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optimize and improve the effi ciencies 
so as to enable their successful commer-
cialization, signifi cant efforts are made 
to increase two particular photovoltaic 
parameters: short circuit current density 
( J  sc ) and open circuit voltage ( V  oc ). [ 5–8 ]  
The energy difference between the hole-
transporting level of the donor and the 
electron-transporting level of the acceptor 
heavily infl uences the  V  oc  and can be seen 
as an upper limit to what can be achieved 
in the device. Strategies to increase the  V  oc  
typically have focused on synthesis of new 
polymers and/or new acceptor/fullerene 
derivatives so as to achieve optimal donor 
(D)–acceptor (A) energy level offsets. [ 9–11 ]  
More recently, a signifi cant infl uence of 
photogenerated donor–acceptor charge 
transfer (CT) complexes on  V  oc  has been 
demonstrated, [ 12,13 ]  but strategies for  V  oc  
(and overall effi ciency) improvement 

based on this effect are less explored. In general, the  V  oc  is 
found to be proportional to the incoming light intensity  I  such 
that ( )∝ lnoc seV n kT I , where  n  s  is a prefactor (sometimes 
referred to as the light ideality factor), usually 1 <  n  s    < 2. [ 14 ]  

 Ultraviolet photoelectron spectroscopy (UPS), inverse pho-
toemission spectroscopy (IPES) and cyclic voltammetry (CV) 
are typically used to measure the energies of the hole- and 
electron transporting levels, with CV being most commonly 
used due to its relative simplicity and low cost. Knowledge of 
the (bulk) transport levels does not enable the determination 
of electrode and BHJ energetics, however, as a potential step is 
often formed at metal/organic and organic/organic interfaces 
modifying the relative position of the energy levels at either 
side of the interface, [ 15 ]  even for weakly interacting physisorbed 
interfaces such as those typically found in a BHJ solar cell. [ 16–20 ]  

 It’s proposed that the energy level alignment at weakly 
interacting metal/organic and organic/organic interfaces and 
in multilayer stacks can be predicted by the Integer Charge 
Transfer (ICT) model [ 16,21,22 ]  where the relation between the 
original Fermi level of a surface and the so-called pinning 
energies ( E  ICT+,− ) of the organic semiconductor (OS) overlayer 
plays a key role. The  E  ICT+  ( E  ICT- ) energy of the positive (nega-
tive) ICT state relates to the smallest energy required to take 
away one electron (the largest energy gained from adding one 
electron) from (to) the OS molecule at an interface producing a 
fully relaxed state, where screening from the environment and 
the Coulombic interaction with the opposite charge across the 
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  1.     Introduction 

 With the rapidly rising energy conversion effi ciency of 
up to 10%, [ 1,2 ]  organic photovoltaic (OPV) devices such as 
polymer:fullerene bulk heterojunction (BHJ) solar cells are 
considered to be a promising renewable-energy source with 
the potential of high throughput, low manufacturing cost, 
light weight, and mechanical fl exibility. [ 3,4 ]  In order to further 
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interface are included. [ 23 ]  These energies hence are related to 
but differ from the bulk ionization potential (IP) and electron 
affi nity (EA) of the OS, that is, the polaronic transport states, 
see Figure S1 in the Supporting Information and described 
in more detail elsewhere. [ 17,23–25 ]  Here we stress that the  E  ICT+  
( E  ICT− ) are located further into the gap compared to the free 
bulk polarons of the material, as the positive and negative 
polarons formed in the ICT-process are Coulombically bound 
at the interface by the opposing charge. We also stress that the 
ICT states are formed spontaneously to equilibrate the Fermi 
level at a heterojunction and are thus not photogenerated. 

 The pinning energies, also accessible by density functional 
theory, [ 24 ]  can be applied to determine the energetics at the var-
ious interfaces in a BHJ solar cell and the possible existence of 
ICT states formed by spontaneous charge transfer at the BHJ 
interface, [ 17 ]  the latter which can enhance the transformation 
of excitons into free charge carriers at the (bulk) heterojunc-
tion. [ 26,27 ]  The effect, if any, of ICT states on  V  oc  has yet to be 
explored, however. 

 In polymer:fullerene BHJ solar cells, because the arche-
typical fullerenes C 60 /C 70  themselves are prone to aggregation 
and diffi cult to process with polymer donors, the monoad-
duct fullerene derivatives PC 60 BM and PC 70 BM widely domi-
nate in terms of choice of acceptor material. [ 4,7,28,29 ]  Recently, 
other fullerene derivatives with multiadducts with smaller EA 
energies have been introduced in BHJ device to increase the 
donor IP – acceptor EA energy difference and thereby enhance 
output performance by raising  V  oc . [ 30–32 ]  In this paper, we use 
UPS to systematically map out the occupied electronic struc-
ture and universal pinning energies of a series of fullerenes: 
C 60/  70 , PC 60/70 BM, BisPC 60 BM, TrisPC 60 BM and IC 60 BA. The 
formation of ICT states at rr-P3HT:fullerene BHJs is addressed 
and the effect on  V  oc  is commented upon using modelling and 
device data from literature. In Figure S2 the chemical structure 

and in Figure S3 the frontier occupied electronic structure of 
fullerene and its derivatives considered in this study are exhib-
ited (see Supporting Information).  

  2.     Results and Discussion 

  Figure    1  a displays the dependences of the work function of 
fullerene-coated substrates,  Φ  org/sub , on the work function of the 
original bare substrates,  Φ  sub . Two distinct slope  S  = 0 regions 
are clearly observed, separated by an  S  = 1 region, as predicted 
by the ICT model. When the  Φ  sub  is smaller than the  E  ICT-  of a 
particular fullerene derivative, electrons spontaneously tunnel 
from the substrate into the fullerene molecules until equilib-
rium is reached, causing the formation of a potential step and 
pinning the Fermi level to the negative integer charge transfer 
state. The  E  ICT-  values corresponding to C 60 , C 70 , PC 60 BM, 
PC 70 BM bisPC 60 BM, trisPC 60 BM, and IC 60 BA fullerenes are 
4.57, 4.65, 4.31, 4.35, 4.12, 3.95, and 4.05 eV, respectively, as 
derived from Figure  1 a. For  Φ  sub  greater than the  E  ICT+ , spon-
taneous electron transfer occurs from the fullerene molecules 
to the substrate, creating a potential step that downshifts the 
vacuum level and the Fermi level is pinned to the positive 
integer charge transfer state of the fullerene. The  E  ICT+  values 
of the fullerene derivatives are estimated from Figure  1 a as 
5.55, 5.48, 5.32, 5.22, 5.08, 4.95, and 5.15 eV, respectively. In 
the transition region ( S  = 1) between the negative and posi-
tive pinning regime, the  Φ  org/sub  of fullerenes is equal to  Φ  sub , 
which means that no spontaneous charge transfer across inter-
face and vacuum level (VL) alignment holds. For trisPC 60 BM, 
there is a displacement in  Φ  org/sub  of ≈0.2 eV away from the 
“ideal” VL alignment behavior as shown in Figure  1 a. We tenta-
tively attribute the effect to preferential ordering of trisPC 60 BM 
molecules, see Figure S5 and discussion in the Supporting 
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 Figure 1.    Universal pinning energies of a series of fullerenes. a) Dependences of the work function of C 60 , C 70 , PC 60 BM, PC 70 BM, BisPC 60 BM, TrisPC 60 BM, 
and IC 60 BA coated substrates via solution process,  Φ  org/sub , on the work function of bare substrate,  Φ  sub . b) Distribution of the pinning energies of the 
fullerenes with increasing the number of adducts.  E  ICT+ : positive pinning energy (eV);  E  ICT− : negative pinning energy (eV);  D : the downshift energy of 
≈0.2 eV away from the “ideal” vacuum level alignment behavior.
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Information. Figure  1 b shows the evolution of the fullerene 
 E  ICT+,-  with increasing number of adducts. For the different 
types of fullerene cages, the  E  ICT-  values of C 60 /PC 60 BM are 
slightly smaller than that of the corresponding C 70 /PC 70 BM 
and the  E  ICT+  slightly larger. The respective IP, EA, and  E  ICT+,−  
for the fullerene series are listed in  Table    1  .   

 Using the  E  ICT+,-  values one can then estimate which elec-
trode work function are needed to pin the Fermi level at the 
respective contact, at which point the  V  oc  is no longer limited 
by the work function difference of the electrodes: the anode 
work function should be equal or greater than the donor 
polymer E ICT+  and the cathode work function equal or smaller 
than the fullerene  E  ICT− . Typically PEDOT:PSS is used as the 
anode material and though the work function depends on 
the particular formulation it is often around 5.1 eV, [ 10 ]  signifi -
cantly larger than the measured  E  ICT+  of most of the donor 
polymers. The PEDOT:PSS interface thus is expected to feature 
Fermi level pinning to the donor polymer  E  ICT+ , as desired. At 
the cathode side, an electrode work function smaller than the 
acceptor fullerene  E  ICT-  is needed to achieve a pinned interface. 
From the device characteristics of ITO/PEDOT:PSS/MDMO-
PPV:PC 60 BM/cathode (LiF/Al, Ag, Au, and Pd) reported by 
Mihailetchi, [ 33 ]  the dependence of  V  oc  on different cathode work 
function has been explored and for Ag, Au, and Pd cathodes, 
there is a signifi cant decrease in  V  oc  obtained compared to the 
case of the low work function LiF/Al contact that is pinned (0.9 V 
for LiF/Al down to 0.4 V for Pd). Such a decrease is expected 
from our results as the  E  ICT−  of PC 60 BM is ≈4.3 eV and the 
higher work function Ag, Au or Pd hence will not provide a 
pinned contact, unlike LiF/Al whose (process-dependent) work 
function is ≈3.6 eV or lower. [ 34 ]  

 For the case of pinned electrode contacts, the  V  oc  is suggested 
to be controlled by the donor/acceptor blend, though recent lit-
erature makes clear that donor IP–acceptor EA energy differ-
ence (Δ g

DAE ) alone does not adequately describe the  V  oc . [ 12,13 ]  
The infl uence of the D/A blend properties, including the 
effects from ICT states (if any), thus can be explored using data 
from ITO/PEDOT:PSS/rr-P3HT:fullerene (C 60 , C 70 , PC 60 BM, 

PC 70 BM, bisPC 60 BM, trisPC 60 BM, and IC 60 BA)/LiF/Al devices, 
where the LiF/Al cathode will pin to the E ICT−  of all fullerenes 
we studied here and the PEDOT:PSS anode will likewise pin to 
the  E  ICT+  of rr-P3HT, ≈4.0 eV. [ 26 ]  

 We fi rst look at the effect of ICT states at the BHJ that 
according to the ICT model may form to ensure Fermi level 
equilibrium at interfaces. Inserting an intrinsic dipole layer at 
a donor–acceptor junction forming a trilayer will increase the 
effective IP D  – EA A  difference (Δ g,eff

DAE ) and hence the  V  oc  for the 
case of a dipole layer with the negative side at the acceptor and 
decrease the Δ g,eff

DAE  (and hence the  V  oc ) for the case of a dipole 
layer with the negative side at the donor, see Figure S6a,b in 
Supporting Information. [ 35 ]  The effect on  V  oc  is different if the 
dipole shift is introduced through the formation of ICT states as 
per the ICT model (see supplementary background), however, 
as we will show using  V  oc  values from the ITO/PEDOT:PSS/rr-
P3HT:fullerene/LiF/Al device series, the corresponding donor 
IP (≈4.6 eV for rr-P3HT) and (fullerene) acceptor EA values as 
well as BHJ potential steps derived from the  E  ICT+,−  values, see 
Table  1 . 

 As is evident from Table  1 , failing to account for vacuum 
level misalignment at the BHJ (interface potential steps) can 
produce severe errors in the estimation of the effective Eg

DAΔ , 
that is, Δ g,eff

DAE  in Table  1 , as for some fullerene:rr-P3HT com-
binations there is a large interface potential step. Note also that 
for this particular series, the  V  oc  seems largely independent of 
the Δ g,eff

DAE values (the two lowest Eg,eff
DAΔ  actually produces the 

two highest  V  oc ). Furthermore, the Δ g,eff
DAE  values show only 

a small variation (≈1.1–1.25 eV) despite the large variation in 
(bulk) donor IP–acceptor EA energies (Δ g

DAE ), as a decrease in 
acceptor EA also causes a decrease in acceptor E ICT-  and thus 
a decrease in the Δ. Modifying the fullerene EA in regards to 
a particular donor IP (or modifying a donor IP in regards to a 
particular fullerene EA) hence is not expected to signifi cantly 
change Δ g,eff

DAE as long as the BHJ is in the pinned regime (the 
case for the rr-P3HT series, with the exception of trisPC 60 BM, 
though the 0.05 eV difference between the  E  ICT+,−  levels are 
within the error margin of the measurement). This obviously 
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  Table 1. Summary of positive/negative pinning energy ( E  ICT+/- ), ionization potential (IP), electronic affi nity (EA) of fullerenes, Δ: interface potential 
step obtained from difference between fullerene  E  ICT-  and rr-P3HT  E  ICT+  (≈4.0 eV), Δ g

DAE  = IP D  – EA A : the difference between the donor IP (rr-P3HT 
≈ 4.6 eV) and (fullerene) acceptor EA, Δ g,eff

DAE  = IP D  – EA A  + Δ: the difference between the donor IP and acceptor EA including the contribution from 
vacuum level misalignment at the BHJ,  V  oc  of devices with a structure of ITO/PEDOT: PSS/rr-P3HT:fullerene/LiF/Al and  n  s : a prefactor related to the 
dominating recombination process in the rr-P3HT:fullerene blend (all  n  s  values obtained from Tromholt, et al.) [ 46 ]      

Fullerene  E  ICT+  E  ICT- IP EA Δ Δ g
DAE Δ g,eff

DAE  V  oc  n  s 

C 60 5.55 4.57 6.35 3.98 47 0.57 0.62 1.19 0.46 46 1.5

C 70 5.48 4.65 6.30 3.98 0.65 0.62 1.27 0.32 46 1.61

PC 60 BM 5.32 4.31 6.10 3.80 47 0.31 0.8 1.11 0.62 48 1.42

PC 70 BM 5.22 4.35 5.90 3.80 0.35 0.8 1.15 0.63 48 1.56

BisPC 60 BM 5.08 4.12 5.95 3.60 49 0.12 1.0 1.12 0.72 46 1.42

TrisPC 60 BM 4.95 3.95 5.85 3.50 50 0 1.1 1.1 0.81 30 −

IC 60 BA 5.15 4.05 5.93 3.57 51 0.05 1.03 1.08 0.86 31 1.28

   The IPs were measured by ultraviolet photoelectron spectroscopy (UPS) and the cited EA values are from inverse photoemission spectroscopy (IPES) studies, see further 
discussion in the Supporting Information. EA values reported by IPES measurements scatter over a large range, e.g., for PC 60 BM ≈ 0.35 eV, [ 47,52–54 ]  due to the inherent 
problems of the technique such as sample damage and comparatively low energy resolution. In the situations of ambiguity, we have used literature cyclic voltammetry 
measurements on the same systems to try to reconcile the different values into the ones given. For C 70 , we use the EA of C 60  as cyclic voltammetry show that the reduction 
potential is ≈ identical. [ 55 ]   E  ICT+/− , IP, EA, Δ g

DAE  and Δ g,eff
DAE  are shown in units of eV, and  V  oc  is shown in units of V.   
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also holds true for the effective donor EA–acceptor EA relation 
(Δ g,eff

DAE ). The increase in  V  oc  obtained by introducing fullerene 
derivatives with multiadducts with smaller EA energies hence 
does not increase the effective donor IP–acceptor EA energy 
difference unlike previously believed [ 30–32 ]  and the cause for the 
enhanced  V  oc  must be found elsewhere. 

 To better understand the processes that infl uence on  V  oc , 
we build upon recent models that assume direct bimolecular 
recombination between free charge carriers to obtain the fol-
lowing expression (analysis based on a pn-junction approach is 
given in the Supporting Information): [ 14,36 ] 

   

β

β

= Δ − ⎛
⎝⎜

⎞
⎠⎟

= Δ + Δ − ⎛
⎝⎜

⎞
⎠⎟

ln

ln

oc g,eff
DA c v

g
DA c v

eV E kT
N N

G

E kT
N N

G  

 (1)

 

 where Δ g
DAE  is as noted the difference between the IP of the 

donor and the EA of the acceptor before junction formation, Δ 
is a factor that accounts for effects such as vacuum level mis-
alignments at the BHJ that modify the activation energy gained 
from Δ g

DAE , Δ = Δ + Δg,eff
DA

g
DAE E  is then the effective energy gap 

between the donor IP and acceptor EA taking into account 
vacuum level misalignment, and  N  c  and  N  v  are the effective 
density of transport (polaron) states, and  β  is the bimolecular 
recombination coeffi cient. [ 37 ]  The free polaron generation rate 
 G , is usually related to the light intensity as  G  ∝ I   α  , where  α  is 
close to unity. The probability for CT complexes, formed upon 
direct recombination between free carriers (polarons), to disso-
ciate back to free carriers has been effectively included in the 
bimolecular recombination coeffi cient  β . It can be shown that 
Equation  ( 1)   is equivalent to the more commonly used formula:

   
= +

⎛
⎝⎜

⎞
⎠⎟

ln 1oc
sc

o

eV kT
J

J
 
 (2)

 

 where  J  sc  is the short-circuit current density and  J  0  is reverse 
dark saturation current density (see Supporting Information). 

 If a large amount of recombination centers or trapped car-
riers exist, trap-assisted recombination may also occur at the 
D/A BHJ interface, which further modifi es Equation   1  . This 
process is usually taken to follow Shockley-Read-Hall (SRH) 
recombination and has in rr-P3HT:PC 60 BM OPVs been attrib-
uted to involve localized states in the tails of the rr-P3HT 
valence band and PC 60 BM conduction band acting as traps and 
consequently recombination sites. [ 38 ]  Trap-assisted recombina-
tion via occupied ICT states, if present, will also occur as the 
donor  E  ICT+  is situated above the free positive polaron and the 
acceptor  E  ICT-  is situated below the free negative polaron, [ 16,23,24 ]  
see  Figure    2  . If ICT states have been created as per the ICT 
model, a free negative (positive) polaron in the fullerene 
(polymer) thus may recombine with a  E  ICT+  ( E  ICT− ) related posi-
tive (negative) polaron located at the interface in the polymer 
(fullerene) as illustrated in Figure  2 . If trap-assisted recombina-
tion via these states becomes comparable to the direct bimo-
lecular recombination one fi nds (see Supporting Information 
Section 2.5):

    

β β
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= Δ

−
+
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g,eff
DA
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eV E

kT

N N N N B
E eV

kT

G

E n kT
C

G

DA

 

 (3)

 

 where  N  ICT  is the density of ICT states and  C  o  is a function 
of Δ. As all recombination essentially occur at the interfaces, 
in case of a large amount of ICT states trap-assisted recombi-
nation via these states is expected. The prefactor  n   s   increases 
with increasing trap-assisted recombination and is thus related 
to the dominating recombination process, the two extreme 
cases being  n  s  = 1 for direct bimolecular recombination and  n  s  
= 2 for trap-assisted recombination. To a fi rst approximation: 

εε
δΔ

~ ICT

0

2

q

qN , where  δ  is the dipole thickness. Consequently, if 

the dipole Δ is large,  N  ICT  also is large and the trap-assisted 
recombination is expected to be more prominent.  

 The existence of ICT states at the D/A interface occur when 
 E   I CT+,D  ≤ E  ICT-,A  and ICT states act as sites for recombination 
that reduce the  V  oc . On the other hand, previous studies sug-
gests that the generation of free charges at the D/A interface 
is enhanced by the type of interface dipole generated by the 
ICT states. [ 26,27 ]  Furthermore, the ICT states will populate 
the most easily oxidized polymer chains or chain segments 
on the rr-P3HT side of the heterojunction (most likely to 
undergo structural relaxation), and the most easily reduced 
PC 60 BM molecules at the other side (see Supporting Informa-
tion). In this way, the most tightly bound sites where charge 
transfer electron-hole pairs could be created at the interface 
are already occupied in the (dark) ground state and are conse-
quently not available to participate in the exciton dissociation 
process following a photon absorption event, thus enhancing 
the percentage of excitons converted into free charges. [ 39,40 ]  
Hence, there is likely a trade-off in terms of ICT state den-
sity as the presence of ICT states enhance the generation of 
free charges at the BHJ, but also enhance the recombination 
of free charges at the BHJ. From the rr-P3HT:fullerene series 
studied here it seems that the sweet spot occurs for  E  ICT-,A  
≈ E  ICT+,D  (e.g., rr-P3HT:IC 60 BA). We now test this hypothesis 
by measuring the E ICT+  and IP of a set of high-performing 
donor polymers in literature and comparing the Δ g,eff

DAE  with 
measured V oc  from literature, see  Figure    3  , Figure S4 and 
Table S1. Striking in Figure  3  is that many of the high per-
forming polymer:fullerene blends precisely fall in the region 
(green in top panel of Figure  3 ) where  E  ICT–,A  =  E  ICT+,D  ± 0.05 eV 
and where the  V  oc loss  defi ned as the deviation from the ideal 
 V  oc  (Δ g,eff

DAE ) in the measured  V  oc  eV E eVocloss g,eff
DA

oc( )= Δ −  is at 
its minimum, in agreement with our design rule. Note also 
that just a small deviation in either direction cause a signifi -
cant jump in  V  oc loss .  

 In terms of Equation   1   and Equation   3  ,  V  oc loss  can be 
rewritten as
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 To the right of the green region in Figure  3  there is no 
(dark) integer charge transfer at the bulk heterojunction 
( E  ICT+,D  > E  ICT−,A  and Δ = 0). Consequently, no trap-assisted 
recombination via ICT states is expected and the dominating 
recombination process is bimolecular ( n  s  = 1). As the deviation 
of the fraction  G / β  in these blends is expected to be less than 
a factor of 1000 the deviation of  eV  oc loss  is within ≈0.2 eV in 
this region. When  E  ICT+,D  ≈ E  ICT−,A  corresponding to the green 
region in Figure  3  a decrease in  V  oc loss  is seen. This can be 
explained in terms of an ICT-induced dipole layer that assists 
in the dissociation of photogenerated CT-complexes into free 
charges, [ 26,27,40 ]  leading to a dramatic increase of the fraction 
 G / β  in Equation   1  . 

 To the left of the green region in Figure  3 , an increased 
difference between  E  ICT+,D  and  E  ICT-,A  signifi es an increased 

density of occupied ICT states (and interface 
potential step) at the bulk heterojunction 
interfaces that according to Equation   3   and 
Equation   4   cause an increased  V  oc loss  due 
to the increased trap-assisted recombination 
( n  s  > 1), which indeed is experimentally veri-
fi ed. Experimentally derived prefactors  n  s  
obtained from literature are also shown in 
bottom panel of Figure  3 . An increasing trend 
for  n  s  is found for blends with increasing Δ, 
while for blends with Δ = 0 (to the right of 
the green region in Figure  3 ) bimolecular 
recombination, or  n  s  = 1, is found, in agree-
ment with the model. 

 If our model holds, we expect the gen-
eration of ICT states when  E  ICT+,D  ≤  E  ICT−,A . 
Photoinduced absorption (PA) measure-
ments show that in rr-P3HT:PC 60 BM where 
 E  ICT+,D  <  E  ICT−,A , we observe the presence of 
polarons in sub-gap photo-induced absorp-
tion (see Supporting Information Figure S7a). 
The presence of polarons in the sub-gap 
photo-induced absorption could either be due 
to ICT states or photogenerated CT states, 
however. Furthermore, we could expect a 
small density of ICT states at the bulk het-
erojunction for the D/A blends that feature 
 E  ICT−,A  ≈ E  ICT+,D  as the absolute frontier of the 
respective ICT distributions may overlap. To 
be able to probe such small levels of ICT den-
sity and exclude contribution from photogen-
erated CT states we turn to electron paramag-
netic resonance (EPR) measurements carried 
out in the dark. We choose here TQ1:PC 70 BM 
and TQ1:PC 60 BM blends (TQ1: poly[2,3-bis-
(3-octyloxyphenyl)quinoxaline-5, 8-dilyl-alt-
thiophene-2, 5-diyl]), as  E  ICT−,A  ≈ E  ICT+,D  for 
these donor–acceptor combinations and due 
to the high purity of TQ1 as compared to rr-

P3HT (see Section 2.4 of the Supporting Information). TQ1 
is a donor polymer featuring comparatively high  V  oc  (0.89 V) 
and power conversion effi ciencies (6%) when used in com-
bination with PC 70 BM. [ 41 ]  Since  E  ICT−,A  ≈ E  ICT+,D  there is no 
dipole at the D/A interfaces as measured by UPS. However, as 
the frontier edge of the respective ICT distributions likely will 
overlap, some integer charge transfer is still expected involving 
the most easily oxidized sites of the donor polymers and most 
easily reduced sites on the fullerene side of the heterojunction 
(see Figure S1 and the related discussion in the Supporting 
Information). The neat fi lms of PC 60 BM, PC 70 BM and TQ1 all 
show weak signals related to spin-carrying species, see  Figure    4   
and Figure S8 (Supporting Information) for further details. 
The TQ1:PC 70 BM and TQ1:PC 60 BM blends, however, feature 
new and signifi cantly stronger EPR signals with g-factors and 
linewidths that are different from those of the neat fi lms (see 
Figure S8, Supporting Information). These new EPR signals are 
most easily seen by subtracting the individual contributions of 
TQ1 and the respective fullerene from the blend EPR spectra, 
see the lowest curves in Figure  4 a,b. The appearance of such 
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 Figure 2.    Energy level alignment diagrams for a donor–acceptor system before and after BHJ 
formation with a dipole shift introduced through ICT states. a) Before contact. b) The donor 
 E  ICT+  is less the acceptor  E  ICT− , causing Fermi level equilibrium through spontaneous formation 
of ICT states at the interface and the formation of a potential energy step (Δ) upon contact. 
c) During OPV operation, free negative polarons (n-pol) in the acceptor may recombine with 
the opposite-charged interface polarons ( E  ICT+ ) in the donor as the free n-polarons are situated 
above the donor  E  ICT+ . Correspondingly, free positive polarons (p-pol) in the donor may recom-
bine with the opposite-charged interface polarons ( E  ICT− ) in the acceptor as the free p-polarons 
are situated below the acceptor  E  ICT− . Direct bimolecular recombination of free polarons is 
depicted with a green arrow. The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of the donor (red) and acceptor (blue) are also depicted.
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strong new EPR signals demonstrate that new spin-carrying 
species (polarons) are formed through integer charge transfer 
in the dark at the heterojunctions, that is, the formation of ICT 
states as predicted by the ICT model.  

 Thus a set of new design criteria using 
measured or calculated ICT states for BHJ 
solar cells can be proposed: 

 i) Pinned electrode contacts are obtained 
by:  Φ  anode  ≥  E  ICT+,D  and  Φ  cathode  ≤  E  ICT−,A ; 

 ii)Donor:acceptor combinations should be 
chosen so that  E  ICT−,A  ≈ E  ICT+,D .  

  3.     Conclusion 

 We have studied that for a series of regioreg-
ular-poly(3-hexylthiophene):fullerene bulk 
heterojunction organic photovoltaic devices 
with pinned electrodes, integer charge 
transfer states present in the dark and cre-
ated as a consequence of Fermi level equilib-
rium at BHJ have a profound effect on open 
circuit voltage. The donor ionization poten-
tial to acceptor electron affi nity energy differ-
ence is thought to provide an upper limit to 
the  V  oc  in bulk heterojunction solar cells, but 
it is the effective energy gap including pos-
sible potential steps at the bulk heterojunc-
tion that is the relevant parameter. Here, 
the ICT state formation cause vacuum level 
misalignment that yields a roughly con-
stant effective donor ionization potential to 
acceptor electron affi nity energy difference 
at the donor–acceptor interface, even though 
there is a large variation in the fullerene 
series’ electron affi nity. We fi nd that the 
large variation in open circuit voltage for the 
device series featuring different fullerenes 
instead is found to be a consequence of vari-
ations in trap-assisted recombination via ICT 
states, and show that this holds true regard-
less if one assumes a metal-insulator-metal 
or pn-junction based description of bulk het-
erojunction solar cells. EPR measurements 
confi rm the creation of ICT states at the bulk 
heterojunctions in the dark and together with 
PA measurements show that the D/A cou-
pling strength and recombination-induced 
loss can be estimated using the so-called pin-
ning energies ( E  ICT+,− ). The results enable us 
to propose novel design rules for the donor/
acceptor materials that hold the promise of in 
silico design of materials, as the these prop-
erties also can be calculated by for example, 
DFT-based methods: i) Pinned electrode con-
tacts are obtained by:  Φ  anode  ≥  E  ICT+,D  and 
 Φ  cathode  ≤  E  ICT−,A , ii) Donor:acceptor com-
binations should be chosen so that  E  ICT−,A  

≈ E  ICT+,D . The design rules are tested against a series of high 
performing donor polymers and their corresponding fullerene-
based OPV devices available in literature, and excellent correla-
tion is obtained.  
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 Figure 3.    Top panel:  V  oc loss  = Δ g,eff
DAE  –  V  oc , plotted against the  E  ICT+,D –  E  ICT–,A  for a set of 

polymer:fullerene blends. The plotted data are given in Table S1 (Supporting Information). The 
green region contains the polymer:fullerene blends where E ICT+,D  ≈ E ICT–,A  within the error bar 
of the measurement. Bottom panel: The corresponding light-ideality factor  n  s  as a function of 
Δ for the rr-P3HT:fullerene series (see Table  1 ), PCPDTBT:PC 60 BM [ 42 ]  and APFO 3 :PC 60 BM. [ 43 ]  We 
assign  n  s  ≈ 1 for TQ1:PC 70 BM, as it exhibits pure bimolecular recombination. [ 44 ]  The  n  s  factor 
and  E  ICT+,D  for MDMO-PPV:PC 60 BM are derived from literature. [ 40,45 ] 
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  4.     Experimental Section 
 The fullerenes C 60/70  were obtained from Sigma Aldrich, and its 
derivatives PC 60/70 BM, BisPC 60 BM, trisPC 60 BM and IC 60 BA were 
purchased from Solenne BV. Polymer rr-P3HT was obtained from Sigma 
Aldrich, and PCPDTBT and PBDTTT-CF from One-Material. TQ1, P(2)-
FQ-BDT-4TR, PFQBDT-TR1, PBDTA-MIM and APFO3 were synthesized 
at Chalmers University of Technology. All fi lms were spin-coated from 
o-dichlorobenzene solutions and fabricated in a clean room, then directly 
transferred using a container covered with aluminum foil to shield from 
illuminations, into the load lock chamber of the ultrahigh vacuum (UHV) 
system used for measurement. Sets of conductive substrates were chose 
to provide a broad range of the work function: AlOx/Al dipped with NH3 
solution ≈ 3.6–3.8 eV, ZnO nanoparticle fi lm coated ITO ≈ 3.7–3.9 eV, 
AlOx/Al ≈ 3.8–4.0 eV, SiOx/Si ≈ 4.2–4.4 eV, AuOx/Au ≈ 4.3–4.7 eV, CuOx/
Cu ≈ 4.4–4.5 eV, AgOx/Ag ≈ 4.5–4.6 eV, ITO and UVO treatment ≈ 4.6–
4.9 eV, PEDOT:PSS ≈ 5.0–5.2 eV, and UVO treated AuOx/Au ≈ 5.3–5.9 eV. 
All substrates were cleaned by sonication in acetone and isopropyl 
before spin coating. 

  Ultraviolet Photoelectron Spectroscopy (UPS) : UPS measurements 
were performed in an UHV surface analysis system including a 
sample analysis chamber with the base pressure of ≈ 2 × 10 −10  mbar 
to characterize the work function of the substrates and fullerene fi lms 
coated different substrates, respectively. UPS with HeI 21.22 eV as 
the excitation source was recorded with a Scienta-200 hemispherical 
analyzer, and calibrated by determining Fermi level edge of the Ar+ ion 
sputter-cleaned Au foil. The work function is derived from the secondary 
electron cut-off and the vertical ionization potential (IP) from the frontier 
edge of the occupied density of states. 

  Near-Edge X-Ray Adsorption Fine Structure (NEXAFS) : NEXAFS spectra 
were performed at beam line D1011 of the MAX-II storage ring at the 

MAX lab, Sweden. The energy resolution was about 100 meV at photon 
energy close to the C K edge. NEXAFS spectra were collected in the 
partial electron yield mode by MCP with a different negative bias to 
screen the electrons with lower kinetic energy. 

  Photo-induced Absorption (PA) : Samples for photo-induced absorption 
experiments were prepared from 25 mg/ml chlorobenzene solutions 
of polymers including regioregular poly(3-hexylthiophene) and TQ1 
mixed with fullerene (PC 60 BM, PC 70 BM, IC 60 BA) in 1:1 ratio by weight, 
by spincoating on sapphire substrates. Sample preparations were 
carried out in Nitrogen atmosphere. Annealing of the samples was 
performed on a hotplate at 120 °C for 15 min in Nitrogen atmosphere. 
For measurements, the sample was transferred to a cryostat (Janis 
Research), where it was kept under vacuum at room temperature 
(300 K). Photo-induced absorption was measured using either an 
Argon ion laser (Coherent Innova) for 514 nm (2.41 eV) excitation light 
(above-gap), or a diode laser (Power Technology) for 785 nm (1.58 eV) 
excitation light (below-gap). Both were set to an excitation intensity 
of 180 mW/cm 2 . The excitation light was modulated by a mechanical 
chopper at 133 Hz. A tungsten projector lamp with appropriate cutoff 
fi lters served as probe light, which, after passing through the sample, 
was directed through a monochromator (Acton Research Corporation) 
and detected with Si, Ge and liquid nitrogen cooled InSb detectors and a 
lock-in amplifi er (Stanford Research). 

  Electron Paramagnetic Resonance (EPR) : EPR experiments were 
performed using a Bruker Elexsys E500 spectrometer operating at 
9.88 GHz (X-band). All EPR spectra were obtained in dark and at 
room temperature. All blends were 1:1 by weight. All EPR spectra were 
normalized for fi lm volume.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author  
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