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 In organic solar cells based on polymer:fullerene blends, energy is lost due 
to electron transfer from polymer to fullerene. Minimizing the difference 
between the energy of the polymer exciton ( E  D*   ) and the energy of the charge 
transfer state ( E  CT ) will optimize the open-circuit voltage ( V  oc ). In this work, 
this energy loss  E  D*   - E  CT  is measured directly via Fourier-transform photocur-
rent spectroscopy and electroluminescence measurements. Polymer:fullerene 
photovoltaic devices comprising two different isoindigo containing polymers: 
P3TI and PTI-1, are studied. Even though the chemical structures and the 
optical gaps of P3TI and PTI-1 are similar (1.4 eV–1.5 eV), the optimized 
photovoltaic devices show large differences in  V  oc  and internal quantum effi -
ciency (IQE). For P3TI:PC 71 BM blends a  E  D *  - E  CT  of  ∼  0.1 eV, a  V  oc  of 0.7 V and 
an IQE of 87% are found. For PTI-1:PC 61 BM blends an absence of sub-gap 
charge transfer absorption and emission bands is found, indicating almost no 
energy loss in the electron transfer step. Hence a higher  V  oc  of 0.92 V, but low 
IQE of 45% is obtained. Morphological studies and fi eld dependent photo-
luminescence quenching indicate that the lower IQE for the PTI-1 system is 
not due to a too coarse morphology, but is related to interfacial energetics. 
Losses between  E  CT  and  qV  oc  due to radiative and non-radiative recom-
bination are quantifi ed for both material systems, indicating that for the 
PTI-1:PC 61 BM material system,  V  oc  can only be increased by decreasing the 
non-radiative recombination pathways. This work demonstrates the possi-
bility of obtaining modestly high IQE values for material systems with a small 
energy offset ( < 0.1 eV) and a high  V  oc . 
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  1. Introduction 

 Extensive research in the last years has 
increased the power conversion effi ciency 
(PCE) of organic solar cells up to 7–8%. [  1  ,  2  ]  
Organic solar cells utilizing a polymer as 
electron donor and a fullerene derivative 
as electron acceptor are among the most 
studied and highest effi ciency systems. 
Some polymer:fullerene blends or bulk 
heterojunctions yield absorbed-photon-to-
collected-electron quantum effi ciencies or 
internal quantum effi ciencies (IQE) close 
to 100% at short circuit. [  3  ,  4  ]  A crucial step 
in obtaining a high yield of free charge car-
riers upon illumination in these systems, 
is electron transfer at the organic/organic 
heterointerface. [  5  ,  6  ]  Minimizing the energy 
lost in this indispensable electron transfer 
step is important for increasing the PCE of 
this type of potentially cheap and fl exible 
solar cells further and beyond 10%. [  7–9  ]  

 The lost energy as a consequence of 
charge transfer is refl ected in a reduction 
of the open-circuit voltage ( V  oc ) of the solar 
cell: while the maximum obtainable short-
circuit current ( J  sc ) is determined by the 
optical gap of the main absorber, the max-
imum obtainable  V  oc  can be related to the 
energy of the interfacial electronic state in 
which the charge is transferred. [  9–14  ]  In the 
case that the donor material is the main absorber, the energy 
lost due to the electron transfer is given by the difference 
between the energy of the excited donor ( E  D *  ) and the energy of 
the charge transfer (CT) state ( E  CT ). 

 Experimentally,  E  CT  has been determined by optical methods 
probing weakly allowed CT state absorption [  10–13  ]  and emis-
sion [  14–16  ]  or has been estimated as the difference between 
the highest occupied molecular orbital (HOMO) of the donor 
and lowest unoccupied molecular orbital (LUMO) of the 
acceptor. [  7  ,  8  ,  17  ]  The energy lost in the electron transfer step 
( E  D *  - E  CT ) similarly is often approximated by difference in 
LUMOs of the donor and acceptor material. [  7  ,  8  ]  However estima-
tions of the relevant energetics based on frontier orbital ener-
gies inferred from measurements on the isolated donor and 
acceptor, neglect the infl uence of exciton binding energy and 
other interfacial effects. [  18  ]  In this work we therefore determine 
im Adv. Funct. Mater. 2012, 22, 3480–3490
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    Scheme  1 .     The chemical structures of PTI-1 and P3TI.  
interfacial pair energies and offset energies directly on photo-
voltaic devices through the use of sensitive optical methods. 

 Detailed studies on the infl uence of the D-A energy offsets 
have shown that a smaller energy lost in the electron transfer 
step correlates with a lower yield of free charge carriers gen-
erated per absorbed photon. [  19  ,  20  ]  These observations have 
lead to discussions on the role of vibrational excess energy on 
the free charge carrier generation process [  21–23  ]  and the infl u-
ence of intersystem crossing to triplet excitons on donor or 
acceptor. [  24–26  ]  

 Because of the major importance of minimizing the energy 
lost in the electron transfer step, we perform in this paper a 
detailed investigation of two polymer:fullerene systems with a 
low  E  D *  - E  CT  difference. The donor polymers P3TI and PTI-1 
explored in this work are based on the isoindigo functional 
group and have similar chemical structures ( Scheme    1  ) and 
optical gaps  E  D *   (1.4–1.5 eV). However, when blended with the 
fullerene derivatives PC 61 BM and PC 71 BM, we fi nd substantial 
differences in  E  CT ,  V  oc  and IQE. P3TI:PC 71 BM devices have an 
IQE of  ∼ 87% and a  V  oc  of 0.7 V, with an optimized device PCE 
of 6.3%. [  27  ]  For the second polymer, PTI-1, we found PC 61 BM to 
be the optimal acceptor, achieving a PCE of 4.5%. [  28  ]  Although 
the PTI-1:PC 61 BM system has a higher  V  oc  (0.92 V) than the 
P3TI:PC 71 BM system, the IQE (~45%) is lower.  

 We investigate the morphology of both polymer:fullerene 
blends with Atomic Force Microscopy (AFM) and Transmission 
Electron Microscopy (TEM) and fi nd that the addition of 1,8-
diiodooctane (DIO) as a processing additive removes fullerene 
rich regions and makes the blends more homogenous on the 
tens of nanometers scale. The resulting morphologies of the 
optimized PTI-1 and P3TI based blends appear very similar, 
within the resolution of these techniques. 

 Voltage dependent photoluminescence studies reveal that 
in the power generating quadrant and under illumination, 
the P3TI:PC 71 BM interface quenches polymer excitons more 
effi ciently than the PTI-1:PC 61 BM interface. However, when 
applying suffi ciently high negative voltages, quenching of PTI-1 
photoluminescence (PL) in PTI-1:PC 61 BM blends becomes more 
effi cient, while quenching of P3TI excitons in P3TI:PC 71 BM 
blends remains unaffected by the electric fi eld. This indicates 
that the lower IQE obtained for PTI-1:PC 61 BM blends is due to 
the hampered ability of the PTI-1:PC 61 BM interface to generate 
charge carriers at the low electric fi elds present in the power 
generating quadrant. 

 We use Fourier-transform photocurrent spectroscopy (FTPS) 
and electroluminescence (EL) spectra in order to quantify the 
energies  E  D *   and  E  CT . We fi nd for the P3TI:PC 71 BM an  E  D *  - E  CT  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3480–3490
difference of  ∼ 0.1 eV. For the PTI-1:PC 61 BM system, pure 
polymer and CT absorption and emission bands cannot be dis-
tinguished indicating an even lower  E  D *  - E  CT , close to 0.0 eV. We 
speculate that this lack of driving force for electron transfer in 
the PTI-1:PC 61 BM system is the origin of the decreased IQE as 
compared to the P3TI:PC 71 BM system. 

 The  V  oc  under solar illumination for both material systems 
is about 0.6–0.7 V lower than  E  CT / q . By using the relations 
between CT absorption, quantum effi ciency of EL emission and 
 V  oc , we fi nd that for both material systems  ∼ 0.2 eV of this loss 
can be attributed to radiative recombination through the CT 
state and 0.4–0.5 eV is due to additional non-radiative recombi-
nation pathways. The magnitude of these losses are typical for 
polymer:fullerene systems. [  9–13  ]  

 This investigation implies that, apart from the unknown 
non-radiative recombination loss, the  V  oc  of PTI-1:PC 61 BM is 
optimized. Even though there is virtually no driving force for 
electron transfer, still a modestly high IQE of ~45% can be 
achieved in this material system.   

 2. Electro-Optical Characterization of P3TI and 
PTI-1 and Their Blends with PC 71 BM and PC 61 BM  

 2.1. Absorption Coeffi cients 

 For this work we use PTI-1 and P3TI batches with number 
average molecular weights (M n ) of respectively 48 000 and 
73 000, and polydispersity index of 2.7 and 3.0.  Figure    1   shows 
the absorption coeffi cient determined by variable angle spec-
troscopic ellipsometry (VASE), for fi lms spincoated from  ortho-
 dichlorobenzene ( o -DCB) of PTI-1, P3TI and their blends with 
respectively PC 61 BM and PC 71 BM in a 2:3 weight ratio.  

 For both pure materials the absorption coeffi cient is highest 
in the low energy region between 580 and 720 nm. PTI-1 peaks 
at 633 nm and 680 nm, while P3TI peaks at 647 nm. For poly-
mers with donor and acceptor segments on the repeating unit, 
the lowest energy bands are often attributed to an intramo-
lecular, charge transfer like transition. [  29  ,  30  ]  Maximum absorp-
tion coeffi cients for PTI-1 and P3TI are 1.4  ×  10 5  cm  − 1  and 1.2  ×  
10 5  cm  − 1  respectively, which are rather high for such low optical 
gap materials. This makes these materials particularly inter-
esting for photovoltaic applications. In the 350–500 nm region, 
local maxima with lower absorption coeffi cients can be found 
for both pure materials. Blending these polymers with the 
fullerene derivatives PC 61 BM and especially PC 71 BM increases 
the relative absorption in the high-energy region. 

 P3TI yields the best device performance when combined 
with PC 71 BM in a 2:3 weight ratio. PTI-1 gives better perform-
ance with PC 61 BM, despite its lower absorption coeffi cient 
than PC 71 BM. We previously attributed this to a better misci-
bility of PTI-1 with PC 61 BM than PC 71 BM. [  28  ]  Therefore, in the 
remainder of the text we compare P3TI:PC 71 BM devices with 
PTI-1:PC 61 BM devices both in a 2:3 weight ratio. 

 For both pure and blend devices, also the refractive index as a 
function of wavelength was determined by VASE and shown in 
supplementary Figure S1. For all materials the refractive index 
is around 1.9 in the energy range below the optical gap of the 
3481wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  1 .     The absorption coeffi cient of (a) PTI-1 (squares), PTI-1:PC 61 BM 
(2:3) (crosses) and (b) P3TI (squares), P3TI:PC 71 BM (2:3) (crosses) 
determined by VASE.  
polymers. This data is used below for the determination of the 
IQEs of the devices discussed below.   

 2.2. Photovoltaic Devices 

 Photovoltaic devices in the standard confi guration with the 
active layer sandwiched between ITO/PEDOT:PSS and LiF/Al 
electrodes were prepared. As active layers we investigate not 
only the PTI-1:PC 61 BM and P3TI:PC 71 BM blends but also the 
pure polymers. Device comprising blends have an active layer 
thickness of  ∼ 90 nm, those comprising pure polymers are 
slightly thinner ( ∼ 80 nm). In order to optimize the morphology 
of the blends, the processing additive DIO (2.5% by volume) 
was added to the  o -DCB solutions. 

 Devices comprising PTI-1:PC 61 BM (2:3) as active layer 
are modestly good solar cells with a high  V  oc  of 0.92 V and 
FF of 0.63 under solar illumination. For the batch of devices 
studied in this work we obtain a  J  sc  of typically around only 
5.7 mA.cm  − 2 . Using PC 71 BM as acceptor yields similar  V  oc  and 
FF but decreases  J  sc  even further. [  31  ]  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
 Devices with P3TI:PC 71 BM (2:3) as active layer have a lower 
 V  oc  (0.7 V) than the PTI-1:PC 61 BM devices. The FF is sim-
ilar for both polymers but  J  sc  is more than doubled, yielding 
12.9 mA.cm  − 2  for the P3TI:PC 71 BM devices investigated in this 
study. Again,  V  oc  and FF for P3TI based devices are independent 
of the use of PC 61 BM or PC 71 BM. 

 When the pure materials are used as active layer,  J  sc  is about 
5  ×  10 2  times lower than the  J  sc  of the blends. The  V  oc  for the 
pure materials however are 0.96 V and 0.88 V for respectively 
PTI-1 and P3TI, which are higher as compared to the  V  oc  for the 
blends. A detailed analysis of the  V  oc  for both pure and blend 
devices and its relation to optical gaps is given and discussed 
further down this paper. 

 External quantum effi ciency (EQE) and IQE of pure and 
blend devices are shown in  Figure    2  . IQE as a function of 
wavelength   λ   was, as outlined in ref. 32, calculated using the 
measured EQE, the measured device refl ectance  R  cell (  λ  ) and the 
parasitic electrode absorptance  A  par (  λ  ) obtained from optical 
transfer matrix modeling according to:

 
I QE (λ) =

E QE (λ)

1 − Rcell (λ) − Apar (λ)   
(1)

   

   Wherein the absorption coeffi cients and refractive indexes 
used in the optical model were determined by VASE. 

 For the devices comprising the pure polymers as active 
layers, the overall EQE is low (Figure  2 b), with substantial vari-
ations from device to device. Focusing on the spectral shape 
of the EQE, it is observed that, surprisingly, in the wavelength 
region where the polymers have their lowest energy absorption 
band (580 nm–720 nm) EQE is lowest. In the higher energy 
region below 580 nm EQE rises for decreasing wavelengths. 
This is due to the fact that the IQE of the devices made of pure 
polymers only is not at all constant (Figure  2 d), but has a very 
strong dependence on wavelength: the IQE in the low energy 
absorption band is approximately 100 times lower than IQE in 
the short wavelength region. This observation is valid for devices 
comprising both pure PTI-1 and P3TI as active layers. Such 
non-constant IQE over the wavelength range of absorption has 
been observed before for pure polymers comprising donor and 
acceptor moieties on the repeating unit. [  33  ]  In those cases how-
ever, the effect was not as strong as observed here. Additionally, 
the spectral response of devices comprising polymer only, can 
be infl uenced by the application of a reverse bias: The photo-
current rises faster with the application of a negative voltage 
(increasing electric fi eld) in the low energy spectral region than 
in the high-energy spectral region. ( Figure    3  a,b)  

 This observation indicates that photocurrent generation 
in the pure isoindigo based polymers is strongly dependent 
on the nature of the primary excited state: For excitation in 
the high energy absorption bands photocurrent generation is 
more effi cient and less reverse bias dependent than for excita-
tion in the low energy absorption bands. However, even for the 
high-energy excitations, the overall IQE for these polymer only 
devices remains low ( < 1.5%) 

 When blending the polymers with fullerenes however the 
situation gets completely different: IQE now becomes constant 
over all absorbing wavelengths (Figure  2  (c)), and no substan-
tial reverse bias voltage spectral dependence can be observed 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3480–3490
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    Figure  2 .     The EQE spectra for typical photovoltaic devices comprising (a) PTI-1:PC 61 BM (2:3) 
(closed symbols) and P3TI:PC 71 BM (2:3) (open symbols) (b) pure PTI-1 (closed symbols) and 
pure P3TI (open symbols). The IQE for both blend and pure polymer devices are shown in 
panel (c) and (d).  
anymore (Figure  3 c and d). This indicates that a new domi-
nating dissociation pathway independent of excitation energy is 
present in the polymer:fullerene blends. The EQE goes up to 
a maximum of  ∼ 30% for the PTI-1:PC 61 BM device and  ∼ 60% 
for the P3TI:PC 71 BM device (Figure  2 a). This results in an IQE 
of 45% for the PTI-1:PC 61 BM based device and 87% for the 
P3TI:PC 71 BM based device over the strongly absorbed wave-
lengths (Figure  2 c). 

 Considering the similar chemical structures and optical 
properties of PTI-1 and P3TI, it is remarkable that IQE and  V  oc  
for the optimized photovoltaic devices differ so much. A fi rst 
explanation of non-optimal performance of polymer:fullerene 
blends is often sought in non-optimal morphology of the active 
layer. However, low performance of organic donor-acceptor 
(D-A) devices can in principle also be due to an increased gemi-
nate recombination, i.e. the recombination of CT states formed 
following immediately upon electron transfer. In what follows, 
we attempt to disentangle these reasons. We do so by probing 
morphological properties by TEM and AFM. D-A interfacial 
properties and CT state energetics are studied by PL measure-
ments under different bias voltages and spectrally resolved EL 
and FTPS measurements.    

 3. Morphological Characterization 
with AFM and TEM 

 In order to study if the difference in photocurrent generation 
and IQE between the devices based on PTI-1 and P3TI has a 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3480–3490
morphological origin, AFM and TEM studies 
have been carried out. In order to obtain 
the best performing devices, the solution 
processing additive DIO, was used. [  27  ,  28  ,  31  ]  The 
effect of DIO on the nano-scale morphology 
of the active layers is also investigated.   

 Figure 4  a and c show AFM images of 
the active layers processed from  o -DCB 
without DIO. Obvious big domains, on 
the order of 100 nm in diameter, indicate 
that a possible large phase separation exits 
in both P3TI:PC 71 BM and PTI-1:PC 61 BM 
active layers, diminishing device perform-
ance. [  27  ,  28  ,  31  ]  However, the active layers casted 
from  o -DCB with the addition of 2.5% (by 
volume) DIO (Figure  4 b and d) show a much 
fi ner structure with a RMS value of 4.5 nm 
and 1.5 nm for PTI-1 and P3TI based active 
layer, respectively.  

 These results are confi rmed by the TEM 
images shown in  Figure    5  : For the active 
layers processed without DIO (Figure  5 a and 
c), clear phase separation can be observed. 
The addition of DIO (Figure  5 b and d) leads 
to the formation of a much fi ner morphology. 
The big domains have disappeared for both 
the P3TI:PC 71 BM and PTI-1:PC 61 BM blends. 
Similar effects of solvent additives have been 
observed for different polymer:fullerene 
systems. [  34–36  ]   
 Although the large scale phase separation is eliminated in 
both PTI-1and P3TI based active layers with the help of DIO, 
and device performance is improved for both active layers, 
there is still a large difference in the IQE of the photovoltaic 
devices. However, there seem to be minor morphological dif-
ferences between the active layers based on P3TI:PC 71 BM and 
PTI-1:PC 61 BM processed with DIO. The PTI-1 based active 
layer could be regarded as bit more homogenous as compared 
to the P3TI based active layer. However, the IQE of the latter 
device is larger. In order to investigate the ability of excitons 
to reach a polymer:fullerene interface, we will investigate PL 
quenching of both blends, processed with and without DIO, in 
the next paragraph.   

 4. Photoluminescence Quenching 

 In  Figure    6  a and b, PL spectra of the pure polymers PTI-1 and 
P3TI are compared with spectra of their blends with PC 61 BM, 
respectively PC 71 BM, processed with and without DIO. Films 
were spin-coated on glass and the excitation wavelength was 
633 nm. For each polymer, the relative number of counts for 
the pure material and blend are corrected for differences in 
absorption at 633 nm and can hence be directly compared to 
each other. One can immediately see that for all blend mate-
rial systems, pure polymer PL quenching upon the addition of 
fullerene is by no means complete.  

 For PTI-1, without and with the use of DIO, a surprisingly 
high fraction of respectively  ∼ 50% and  ∼ 30% of the PTI-1 PL 
3483wileyonlinelibrary.comheim



FU
LL

 P
A
P
ER

3484

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2012 WILEY-VCH Verlag

    Figure  3 .     EQE spectra measured at different reverse bias voltages for (a) PTI-1, (b) P3TI, (c) PTI-1:PC 61 BM and (d) P3TI:PC 71 BM. The spectral shape 
of the pure polymers depends strongly on bias voltage, while for the blends the spectral shape remains unchanged over the whole energy range of 
absorption, when changing the voltage.  

    Figure  4 .     AFM images (5  ×  5  μ m) for (a) PTI-1:PC 61 BM prepared without 
DIO, (b) PTI-1:PC 61 BM prepared with DIO, (c) P3TI:PC 71 BM prepared 
without DIO and (d) P3TI:PC 71 BM prepared with DIO.  
remains after blending with PC 61 BM. In the P3TI:PC 71 BM 
blend, the PL is quenched stronger with  ∼ 15% (without DIO) 
and  ∼ 7% (with DIO) of the initial amount of P3TI PL counts 
remaining. Noteworthy is that PL of the pure polymers is 
already a very ineffi cient process: Using an integrating sphere 
we determine the PL quantum effi ciency for both PTI-1 and 
P3TI to be 0.1%–0.5%. 

 The quenching of PL upon the addition of a fullerene 
acceptor is often considered to refl ect the ability of polymer 
excitations to reach the polymer:fullerene interface within their 
lifetime. However, PL in polymer:fullerene blends can also 
originate from interfacial CT states. Direct radiative decay of 
CT states will result in a redshifted emission spectrum as com-
pared to the pure polymer emission. [  14  ,  37–40  ]  For systems with 
a low  E  D *  - E  CT , such as those studied in this work, repopula-
tion of the donor excited state with subsequent emission can 
occur and forms an indirect, radiative decay pathway for CT 
states. [  16  ]  

 For the material systems studied in this work, no substan-
tial spectral shifts in PL are observed for the blends as com-
pared to the pure polymers, indicating most observed emis-
sion originates from polymer emission. In order to determine 
if this remaining emission is produced by repopulation of the 
polymer excited state via the indirect mechanism or originates 
from isolated, pure polymer domains, we perform a study of 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3480–3490
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    Figure  5 .     TEM images for (a) PTI-1:PC 61 BM (2:3) prepared without DIO, (b) PTI-1:PC 61 BM (2:3) prepared with DIO, (c) P3TI:PC 71 BM prepared without 
DIO and (d) P3TI:PC 71 BM prepared with DIO. The corresponding lower magnifi cation TEM topographies are shown in the insets.  

    Figure  6 .     PL spectra of pure polymer fi lms (squares) and blend fi lms prepared without DIO (open circles) and with DIO (crosses). Spectra of (a) PTI-1 
blends and (b) P3TI blends are shown relative to the pure material emission spectra. The integrated, relative PL counts for devices under a reverse 
bias voltage are shown in panel (c) for PTI-1 and (d) P3TI and their blends prepared with and without DIO.  

Adv. Funct. Mater. 2012, 22, 3480–3490
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the PL while varying the electric fi eld (negative bias voltage) 
over the device. 

 Figure  6 c and d show the integrated number of PL of counts 
as a function of applied voltage over photovoltaic devices com-
prising pure and blend active layers, processed with and without 
DIO. For devices comprising pure polymers, no substantial PL 
quenching is observed for voltages higher than −6 V. [  40  ]  

 For the PTI-1:PC 61 BM (2:3) devices, processed with and 
without DIO, however, a different behavior can be observed. 
The substantial amount of PL counts remaining upon blending, 
can be reduced by applying negative voltages: The application 
of −6 V quenches the PL to a value of less than 35% of the PL 
counts around 0 V. 

 Contrary to this, for the P3TI:PC 71 BM device processed with 
DIO, a voltage dependence of the PL is basically absent: At −6 V 
still 95% of the emission present at 0 V remains. However for 
this blend, the polymer emission was already strongly quenched 
by the addition of fullerene. The P3TI:PC 71 BM devices proc-
essed without DIO, form an intermediate case for which a 
small dependence of the PL on bias voltage can be observed. 
For all material systems, we observe no changes in the spectral 
shape upon the application of the negative bias (supplementary 
Figure S2.). 

 The fact that we can quench the PTI-1:PC 61 BM emission 
with lower electric fi elds than needed for quenching the pure 
PTI-1 emission implies that a large part of the PL in the blend 
devices originates from donor excitations, repopulated from CT 
states which dissociate more effi ciently when suffi ciently high 
negative voltages are applied. For the P3TI:PC 71 BM blends, CT 
state dissociation is already relatively effi cient at low voltages in 
the fourth quadrant, indicated by an overall higher quenching 
effi ciency and IQE than in the PTI-1:PC 61 BM case. Application 
of negative voltages therefore results in only a small increase 
in quenching effi ciency for P3TI:PC 71 BM blends processed 
without DIO and no increase in quenching effi ciency for 
P3TI:PC 71 BM blends processed with DIO. 

 The analysis in this paragraph and the previous one, indi-
cates that the poorer quenching of the PL and lower IQE for 
the PTI-1:PC 61 BM devices as compared to the P3TI:PC 71 BM 
devices originates mainly from a lower effi ciency of interfacial 
CT state dissociation and not from a coarser morphology.   

 5. Determination of the Relevant Energy Levels 
and Relation to Photovoltaic Parameters  

 5.1. Determination of  E  D *  - E  CT  and Effect on IQE 

 The difference in  V  oc  of PTI-1:PC 61 BM and P3TI:PC 71 BM indi-
cates that the energy of the CT state is different for these two 
material systems. [  10  ,  41  ]  Weak light absorption by CT states can 
be detected by a highly sensitive measurement of the EQE spec-
trum in the sub-gap region. [  10–12  ]  Forward biasing a photovoltaic 
device can further be used to detect light emission by CT states: 
The injected charges will recombine at the polymer-fullerene 
interface forming a CT state, which can decay subsequently with 
the emission of a photon. [  13–16  ]  The weak oscillator strength and 
the low quantum effi ciency ( < 10  − 6 ) of radiative recombination 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
via the CT state make both CT absorption and emission a weak 
process, but detectable with sensitive enough techniques.   

 Figure 7  a and b show the low energy range of normalized 
EQE spectra as measured by the sensitive technique FTPS 
(FTPS-EQE) of pure and blend photovoltaic devices. Pure 
PTI-1 and P3TI have a pretty broad absorption onset in the 
range 1.4 eV–1.5 eV. Blending P3TI with PC 71 BM results in 
a slight redshift and further broadening of the absorption 
tail, making it possible to measure an EQE signal all the way 
down to 1.1 eV. Corresponding to previous observations of 
sub-polymer gap CT absorption in polymer:fullerene blends, 
we relate this additional absorption to the P3TI:PC 71 BM 
interface, as previously [  10–12  ]  and assign it to CT absorption. 
The addition of DIO to the processing solution results in a 
slight redshift of the CT band. For devices consisting of PTI-1 
and PTI-1:PC 61 BM the absorption tail of pure PTI-1 and PTI-
1:PC 61 BM look very similar and no extra, sub gap CT absorp-
tion band can be distinguished for the blends, processed 
with or without DIO. The presence of sub-gap CT absorption 
bands is very common for polymer:fullerene blends yielding 
a decent photocurrent generation. [  10–12  ,  42–45  ]  Absence of a 
sub-gap CT state with energy lower than the singlets of the 
blend constituents has been previously associated with poor 
CT state population, and hence poor photocurrent genera-
tion. [  9  ,  45  ,  46  ]  Therefore, the absence of sub-gap CT absorption 
in the PTI-1:PC 61 BM system, which is a rather decently per-
forming photovoltaic material, must thus be considered as 
exceptional.   

Figure  8 c and d show the electroluminescence spectra of 
pure and blend devices. For P3TI, the P3TI:PC 71 BM blends 
EL spectrum is redshifted as compared to the pure spectrum, 
by about 0.05 eV when no DIO was added to the processing 
solution and 0.1 eV in the case DIO was added. The quantum 
effi ciency of EL is very low, both for pure P3TI and the blends, 
1  ×  10  − 7  and 5  ×  10  − 9  respectively. For the PTI-1 material system, 
processed with and without DIO, the blends EL spectrum does 
not differ much from the pure materials spectrum. EL quantum 
effi ciencies for both pure material and blends again are very 
low, respectively 1  ×  10  − 6  and 1  ×  10  − 7 .  

 From the EL and FTPS-EQE spectra, we estimate the offset 
 E  D *  - E  CT   ∼ 0.1 eV for the optimized P3TI:PC 71 BM system, proc-
essed with DIO, while for PTI-1:PC 61 BM  E  D *  - E  CT  is smaller 
or equal to 0.0 eV. The fact that  E  CT  is so close to  E  D *   for the 
PTI-1:PC 61 BM system, implies that population of the CT state 
becomes energetically less favorable. If CT states are popu-
lated, back electron transfer to the polymer singlet excited 
state becomes plausible, and can be in direct competition with 
CT state dissociation into free charge carriers. [  16  ]  Applying an 
electric fi eld, as in the fi eld quenching studies of the previous 
paragraph, will affect the CT state dissociation rate, reducing 
polymer exciton repopulation and quenching the polymer 
emission. 

 The fi eld dependent quenching was absent for the optimized 
P3TI:PC 71 BM system. This indicates that for this system, the 
energetic difference  E  D *  - E  CT  of 0.1 eV is enough to suffi ciently 
inhibit repopulation of the polymer singlet excited state. We 
therefore attribute the differences in IQE for the P3TI:PC 71 BM 
and PTI-1:PC 61 BM systems primarily to their energetic differ-
ences in  E  D *  - E  CT . 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3480–3490
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    Figure  7 .     Normalized EQE and EL spectra in the low energy region for photovoltaic devices comprising pure polymers (squares) and blends prepared 
without DIO (circles) and with DIO (crosses). Highly sensitive EQE spectra are measured by FTPS and shown for (a) PTI-1 and (b) P3TI based devices. 
EL spectra are shown in panel (c) for PTI-1 and panel (d) for P3TI based devices.  
 Note that the method used to determine offset energies and 
“driving force” for electron transfer is superior to methods 
relying on estimations using frontier orbital energies (HOMO 
and LUMO), which do not take into account interfacial effects 
such as the CT state binding energy. Square wave voltam-
metry measurements are shown in supplementary Figure S3. 
They predict LUMO(D)-LUMO(A) offsets of about 0.2–0.3 eV 
for both the PTI-1:PC 61 BM and P3TI:PC 71 BM systems. For 
both systems, the offset value is considered to be in the range 
of the empirical lower limit for effi cient electron transfer from 
polymer to fullerene. [  8  ]  Further, the use of highly sensitive EQE 
and EL spectra instead of relying on frontier orbital energies, 
permits a more detailed investigation of the losses present at 
 V  oc , as presented in the next paragraph.   

 5.2.  V  oc  of Photovoltaic Devices Comprising Pure and Blend Films 

 We will here outline a detailed investigation on how the low 
energy (CT) absorption and emission studied in the previous 
paragraph relates to  V oc  . Open circuit is reached when the fl ux 
of photo-generated free charge carriers is opposite but equal 
in magnitude to the fl ux of recombination of the free charge 
carriers. [  47  ,  48  ]  This simple premise is valid for most types of 
photovoltaic cells (dye cells, inorganic solar cells) and is experi-
mentally verifi ed also for organic solar cells. [  49  ]  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3480–3490
 A maximum  V  oc  will be achieved when the free carrier 
recombination is minimized. Since any absorbing species must 
also emit light, this radiative recombination cannot be avoided. 
Considering radiative recombination only, theoretical consider-
ations, [  16  ,  50  ,  51  ]  result in the following formula for the maximum 
obtainable  V rad  oc   under solar illumination and radiative recom-
bination only.

 
Vr ad

oc = kT

q
ln

(
Jsc

J r ad
0

)
  

(2) 
  

  With the expressions for  J  sc  and  J rad   0  given by

 
Jsc = q

∫
E QE (E )ϕAM1.5(E )d E

  
(3)

   

 
J r ad

0 = q
∫

E QE (E )ϕT
BB(E )d E

  
(4)

    

 Hereby is  q  the elementary charge,  φ   AM 1.5 ( E ) is the standard 
AM1.5 solar illumination spectrum and  φ   T    BB  ( E ) the black body 
spectrum at the temperature  T  of the solar cell. 

 Because of the exponential decaying nature of  φ   T    BB  ( E ) for 
E  >  >  kT, the main contributor to  J rad   0  is the low energy part 
of the EQE spectrum, hence our efforts using the highly sensi-
tive FTPS, focusing on this part. Note that the  Js c

J r ad
0

   ratio is only 
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    Figure  8 .     Schematic representation of calculated  V  oc  rad  and measured  V  oc  
for photovoltaic devices consisting of pure polymer and blend active layers. 
The spectral shape of the low energy EQE(E) spectrum is indicated for 
every material. Panel (a) contains data for P3TI and P3TI:PC 71 BM, panel 
(b) for PTI-1 and PTI-1:PC 61 BM and panel (c) for TQ1 and TQ1:PC 61 BM 
as an example of a high  E  D *  - E  CT  system with pronounced CT absorption 
band.  
dependent on the spectral shape of EQE and not on its absolute 
value. 

 Non-radiative recombination pathways will lead to a lower  V  oc  
as compared to  V rad  oc  . This loss can be quantifi ed as [  10  ,  11  ,  13  ,  50  ,  51  ] 

 
Voc = Vr ad

oc + kT

q
ln (E QE E L )

  
(5)

    

 The presence of non-radiative recombination will result 
in an EQE EL  smaller than 1, making the second term on the 
right hand side of  equation (5)  smaller or equal to 0. For 
polymer:fullerene solar cells the EL is dominated by CT emis-
sion with typically EQE EL   <  10  − 6 , resulting in a loss in  V  oc  due to 
non-radiative recombination  > 0.36 V at room temperature. [  11  ]  

 Calculated  V rad  oc   and measured  V  oc , for pure PTI-1 and P3TI 
and optimized PTI-1:PC 61 BM and P3TI:PC 71 BM photovoltaic 
devices are depicted in  Figure    8  a and (b), together with the 
low energy EQE spectrum used to calculate  J  sc  and  J rad   0  from 
 Equation (3)  and  Equation (4)  and  V rad  oc   using  Equation (2) . For 
the P3TI and P3TI:PC 71 BM blend, the measured  V  oc  is respec-
tively 0.4 and 0.5 V lower than the a calculated  V rad  oc   of 1.28 V 
and 1.21 V resulting in 0.88 V and 0.70 V.  Equation (4)  predicts 
EQE EL  values of 2  ×  10  − 7  and 5  ×  10  − 9 , close to the measured 
values of 1  ×  10  − 7  and 5  ×  10  − 9 , respectively, indicating the 
validity of this approach for quantifying losses at  V  oc . [  10  ,  11  ]  

 For pure PTI-1 and PTI-1:PCBM devices,  V rad  oc   is calculated 
to have the same value (1.31 V) since the low energy part of the 
EQE spectrum is similar for both devices. However, measured 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
 V  oc  for the blend and pure material are different, respectively 
0.92 and 0.96 V. We measured the EQE EL  for pure material and 
blend, which drops by an order of magnitude upon blending, 
from 2  ×  10  − 6  to 2  ×  10  − 7 . These values of EQE EL  correspond to 
the respective 0.35 and 0.4 V difference between  V oc   and  V rad  oc  . 

 As a reference example of a typical, higher  E  D *  - E  CT  system, 
data for a poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-
thiophene-2,5-diyl] (TQ1):PC 61 BM device is included in Figure  8 c. 
For devices based on TQ1, previously, a power conversion 
effi ciency of up to 6% and a maximum EQE of ~60% were 
obtained. [  52  ]  As opposed to the isoindigo based polymers, a pro-
nounced CT band is visible in the low energy part of the EQE 
spectrum of the TQ1:PC 61 BM blend, resulting in a quite large 
 E  D *  - E  CT  of  ∼ 0.4 eV. Consequently, for this material system, the 
difference between the calculated  V rad  oc   for the pure polymer 
(1.6 V) and  V rad  oc   for the blend, is quite large (1.26 V). This is 
also refl ected in the actually obtained  V  oc , which is 1.4 V for the 
pure material and 0.89 V for the blend. The difference between 
 V rad  oc   and  V  oc  predict losses due to non-radiative recombination 
( Equation 4 ) of respectively 4  ×  10  − 4  and 5  ×  10  − 7  closely cor-
responding to measured  EQE  EL  values of 1  ×  10  − 3  respectively 
9  ×  10  − 7 . 

 From the above we conclude that for the PTI-1:PC 61 BM 
system,  V oc   is the most optimized of the material systems 
depicted in Figure  8 . In this system,  V oc   can  only  be increased 
by removing non-radiative recombination pathways. Future 
research efforts are needed to identify these radiationless decay 
pathways. They might e.g. involve sub-gap localized electronic 
states or triplet states on the polymer or fullerene. A major 
question remains if such low  EQE  EL  values as observed here 
and in previous work, [  10  ,  11  ]  are intrinsic to polymer:fullerene 
blends which produce a high yield of free charge carriers. 

 For the high voltage P3TI:PC 61 BM system, unfortunately, the 
absence of a  E  D *  - E  CT  difference affects the IQE and lowers it to 
45%. With a slightly higher  E  D *  - E  CT  of  ∼ 0.1 eV, an IQE of 87% 
for the optimized P3TI:PC 71 BM blend could be obtained. This 
however, is accompanied with unavoidable loss in  V  oc , due to 
radiative CT state recombination.    

 7. Conclusions 

 Photocurrent and voltage losses in polymer:fullerene blends 
based on isoindigo containing polymers (P3TI and PTI-1) were 
studied in detail. We measure the energetic loss  E  D *  - E  CT  due 
to the electron transfer directly via FTPS and EL measure-
ments, rather than using LUMO(D)-LUMO(A) offset energy 
levels obtained by electrochemistry. This approach can be used 
directly on blend fi lms, and exciton binding energies and other 
interfacial effects are taken into account. 

 The polymer:fullerene blends studied in this work are of spe-
cial relevance since we fi nd losses  E  D *  - E  CT  which much lower 
than typically observed for polymer:fullerene systems: For 
P3TI:PC 71 BM blends we fi nd a  E  D *  - E  CT  of 0.1 eV while for the 
PTI-1:PC 61 BM system we fi nd an even lower  E  D *  - E  CT  ( ∼ 0.0 eV), 
resulting in a  V  oc  of 0.7 and 0.92 eV respectively. Even though 
their  E  D *  - E  CT  differences are low, we fi nd for P3TI:PC 71 BM 
an IQE of 87% and for the PTI-1:PC 61 BM system an IQE of 
45%. Morphology and fi eld dependent PL quenching indicates 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3480–3490
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that the lower IQE for the PTI-1 system is due to an interfacial 
effect related to the very low  E  D *  - E  CT , facilitating repopulation 
of the donor exciton, and not due to a too coarse morphology. 
However, the fact that such a respectable IQE value can still be 
obtained with minimized losses in the electron transfer step, 
is surprising. We hope this encourages the search for systems 
with very low  E  D *  - E  CT  and even higher IQEs.   

 8. Experimental Section 
  Variable angle spectroscopic ellipsometry (VASE) : VASE was performed 

on spin-coated thin fi lms using a RC2 instrument from J.A. Woolam Co., 
Inc. Incident angles were varied in steps of ten degrees from 45 °  to 75 ° . 
Layers of PTI-1 and P3TI and their blends with PC 61 BM and PC 71 BM 
were spincoated on silicon substrates with a 100 nm or 1 nm thick oxide 
layer. The software Complete Ease from J.A. Woolam Co., Inc was used 
to model the VASE measurements. A Cauchy model in the transparent 
IR region was used to determine the thickness of the thin fi lms. Tauc-
Lorentz oscillators were used to model the optical constants. 

  Device fabrication and characterization : The BHJ solar cells were 
fabricated using a device architecture glass/ITO/PEDOT:PSS(40 nm)/
active layer/LiF(0.6 nm)/Al(80 nm). The ITO covered glass substrates 
were cleaned by detergent and acetone prior to TL-1 (a mixture of water, 
ammonia (25%), and hydrogen peroxide (28%) (5:1:1 by volume)) 
treatment. PEDOT:PSS was spin-cast onto the cleaned substrate and 
heated for 10 minutes at 120  ° C. Then, the substrates were transferred 
into a glove box fi lled with N 2 . The active layers were spin-coated from 
 o -DCB (with and without 2.5% DIO) solutions on top of the PEDOT:PSS 
coated ITO glass substrates. The substrates were moved into a vacuum 
chamber where 0.6 nm LiF and 80 nm Al were thermally evaporated 
at a pressure less than 4  ×  10  − 6  mbar. Current density–voltage ( J−V ) 
curves, used to determine  J  sc ,  V  oc , FF and PCE, were measured by 
using Keithley 2400 Source Meter under illumination of AM 1.5 fi ltered 
light, with intensity of 100 mW cm  − 2  (solar simulator Model SS-50A, 
Photo Emission Tech., Inc.). EQE spectra were obtained using a 
Newport Merlin lock-in with the solar cells illuminated with chopped 
monochromatic light through the ITO side. The thickness of the active 
layers was measured by a surface profi ler (Dektak 6M). Refl ectance of 
solar cells was measured with a UV/VIS spectrometer (Lambda 950) 
equipped with an integrating sphere. This refl ectance and the optical 
constants, obtained using VASE were used in a transfer matrix model to 
determine the IQE. 

  AFM and TEM : The fi lms for measuring AFM and TEM were spin-
coated from  o -DCB or  o -DCB:2.5% (by volume) DIO solutions on top 
of PEDOT:PSS covered clean ITO glass substrates under the same 
conditions as for the deposition of the active layers in solar cells. AFM 
was performed directly on these fi lms, with a Dimension 3100 system 
(Digital Instruments/Veeco) by using Antimony (n) doped Silicon 
cantilevers (SCM-PIT, Veeco) in tapping mode. For preparing TEM 
samples, PEDOT:PSS was used as the sacrifi cial layer, by dissolving it 
in water during the lift-off process. The fi lms were put in vacuum over 
night, before measurement. Then, the active layers were placed onto 
a copper grid, used as sample support. TEM images were recorded 
with a Philips CM20/ST transmission electron microscope operated at 
200 kV. 

  PL and EL measurement : EL, PL and fi eld-dependent PL spectra were 
obtained with an Andor spectrometer (Shamrock sr-303i-B, coupled 
to a Newton EMCCD detector) and both pure polymers and blends 
based devices connected to an external current/voltage source for the 
measurements of EL and fi eld-dependent PL spectra. A red CW He-Ne 
632 nm laser with an intensity of 2 mW cm  − 2  was used as pumping light 
source for the absolute PL and fi eld-dependent PL measurements. 

  EQE EL  measurements : The EQE EL  spectra were obtained from a home 
built system comprising a Hamamatsu silicon photodiode 1010B, a 
Keithley 2400 for supplying voltages and recording injected current, and 
a Keithley 485 for measuring the emitted light intensity. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3480–3490
  FTPS-EQE measurement : FTPS-EQE was carried out using a Vertex 
70 from Bruker optics, equipped with a QTH lamp, quartz beamsplitter 
and external detector option. A low noise current amplifi er (SR570) is 
used to amplify the photocurrent produced upon illumination of the 
photovoltaic devices with light modulated by the FTIR. The output 
voltage of the current amplifi er is fed back into the external detector port 
of the FTIR, in order to be able to use the FTIR’s software to collect the 
photocurrent spectrum.   
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