distribution 
of CT states having different separation distances was incor-
porated into the numerical simulations. To this purpose a nor-
malized distribution function  f ( R  cc , y ) was used as proposed by 
Blom et al.: [ 44 ] 
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  f ( R  cc , y ) reaches its maximum at  R  cc , and the average electron-
hole distance can be calculated as:
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 The dissociation probability  P  is calculated as the integrated 
probability over the distribution of separation distances, so that:
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 where  p ( E , T , y ) is the dissociation probability at a specifi c 
distance  y . The procedure used for the numerical simulations 
has been described in detail by Koster et al. [ 45 ]  (see also Experi-
mental Section). 

 We emphasize that the Onsager-Braun model might not cor-
rectly describe all the microscopic physical details of the com-
plex kinetics of the CT dissociation process. [ 33,46 ]  The Onsager-
Braun model assumes an equilibrium between CT state and 
free carriers, which does not exist for not-relaxed CT states that 
may be involved in the charge generation. Further one often 
fi nds that fi tted rates for CT recombination ( k  r ) are in the micro-
second domain, which is long compared to the fl uorescence 
lifetime of the CT states, which is rather in the nanosecond 
domain. However, presently, better models are not available. 
We use the model to parameterize the experimental data in 
terms of an effective electron-hole separation distance and an 
effective binding energy, without implying exactness of the 
values obtained. We simulate the photocurrent recorded at dif-
ferent photon energies as function of the bias voltage and we fi t 
the results to the experimental data using  R  cc  as fi t parameter. 
The correlation between  R  cc  and the energy of the exciting 
photons can then be evaluated. This analysis was possible for 
the C-PCPDTBT:PCBM cells. For the Si-PCPDTBT:PCBM cells 
the change in dependence on fi eld at different photon energies 
was too minute to obtain meaningful information. 

 As starting point, we simulated the  J−V  characteristics of the 
C-PCPDTBT:PCBM cell under constant white light illumina-
tion (Figure  3 ). The best fi t was obtained using  R  cc  = 1.9 nm 
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 Figure 6.    Bright fi eld TEM images and electron diffraction patterns 
(inset) of the active layers containing a) C-PCPDTBT:[60]PCBM and 
b) Si-PCPDTBT:[60]PCBM. (1:2 weight ratios). c) High magnifi cation 
bright fi eld TEM image of the active layer with Si-PCPDTBT:PCBM.
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as separation distance of the electron and hole in the CT state 
(solid line in Figure  3 ), corresponding to an average distance 
of about 2.1 nm Equation  ( 3)  . The relevant parameters used 
in the simulation are shown in  Table    1   and are similar to the 
parameters used by Lenes et al. [ 47 ]   

 The EQE of a solar cell is given by EQE( hν ) =  η  abs ( hν )·IQE( hν ), 
where  η  abs ( hν ) is the effi ciency of photon absorption at a given 
wavelength and IQE is the internal quantum effi ciency. In our 
modeling,  η  abs ( hν ) is considered independent of applied bias. 
Conceptually, the IQE can be considered as being determined 
by three consecutive processes: photoinduced charge transfer to 
produce a CT state, dissociation of the CT state into free charges, 
and the transport and collection of free charges. Transport and 
collection are in competition with recombination, which may 
reduce the IQE. For the present discussion we assume that all 
absorbed photons create relaxed or hot CT states that may be 
dissociated or recombine. For C-PCPDTBT:PCBM blends this 
assumption is justifi ed by the virtually complete quenching 
of the polymer photoluminescence together with the appear-
ance of CT photoluminescence. In the Onsager-Braun model, 
the IQE approaches unity in the limit of high reverse bias. We 
therefore normalized the simulated photocurrent to the satura-
tion value at high reverse voltage, obtaining the simulated IQE 
of the solar cell as function of bias. We fi tted the simulated IQE 
vs bias to the experimental EQE vs bias data divided by  η  abs  
defi ned above, which in this case is an additional free fi tting 
parameter. To fi t the fi eld dependence at different excitation 
photon energies, only  η  abs  and  R  cc  were changed. All the other 
parameters were kept fi xed in the simulations to the values in 
Table  1 , corresponding to the assumption that the transport of 
charges is independent of the properties of the intermediate 
CT state from which they were generated. Hence we interpret 
differences in the fi eld dependence of the photocurrent for dif-
ferent photon energies as being solely caused by differences in 
dissociation effi ciency of CT states. 

 The results of the simulations on a reduced set of photon 
energies are shown in  Figure    7  . The data are plotted versus 
effective voltage bias  V  eff , which corresponds to the absolute 
values of the difference between the applied voltage and the 
voltage at which  J  photo ( V ) = 0, where  J  photo  is the photocurrent 

density. For each photon energy, the IQE vs  V  eff  curve can be 
reproduced by changing only  R  cc . The curve recorded at 1.24 eV 
was fi tted using  R  cc  = 1.47 nm. Increasing the photon energy 
results in an increase of  R  cc , reaching values of around 1.9 nm 
at ≈1.7 eV. For higher photon energies, the  R  cc  needed to fi t the 
curves does not change sensibly.  R  cc  is 1.98 nm for excitations 
at 3.02 eV.  R  cc  values of ≈1.9 nm for above band gap excitations 
are in agreement with the value of 1.9 nm used to fi t the white 
light  J – V  curve. This is not surprising, since the main part of 
the current under white light illumination is generated via 
above band gap excitations.  

  Figure    8   shows the  R  cc  values obtained for several of the 
used photon energies as function of the excess photon energy 
 E  e  =  hν − E  CT  (with  E  CT  = 1.18 eV). Two regions can be dis-
cerned. First  R  cc  rises steeply with increasing photon excess 
energy. Then it reaches a value of ≈1.9 nm at around  E  e  = 0.5 eV 
and does not increase sensibly for higher excess energies. As 
stated above,  R  cc  is used as measure of the effective binding 
energy  E  B  of the CT pair, which is calculated as:
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y
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R∫ π ε ε π π ε ε
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 where we use  ε  r  = 3. The values of  E  B  as function of excess 
energy are also shown in Figure  8 . The estimated binding 
energy amounts to ≈0.39 eV for the lowest excited CT states 
and decreases to a stable value of ≈0.28 eV for photons car-
rying more excess energy. The saturation value of  R  cc  and  E  B  is 
reached at a photon energy of ≈1.7 eV, that is for excitations in 
the C-PCPDTBT absorption band.  

 The results suggest that in C-PCPDTBT:PCBM blends free 
charges are generated via intermediate CT states which have 
different effective binding energy depending on the energy of 
the exciting photon. In particular, photo-excitations above the 
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  Table 1.    Parameters used in the numerical simulations.  

Parameter  a)  Description Value

 T Temperature 295 K

 L Thickness of the active layer 80 nm

 N  C DOS of conduction and valence band 2.5 × 10 25  m −3 

 µ  n Electron mobility 7 × 10 −8  m 2  V −1  s −1 

 µ  p Hole mobility 1.5 × 10 −8  m 2  V −1  s −1 

 g  max Maximum charge generation rate 11.6 × 10 27  m −3  s −1 

 k  f CT recombination rate 6.25 × 10 6  s −1 

 ε  r Relative dielectric constant 3

 R Langevin recombination pre-factor 0.25

 R  cc Electron-hole separation in CT 1.9 nm

     a)  To fi t the IQE vs voltage bias at different excitation photon energies only  R  cc  was 
varied.   

 Figure 7.    IQE at as function of the effective voltage bias of a 
C-PCPDTBT:PCBM solar cell (circles) for selected photon energies and 
simulated IQE (lines). The experimental data have been fi tted, changing 
only the separation distance ( R  cc ) of electron and hole in the geminate 
pair. The legend lists the photon energies  hν  and the corresponding 
fi tted  R  cc .
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optical band gap result in free charge generation via interme-
diate CT states with effective binding energy lower than for CT 
states populated through optical excitation in the tail of the CT 
absorption band, the difference reaching about 0.1 eV. CT states 
populated with higher photon energy are the most relevant pre-
cursors to free charges in the solar cell under standard white 
light illumination (≈1 sun), because the absorption coeffi cient 
is above the optical band gap. 

 Our analysis cannot provide an exact insight into the micro-
scopic nature of the difference in photocurrent generation at 
low and high photon energies. A possible interpretation could 
be that higher photon energies give access to CT states that are 
less bound because of more delocalized electron and hole wave 
functions, consistent with the fi ndings of Refs.  [ 14,15 ]  and. [ 29 ]  
An alternative explanation is consistent with recent results 
that consider the importance of energetic disorder in the dis-
sociation of CT states. Monte Carlo simulations indicate that 
CT dissociation in bulk heterojunctions can proceed via states 
which are in the low energy tail of a disorder-broadened den-
sity of states (DOS). [ 33 ]  Depending on the initial energies of the 
electron and hole, the energy the charges can gain by further 
relaxation in the DOS may, or may not, be small as compared 
to the Coulomb barrier to be overcome. In the former case the 
electron and hole have high probability for dissociation into 
free charges at low electric fi elds. In the latter case, which is 
likely to coincide with excitation in the lower energy part of the 
CT band, the simulations showed lower probability of CT dis-
sociation and a stronger dependence on electric fi eld.   

  3.     Conclusion 

 We measured the electrical fi eld dependence of the EQE 
spectra of C-PCPDTBT:PCBM and Si-PCPDTBT:PCBM solar 
cells to investigate the infl uence of the photon energy ( hν ) 

on the process of charge generation in organic solar cells. 
In C-PCPDTBT:PCBM blends we fi nd that the extraction of 
charges generated with sub band gap excitations in the CT 
band have a stronger dependence on applied voltage bias than 
the extraction of charges generated with above band gap excita-
tions. We attribute the increased fi eld-dependence of the EQE 
spectra to a bias dependence of the dissociation of the interfacial 
CT state. We analyzed the measured photocurrents in terms of 
the Onsager-Braun model for fi eld dependent CT state dissocia-
tion and parameterized the differences in an effective binding 
energy of the corresponding CT state that acts as precursor of 
free charges. In C-PCPDTBT:PCBM solar cells we fi nd that the 
effective binding energy of the charge transfer state precursor 
of free charges decreases with increasing photon excess energy 
for photon energies below the optical band gap. For excitations 
above the optical band gap the effective binding energy is lower 
than for sub band gap excitations and is practically independent 
on the amount of available excess energy. Under white illumi-
nation the vast majority of extracted charges are generated via 
above band gap excitations. Therefore our results suggest that, 
in solar cells working under standard conditions, the relevant 
intermediate states in charge generation are a reduced set of 
CT states with energies higher than the completely relaxed state 
at the bottom of the CT band. The microscopic nature of the 
different CT states that might be involved in charge generation 
when sub band gap or above band gap excitations are used is 
beyond the reach of our analysis. As a consequence we pres-
ently cannot unravel the exact mechanism of CT dissociation in 
the studied blend. Possible interpretations are CT dissociation 
via states with different degree of delocalization [ 14,15,29 ]  or dis-
sociation assisted by energetic disorder. [ 33 ]  

 For Si-PCPDTBT:PCBM solar cells the excess energy does 
not enhance the CT dissociation effi ciency, if not at very small 
effective fi elds corresponding to ≈ V  oc  conditions. This suggests 
that relaxed CT states have the same dissociation effi ciency as 
higher energy CT states. The difference we observed between 
C-PCPDTBT and Si-PCPDTBT based blends correlates with a 
difference in nanomorphology. In C-PCPDTBT:PCBM blends 
the donor and acceptor are very fi nely mixed. In contrast, 
Si-PCPDTBT:PCBM blends show enhanced phase separation 
and semicrystalline polymer domains with sizes in the order 
of 20–30 nm. Hence an alternative explanation is that, due to 
larger domains of the Si-PCPDTBT:PCBM blend, the exciton 
excess energy is lost before it reaches the interface. This expla-
nation, however, is less likely to hold for direct excitation of 
the CT state which only occurs at the donor-acceptor inter-
face. The results confi rm that CT dissociation is favored by 
donor-acceptor nanomorphologies with separated and ordered 
phases. [ 24,25 ]  Large and ordered domains can be expected to 
result in enhanced delocalization of the electron and hole wave 
functions, which would in turn reduce the effective binding 
energy of the CT pairs. [ 48 ]  Moreover, Si-PCPDTBT:PCBM 
blends exhibit less geminate recombination to the ground 
state and to the triplet state of the polymer compared to 
C-PCPDTBT:PCBM, [ 49 ]  supporting the idea of enhanced CT dis-
sociation effi ciency. The independence of charge generation on 
excess energy in Si-PCPDTBT:PCBM can therefore be explained 
in terms of the enhanced CT dissociation effi ciency: in this 
blend all the CT states, including the ones created at the bottom 
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 Figure 8.    Values of  R  cc  (full symbols) obtained from the simulations 
plotted versus the available excess energy  E  e  for C-PCPDTBT:PCBM 
blends. The photon energy  hν  is also shown on the top axis. The cor-
responding effective binding energies  E  B  of the CT pairs calculated using 

/ 2 2B
2

0 0E q R Rr cc r ccπ π ε ε π π ε ε= −  Equation  ( 5)   and  ε  r  = 3 are shown 
(empty symbols).
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of the CT band dissociate with the same (high) effi ciency in 
presence of moderate electric fi elds. Consistently with our sug-
gestions, in systems showing similar phase-separated nano-
morphologies comparable to that of Si-PCPDTBT:PCBM, such 
as P3HT:PCBM or MDMO-PPV:PCBM, other authors have also 
concluded that excess energy is not a necessary requirement for 
CT dissociation. [ 16,17 ]  

 In conclusion, we suggest that to achieve high charge gen-
eration effi ciency large energy offsets between the donor and 
acceptor materials in the bulk heterojunction are probably not 
really mandatory. Rather, the morphological properties of the 
donor-acceptor blend should be tuned to optimize the effi ciency 
of CT dissociation.  

  4.     Experimental Section 
  Solar Cell Fabrication : Photovoltaic devices were made by spin 

coating poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) 
(PEDOT:PSS) (Clevios P, VP Al4083) onto pre-cleaned, patterned 
indium tin oxide (ITO) substrates (14 Ω per square) (Naranjo 
Substrates). The photoactive layer was deposited by spin casting in air 
at 1500 rpm, using a chlorobenzene solution containing 10 mg mL  −   1  
C-PCPDTBT ( M  w  = 55.7 kg mol −1 , PD = 2.28, Konarka) or Si-PCPDTBT 
( M  w   = 52.8 kg mol −1 , PD = 2.85, Konarka), blended with 20 mg mL  −   1  
[6,6]-phenyl-C 61 -butyric acid methyl ester [60]PCBM (Solenne). The metal 
electrode, consisting of LiF (1 nm) and Al (100 nm), was deposited by 
vacuum evaporation at ≈ 3 × 10 −7  mbar. The active area of the cells was 
0.091 cm 2  and the thickness of the active layer was ≈80 nm for both 
C-PCPDTBT and Si-PCPDTBT cells. 

  J–V and EQE Measurements :  J – V  curves were recorded using a Keithley 
2400 source meter. White light 100 mW cm −2  illumination was provided 
by a tungsten-halogen lamp corrected with a Schott GG385 UV fi lter 
and a Hoya LB120 daylight fi lter. Under these conditions C-PCPDTBT 
based devices showed a short-circuit current ( J  sc ) of 7.0 mA cm  −   2 , a fi ll 
factor (FF) of 0.39 and an open-circuit voltage ( V  oc ) of 0.69 V, resulting 
in a maximum power point (MPP) of 1.91 mW cm  −   2 . Si-PCPDTBT based 
devices showed a short-circuit current ( J  sc ) of 12 mA cm  −   2 , a fi ll factor 
(FF) of 0.62 and an open-circuit voltage ( V  oc ) of 0.56 V, resulting in a 
maximum power point (MPP) of 4.20 mW cm  −   2 . EQE measurements 
were performed with the devices kept in a nitrogen-fi lled sealed box 
with a quartz window and illuminated through an aperture of 2 mm. 
Mechanically modulated (Stanford Research, SR 540) monochromatic 
(Oriel, Cornerstone 130 Monochromator) light from a 50 W tungsten 
halogen lamp (Osram 64610) was used as probe light, in combination 
with continuous bias light from a solid state laser (B&W Tek Inc. 
532 nm) to create representative illumination intensity for 1 sun 
conditions, which were set matching  J  sc  with the  J  sc  obtained under 
100 mW cm −2  white light. The response was recorded as the voltage 
over a 50 Ω resistance, using a lock-in amplifi er (Stanford Research 
Systems SR830). Variable voltage bias over the cell was applied by the 
lock-in-amplifi er. The measurement in the low energy EQE band was 
also repeated placing a low-pass cutoff fi lter ( hν  > 1.59 eV) in front of 
the device, to rule out contributions from higher energy stray photons 
coming out of the monochromator. 

  TEM : TEM was performed on a Tecnai G 2  Sphera TEM (FEI) operated 
at 200 kV. Bright fi eld TEM images were acquired under slight defocusing 
conditions (see also Ref.  [ 34 ]  The thin fi lms were prepared under the 
same processing conditions as for the active layer of the solar cells. 

  Photoluminescence and Electroluminescence : To measure steady state 
electro-luminescence the solar cell was driven in forward bias (+3 V) 
in a nitrogen-fi lled sealed box with a quartz window. The experiment 
was performed at room temperature using an Edinburgh Instruments 
FLSP920 double-monochromator luminescence spectrometer equipped 
with a nitrogen-cooled near-IR sensitive photomultiplier (Hamamatsu). 
The luminescence signal was corrected for the spectral response of the 
monochromators and photomultiplier. 

  Drift-Diffusion Simulations : A detailed description of the model and 
the algorithm implemented can be found in ref.  [ 45 ] . In the present 
work constant electron and hole mobilities were used. No electron 
and hole traps were included. The Onsager-Braun fi eld dependence of 
charge generation was implemented with the distribution of electron-
hole separation distances in the CT state given by Equation  ( 2)  . The 
generation rate was assumed to be constant in space through the active 
layer. Ohmic collecting electrodes were used in the simulation.  
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