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Photocurrent generation by charge-transfer (CT) absorption is detected in a range of 

conjugated polymer:[6,6]-phenyl C61 butyric acid methyl ester (PCBM) based solar cells. The 

low intensity CT absorption bands are observed using a highly sensitive measurement of the 

external quantum efficiency (EQE) spectrum by means of Fourier-transform photocurrent 

spectroscopy (FTPS). The presence of these CT bands implies the formation of weak ground-

state charge-transfer complexes in the studied polymer:fullerene blends. The effective band 

gap (Eg) of the material blends used in these photovoltaic devices is determined from the 

energetic onset of the photocurrent generated by CT absorption. It is shown that for all 
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devices, under various preparation conditions, the open-circuit voltage (Voc) scales linearly 

with Eg. The redshift of the CT band upon thermal annealing of regioregular poly(3-

hexylthiophene):PCBM and thermal aging of poly(phenylenevinylene)(PPV):PCBM 

photovoltaic devices correlates with the observed drop in open-circuit voltage of high-

temperature treated versus untreated devices. Increasing the weight fraction of PCBM also 

results in a redshift of Eg, proportional with the observed changes in Voc for different 

PPV:PCBM ratios. As Eg corresponds with the effective bandgap of the material blends, a 

measurement of the EQE spectrum by FTPS allows us to measure this energy directly on 

photovoltaic devices, and makes it a valuable technique in the study of organic bulk 

heterojunction solar cells. 
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1. Introduction 

Currently, the best performing polymer-based solar cells comprise bulk heterojunction (BHJ) 

polymer/acceptor interpenetrating networks characterized by a three dimensional, nanoscale 

morphology. The generation of photocurrent in such solar cells follows a multi-step process, 

namely, generation of excited electron-hole pairs (excitons), mainly in the polymer phase and 

the subsequent splitting of these excited states at the polymer/acceptor interface leaving free 

holes in the polymer phase while transferring the electrons to the electron accepting material. 

Such a transfer process eventually leads to two separate percolation paths for the free charge 

carriers.[1,2]  Successful BHJ devices have been fabricated by solution deposition of mixtures 

of a soluble conjugated polymer and the fullerene derivative [6,6]-phenyl C61 butyric acid 

methyl ester (PCBM). Among the commonly used soluble conjugated polymers are 

poly(phenylene vinylene) (PPV) [3,4], polyfluorene [5,6] and polythiophene [7] derivatives. By 

controlling the BHJ nanomorphology, power conversion efficiencies up to 4-5 % have been 

achieved.[7,8] However, further improvements are still needed in order to obtain higher 

efficiencies that make polymer solar cells competitive with their inorganic counterparts.  

Understanding the factors that limit photovoltaic parameters such as short-circuit current (Jsc) 

and open-circuit voltage (Voc), helps to optimize material and device structures, leading to 

higher efficiencies. While Jsc is determined by the creation and subsequent dissociation of 

excitons at the polymer/acceptor interface followed by transport of free charge carriers 

towards the collecting electrodes[9], Voc is primarily determined by the effective band gap of 

the BHJ film.[10,11]  

As far as the exciton dissociation process is concerned, recent theories and experimental 

evidences indicate that an intermediate charge-transfer (CT) state exists between the excitons 

created upon light absorption in the polymer and the long-lived, free charge carriers. Recently, 

the existence of such an intermediate CT state in a BHJ consisting of a low band gap 
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semiconducting copolymer and PCBM was inferred from analysis of its carrier recombination 

dynamics.[12] Quantum chemical calculations of charge transfer in the poly(3-hexylthiophene) 

(P3HT):PCBM material system also support the presence of an extended electronic state 

created upon material blending.[13] It was shown that this state has a significant probability 

distribution across the donor/acceptor (D/A) interface in its lowest excited state. The existence 

of such intermediate bound electron-hole pairs at the D/A interface was already assumed to 

explain the compositional dependence of the photocurrent generation in PPV:PCBM solar 

cells.[14] It was shown that the incomplete dissociation of these photo-generated bound 

electron-hole pairs under operating conditions is a main loss mechanism in this type of solar 

cells. Further optimization of polymer:fullerene based solar cells thus requires a thorough 

study of these interfacial intermediate states.  

Highly sensitive studies of the absorption spectra of P3HT:PCBM and PPV:PCBM blends by 

our group, have revealed the presence of a long wavelength absorption band characteristic for 

a weak ground state CT complex (CTC), formed by the interaction of the lowest unoccupied 

molecular orbital of the fullerene acceptor LUMO(A) with the highest occupied molecular 

orbital of the polymer donor HOMO(D).[15-16] Illumination with wavelengths in this CT band 

results in the direct creation of bound electron-hole pairs or CT excitons, as described by 

Foster[17]  for CTCs in solution.  

CTC formation is widely observed when combining donor materials with electron acceptors 

such as C60 and C70 (see for example reference [18] and references therein). Recently, it was 

shown that a whole range of π-conjugated polymers and oligomers form CT absorption bands 

when mixed with electron acceptors in chloroform solution.[19] Using Photothermal Deflection 

Spectroscopy and photoluminescence spectroscopy, the formation of CTCs was also 

evidenced for solid-state blends of different types of polyfluorenes with PCBM.[20-21]  
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In reference [21] a model for the involvement of these CTCs in the photocurrent generation 

mechanism was proposed. It was shown that the energy of the excited CTC is critical for 

determining whether photocurrent is generated, or energy transfer and subsequent emission 

from the PCBM singlet state takes place. In previous works involving CTCs, however, no 

correlation between the open-circuit voltage and this CTC state has been reported. 

In order to do so, we have measured the external quantum efficiency (EQE) spectra of 

photovoltaic devices consisting of a variety of conjugated polymers blended with PCBM by 

means of Fourier-transform photocurrents spectroscopy (FTPS). Originally applied to 

investigate subgap absorption by defects in hydrogenated microcrystalline silicon for 

photovoltaic devices, FTPS has a superior sensitivity [22] as compared to monochromatic 

photocurrent measurement techniques. When applied to organic BHJ devices, it can be used 

for the determination of the device’s absorption window. Moreover, FTPS has the required 

sensitivity to measure the low signal sub-band gap photocurrent produced by the direct 

creation of CT excitons upon long wavelength illumination of the CTCs.[16]   

In this paper it will be shown that the effective bandgap (Eg), determined by the onset of 

photocurrent generation by CT absorption, linearly correlates with the Voc of the studied 

devices. Regardless of device type and treatment conditions such as annealing and aging a 

difference between the 
e

Eg  and Voc of about 0.43 V was observed for measurements 

performed at room temperature and under 1 sun illumination conditions. This investigation 

provides a deeper understanding of the origin of the photovoltage of polymer:PCBM based 

solar cells and hence may help to engineer material structures that lead to improved 

performance of BHJ solar cells. 
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2. Results and Discussion 

2.1. Photocurrent generation by CT absorption 

 We have characterized various organic BHJ solar cells by measuring the EQE as a function 

of photon energy (E), using FTPS. The EQE is defined as the number of photo-generated 

electrons flowing in the external circuit at short-circuit, per incident photon.  

A typical EQE spectrum of a polymer BHJ solar cell (active layer of MDMO-PPV:PCBM in a 

1:4 weight ratio, sandwiched between ITO/PEDOT:PSS and Ca/Al electrodes) is shown in 

figure 1 on a linear (a) and on a logarithmic (b) scale. 

 

 

Figure 1. The external quantum efficiency (EQE) as a function of the energy (E) of the 
incident light of the MDMO-PPV:PCBM (1:4) photovoltaic device measured by FTPS 
presented on a (a) linear and (b) logarithmic scale. The different spectral regions (1)-(3) are 
described in the text. In figure (b) the  FTPS spectra of the pure materials are also represented 
(in arbitrary units). The non-additive CTC band can be fitted with a Gaussian function 
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centered at Ec and with a standard deviation σ. We define the effective band gap Eg as Eg = Ec 
- 2σ, as shown in the figure. 

 

In figure 1 (b), the photocurrent spectra of the pure materials sandwiched between 

ITO/PEDOT:PSS and Al are also shown (on an arbitrary scale) for comparison. The EQE 

spectrum depicted in figure 1(b) shows typical features that have different origins. The 

rightmost region (1), with photon energies greater than 2.1 eV, corresponds to the absorption 

spectrum of MDMO-PPV. The photocurrent generated in this region thus mainly originates 

from the excited states created in the polymer. Moreover, for the MDMO-PPV:PCBM blend, 

high values of EQE are achieved in this region indicating that polymer absorption is the 

primary source of excitons. The EQE in the second region (2), located between 1.7 eV and 2.1 

eV, mainly represents the absorption of the acceptor molecule PCBM. The distinct peak 

around 1.75 eV is due to the symmetry forbidden optical HOMO-LUMO transition in the 

PCBM phase.[15] The spectrum in the leftmost region (3), with photon energies between 1.2 

eV and 1.7 eV, does not overlap with the absorption spectrum of either pure MDMO-PPV or 

PCBM. Based on the justifications given in previous reports,[15,16,21] we attribute this low 

energy band to the CTCs created at the interface of MDMO-PPV and PCBM.  

The new band occuring in the EQE spectrum originates from the absorption of long 

wavelenght photons by the CTC ground states, giving rise to a direct creation of charge-

separated states. The bound electron-hole pairs created by this CT absorption are separated 

further, generating photocurrent. Very recently [23] it was argued that photocurrent generation 

occurs more efficiently through a ‚hot’ CT state, than through a relaxed state. This would 

make the CT exciton splitting efficiency wavelength dependent. Efforts are currently 

underway to investigate the energetic dependence of the splitting efficiency of the CT 

excitons.  
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As the ground state interaction in a polymer:PCBM CTC is expected to be weak, the spectral 

position of the CT band correlates to the difference of the polymer’s HOMO level and the 

PCBM’s LUMO level.[17, 19] For MDMO-PPV this difference has been determined from 

cyclic voltammetry measurements to be around 1.4 eV (table 1).  This value is well below the 

bandgap of both MDMO-PPV (2.1 eV) and PCBM (1.7 eV), and is in the observed spectral 

range of the CT band (1.2 – 1.6 eV) in the EQE spectrum. 

The absorption coefficient of the CT absorption in MDMO-PPV:PCBM blends, as determined 

by PDS, is well below 1000 cm-1.[15] This makes the EQE spectral shape of the CT band 

independent of device thickness (thicknesses of our devices are typically around 100 nm). We 

have also found that the spectral shape of the CT band is not affected by electrode material, 

and is very reproducible for devices having the same polymer:PCBM weight ratio. 

Furthermore, the spectral shape of the CT band can be well fitted with a Gaussian function. 

The onset, or band gap Eg of a spectral band is usually taken as the intersection of the tangent 

to the inflection point with the baseline. For a Gaussian band with amplitude A0, centered 

around Ec and given by [ ])2/()(exp)( 22
c0 σEEAEA −−= , this point is given by σ2c −E  

and hence, we define the onset Eg of the photocurrent generation by CT absorption as: 

  

σ2cg −= EE            (1) 

  

The difference between the onset and the maximum of the CT band, Eg − Ec, is related to the 

reorganization energy between the Franck-Condon excited state D+-A- and the relaxed D+-A- 

excited state geometry.[24,25] In addition, the presence of CTC conformers with slightly 

different geometries and hence different energies of the CT state might also contribute to the 

width of the CT band. The CTC band gap Eg, which is much lower than the lowest band gap 

of the materials in the D/A blend, can be considered as the effective bandgap Eg of the BHJ 



  Submitted to  

���9������9�� 

films. The Gaussian fit and the involved parameters are indicated in figure 1. By using this 

description of the CT band, the correlation of the energy of the lowest CT state capable of 

generating photocurrent, with the photovoltaic parameters of the solar cells is discussed in the 

next section of this paper. 

The mechanism of charge dissociation, involving the CTC has previously been 

discussed.[21,23] The excitons generated either in the polymer or in the PCBM phase (region 

(1) and (2) in figure 1) diffuse to the interface, where the intermediate CT exciton (an excited 

CTC) is formed. At this stage, the CT exciton is still coulombically bound and may either 

decay to the CTC ground-state or be converted into a more loosely bound polaron-pair state. 

Upon illumination in the spectral region (3) of figure 1, however, CT excitons are directly 

created. As the CTC has a much lower absorption coefficient as compared to the polymer, the 

contribution of the photocurrent generated by this direct CT absorption is marginal as 

compared to the overall photocurrent of the BHJ photovoltaic device. 

 



  Submitted to  

���10������10�� 

2.2. Influence of the HOMO level of the donor polymer on Eg and Voc 

We have measured the photovoltaic properties of several types of solar cells with varying 

polymer:PCBM BHJ active films. The chemical structures of the investigated conjugated 

polymers are depicted in figure 3. 

 

 
 
Figure 3. The chemical structure of (a) P3HT, (b) MDMO-PPV, (c) diHexyl-PTV, (d) PEO-
OC9-PPV, (e) “High Tg-PPV”. In this work the regiorandom and regioregular form of P3HT 
are used. 
 

We have determined the important parameters of the photovoltaic devices such as Jsc, Voc and 

fill factor (FF) by measuring current-voltage characteristics under 100 mW/cm2 AM1.5 solar 

illumination. The Eg of the corresponding blends was determined from their EQE spectra 

measured by FTPS, as described in the previous section. The FTPS spectra, obtained in the 

spectral region between 1.0 eV and 2.0 eV, of the photovoltaic devices consisting of different 

donor polymers (diHexyl-PTV, PEO-OC9-PPV, MDMO-PPV and P3HT) in their best 

performing polymer:PCBM ratios are depicted in figure 4. All four polymers show CTC 

formation upon mixing with PCBM. CTC formation was confirmed by the presence of a low 
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energy, Guassian like, CT band for all devices. The presence of this sub-bandgap feature is 

expected in this region since the energy differences between the LUMO level of PCBM and 

the HOMO levels of the donor polymers (table 1) are positioned far below the onsets of the 

absorption bands of the pure materials. For visibility, the fitted CT spectum of each device is 

normalized. 

 
 
Figure 4.  FTPS spectra of different types donor polymers blended with PCBM in the spectral 
area 1.0 eV < E < 2.0 eV. The CT absorption band was fitted with a Gaussian and the band 
gap was determined as described in the text. The inset shows the open-circuit voltage Voc 
versus the effective band gap Eg.   
 

The relation between Voc and Eg is shown in the inset of figure 4, and it is shown that Voc 

indeed scales with Eg of the D/A material blend. Jsc and FF, however, do not show a clear 

trend as can be seen from table 1. The latter parameters in fact depend strongly on charge 

transport, absorption coefficient and morphology of the active layer. 

 

Table 1. Solar cell characteristic parameters for several polymer:PCBM BHJ devices and 
their LUMO(A)-HOMO(D) gaps as determined by cyclic voltammetry. 
 
donor polymer D/A ratio Jsc  

[mA.cm-2] 
Voc 
[V] 

FF ELUMO(A) - EHOMO(D) 
[eV] 

Ec 
[eV] 

Eg 
[eV] 

MDMO-PPV 1:4 3.9 0.83 0.53 1.4 1.65 1.22 

OC9-PEO-PPV 1:4 2.1 0.65 0.50 1.2 1.68 1.14 

RR-P3HT 1:1 7.9 0.62 0.56 1.3 1.80 1.08 

Dihexyl-PTV 1:1 1.7 0.57 0.49 1.2 1.42 1.02 
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2.3.  Influence of morphology on Eg and Voc 

It is well documented that the Voc of P3HT:PCBM based solar cells reduces slightly upon 

annealing. Such changes have been attributed to morphological changes.[26,27] Figure 5 shows 

the FTPS spectra of three types of solar cells: 1) regiorandom (ReRa) P3HT as electron donor, 

2) non-annealed and regioregular (RR) P3HT as electron donor, 3) annealed and regioregular 

P3HT as electron donor. 

 
 
Figure 5.  FTPS spectra of different types of P3HT blended with PCBM in the spectral area 
1.0 eV < E < 2.0 eV. The CT absorption band was fitted with a Gaussian and the effective 
band gap was determined as described in the text. The inset shows the open-circuit voltage Voc 
versus the effective band gap Eg.   
 

The electron acceptor is PCBM in all cases, mixed with the polymers in a 1:1 weight ratio. In 

the case of RR-P3HT,  it is known that an annealing procedure improves the crystallisation of 

the polymer phase, which improves the mobility of the charge carriers and causes a redshift in 

the absorption spectrum.[27]  This crystallinity enhancement results in a clear improvement of 

both FF and Jsc. In the case of ReRa-P3HT:PCBM, the morphology does not show any 

crystallinity at all, and therefore the solar cells exhibit a low FF and Jsc. These results are 

summarised in table 2. From this table and figure 5 it is clear that the improved crystallinity 

causes a redshift of the onset of the CT band, resulting in a proportional reduction of Voc.  
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Table 2. Solar cell characteristic parameters for photovoltaic bulk heterojunction devices 
consisting of P3HT with a different degree of crystallinity. 
 
donor polymer Heat 

treatment 
Jsc  
[mA.cm-2] 

Voc 
[V] 

FF Ec 

[eV] 
Eg 
[eV] 

ReRa-P3HT no 0.73 0.87 0.29 1.95 1.31 

RR-P3HT no 3.5 0.77 0.36 1.86 1.21 

RR-P3HT yes 7.9 0.62 0.56 1.80 1.08 

 
  

To investigate the effect of morphological aging on the CTC energy in more detail, 

photovoltaic devices were fabricated using MDMO-PPV or “High Tg-PPV“ as electron donor 

material, blended in a 1:4 weight ratio with PCBM. Upon thermal aging at 110 °C, PCBM 

clusters are relatively rapidly formed in the MDMO-PPV:PCBM devices, while the 

morphology of  the “High Tg-PPV“:PCBM devices stays rather unchanged. This is due to the 

higher glass transition temperature Tg of  “High Tg-PPV“ (Tg ≈ 138°C) as compared to that of 

MDMO-PPV (Tg ≈ 12°C).[28] Photovoltaic parameters for freshly prepared and for thermally 

aged (16 h at 110 °C) devices are given in table 3. 

 

Table 3. Solar cell characteristic parameters for fresh and thermally aged photovoltaic bulk 
heterojunction devices consisting of MDMO-PPV and “High-Tg-PPV”. 
 
donor polymer aged Jsc  

[mA.cm-2] 
Voc 
[V] 

FF Ec 

[eV] 
Eg 
[eV] 

MDMO-PPV no 3.9 0.83 0.53 1.65 1.22 

‘High Tg’-PPV no 3.1 0.82 0.40 1.63 1.23 

MDMO-PPV yes 1.7 0.68 0.34 1.83 1.11 

‘High Tg’-PPV yes 2.8 0.69 0.39 1.79 1.14 

 
 

From this table it is clear that Jsc is severely reduced by thermal aging for solar cells based on 

MDMO-PPV as compared to those based on “High Tg-PPV“. In contrast, the Voc and the onset 

energy of the CT band (Figure 6) degraded equally in both devices. 
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Figure 6.  FTPS spectra of fresh and thermally aged MDMO-PPV:PCBM and „High Tg-
PPV“:PCBM photovoltaic devices in the spectral area of 1.0 eV < E < 2.0 eV. The CT 
absorption band was fitted with a Gaussian and the band gap was determined as described in 
the text. The inset shows the open-circuit voltage Voc versus the effective band gap Eg.   
 

The formation of a more course phase separated morphology in thermally aged MDMO-

PPV:PCBM blends [28] can be identified in the FTPS spectra: for the aged MDMO-

PPV:PCBM device, the PCBM photocurrent peak at 1.74 eV becomes more pronounced due 

to the formation of PCBM aggregates. Upon aging, the amount of CTCs thus decreases, 

indicating less D/A material interaction, and thus a more phase separated morphology. In the 

case of “High Tg-PPV“, the amount of complexes stays relatively unchanged upon thermal 

aging, indicating a more stable morphology [28] as expected from its higher Tg.  

In the case of RR-P3HT the observed redshift is explained by an increase in the polymer’s 

HOMO level upon crystallisation. For the PPVs, it is known that a large scale crystallisation 

does not take place upon annealing. However, the formation of aggregates upon annealing of 

PPVs, resulting in an increased amount of polymer interchain interaction, has been observed. 

[29] On the other hand, phase separation is only detected in the case of MDMO-PPV [28]. We 

conclude that similarly as in the case of RR-P3HT:PCBM, the formation of aggregates 

created upon thermal aging of both types of PPV:PCBM based devices increases the effective 

HOMO level of the polymer and leads to the shift in CT energy and the corresponding drop in 

Voc.
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2.3.  Influence of the composition ratio on Eg and Voc 

In previous reports it was demonstrated that Voc varies with the polymer:PCBM composition 

ratio. In the case of MDMO-PPV it was shown that Voc decreases with increasing PCBM 

content.[30] To varify if this effect can also be attributed to a change in Eg, FTPS was 

performed on four solar cells of MDMO-PPV with different weight percentages of PCBM (5, 

10, 50 and 80 %).  

 

Table 4. Solar cell characteristic parameters for photovoltaic BHJ devices consisting of 
freshly prepared MDMO-PPV:PCBM blends with a different weight fractions of PCBM. 
 
PCBM weight fraction 
[%] 

Jsc  
[mA.cm-2] 

Voc 
[V] 

FF Ec 

[eV] 
Eg 
[eV] 

5 0.062 0.97 0.23 1.87 1.34 

10 0.13 0.91 0.23 1.83 1.32 

50 2.6 0.88 0.30 1.69 1.27 

80 3.9 0.83 0.53 1.65 1.22 

 

The results are summarized in table 4 and shown in figure 6. Again, Voc and Eg follow the 

same trend. Upon increasing PCBM concentration, a redshift of the CT band and a 

proportional decrease in Voc are observed. 
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Figure 7.  FTPS spectra of MDMO-PPV blended with different weight fractions of PCBM in 
the spectral area 1.2 eV < E < 2.0 eV. The CT absorption band was fitted with a Gaussian and 
the effective band gap was determined as described in the text. The inset shows the open-
circuit voltage Voc versus the effective band gap Eg.   
 

These results indicate that the addition of PCBM in MDMO-PPV:PCBM blends stabilizes the 

CT state, possibly by dipole-induced dipole interactions and/or by lowering the effective 

LUMO-level of PCBM due to the formation of PCBM clusters. The exact influence of both 

effects on the spectral position of the CT band is currently under investigation. 
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2.4. Relation between Eg and Voc 

Figure 7 summarises the overall results of the studies. It depicts the relation between Eg and 

Voc of the polymer:PCBM devices at room temperature. 

 
 
Figure 7.  The effective band gap Eg versus Voc of all the studied photovoltaic devices. 

 

The excellent correlation found clearly indictates that the energy Eg, as defined in equation (1), 

determines Voc. Upon applying a linear fit, we obtain:  

 

V43.0g
oc −≈

e
E

V           (2) 

 

The onset of 0.43V is expected to be illumination and temperature dependent. It can mainly 

be attributed to voltage losses at the  ITO/PEDOT:PSS and Ca/Al ohmic contacts. The band 

bending at these ohmic contacts reduces Voc at room temperature and under 1 sun illumination 

by typically 0.2 V for each contact.[31] 
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3. Conclusions 

We have observed the formation of ground state CTCs in blends of a range of PPVs, 

regiorandom and regioregular P3HT and a soluble PTV derivative, all blended with PCBM. 

Due to its high sensitivity, FTPS enables the measurement of the photocurrent generated by 

the direct long wavelength absorption of the CTC, which typically has a very low absorption 

coefficient. The CT photocurrent band can be fitted with a Gaussian function and from the 

onset of the band, an effective band gap Eg for the blend can be determined. The size of Eg not 

only depends on the tabulated energetic position of the LUMO(A) – HOMO(D) energy 

differences, but also on the PCBM weight fraction and on the morphological and electronic 

effect of thermal annealing and aging procedures.  

While the band gap of the polymer determines the spectral overlap with the solar spectrum 

and thus the maximum obtainable Jsc, we have found that there is a linear correlation between 

Eg as determined from the onset of the photocurrent generated by CT absorption and the Voc 

of the solar cells. These findings go one step further than the widely accepted correlation of 

the open-circuit voltage with the LUMO(A) - HOMO(D) difference, as it is shown that our 

proposed correlation can also explain variations in Voc, observed for different preparation and 

aging conditions of the same polymer:PCBM material system. 

EQE measurement by FTPS proves to be a valuable technique because it can determine both 

maximum obtainable short-circuit photocurrent and maximum obtainable open-circuit voltage 

for a given polymer:PCBM combination in one single, fast measurement. These findings may 

open up new research windows that help engineering next generation solar cell organic 

materials. 
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4. Experimental 

Materials 

PCBM was purchased from Solenne, P3HT (ReRa and RR) from Rieke Metals and MDMO-

PPV and “High Tg - PPV” [32] from Merck. Synthesis of PEO-OC9-PPV [33] and diHexyl-

PTV [34] were described elsewhere. 

Device construction 

Organic devices with an active layer of MDMO-PPV, PCBM and the polymer:PCBM blends 

were constructed using a standard procedure in N2 atmosphere. First, a 40 nm thick poly(3,4-

ethylenedioxythiophene-polystyrenesulfonate (PEDOT-PSS, Bayer) layer was spincoated 

from an aqueous solution onto indium tin oxide (ITO, 100 nm) coated glass. These substrates 

were dried for 20 min on a hotplate at 120 °C. Subsequently the active layers of the pure and 

blended materials were spincoated from a chlorobenzene solution on top of the PEDOT-PSS 

layer. Finally, 20 nm of Ca and 60 nm of Al was evaporated through a shadow mask as top 

electrode. All devices have an active area of 25 mm2. 

Device measurement 

All measurements were performed in N2 atmosphere. 

The IV-characteristics were measured under illumination with an Oriel solar simulator 

equipped with a Xenon Short Arc lamp with a power of 150W, using a home built setup with 

a Keithley 2004 current voltage source meter. 

Thin film electrochemical properties were measured using a conventional three electrode cell 

with an Ag/Ag+ reference electrode, a platinum counter electrode and an ITO coated glass 

substrate as working electrode. Cyclic voltamograms were recorded at 50 mV/s under N2 

atmosphere. 

For the FTPS measurements, the modulated illumination beam of a Thermo Electron Nicolet 

8700 FTIR with an external detector option was used. For the absolute photocurrent or EQE 
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measurements via FTPS, a calibrated silicon photodetector was used as reference detector. 

More experimental details involving the FTPS setup are described in [35]. 
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Photocurrent generation by charge-transfer absorption was detected by a highly sensitive 
measurement of the external quantum efficiency spectra of a range of polymer/fullerene 
photovoltaic devices, obtained by different preparation and annealing conditions. It was 
shown that the effective band gap of the blend, as obtained from the onset of the charge-
transfer band, correlates with the open-circuit voltage of these devices. 
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