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 This manuscript reports the mixing behavior, interdiffusion, and depth profi le 
of 1-[3-(methoxycarbonyl)propyl]-1-phenyl-[6,6]C 61  (PCBM):low-bandgap 
(LBG) polymer thin fi lms that are formed by thermally annealing initial 
bilayers. The extent of mixing of PCBM is higher in polymers that include 
the 2,1,3-benzothiadiazole (BT) unit than in polymers that incorporate the 
2,1,3-benzooxadiazole (BO) unit. This difference is ascribed to the enhanced 
mixing behavior of PCBM with the benzothiadiazole functionality than with 
benzooxadiazole functionality, which is attributed to preferred intermolecular 
interactions. The increased polymer/fullerene mixing is found to be crucial 
for optimal device performance. A decrease of polymer/fullerene mixing 
reduces the donor/acceptor interface, which lowers the probability of exciton 
dissociation and charge generation. Moreover, low PCBM mixing provides 
limited pathways for electron transport out of a miscible region, due to long 
distances between adjacent PCBM in such a miscible phase. This inhibits 
electron transport and increases the recombination of free charge carriers, 
resulting in a decrease in short circuit current and device performance. 
These results further exemplify the importance of the thermodynamic mixing 
behavior of the polymer:fullerene pair in designing next-generation conju-
gated polymers for organic photovoltaic (OPV) applications, as this controls 
the fi nal morphology of the OPV active layer. 
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  1.     Introduction 

 One of the most important challenges 
facing our society is the development of 
renewable and environmentally clean 
energy which could supplant our reliance 
on fossil fuels. Polymer based bulk-heter-
ojunction (BHJ) photovoltaic cells, based 
on blends of conjugated polymers (CP) 
and fullerenes, are one potential economi-
cally viable option for low cost renewable 
power generation. It is believed that com-
mercializing organic solar cells requires 
power conversion effi ciencies above 10% 
and long lifetimes while present power 
conversion effi ciencies approach this 
value in a laboratory setting. [ 1 ]  Effi cien-
cies greater than 10% are expected when 
the losses associated with exciton disso-
ciation and collection are minimized, [ 2 ]  
which is strongly associated with improve-
ments in the morphological character-
istics of polymer:fullerene BHJs. While 
there is a tremendous body of literature 
on the development of new low-bandgap 
(LBG) semiconducting polymers that have 
higher potential effi ciency, there is rela-
tively little that has been done to probe the fundamental nature 
of the polymer/fullerene mixture or how the structure of the 
polymer might affect this. [ 3 ]  

 Neutron scattering has been instrumental in developing a 
recent paradigm shift in the understanding of the structure of 
conjugated polymer/fullerene mixtures, as the neutron scat-
tering length density (SLD) of a protonated matrix differs sig-
nifi cantly from that of the fullerene. The SLD of the fullerene 
is similar to that of deuterated organic compounds. Recent 
work by our group [ 4,5 ]  and others [ 6–9 ]  has shown that these 
mixtures are much more miscible than originally thought. 
For instance, our neutron refl ectivity and small angle neutron 
scattering studies of the model OPV system poly(3-hexylthio-
phene) (P3HT) mixed with the surface-functionalized fullerene 
1-(3-methyloxycarbonyl)propy(1-phenyl [6,6] C61 (PCBM) dem-
onstrate miscibility up to 22% PCBM. [ 5 ]  Moreover, this level of 
miscibility requires a new model of the molecular level organi-
zation of the fullerene and conjugated polymer and a method to 
correlate this model to charge transport in OPV active layers. [ 4 ]  
The ideal morphology for an OPV active layer is often described 
as a bicontinuous, interpenetrating network that consists of 
eim Adv. Funct. Mater. 2014, 24, 140–150
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  Table 1.    Experimental scattering length density (SLD e ), calculated 
scattering length density (SLD c ) and density of the conjugated polymers. 

 PSBTBT 
(BT)

SOEH 
(BO)

PCPDTBT 
(BT)

COEH 
(BO)

PCDTBT 
(BT)

PCDTBX 
(BO)

SLD e  [×10 6  A −2 ] 1.12 1.21 1.12 1.15 1.51 1.62

SLD c  [×10 6  A −2 ] 1.13 1.20 1.13 1.17 1.53 1.60

Density [g/cm 3 ] 1.17 1.16 1.10 1.07 1.22 1.22
pure donor and acceptor phases. In this picture, excitons dis-
sociate at the donor/acceptor interfaces to generate free charge 
carriers that fl ow into the pure donor or acceptor phase and 
then to the electrodes. However, this miscibility means that 
these two pure phases cannot co-exist and the role of this mis-
cible phase in the operation of the active layer is not clear. For 
instance, signifi cant free charge carriers will be generated in the 
miscible region due to the abundant donor/acceptor interfacial 
area in this miscible phase, but transport of these free charges 
to the electrodes is not as effi cient as in the pure phases. Thus, 
if there is suffi cient acceptor loading in the miscible phase, the 
proposed model envisions these free charge carriers can fl ow 
as ‘streams’ into pure donor or acceptor phases where they effi -
ciently transport to the electrodes. Therefore, the benefi t of the 
miscible phase is that it provides a plethora of donor-acceptor 
interface for effi cient exciton dissociation, but also requires 
suffi cient mixing to allow charge transport. This model is 
derived based on the behavior of the archetypal P3HT:PCBM 
bulk heterojunction. However, the most promising new conju-
gated polymer:fullerene active layers in organic photovoltaics 
utilize low band-gap donor-acceptor copolymers, such as the 
heavily studied poly(4,4-dioctyldithieno(3,2-b:2′,3′-d)silole)-2,6-
diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl) (PSBTBT) and poly[ N -
9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PCDTBT) polymers. [ 10–15 ]  Unfortunately, 
there has been very little correlation of photovoltaic activity 
to the morphology, structure, and especially miscibility of 
these promising bulk heterojunctions and structurally similar 
materials. [ 13,14,16 ]  

 Therefore, there is a clear need to understand the relation-
ship between chemical structure of conjugated polymer and 
its mixing behavior with fullerenes to rationally optimize the 
design of conjugated polymers for use in organic photovol-
taics. For instance, many of the newer low bandgap conjugated 
polymers are “donor-acceptor” copolymers that incorporate a 
benzothiadiazole (BT) acceptor unit or the similar benzooxadia-
zole (BO) unit. The BO unit is utilized as its presence increases 
the open-circuit voltage (V oc ) without signifi cantly altering the 
absorption onset, which, if all other characteristics are equiva-
lent, should result in increased solar cell performance. How-
ever, the performance of these materials is no better and often 
worse than the corresponding polymers with the BT unit, 
which is usually ascribed to “poor morphology”. [ 17–19 ]  Unfor-
tunately, the defi nition of ‘poor morphology’, what causes this 
poor morphology, and the correlation of this poor morphology 
to charge transport and OPV performance are lacking. There-
fore, a more complete and accurate measurement of the mixing 
behavior and interfacial structure of a set of polymer:fullerene 
blends to elucidate the role of the presence of the BO and BT 
units on the mixing behavior of these blends will provide cru-
cial fundamental information that can be used to guide future 
conjugated polymer design for OPV active layers. 

 In the present work, we report an investigation of the extent 
of mixing of PCBM in a series of donor–acceptor copolymers 
that incorporate benzothiadiazole (BT) or benzooxadiazole 
(BO) units. The conjugated polymer pairs are chosen so that 
two poly mers are identical except for the substitution of the 
BO unit for the BT unit in the polymer backbone. The mixing 
behavior is determined by the change in the depth profi le of 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2014, 24, 140–150
PCBM in CP:PCBM bilayers with thermal annealing, which 
are monitored by neutron refl ectivity. As shown in our previous 
work, this protocol quantifi es the ability of the PCBM to mix 
into the conjugated polymer layer, where the amount of PCBM 
in the conjugated polymer layer after heating is interpreted as 
the extent of the fullerene mixing in the conjugated polymer. [ 5 ]  
This is because only the PCBM that is thermodynamically 
driven to mix into the CP layer will diffuse into the polymer 
when thermally annealed. 

 Therefore, in the present work, we report the results of 
experiments that determine the mixing behavior of PCBM 
with low bandgap polymers to provide previously unavailable 
information correlating the extent of mixing of these two com-
ponents to charge transport and OPV performance as well as 
delivering fundamental insight into the role of CP structure on 
its mixing behavior with fullerenes.   

 2.     Results and Discussion  

 2.1.     Mass Density and Scattering Length Density of Conjugated 
Polymers 

  Table    1  lists the mass density of all the LBG polymers 
obtained from pycnometry, which indicates that replacing the 
BT unit of the copolymer with the BO unit does not signifi -
cantly alter the density of the materials. The experimentally 
determined SLD of the LBG polymers as determined from 
neutron refl ectivity and the calculated SLD based on the 
density and atomic composition of LBG polymers are listed 
in Table   1  as well, which are in agreement with each other. 
The SLD of the polymers containing the BO unit are slightly 
higher than the corresponding polymer that contains the BT 
unit, which is because of the higher SLD of oxygen than that 
of sulfur.    

 2.2.     Mixing Behavior of PCBM in PSBTBT and SOEH 

 PSBTBT and SOEH are LBG polymers that have the exact 
same chemical structure except that the BT unit in PSBTBT 
is replaced with a BO unit in SOEH. ( Table    2 ) The experi-
mentally determined specular neutron refl ectivity of the as-
cast and thermally annealed samples along with that of the 
fi tted model of the PSBTBT:PCBM bilayer are presented in 
 Figure    1 . As shown in Figure   1 , the refl ectivity of the as-cast 
PSBTBT:PCBM bilayer exhibits the Kiessig fringes that indi-
cate the bilayer structure of this fi lm. The damping of these 
Kiessig fringes are observed after the sample is annealed 
141wileyonlinelibrary.combH & Co. KGaA, Weinheim
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  Table 2.    Chemical structure, name, and abbreviation of the LBG polymers, 2,1,3-Benzothiadiazole (BT m ), and 2,1,3-Benzooxadiazole (BO m ). 

Chemcial structure Name Abbreviation M n  (kDa); PDI

Poly(4,4-dioctyldithieno(3,2-b:2′,3′-d) 

silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-

4,7-diyl)

PSBTBT 27; 2,4

Poly(4,4-dioctyldithieno(3,2-

b:2′,3′-d) silole)-2,6-diyl-alt-(2,1,3- 

benzooxadiazole)-4,7-diyl)

SOEH 25; 2.7

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-

4,7(2,1,3-benzothiadiazole)]

PCPDTBT 70; 2.5

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta [2,1-b;3,4-b′]dithiophene)-

alt-4,7(2,1,3- benzooxadiazole)]

COEH 30; 2.0

Poly[ N -9″-hepta-decanyl-2,7-carbazole-

alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)]

PCDTBT 39; 2.7

Poly[ N -9″-hepta-decanyl-2,7-carbazole-

alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzooxadiazole)]

PCDTBX 34; 2.1

2,1,3-Benzothiadiazole BT m 

2,1,3-Benzooxiadiazole BO m 

   Figure 1.    Refl ectivity curves of the PSBTBT:PCBM bilayer as cast and 
thermally annealed. The lines are fi ts to model scattering length density 
profi les. 
at 140 °C for 30 min, which indicates the roughening of the 
PSBTBT-PCBM interface and interdiffusion of PCBM into 
PSBTBT. The resultant PCBM depth profi les for the as-cast 
and thermally annealed samples are shown in  Figure    2 , which 
further verifi es this interpretation and shows how the depth 
profi les change from the initially well-separated PSBTBT and 
PCBM individual layers to mixed layers as the PCBM infuses 
into the PSBTBT layer with thermal annealing. With thermal 
annealing, PCBM readily diffuses into the PSBTBT, forming 
a plateau region at  z  ≈ 220–360 Å which consists of 23 vol% 
PCBM, which indicates the presence of a homogeneous mix-
ture of PSBTBT and PCBM.    

 Moreover, this portion of the thin fi lm is not impacted by 
the air or silicon surface, and therefore describes the extent of 
PCBM mixing in PSBTBT. Thermal annealing allows the ini-
tially fully separated PCBM and PSBTBT to interdiffuse  only  if 
there exists a thermodynamic driving force for the two compo-
nents to do so. Furthermore, this extent of mixing is similar to 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 140–150
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   Figure 4.    PCBM volume fraction profi le of the SOEH:PCBM bilayer as 
cast and thermally annealed as determined from the refl ectivity curves 
shown in Figure   3 . 

   Figure 2.    PCBM depth profi le of the PSBTBT:PCBM bilayer as-cast and 
thermally annealed as determined from the refl ectivity curves shown in 
Figure   1 . 
previously reported values. [ 13,16 ]  Russell and coauthors reported 
a extent of mixing of 19 vol% and Ade and coauthors reported 
a value of 26(±2) vol%. [ 13,16 ]  Inspection of this depth profi le also 
shows that the PCBM selectively segregates to just below the air 
surfaces in this thin fi lm, which is consistent with previously 
reported results in P3HT:PCBM mixtures from our group [ 5 ]  and 
others. [ 20–22 ]  

 The refl ectivity of the SOEH:PCBM bilayer is presented 
in  Figure    3 , also exhibiting the Kiessig fringes that indicate 
the bilayer nature of the structure before annealing. The 
damping of the oscillations is also observed for SOEH:PCBM 
bilayers with thermal annealing at 140 °C for 30 min, but the 
damping is much weaker than that of the thermally annealed 
PSBTBT:PCBM bilayers, which may indicate less interdif-
fusion of PCBM into SOEH. The PCBM depth profi les of 
SOEH:PCBM bilayer are presented in  Figure    4 . These results 
show that with thermal annealing, PCBM readily diffuses into 
© 2013 WILEY-VCH Verlag Gm

   Figure 3.    Refl ectivity curves SOEH:PCBM bilayer of as cast and thermally 
annealed samples. The lines are fi ts to model scattering length density 
profi les. 

Adv. Funct. Mater. 2014, 24, 140–150
SOEH, forming a plateau region at  z  ≈ 130–480 Å consisting 
of 6 vol% PCBM. This represents the extent of PCBM mixing 
with SOEH and is much less than the extent of PCBM mixing 
with PSBTBT, our fi rst indication that the inclusion of the 
BO unit inhibits the mixing of PCBM with the conjugated 
polymer.     

 2.3.     Mixing Behavior of PCBM in PCPDTBT and COEH 

 To further investigate the role of the chemical structure of 
the conjugated polymer on its mixing behavior with PCBM, 
the evolution of the depth profi les of PCPDTBT:PCBM and 
COEH:PCBM bilayers with thermal annealing are monitored. 
In this pair, the Si bridging atom of PSBTBT and SOEH are 
replaced with a carbon atom. Also, similar to the PSBTBT and 
SOEH pair, the structures of PCPDTBT and COEH are iden-
tical except that PCPDTBT contains a benzothiadiazole unit 
where COEH contains benzooxadiazole. 

 The refl ectivity of the PCPDTBT:PCBM bilayer is pre-
sented in  Figure    5 , exhibiting the Kiessig fringes that indicate 
the bilayer nature of the structure before annealing. Similar 
to the PSBTBT bilayer, the damping of Kiessing fringes is 
also observed for the PCPDTBT:PCBM bilayer with thermal 
annealing at 140 °C for 30 min, which indicates the interdif-
fusion of PCPDTBT and PCBM. The PCBM depth profi les of 
PCPDTBT:PCBM bilayer before and after thermal annealing 
are presented in  Figure    6 . With thermal annealing, PCBM dif-
fuses into PCPDTBT, forming a plateau region at  z  ≈ 180–400 Å 
that consists of 9 vol% PCBM, which is the extent of PCBM 
mixing with PCPDTBT at 140 °C.   

 The refl ectivity of the COEH:PCBM bilayer is presented 
in  Figure    7 , showing similar behavior as the previously pre-
sented samples, modest damping of initial Kiessing fringes 
with thermal annealing indicating the interdiffusion of PCBM 
and PCPDTBT. The PCBM depth profi les of the COEH:PCBM 
bilayers are presented in  Figure    8 . The initial bilayer is well 
separated with thicknesses of PCBM and COEH  ca.  400 Å and 
143wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Figure 5.    Refl ectivity curves PCPDTBT:PCBM bilayer of as-cast and ther-
mally annealed samples. The lines are fi ts to model scattering length 
density profi les. 

   Figure 7.    Refl ectivity curves COEH:PCBM bilayer of as-cast and thermally 
annealed samples. The lines are fi ts to model scattering length density 
profi les. 
600 Å, respectively. A very small amount PCBM diffuses into 
COEH after thermal annealing, resulting in a plateau region at 
 z  ≈ 130–520 Å with a loading of only 3 vol% PCBM. Therefore, 
PCBM is much less miscible in COEH than in its BT counter-
part, PCPDTBT. Moreover, the substitution of the Si atom in 
PSBTBT and SOEH for a carbon atom in PCPDTBT and COEH 
also results in a lowering of the extent of PCBM mixing with 
the polymer matrix.     

 2.4.     Mixing Behavior of PCBM in PCDTBT and PCDTBX 

 PCDTBT and PCDTBX are the third pair of CPs with similar 
chemical structure that are examined, where the only differ-
ence is the replacement of the BT unit of PCDTBT with BO 
in PCDTBX. For these two LBG polymers, a nitrogen atom is 
the bridging atom on the main chain. The refl ectivity of the 
PCDTBT:PCBM bilayer is presented in  Figure    9 , exhibiting the 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag

   Figure 6.    PCBM depth profi le of the PCPDTBT:PCBM bilayer as-cast and 
thermally annealed as determined from the refl ectivity curves shown in 
Figure   5 . 
Kiessig fringes that indicate the bilayer nature of the structure 
before annealing. A signifi cant damping of the Kiessing fringes 
is observed for the PCDTBT:PCBM bilayers with thermal 
annealing, which indicates a strong interdiffusion of PCBM 
into PCDTBT. The PCBM depth profi les of PCDTBT:PCBM 
bilayer are presented in  Figure    10 , which verifi es that with 
thermal annealing, PCBM diffuses into PCDTBT. This depth 
profi le exhibits a concentration plateau region at  z  ≈ 320–600 Å 
with an extent of PCBM mixing in PCDTBT of 17 vol% at 
140 °C.   

 The refl ectivity and PCBM depth profi les of PCDTBX:PCBM 
bilayer are presented in  Figure    11  and  Figure    12 . A small 
change in the refl ectivity curve is observed with thermal 
annealing, which translates to PCBM depth profi les with a 
plateau region at  z  ≈ 160–460 Å and a loading of 3% PCBM 
after thermal annealing. This, as with the other samples, 
indicates that only 3 vol% PCBM can dissolve in PCDTBX at 
140 °C.     
 GmbH & Co. KGaA, Weinheim

   Figure 8.    PCBM volume fraction profi le of the COEH:PCBM bilayer as 
cast and thermally annealed as determined from the refl ectivity curves 
shown in 7. 
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   Figure 9.    Refl ectivity curves PCDTBT:PCBM bilayer of as-cast and 
thermally annealed samples. The lines are fi ts to model scattering length 
density profi les. 

   Figure 11.   Refl ectivity curves of the PCDTBX:PCBM bilayer as cast and 
thermally annealed samples. The lines are fi ts to model scattering length 
density profi les. 
 2.5.     Solubility of PCBM in 2,1,3-Benzothiadiazole 
and 2,1,3-Benzooxadiazole 

 The mixing ability of PCBM in all the polymers are listed in 
 Table    3 , which shows that in all cases the extent of mixing of 
PCBM is higher in polymers that contain the BT unit than 
polymers that contain the BO unit. To verify the importance 
of the benzothiadiazole and benzooxadiazole functionalities 
in defi ning the extent of PCBM mixing in these polymers, 
the solubility limits of PCBM in 2,1,3-benzothiadiazole (BT m ) 
and 2,1,3-benzooxadiazole (BO m ), which are the monomers of 
BT and BO unit, was determined using UV–vis spectroscopy. 
These experiments are carried out at 60 °C, as the melting tem-
peratures of BT m  and BO m  are 42 °C and 52 °C, respectively. 
From these experiments, the solubility limit of PCBM is found 
to be 68.0 mg/mL in BT m  and 12.6 mg/mL in BO m  at 60 °C, 
in agreement with the neutron refl ectivity determined solubility 
limits of PCBM in the low bandgap polymers.  

 The solubility of carbon nanoparticles in polymers or sol-
vents is often dominated by specifi c interactions between the 
© 2013 WILEY-VCH Verlag 

   Figure 10.    PCBM depth profi le of the PCDTBT:PCBM bilayer as cast and 
thermally annealed as determined from the refl ectivity curves shown in 9. 

Adv. Funct. Mater. 2014, 24, 140–150
nanoparticle and surrounding matrix. For instance, in single 
walled carbon nanotubes, polymers and solvents capable of 
π–π interactions and electron donor-acceptor interactions with 
SWNT walls have been shown to form stable dispersions. [ 23–25 ]  
Other specifi c interactions that occur between the solvent mol-
ecules and nanotube surface may also be important, since the 
most successful solvents tested have amide structural units, 
pointing to a specifi c interaction. [ 23,24,26 ]  Work by Maeda, et al, 
studied a series of amines and found that dispersibility 
decreases in the order of primary, secondary, and tertiary 
amines. [ 26 ]  Similarly, work in our group has shown that the 
presence of a minority of interacting functional groups within 
a polymer chain leads to an optimum interaction between the 
polymer and fullerene. Density functional theory calculations 
that identify the binding energy and geometry of the interaction 
between the functional monomers and fullerenes correspond 
very well with the experimental results. [ 27 ]  

 Therefore, one explanation for the different solubility of 
PCBM in these two similar components is that the BT func-
tional group forms a stronger non-covalent interaction with 
145wileyonlinelibrary.comGmbH & Co. KGaA, Weinheim

   Figure 12.    PCBM volume fraction profi le of the PCDTBX:PCBM bilayer 
as cast and thermally annealed as determined from the refl ectivity curves 
shown in Figure   11 . 
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  Table 3.    Extent of PCBM mixing in the LBG polymers at 140 °C as determined from neutron refl ectivity listed with the hole mobility of the LBG polymers 
as determined with bottom contact TFT measurements. 

 PSBTBT (BT) SOEH (BO) PCPDTBT (BT) COEH (BO) PCDTBT (BT) PCDTBX (BO)

Extent of mixing, PCBM
NRΛ  [vol%] 23 ± 2 6 ± 0.5 9 ±1 3 ± 0.5 17 ±1.5 4 ± 0.5

Hole mobility [cm 2 /Vs] 2 × 10 −3 1 × 10 −3 3.1 × 10 −3 2.7 × 10 −3 4 × 10 −4 2 × 10 −3 
PCBM than the BO functional group does. This is reason-
able, as like most fullerenes, PCBM is a very good electron 
acceptor. Moreover, sulfur (in BT) has a larger electron cloud 
and a smaller ionization energy than oxygen (in BO), which 
are indicative of a better electron donor. This should result in a 
stronger non-covalent interaction between the fullerene and the 
BT functional group than between the fullerene and BO func-
tional group. This is also consistent with the solubility of C 60  in 
similar sulfur and oxygen containing solvents: for instance, C 60  
solubility in CS 2  is 7.9 mg/mL [ 28 ]  and negligible in supercritical 
CO 2 . [ 29 ]    

 2.6.     Crystallinity of LBG Polymers Containing BT and BO Unit 

 The extent of mixing determined by neutron refl ectivity is the 
extent of PCBM mixing in the LBG layer, which may include 
both crystalline and amorphous polymer. Thus, the extent of 
the PCBM mixing, PCBM

NRΛ , in the LBG reported above is

 
PCBM
NR PCBM

PCBM LBG
a

LBG
c

φ
φ φ φ

Λ =
+ +

  (1) 

 where PCBMφ  is the volume fraction of PCBM in the mixed 
region, LBG

aφ  is the volume fraction of amorphous conjugated 
polymer in the mixed region, and LBG

cφ  is the volume frac-
tion of crystalline conjugated polymer in the mixed region. 
If the fullerene does not penetrate the crystalline portion of 
the poly mer, it is constrained to the amorphous phase of the 
poly mer, and the actual concentration ( PCBMΛ ) of the fullerene 
in the amorphous phase is

 

PCBM
PCBM

PCBM LBG
a

φ
φ φ

Λ =
+

  (2) 

 Most importantly, the performance of the OPV active layer 
depends on the extent of the fullerene mixing in the amor-
phous phase, PCBMΛ , as this determines the amount of donor-
acceptor interface that exists and if there is suffi cient fullerene 
loading to allow effective charge transport across the phase. 
Thus, if the polymer does not exhibit a crystalline phase, 
Equation  ( 1)   becomes Equation  ( 2)   and the extent of mixing 
determined by neutron refl ectivity is the extent of the fullerene 
mixing in the polymer PCBM PCBM

NRΛ = Λ  that is of most interest. 
If the conjugated polymer does exhibit a crystalline phase, then 

LBG
cφ  is also needed to transform PCBM

NRΛ  to PCBMΛ . 
 To provide this information for the materials studied, grazing 

incident X-ray scattering was completed to examine the crystal-
linity of these LBG polymers. Figure S1 shows the GIWAXS 
results of all the bilayers. No polymers except PSBTBT and 
SOEH show a strong crystalline peak in these scattering curves, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
indicating limited ordering in these materials. Thus, for these 
low-band gap polymers, the extent of mixing that is reported 
above is the extent of the fullerene mixing in the polymer, and 
these values can be compared directly. 

 The PSBTBT and SOEH bilayers exhibit peaks at q ≈ 0.36 Å −1 , 
which is associated with the (100) crystal planes. [ 13 ]  It is not 
surprising to see the similar diffraction patterns for PSBTBT 
and SOEH, as they have similar chemical structures. More-
over, the similar area of (100) peaks of the thermally annealed 
PSBTBT and SOEH bilayers is interpreted to indicate that the 
crystallinity of the polymer does not change signifi cantly when 
replacing the BT unit with the BO unit, based on the similar 
structure and densities of PSBTBT and SOEH. Unfortunately, 
the percent crystallinity cannot be determined from these 
scattering curves, and thus the exact value of PCBMΛ  cannot 
be determined from the experimentally determined PCBM

NRΛ . 
This, however, does not preclude a qualitative discussion. For 
instance, the values of PCBM

NRΛ  that are reported in Table   3  are 
minimum values for PCBMΛ , as the presence of a crystalline 
phase in the polymer only increases the value of PCBMΛ  from 

PCBM
NRΛ . 
 The crystallinity of the conjugated polymers can also be indi-

rectly probed by examining the hole transport of the materials, 
as hole transport occurs more readily in crystalline materials 
than amorphous materials. [ 30,31 ]  Thus, the hole mobility of the 
LBG conjugated polymers is measured and listed in Table   3 , 
where the specifi c experimental and fabrication procedures are 
provided in the supplemental information. Similar hole mobili-
ties are found for PSBTBT and SOEH, which is consistent 
with these two polymers attaining similar levels of crystallinity. 
Therefore, even accounting for the crystallinity of the conju-
gated polymers studied, in all cases the extent of PCBM mixing 
in these low band gap polymers is higher in CPs that contain 
the BT unit than polymers that contain the BO unit.   

 2.7. The Relationship Between PCBM Mixing Behavior and OPV 
Active Layer Structure 

 The reported results document the tendency of the polymer 
chains to mix with PCBM when annealed at 140 °C. They do 
not, however, defi ne the thermodynamic miscibility of PCBM 
in the low-bandgap polymers, as we were unable to identify a 
suitable annealing temperature that limits the crystallization of 
PCBM (<≈150 °C) [ 32 ]  and is above the glass transition tempera-
ture (Tg) of all the polymers. As shown in the Supporting Infor-
mation, differential scanning calorimetry indicates that only one 
of the polymers (PCDTBT, Tg = 117 °C) exhibit a Tg between 
0 and 250 °C. Despite this limitation, the reported mixing 
behavior of PCBM and the low-bandgap polymers does pro-
vide insight into the structure of OPV active layers as they are 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 140–150
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formed by casting from solution. It is important to remember 
that PCBM is a small molecule relative to the poly mer that 
mixes with a glassy polymer, much like a solvent or plasticizer 
molecule will. This is verifi ed by the fact that PCBM does mix 
into all examined polymers at 140 °C, even up to 23% into 
glassy PSBTBT. To appreciate the relevance of these results to 
the morphology of a spin-cast active layer, it must be empha-
sized that the morphology of polymer–fullerene mixture that is 
spin cast from solution is guided by the mixing behavior of the 
polymer and fullerene. During spin coating, the morphology of 
the polymer–fullerene mixture evolves towards its equilibrium 
structure while there exists suffi cient solvent to allow molecular 
mobility of the polymer and/or fullerene. The timescale of sol-
vent evaporation is usually suffi ciently fast that the fi nal struc-
ture is far from equilibrium, but the driving force that guides 
this structural evolution is the mixing behavior of the polymer 
and fullerene. For instance, a polymer that does not mix with 
PCBM will form a purer polymer rich phase during drying than 
one that readily mixes with PCBM. There is a stronger driving 
force to phase separate in the former than there is in the 
latter. It is also important to note that results in our lab [ 33 ]  and 
reported in the literature [ 34 ]  clearly indicate that the structure 
and morphology of P3HT:PCBM active layers continue to 
evolve long after the solvent has appeared to evaporate, presum-
ably due to trace solvent. This exemplifi es the importance of the 
mixing behavior of the polymer and fullerene in determining 
the resultant structure and morphology of polymer:fullerene 
mixtures formed by spin coating. Similarly, the timescale of the 
thermal annealing process reported above may not produce a 
fi nal structure that is at equilibrium, but the driving force that 
guides this structural evolution is also the mixing behavior of 
the polymer and fullerene. Therefore, the results of the reported 
neutron refl ectivity experiments provide a measure of the ten-
dency of the PCBM to mix with the polymer chain, which is an 
important indicator of the morphology of the cast BHJ blend, as 
it guides structural evolution during the casting process. Thus, 
while the reported results do not provide suffi cient detail to 
predict the exact morphology and phase compositions of a spin 
coated BHJ, the reported mixing behavior does guide the forma-
tion of the BHJ blend fi lm during casting. As such, the reported 
results provide important structural information of cast bulk 
heterojunctions that correlates to their OPV performance.   

 2.8.     Correlation of Structure to OPV Function 

 The results presented here clearly document the mixing 
behavior and interdiffusion of PCBM in LBG conjugated 
polymers. The diffusion of PCBM into the LBG conjugated 
polymers upon thermal annealing was monitored by neutron 
refl ectometry, where the depth profi le after annealing clearly 
shows a plateau region in the central portion of the thin fi lm. 
This plateau region is the portion of the fi lm that is not infl u-
enced by the air or silicon surface, and therefore tracks the 
extent of PCBM mixing in LBG conjugated polymer. As listed 
in Table   3 , in all cases the extent of PCBM mixing in the BO 
materials is always signifi cantly less than in the BT materials, 
which may provide an explanation for the experimentally 
observed lower power conversion effi ciency of active layers that 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2014, 24, 140–150
consist of mixture of PCBM with BO based low bandgap conju-
gated polymers. 

 The reported variation in polymer:fullerene mixing behavior 
may provide insight into the fact that OPV active layers that 
comprise BO containing conjugated polymers do not exhibit 
an improvement in power conversion effi ciency, as would be 
expected based solely on the V oc  of the polymers. For instance, 
Leclerc and coauthors compared the device performance of 
PCDTBT:PCBM and PCDTBX:PCBM BHJs, which show that 
the PCDTBX:PCBM device (V oc  = 0.96 V, FF = 0.60) has higher 
V oc  and FF than PCDTBT:PCBM (V oc  = 0.86 V, FF = 0.56). [ 19 ]  
Moreover, they have almost the same onset absorption and 
PCDTBX absorbs more photons than PCDTBT with the same 
thickness. [ 19 ]  Additionally, the hole mobility of PCDTBX is 
superior to that of PCDTBT, as shown in Table   3 . However, 
the performance of the PCDTBX based device is much worse 
than that of the PCDTBT based device; the PCE of the PCDTBT 
device is 50% higher than that of the PCDTBX based device. 

 This performance enhancement is due to the fact that the 
PCDTBT active layer has a J sc  that is twice that of the PCDTBX 
active layer. [ 19 ]  Similar results are found when comparing the 
performance of PCPDTBT vs. COEH or PSBTBT vs. SOEH. For 
example, a device based on the BO material COEH:PCBM mix-
ture (V oc  = 0.78 V) [ 35 ]  has higher V oc  and FF than a device based 
on the similar BT material, a PCPDTB:PCBM mixture (V oc  = 
0.62 – 0.66 V), [ 19,36 ]  where similar hole mobility and absorption 
exist for this pair. [ 35 ]  However, the J sc  of the COEH based device 
(J sc  = 5.2 mA/cm 2 ) [ 35 ]  is much lower than the J sc  of the PCP-
DTBT based device (J sc  = 7.0 – 16.2 mA/cm 2 ). [ 36 ]  This lower J sc  
results in a lower PCE of the COEH based device than that of 
the PCPDTBT based device. Therefore, the poor performance 
for devices that are based on polymers that contain the BO unit 
appears to be primarily due to a lower J sc , which is strongly 
dependent on the morphology of the active layer, as it affects 
the charge generation, transport and recombination. 

 To understand the relationship between J sc  and charge gen-
eration, transport and recombination, the generalized Shockley 
equation shows the relationship between the current density (J) 
and voltage (V) in an OPV cell [ 37 ] 
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 where R p  and R s  are the series and parallel resistances, respec-
tively, J s  is the reverse saturation current density, q is the 
fundamental charge, n is the diode ideality factor, and J ph (V) 
is the voltage-dependent photocurrent density. For the short 
circuit condition (V = 0), as J s  is much less than J ph (0), then 
J sc  = J ph (0). [ 38 ]  The photocurrent of a space charge that is formed 
near the anode without considering the recombination of elec-
trons and holes can be expressed as [ 39–41 ] 
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 where ε o  and ε r  are the dielectric permittivity of the materials. 
The dielectric constant ε r  of conjugated polymers is usually 
2–4 (i.e.  ca.  3 for P3HT) and ε r  of PCBM is ca. 3.6. [ 42,43 ]  Thus, 
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exchanging the BO unit with a BT unit does not signifi cantly 
alter ε r . μ h  is the hole mobility, and G is the generation rate of 
excitons. This equation does not consider recombination, so 
all excitons dissociate to free electrons and holes and trans-
port to the electrodes in this model. V 1  is the effective voltage 
across the device, which = V 0  – V, where V 0  is the compensa-
tion voltage, which is determined at J ph  = 0. [ 38,40–45 ]  V 0  is slightly 
higher than V oc  and increases as V oc  increases. [ 44–46 ]  Hence for 
the short circuit condition (V = 0),
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 Equation   5   predicts that the BO materials e.g. PCDTBX, 
should have larger J sc  based on a higher V oc , better absorption, 
and higher hole mobility than a BT material, e.g. PCDTBT, 
assuming no recombination. However, the PCPTBX:PCBM 
BHJ shows a much lower J sc  than the PCPTBT:PCBM BHJ, 
which can be attributed to more exciton recombination. 

 The increased recombination of the PCPTBX:PCBM BHJ, 
and other BO containing materials, is also consistent with 
the measured amount of fullerene in the mixed phase. The 
poly mer/fullerene mixture phase clearly plays an important 
role in the exciton dissociation and charge transport, where the 
dispersed fullerenes create an abundance of donor/acceptor 
interface, allowing effective exciton dissociation. However, if 
these acceptors are isolated, as would occur in a system with 
low loadings of PCBM, the transport of these charges between 
acceptors becomes limited, creating traps. Also, a low PCBM 
loading as observed in BO materials, provides inadequate 
donor/acceptor interface, decreases the probability of the 
exciton dissociation increasing recombination and resulting in 
a decrease of internal quantum effi ciency and J sc . An increase 
of PCBM loading increases the amount of donor/acceptor 
interfaces, resulting in more effi cient dissociation of excitons 
into electrons and holes and provides better transport channels 
for the separated charges. 

 Consequently, a conjugated polymer:fullerene BHJ that 
exhibits low PCBM content in the miscible phase provides a 
limited amount of “streams” for electron transport, resulting in 
an increase in the recombination of free charge carriers. Fur-
thermore, in samples with low fullerene loadings, there is a 
long distance between two adjacent PCBM in the mixed phase, 
which inhibits electron transport, resulting in an increase of 
free charge carrier recombination and a decrease of PCE. This 
is supported by a recent report that monitors the miscibility 
and morphology of PCBTTPD:PCBM mixtures. [ 47 ]  The authors 
claim that the decrease of the PCE in a PCBTTPD:PCBM device 
with thermal annealing is due to a decrease in the PCBM 
loading in the mixed region. This deceased loading inhibits 
electron transport in the mixed region and increases charge-
carrier recombination, resulting in a low PCE. 

 Therefore, the mixing behavior of a fullerene in a con-
jugated polymer plays an important role in the charge gen-
eration and recombination of an OPV BHJ active layer. More 
importantly, the reported extent of mixing results provide cru-
cial fundamental information that correlates the low extent of 
PCBM mixing with low band gap polymers that contain the 
BO unit, explaining their unexpectantly low power conversion 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
effi ciencies. More importantly, these results emphasize the 
fact that the design of low band gap conjugated polymers for 
optimal OPV performance must target polymers with both 
desired photo-physical properties and necessary thermody-
namic mixing behavior with donors.    

 3.     Conclusion 

 The depth profi le of PCBM in an LBG polymer:PCBM thin 
fi lm that is formed by thermal annealing an initial well-sepa-
rated bilayer is determined by neutron refl ectometry, where 
the extent of PCBM mixing in donor–acceptor LBG polymers 
is obtained. In all cases, the PCBM loading is higher in poly-
mers containing the BT unit than polymers containing the BO 
unit. Grazing incidence X-ray results show that the crystallinity 
of LBG polymer is minimal in many of the polymers studied, 
and does not change much with replacement of the BO and BT 
units for the PSBTBT/SOEH pair. This allows the direct com-
parison of the PCBM mixing behavior in the three conjugated 
polymer pairs that are examined in this study. 

 These results provide an explanation for the inferior perfor-
mance of OPV devices that utilized conjugated polymers based 
on the BO unit. The presence of the BO unit should improve 
the device effi ciency, as its presence increases V oc  without sig-
nifi cantly altering the absorption onset, hole mobility, and fi ll 
factor. This performance is explained as due to the low PCBM 
loading in the mixed phase, offering limited amount of donor/
acceptor interfaces, which decreases the probability of exciton 
dissociation into free charge carrier. This, in turn, increases 
exciton recombination, and decreases internal quantum effi -
ciency, which results in a low J sc  and PCE. Furthermore, low 
PCBM loadings provides limited pathways for electron trans-
port in the mixed region, as the increased distance between 
adjacent PCBM in the miscible phase creates charge traps. The 
results exemplify the importance of understanding the thermo-
dynamic miscibility of the fullerene and conjugated polymer in 
designing new conjugated polymers for organic solar cells, as 
this thermodynamic parameter controls the morphology of the 
resultant bulk heterojunction.   

 4.     Experimental Section 
  Materials : PCBM was purchased from Nano-C, and all the low 

band gap (LBG) conjugated polymers were received from Konarka. 
2,1,3-benzothiadiazole (BT m ) and 2,1,3-benzooxadiazole (BO m ), which 
are the monomers of the BT and BO units, were purchased from 
Alfa Aesar. The chemical structures, names, abbreviations, molecular 
weight (M n ), and polydispersity of all the conjugated polymers, 
2,1,3-benzothiadiazole and 2,1,3-benzooxadiazole are shown in Table   2 . 
To fabricate the initial bilayers, PCBM (29 mg/mL in  o -dichlorobenzene) 
was fi rst spin-coated onto clean silicon wafers at 1000 rpm for 
60 seconds. Prior to spin-coating, the silicon wafers are cleaned by 
immersing in hot piranha (a 3:1 (v/v) mixture of concentrated sulfuric 
acid and hydrogen peroxide) at ≈70 °C for 15 min, followed by rinsing 
with copious amounts of high purity water and drying under a stream of 
nitrogen. The LBG polymers were received from Konarka blade-coated 
onto a salt plate. The bilayer was obtained by capturing the LBG polymer 
that was fl oated onto the surface of high purity water with a PCBM 
coated silicon wafer. The sample was then dried in air at an angle and 
then in an unheated vacuum oven for 24 h to removed residual water. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 140–150
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Thermal annealing was performed at 140 °C for 30 min. Previous work 
has clearly shown that this is adequate time to readily diffuse PCBM 
into conjugated polymers. For instance, Watts and coworkers report 
that the diffusion coeffi cient of PCBM in P3HT is 2.5 × 10 −14  m 2 /s at 
140 °C, [ 9 ]  which means the PCBM molecule will traverse a 1700 Å fi lm 
(the thickest fi lm studied) in less than a second. Moreover, Russell and 
coauthors monitored the diffusion of PCBM into PSBTBT by thermal 
and found that the interdiffusion was complete in 1 min at 150 °C. [ 13 ]  

  GIWAXS : X-ray diffraction from the thin fi lms is completed with a 
high resolution one-dimensional Phillips X’pert-Pro diffractometer in 
grazing-incidence geometry with a wavelength of 0.154 nm. The detector 
is a point-by-point krypton fi lled proportional counter. Samples were 
scanned in z direction and the results are reported as a function of q z . 
The angle of incidence between the X-ray and the thin fi lm surface is 0.3° 
for all samples. 

  Neutron Refl ectometry : All refl ectivity measurements were completed 
on the Liquids Refl ectometer at the Spallation Neutron Source at Oak 
Ridge National Laboratory with a neutron wavelength varying from 
2.75–5.75 Å and an effective q-range of 0.006–0.145 Å −1 (q = 4π/λ sin 
θ, where λ is the neutron wavelength and θ is the scattering angle). 
Layers and Motofi t Software were used to fi t the measured refl ectivity 
curves, [ 48,49 ]  providing the refl ectivity of a model scattering length 
density profi le, which can be analyzed to determine the structure of 
the thin fi lms. 2–5 layers were used to model the depth profi les of the 
as-cast and annealed bilayers. The scattering length density, thickness, 
and roughness of each layer is freely varied in the fi tting procedure. The 
quality of fi t is gauged using mean squared error statistics, combined 
with a mass balance of the model system to within 5% of the mass 
balance of the initial bilayer. 

 The experimentally determined SLD profi le is then analyzed to 
determine the concentration depth profi le of each component in 
the system. For instance, the PCBM concentration depth profi le is 
determined using,
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 where ϕ( z ) PCBM  is the volume fraction of PCBM at depth  z , ρ( z ) is 
the experimentally determined scattering length density at depth  z , 
and ρ Polymer  and ρ PCBM  are the SLD of the LBG polymer and PCBM, 
respectively. In order to quantitatively analyze the refl ectivity curves, 
the accurate scattering length density of each component is needed. 
The SLD of amorphous PCBM is determined to be 4.4 × 10 −6  Å −2  based 
on its density and composition, and measurements of the refl ectivity 
of spin-cast PCBM monolayers. [ 5,50,51 ]  The SLD of the LBG polymers 
are determined by the measurement of the neutron refl ectivity of 
LBG polymer monolayers and verifi ed by calculating the SLDs using 
the atomic composition of the polymers and their density, which is 
determined experimentally with pycnometry. 

  Measurement of Solubility Using UV–V  is Spectroscopy:  UV–vis 
spectra were recorded with a Thermo Scientifi c Evolution 600 UV–vis 
spectrophotometer at 60 °C and used to determine the solubility of 
PCBM in the BT and BO monomers. The Beer–Lambert law describes 
the linear relationship between the optical density and solution 
concentration: D = c·ε·L, where D is the measured optical density, c 
is the concentration of solution, ε is the extinction coeffi cient, and L 
is the path-length, which is 1mm in this work. The optical densities at 
600 nm of PCBM solutions in BT m  and BO m  of known concentration 
are measured and plotted as a function of PCBM concentration, and 
fi t to a linear function. To obtain the PCBM solubility limit, an over-
saturated solution was fi rst prepared at 60 °C and then quickly fi ltered 
through a 200 nm PTFE membrane (preheated to 60 °C) to obtained a 
saturated solution. The saturated solution is then serially diluted (28×) 
with BT m  or BO m  respectively. The dilution is necessary because the 
saturated solution is too dark for transmission of the UV. The optical 
density of this diluted solution is then recorded, from which the PCBM 
concentration is determined based on the previously determined 
extinction coeffi cient and Beers law. Finally, the PCBM solubility limit is 
obtained by multiplying this concentration by 28.   
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2014, 24, 140–150
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