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polymers, while less attention has been 
paid to the importance of the fullerene 
structure on device performance. Other 
than [6,6]-phenyl-C 61 -butyric acid methyl 
ester (PCBM), the most widely reported 
fullerene in OPV devices is a bis-fullerene, 
Indene-C 60  bisadduct (ICBA). [ 6,7 ]  For 
the well-studied poly(3-hexylthiophene) 
(P3HT) system, replacing PCBM with 
bis-adduct fullerenes (i.e., ICBA) raises 
the lowest unoccupied molecular orbital 
(LUMO) lever of the acceptor, which in 
turn improves the open circuit voltage ( V  oc ) 
and power conversion effi ciency (PCE) in 
P3HT-based devices. [ 6,7 ]  However, when 
blended with more promising low band 
gap polymers, ICBA provides very poor 
short circuit current ( J  sc ) and PCE, although 
the desired large  V  oc  is always attained. [ 8–13 ]  
For instance, OPV devices with an active 
layer that consists of poly(di(2-ethylhex-
yloxy)benzo[1,2-b:4,5-b′]dithiophene-
co-octylthieno[3,4-c]pyrrole-4,6-dione) 
(PBDTTPD)/PCBM bulk heterojunctions 
exhibit a PCE of 7.3%; while replacing 
PCBM with ICBA in these devices results 
in a PCE of 2.7%. [ 10 ]  This poor performance 

is associated with either poor morphology or hindered charge 
transport in the active layer. [ 8–13 ]  However, these reported values 
are only based on the as-cast low band-gap polymer (LBP):ICBA 
device, where there is very little control of the morphology. [ 8–13 ]  
As  J  sc  and PCE strongly depend on the morphology, the high  V  oc  
might translate into dramatic improvements in power conversion 
effi ciencies if the morphology of the LBP:ICBA mixture can be 
rationally controlled. Unfortunately, little work has been done to 
optimize the morphology of these systems after fi lm deposition. 
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 One way to improve power conversion effi ciency (PCE) of polymer based 
bulk-heterojunction (BHJ) photovoltaic cells is to increase the open cir-
cuit voltage ( V  oc ). Replacing PCBM with bis-adduct fullerenes signifi cantly 
improves  V  oc  and the PCE in devices based on the conjugated polymer poly(3-
hexyl thiophene) (P3HT). However, for the most promising low band-gap 
polymer (LBP) system, replacing PCBM with ICBA results in poor short-circuit 
current ( J  sc ) and PCE although  V  oc  is signifi cantly improved. The optimiza-
tion of the morphology of as-cast LBP/bis-fullerene BHJ photovoltaics is 
attempted by adding a co-solvent to the polymer/fullerene solution prior to 
fi lm deposition. Varying the solubility of polymer and fullerene in the co-sol-
vent, bulk heterojunctions are fabricated with no change of polymer ordering, 
but with changes in fullerene phase separation. The morphologies of the 
as-cast samples are characterized by small angle neutron scattering and neu-
tron refl ectometry. A homogenous dispersion of ICBA in LBP is found in the 
samples where the co-solvent is selective to the polymer, giving poor device 
performance. Aggregates of ICBA are formed in samples where the co-solvent 
is selective to ICBA. The resultant morphology improves PCE by up to 246%. 
A quantitative analysis of the neutron data shows that the interfacial area 
between ICBA aggregates and its surrounding matrix is improved, facilitating 
charge transport and improving the PCE. 

  1.     Introduction 

 Organic photovoltaic (OPV) devices based on the bulk hetero-
junction (BHJ) concept of blends of conjugated polymers and 
fullerenes have attracted signifi cant interest for sustainable 
solar energy conversion due to their low-cost, light-weight, fl ex-
ible and ease of processing. [ 1–5 ]  The power conversion effi ciency 
(PCE) of these devices has increased rapidly in recent years, 
which has been primarily due to the development of novel donor 
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 The failure of thermal annealing to improve device perfor-
mance in LBP:fullerene systems has been widely reported. [ 14–16 ]  
An alternative approach that is used to improve device per-
formance is to add a second solvent into the LBP:fullerene 
mixture solution before deposition, where the solvent addi-
tive usually evaporates slowly and selectively solubilizes the 
fullerene. [ 14,17,19 ]  One of the most well-studied LBP:fullerene 
systems is Poly[2,6-(4,4-bis-(2-ethylhexyl)-4 H -cyclopenta[2,1-
 b  ;3 ,4-  b  ′ ]di thiophene)-  alt  -4 ,7(2,1,3-benzothiadiazole) ] 
(PCPDTBT):PCBM, whose effi ciency increases from 1.7% 
up to 4.6% with the addition of a second solvent prior to fi lm 
deposition. [ 14 ]  PCBM aggregation and an increase of PCPDTBT 
ordering in the fi nal fi lm have been shown to occur with the 
presence of the second solvent. [ 14 ]  These structural changes 
result in an improvement in charge transport, which translates 
to improved device performance. [ 14 ]  However, these reports 
only focus on the behavior of the LBG:PCBM and the impact 
of a second solvent on a bulk heterojunction with bis-fullerene 
electron acceptors has not been reported. Furthermore, these 
previous studies only examine solvent additives in which the 
fullerenes are selectively soluble, while the addition of solvents 
in which the polymer is selectively soluble are lacking. 

 Therefore, in this work, we examine the effect of the addi-
tion of a second solvent and the solubility of the polymer and 
fullerene in the second solvent on the morphology and function 
of PCPDTBT:ICBA bulk heterojunctions. Two solvents with var-
ying PCPDTBT and ICBA solubility are selected as the second 
solvent: one in which ICBA is selectively soluble, 2-chloro-
phenol (CP); the other in which PCPDTBT is selectively soluble, 
bromobenzene (BB). The evolution of the in-plane and vertical 
morphology of the bulk heterojunction is examined by small 
angle neutron scattering and neutron refl ectometry, respec-
tively. Neutron scattering is a powerful technique to monitor 
the detailed morphology of polymer:fullerene systems, as it pro-
vides suffi cient contrast between polymer and fullerene. [ 20–22 ]  
The effect of the second solvent on the polymer ordering is 
examined by UV–Vis. The results provide the intricate relation-
ship between solvent quality, morphology, and performance for 
LBP:bis-fullerene mixtures with the addition of a second sol-
vent in the solution prior to deposition. This work shows that 
the performance of the device can improve signifi cantly with 
the addition of the second solvent, and correlates this perfor-
mance improvement to distinct morphological changes. These 
changes include increased phase separation of the fullerene 
with no alteration to the polymer ordering. These results, there-
fore, unequivocally demonstrate that the phase separation of the 
fullerene is crucial to device optimization. This novel method is 
also broadly applicable to other LBP:bis-fullerene OPV devices, 
and provides a facile approach to improve the performance of 
LBP:bis-fullerene based OPV devices.  

  2.     Results 

 The orientational order of the polymer in bulk heterojunc-
tions is one of the key factors that impacts device perfor-
mance. [ 14,23–25 ]  Thus, UV–Vis spectroscopy was used to monitor 
how the solvent quality of the co-solvent alters the local order 
of the PCPDTBT in these samples. A red shift in the UV–Vis 

absorption peak is associated with either an interchain-delocal-
ization or a planarization of the polymer backbone, resulting 
in an increased π–π conjugation length and a higher degree of 
ordering, which facilitates hole transport. [ 14,23–25 ]  The UV–Vis 
spectra of all the samples are shown in  Figure    1  , where the 
abbreviations and descriptions of samples that were studied 
are shown in  Table    1  . As can be seen in this fi gure, all sam-
ples show the same absorption spectra, indicating that there is 
no change of polymer ordering in the deposited fi lms with the 
variation of the solvent quality during deposition.  

 The vertical morphology is another key factor that impacts 
the device performance. An acceptor rich layer located at the air 
surface (near the cathode) and a donor rich layer located at the 
substrate (near the anode) is often presented as a morphology 
that will improve charge collection for a regular device. [ 26,27 ]  
To determine the change in depth profi le with solvent quality, 
neutron refl ectometry was employed to probe the vertical mor-
phology of all samples.  Figure    2   shows the experimentally 
determined specular neutron refl ectivity, as well as that of the 
fi tted model for all the samples. The high quality of the model 
fi ts can be seen more clearly in the refl ectometry curves plotted 
as Rq 4  as a function of q. The refl ectometry curves are found to 
slightly change with the addition with a second solvent, which 
indicates a modifi cation of the depth profi les of the compo-
nents with addition of the second solvent. The thickness of the 
sample cast from a solution with 4% CP and the sample cast 
from solution with 4% BB are slightly thinner than the sample 
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 Figure 1.    UV–Vis spectra for all the samples.

  Table 1.    Abbreviation and description of samples.  

Abbreviation Description

AC Sample from 100% ODCB

4%BB Sample from ODCB with 4% 

bromobenzene

2%CP Sample from ODCB with 2% 

2-chlorophenol

4%CP Sample from ODCB with 4% 

2-chlorophenol

6%CP Sample from ODCB with 6% 

2-chlorophenol
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that is cast from 100% ODCB (AC), so the resultant depth pro-
fi les are normalized to its thickness and are shown in  Figure    3  . 
The thicknesses of the samples are 400 Å, 390 Å, and 380 Å for 
the AC, 4% BB, and 4% CP samples, respectively. In this fi gure, 
 z  = 0 corresponds to the air-fi lm interface while  z  = 1 corre-
sponds to the fi lm-silicon interface. Inspection of this depth 
profi le shows that a plateau region with constant ICBA concen-
tration exists at  z  ≈ 0.4-0.7 in the sample that is cast from 100% 
ODCB (AC). This portion of the fi lm is not impacted by the 
air interface or silicon surface. Selective segregation of ICBA to 
the silicon surfaces is observed in this AC thin fi lm. Enhanced 
segregation of ICBA to the silicon surface and a depletion of 
ICBA at the air surface are observed when 4% BB, in which 
PCPDTBT is selective soluble, is added to ODCB. An oppo-
site modifi cation is observed when 4% CP, in which ICBA is 
selective soluble, is added to ODCB. In this sample (4% CP), a 
depletion of ICBA at the silicon surface and enhanced segrega-
tion of ICBA to the air surface are observed.   

 Refl ectometry, however, only provides information on the 
vertical morphology of these samples, but does not provide 
information on the in-plane morphology that is formed when 
a second solvent is added to the depositing solution. Thus, 

small angle neutron scattering (SANS) was employed to pro-
vide information on the alteration of the in-plane morphologies 
of the samples with the addition of the second solvent to the 
depositing solution. The SANS curves of all of the samples are 
presented in  Figure    4  . The scattering intensity in these curves 
is proportional to the square of the difference of the scattering 
length density of the scattering object and its surroundings. 
Thus, the scattering is very weak if there is no or very little 
phase separation. The scattering of the sample that is cast from 
100% ODCB (AC) sample is very weak, which is consistent 
with previous reports that the as-cast PCPDTBT/PCBM fi lms 
from 100% ODCB consist of a fairly homogeneous distribution 
of the fullerene and polymer in this fi lm. [ 14 ]  An even weaker 
scattering is observed when the solvent contains 4% BB, which 
indicates a better dispersion of the ICBA and PCPDTBT in this 
sample (4% BB), where almost all the ICBA appears to be fairly 
homogeneously dispersed in PCPDTBT. A signifi cant change 
of scattering intensity is observed when the depositing solution 
contains CP, which is selectively soluble to ICBA, as the scat-
tering intensity increases with an increase of CP concentration. 
This increase in scattering intensity qualitatively indicates that 
one component is phase separating during deposition, where 
the Supporting Information describes the analysis which veri-
fi es that the phase separated domains are ICBA.  

 To more quantitatively analyze the scattering patterns to 
obtain structural information from the SANS curves, a detailed 
analysis of SANS curves is needed. In neutron scatting, the 
scatting intensity is proportional to ( b  1  –  b  2 ) 2  and the form 
factor ( P ( Q )) of the scattering object,  I ( Q ) ∼ ( b  1  –  b  2 ) 2   P ( Q ).  P ( Q ) 
defi nes the shape of the scattering curve and is associated with 
the shape and size of domains. The scattering curves of the 
samples in which CP is used were fi t with the assumption that 
the form factor is modeled by the Schulz sphere model, shown 
in  Figure    5  , which describes a two-phase system that consists of 
spherical domains with a Schulz size distribution dispersed in a 
surrounding matrix. [ 28 ]  The Schulz sphere model has been suc-
cessfully used to describe the dispersion of PCBM aggregates 
in the P3HT rich phase of P3HT/PCBM samples and also in 
the PCPDTBT rich phase of PCPDTBT/PCBM samples. [ 22,29,34 ]   

 Using a similar analysis to that of our previous work, [ 34 ]  
the detailed structure of the samples is obtained. This detailed 
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 Figure 2.    Refl ectivity curves of the samples that are cast from 100% 
ODCB, 4%BB or 4% CP. The lines are fi ts to model scattering density 
profi les.

 Figure 3.    ICBA depth profi le of AC, 4% CP and 4% BB samples as deter-
mined from the refl ectivity curves shown in Figure  2  and then normalized 
with the actual thickness of each sample.

 Figure 4.    The absolute small angle neutron scattering intensity of all the 
samples.
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analysis is described in the Supporting Information, and pro-
vides the volume fraction of ICBA aggregates, average diameter 
of the ICBA aggregates, and the size distribution and polydis-
persity of the ICBA aggregates. The results are shown in  Table    2  , 
while the size distribution of the ICBA aggregates is shown in 
 Figure    6  . The active layer consists of a fi lm that contains 7.7 
volume percent ICBA aggregates that are 64 Å in diameter with 
a polydispersity of 0.74 when 2% CP is added as a co-solvent. 
The volume fraction and diameter of the ICBA aggregates 
increases, while the polydispersity decreases, with an increase 
in the amount of CP co-solvent added. For instance, the active 
layer consists of 15.9 volume percent ICBA aggregates that are 
253 Å in diameter with a polydispersity of 0.27 when 6% CP 
is added as co-solvent. Moreover, from these structural charac-
teristics, the specifi c interfacial area (S/V) between the ICBA 
aggregates and its surrounding matrix can be calculated by 
Equation S4 (Supporting Information), where these values are 
shown in Table  2 . These results clearly show that this parameter 
fi rst increases and then decreases with an increase of CP con-
centration. The maximum specifi c interfacial area is attained 
when 4% CP is added as a co-solvent.    

 Hence, the results reported above clearly document that 
the morphology of as-cast PCPDTBT:ICBA fi lms is strongly 
impacted by the presence of a co-solvent in the depositing 
solution and the solubility of the fullerene and polymer in that 
co-solvent. The ICBA and PCPDTBT are dispersed more effec-
tively in a fi lm that is cast from a solution that contains 4% BB, 

which is accompanied by a depletion of ICBA at the air surface 
and a segregation of ICBA to the silicon surface. BB is selec-
tively soluble to the polymer. On the contrary, ICBA aggregates 
are formed, ICBA segregates to the air surface and is depleted 
at the silicon surface when CP, a preferred solvent for the 
ICBA, is added as a co-solvent. Moreover, the volume fraction 
and size of the ICBA aggregates increases and the polydisper-
sity of the ICBA aggregates decreases with an increase of CP in 
the depositing solution. 

 In order for this information to be most useful, these struc-
tural changes must be correlated to OPV performance. With 
this in mind, the photovoltaic properties of all the samples 
were determined, as shown in  Table    3  . The power conversion 
effi ciency (PCE) of the sample that is cast from 100% ODCB 
is only 1.21% and a signifi cant decrease of PCE is found when 
bromobenzene is added as a co-solvent to the solution before 
deposition. However, the addition of CP as a co-solvent to the 
solution before deposition increases the short-circuit current 
( J  sc ). The best device found in these studies is formed when 
the active layer is deposited from a solution that contains 4% 
CP, where the PCE increases to 4.23%, which is comparable 
to the best PCE of a PCPDTBT:PCBM device. [ 14 ]  The electron 
mobility from space charge limited current (SCLC) measure-
ments is presented in the supplemental information, shown in 
Table S3 (Supporting Information). These results demonstrate 
that the electron mobility exhibits consistent trends with  J  sc  
and PCE, where the 4% CP sample has the highest electron 
mobility.   

  Table 3.    Device performance at standard AM-1.5 illumination.  

 V  oc  
[V]

 J  sc  
[mA/cm]

FF 
[%]

PCE 
[%]

AC 0.84 2.52 60 1.21

4% BB 0.84 2.26 36 0.69

2% CP 0.84 6.55 60 3.29

4% CP 0.84 7.55 65 4.23

6% CP 0.84 5.75 59 2.89

  Table 2.    Structure parameters obtained from Schulz sphere model: 
volume fraction of ICBA aggregates (ϕ); Mean diameters of ICBA aggre-
gates; Polydispersity of the size of ICBA aggregates; Specifi c interfacial 
area between ICBA aggregates and its surrounding maxtrix ( S / V ).  

Sample  Φ  
[%]

mean diameter 
[Å]

polydispersity 
(sig/avg)

 S / V  
[cm −1 ]

2%CP 7.7 64 0.74 344 627

4%CP 15.6 146 0.55 398 608

6%CP 15.9 253 0.27 331 130

   Figure 6.    Size distribution of ICBA aggregates in the samples when CP is 
used as a second solvent. 
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 Figure 5.    Fit of the structure factor of the samples in which CP is used 
as a second solvent to the scattering of a Schulz sphere. Parameters 
extracted from these fi ts are given in Table  2  and Table S2 (Supporting 
Information).
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  3.     Discussion 

 Low band gap polymer (LBP):fullerene mixtures are some 
of the most promising organic photovoltaic active layers, yet 
further improvement in device performance of these mate-
rials is diffi cult because there is little systematic control of 
its morphology. For instance, replacing PCBM with ICBA in 
LBP systems increases the  V  oc , which if all else were equal, 
should improve device performance. Unfortunately, most 
LBP:bis-fullerene active layers exhibit inferior performance to 
LBP:PCBM active layers. As the morphology of the active layer 
in an OPV device dramatically impacts its photovoltaic perfor-
mance, a careful modifi cation of morphology may provide the 
key to translating the high  V  oc  of the bis-fullerene to improved 
power conversion effi ciency. The results presented here clearly 
demonstrate that inclusion of a co-solvent prior to fi lm depo-
sition alters the morphology of the resultant LBP:ICBA fi lm, 
which in turn improves the power conversion effi ciency of this 
LBP:ICBA bulk heterojunction. 

 Moreover, the results show that a judicious choice of solvent 
quality of the co-solvent can also dramatically alter the mor-
phology of the active layer. A more homogeneous dispersion 
of PCPDTBT and ICBA in the fi lm can be achieved when bro-
mobenzene, which is selective to the polymer, is added as a co-
solvent. The addition of 2-chlorophenol as a co-solvent, which 
is selective to ICBA, forms a fi lm with ICBA phase separation. 
The volume fraction and size of the ICBA aggregates increases, 
while the size polydispersity of the ICBA aggregates decreases, 
with an increase in the amount of CP as the co-solvent in the 
solution prior to deposition. Surprisingly, adding a second sol-
vent in which ICBA is selective soluble causes ICBA aggre-
gates, which indicates that the interactions between PCPDTBT 
and ICBA dominate the deposition processing. This result is 
consistent with previous PCPDTBT:PCBM work, where PCBM 
aggregates are found when the PCPDTBT:PCBM active layer 
is annealed in a solvent vapor in which PCBM is selectively 
soluble. [ 34 ]  

 These morphology changes, in turn, impact its ability to 
act as an active layer in an organic photovoltaic device. The 
sample in which 4% BB is added as a co-solvent signifi cantly 
decreases the PCE of the resultant active layer, which is cer-
tainly associated with the better dispersion of ICBA in PCP-
DTBT and the change of its depth profi le. A bis-fullerene 
acceptor rich layer located at the air surface (near the cathode) 
and a polymer donor rich layer located at the substrate (near 
the anode) is often suggested to improve charge collection for 
a regular device. However, adding 4% BB creates a depletion 
of bis-fullerene near the air surface and enhanced segregation 
of ICBA near silicon surface, which inhibits electron extrac-
tion, resulting in a decrease of PCE. The morphologies that are 
formed when CP is used, however, do improve device perfor-
mance. A morphology with a large amount of ICBA aggregates 
is formed when CP is used as the co-solvent. Clearly, the phase 
separation of ICBA facilitates electron transport, resulting in 
an increase of PCE. 

 More importantly, this work is a unique example in which 
fullerene aggregates form without a change in the polymer 
ordering. Previous reports show that an ‘improved morphology’ 
is always accompanied with an improvement of polymer 

ordering, making it diffi cult to determine the relative impor-
tance of fullerene phase separation and polymer ordering in 
the device performance. [ 14,23,30–33 ]  The fullerene phase separa-
tion may be present or absent in these ‘improved morpholo-
gies’. [ 14,30–33 ]  Although some papers predict that fullerene phase 
separation will facilitate charge transport, the importance of 
fullerene phase separation in optimizing the performance 
of LBP:fullerene bulk heterojunctions is still not clear. This 
work however is a unique example that clearly documents the 
importance of fullerene phase separation in charge transport 
and device performance. This is because in these systems, the 
fullerene phase separation occurs in the absence of a change in 
polymer ordering, providing the morphological control required 
to separate these two morphological features in charge trans-
port. Moreover, the results also show that the specifi c interfacial 
area between fullerene aggregates and its surrounding matrix 
is a vital parameter in optimizing PCE, where the S/V corre-
lates very well to the observed device PCE. 

 One benefi t of the presence of the mixed phase is that it pro-
vides abundant donor/acceptor interfacial area, which readily 
allows the dissociation of excitons to individual electrons and 
holes. However, this mixed phase also means that the transport 
of these charge carriers to the electrodes is not as effi cient as 
in pure phases. This is because the electrons and holes co-exist 
in the mixed phase, increasing the possibility of bimolecular 
recombination. The presence of fullerene aggregates there-
fore appears to facilitate electron transport, thereby reducing 
bimolecular recombination. Moreover, the increase of specifi c 
interfacial area between the fullerene aggregates and its sur-
rounding matrix provides more pathways connecting the mixed 
phase and ICBA aggregates, enabling the escape of electrons 
from the “slow” and “dangerous” mixed phase to the “fast” and 
“safe” ICBA pure phase, resulting in an increase of short-cir-
cuit current and PCE. Furthermore, the results above show a 
signifi cant increase of  J  sc  and PCE that correlates to a modest 
increase of electron mobility, which indicates that the mor-
phology change in the 4%CP sample results in a signifi cant 
enhancement of the yield for long-lived free carrier generation 
and a decrease of bimolecular recombination.  

  4.     Conclusion 

 The results presented in this manuscript demonstrate that the 
morphology of LBP:ICBA mixtures can be effi ciently controlled 
during fi lm deposition by the judicious addition of a co-sol-
vent. SANS experiments demonstrate that a better dispersion 
of ICBA in the LBP is found in the sample when a co-solvent 
in which the polymer is selectively soluble (BB) is used; while 
a morphology with ICBA phase separation is formed when a 
co-solvent in which ICBA is selectively soluble (CP) is used. 
The volume fraction and mean size of the ICBA aggregates 
increases, while the size polydispersity of the ICBA aggregates 
decreases, with an increase in the amount of 2-chlorophenol as 
a co-solvent in the solution prior to fi lm deposition. Moreover, 
these results therefore require that the interactions between 
PCPDTBT and ICBA, rather than the interactions between 
either of these components and the solvent, dominate the mor-
phology development during deposition. 
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 Furthermore, this work shows a signifi cant improvement of 
LBP:fullerene device performance without a change in polymer 
ordering, which presents a unique system that indicates the cru-
cial role of the presence of fullerene aggregates on device per-
formance, even in the absence of increased polymer ordering. 
Further quantitative analysis also shows that the interfacial area 
between ICBA aggregates and its surrounding matrix correlates 
directly to the improvement of device performance. 

 More importantly, the judicious choice of solvent provides a 
level of morphological control in LBP:ICBA mixtures that has 
not been previously available. This novel process, therefore, 
precisely guides the morphology development in LBP:ICBA 
active layers and offers a promising process to increase power 
conversion effi ciency.  

  5.     Experimental Section 
 ICBA was purchased from Sigma Aldrich, and PCPDTBT 
( M  W  = 34 K, PDI = 2.2) was purchased from 1-Materials. To fabricate the 
PCPDTBT/ICBA fi lms, PCPDTBT (7 mg/ml) and ICBA (14 mg/ml) were 
dissolved in either  o -dichlorobenzene (ODCB) or ODCB with varying 
amounts of a second solvent. Two co-solvents, bromobenzene (BB) and 
2-chlorophenol (CP), were used in this work. PCPDTBT is selectively 
soluble in bromobenzene, while ICBA is selectively soluble in CP. The 
solubility of ICBA and PCPDTBT in ODCB are similar. The solubility 
of PCPDTBT in BB, ODCB, and CP was determined in our previous 
work [ 34 ]  while the solubility of ICBA in BB, ODCB and CP is measured 
by the same UV–Vis procedure as previously described, with the results 
presented in the Supporting Information. The active layer was fabricated 
by spin casting a thin fi lm from the PCPDTBT/ICBA solution at 
1000 rpm for 60 s. Prior to spin-coating, the silicon wafers are cleaned 
by immersion in a 3:1 (v/v) mixture of concentrated sulfuric acid and 
hydrogen peroxide, heated to ≈70 °C for 15 min, and rinsed with copious 
amounts of high purity water and dried under a stream of nitrogen. 

  Small Angle Neutron Scattering : The small angle neutron scattering 
experiments (SANS) were completed on the General Purpose SANS 
instrument at the High Flux Isotope Reactor at Oak Ridge National 
Laboratory. The raw data were corrected for scattering from the empty 
cell, detector dark current, and detector sensitivity. The corrected 
data were then normalized to an absolute scale using a Porasil-A 
standard. A stack of 12 or more spin-coated layers was used for each 
SANS experiment. The scattering length density (SLD) of PCPDTBT is 
1.1 × 10 −6  Å −2 , [ 35 ]  while the SLD of ICBA is 4.17 × 10 −6  Å −2 , which was 
determined by the measurement of the neutron refl ectivity of an ICBA 
thin fi lm and verifi ed by calculating the SLD based on the mass density 
of ICBA and its atomic composition. The density of PCPDTBT and ICBA 
are 1.10 g/cm 3  and 1.44 g/cm 3 , respectively. [ 35,36 ]  

  Neutron Refl ectometry : All refl ectivity measurements on the thin fi lms 
were completed on the Liquids Refl ectometer at the Spallation Neutron 
Source at Oak Ridge National Laboratory. The measured refl ectivity 
curves of the samples are fi tted with the calculated refl ectivity of the 
model scattering length density profi les using Layers [ 37 ]  and Motofi t 
Software [ 38 ]  to determine the structure of the thin fi lms. In the fi tting 
procedure, the scattering length density, thickness, and roughness of 
each layer are freely varied. A model is assumed to accurately refl ect the 
structure of the sample when the model refl ectivity profi le converges 
with the experimental profi le, where the quality of fi t is gauged using  χ  2  
statistics, and the mass balance of the model system is within 5% of the 
mass balance of the sample. The SLD profi le is then analyzed to obtain 
the concentration depth profi le of each component in the system. For 
instance, the ICBA concentration depth profi le is determined using

    
φ

ρ ρ
ρ ρ( ) ( )=

−
−z

z
ICBA

PCPDTBT

ICBA PCPDTBT   
(1)

 

 where  Φ ( z ) ICBA  is the volume fraction of ICBA at depth  z ,  ρ ( z ) is 
the experimental scattering length density at depth  z , and  ρ  PCPDTBT  
and  ρ  ICBA  are the SLD of PCPDTBT and ICBA, respectively. UV–Vis 
spectra were recorded with a Thermo Scientifi c Evolution 600 UV–Vis 
spectrophotometer with wavelength from 500 nm to 900 nm. The 
sample consists of a thin fi lm of a PCPDTBT:ICBA blend that was 
spun-cast onto a glass substrate, where the reported spectrum of all 
the samples were obtained after subtracting the spectrum of the glass 
substrate. The same UV–Vis procedure as previously described is used 
to determine the solubility of the fullerene in the different solvents. [ 34 ]  

  Photovoltaic Device Fabrication and Characterization : Indium tin oxide 
(ITO) glass substrates were fi rst washed with detergent and then cleaned 
in an ultrasonic bath using DI water, acetone and isopropyl alcohol 
(IPA), which was followed by the UV Ozone treatment for 20 min. Device 
was fabricated with a standard architecture ITO/PEDOT:PSS/BHJ/Ca/Al. 
The PEDOT:PSS fi lm was then fabricated by spin coating PEDOT:PSS 
(Baytron P 4083) on the UV-treated ITO glass at 4000 rpm for 40 s 
and subsequently annealed in air at 140 °C for 20 min. The active layer 
was spin cast at the same condition as above. Finally, to create the 
OPV device, 40 nm of Ca and 60 nm of Al were thermally deposited on 
the fi lm through a shadow mask. The current–voltage ( I – V ) 
measurements of the polymer photovoltaic cells were conducted using 
a Thermal Oriel 96000 300-W solar simulator under the lumination of 
AM1.5G, 100 mW/cm 2 .  
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