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  1.     Introduction 

 The active layer of the best performing 
solution processable organic photovoltaic 
(OPV) devices is composed of a fullerene 
derivative blended with a conjugated 
polymer. [ 1 ]  The microstructure of such 
blends is complex. It features a number 
of different phases that may include pure 
polymer, pure fullerene, an amorphous 
mixture of polymer and fullerene and, in 
the case of either component being crys-
talline, polymer or fullerene crystallites 
embedded within an amorphous material. 

 Polymer and fullerene are usually 
thermodynamically miscible over a cer-
tain range of composition, up to the 
thermodynamic miscibility limit that 
can be tens of wt% for PCBM in conju-
gated polymers. [ 2–6 ]  Within this range of 
composition, mixing between polymer 
and fullerene takes place as a result 
of favorable interactions between the 
polymer and the fullerenes as well as the 
fast solidifi cation rate when processing 
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from solution using deposition methods such as spin-coating. 
Demixing occurs at higher concentrations leading to the forma-
tion of fullerene clusters and polymer aggregates embedded 
in an amorphous polymer:fullerene phase. Furthermore, 
demixing can take place for as-spun fi lms at concentrations 
lower than the thermodynamic miscibility limit due to more 
favorable interactions between one of the blend components 
and the solvent during fi lm formation. In the following, we will 
refer to the concentration at which fullerene clustering happens 
as the onset of aggregation. Finally, demixing can be promoted 
by crystallization of one or both blend components. If the clus-
ters do not exhibit long range order, we will refer to these clus-
ters as aggregates, otherwise as crystallites. The organization of 
the fullerene moieties within the polymer matrix at both micro-
scale and nanoscale infl uences OPV performance in different 
ways. 

 Microscopic phase separation, normally driven by a low mis-
cibility of the fullerene and the polymer, has been reported to 
lead to poor charge generation and thus, to be detrimental to 
OPV performance. However, too high mixing is shown to be 
detrimental to the electron transport because of a lack of con-
tinuous pathway resulting in a high recombination rate. [ 7 ]  

 Crystallization within the segregated phases can be ben-
efi cial in several ways. Fullerene or polymer crystallization can 
increase charge carrier mobility. Fullerene crystallization is also 
believed to improve the charge separation process, [ 8–10 ]  pos-
sibly through delocalization of the excited charge transfer state 
and polaron wavefunctions or through a reduction in Coulomb 
attraction due to increased local permittivity. 

 Both mixing and crystallinity/aggregation are, however, dif-
fi cult to probe. Mixing can be quantifi ed by small angle neu-
tron scattering (SANS) on thick (∼1 mm) as-spun blends, [ 2 ]  by 
probing the interdiffusion of polymer and fullerene as a func-
tion of temperature in a bilayer architecture using dynamic sec-
ondary ion mass spectrometry (dSIMS) [ 3 ]  or neutron refl ectom-
etry [ 4 ]  or by probing the composition of the fullerene-rich phase 
by near edge X-Ray absorption fi ne structure (NEXAFS) spec-
troscopy on annealed blends that have reached thermodynamic 
equilibrium. [ 5 ]  H 1  spin diffusion NMR has been shown to be 
a valuable method to probe phase separation. [ 6 ]  Crystallinity of 
fullerenes is probed either by differential scanning calorimetry 
(DSC) on “bulk” samples or by grazing incidence wide angle 
X-Ray scattering (GIWAXS). All these measurements, whilst 
informative, are time consuming. Moreover they are usually 
performed on architectures that are very different from the as-
spun thin fi lms. 

 Optical spectroscopy such as UV–Vis absorption, steady-
state [ 6,11–14 ]  and time-resolved photoluminescence (PL) [ 15 ]  spec-
troscopies and ellipsometry [ 16 ]  have been also used to monitor 
phase separation in bulk heterojunction solar cells and to probe 
the crystallinity of the polymer. Optical spectroscopic tech-
niques have the advantage to be non-destructive, quick and they 
can be performed directly on thin fi lms. However, to our knowl-
edge there are no reports of the use of optical spectroscopy to 
probe fullerene crystallinity in polymer:fullerene blends. 

 In this paper, we show, fi rst, that we can use a combina-
tion of spectroscopic techniques to evaluate the degree of 
mixing of polymer: fullerene blends. Second, we demonstrate 
that spectroscopy can distinguish between aggregation and 

crystallization of fullerenes. We have selected an amorphous 
polymer, regiorandom poly(3-heylthiophene) (RRa-P3HT) 
blended with either the semi-crystalline fullerene derivative 
[6,6]-phenyl-C 61 -butyric acid methyl ester (PCBM) or the amor-
phous bis-adduct (bis-PCBM) as model system. 

 We start by studying the mixing/demixing of PCBM blended 
with RRa-P3HT and of bis-PCBM blended with RRa-P3HT 
using UV–Vis absorption, steady-state and time-resolved pho-
toluminescence (PL) spectroscopies in order to establish the 
apparent onset of aggregation. Then, we use complementary 
optical techniques to determine the crystallization of fullerenes 
in RRa-P3HT. These methods include variable angle spectro-
scopic ellipsometry (VASE) to probe changes in optical dielec-
tric constant upon addition of fullerenes and PL and electrolu-
minescence (EL) spectroscopy to study changes in the charge 
transfer (CT) emission. Finally, we demonstrate that PL and EL 
can be used effi ciently to distinguish fullerene crystallites from 
aggregates.  

  2.     Results 

  2.1.     Mixing/Demixing of Fullerenes in RRa-P3HT 

 In this section, we use UV–Vis absorption spectroscopy and 
steady-state PL spectroscopy to infer the degree of mixing of the 
as-spun blends of RRa-P3HT:PCBM and bis-PCBM as it has 
been previously used to study the intermixed phase of PCBM 
blended with low and high molecular weight P3HT. [ 17 ]  Then, we 
study the impact of mixing/demixing on the exciton lifetime. 

 Steady-state PL spectra of blends of RRa-P3HT:PCBM and 
RRa-P3HT:bis-PCBM of different polymer:fullerene ratios are 
plotted in  Figure     1  a,b. The peak around 2 eV (≈620 nm) is the 
emission peak of neat RRa-P3HT. Upon addition of fullerenes, 
the 0–0 emission peak of RRa-P3HT as determined by fi tting 
the PL spectra (the fi tting is explained in the method section 
and the PL spectra are shown in Figure S1 in Supporting Infor-
mation) is blue-shifted (see Figure  1 c) some 60 meV and more 
effi ciently quenched. A peak at lower energies than 1.45 eV 
(> 850 nm) arises for few vol% of fullerene. This is assigned to 
the charge transfer state between the polymer and the fullerene. 
An additional peak centered around 1.7 eV (≈730 nm) arises for 
content of about 15 vol% of PCBM and about 20 vol% of bis-
PCBM. The latter emission peak arises from the fullerene con-
tribution and points towards the formation of pure fullerene 
domains. The polymer emission is strongly quenched upon 
fullerene addition up to about 5 vol% PCBM and 10 vol% bis-
PCBM (see Figure  1 d).  

 The polymer emission blue-shift can be explained by the 
strong intermixing of polymer and fullerene leading to confor-
mational disorder in the polymer backbone, and hence to lower 
conjugation length. [ 18 ]  If this hypothesis is correct, one should 
also observe the corresponding blue-shift in the absorption 
spectra of the polymer. The absorption spectra of blends of RRa-
P3HT:PCBM and RRa-P3HT:bis-PCBM are plotted in Figure S3 
in Supporting Information. The low energy absorption edge 
was determined by the intercept of the straight lines describing 
the low energy slope of the absorption and the low energy back-
ground signal. The resulting position of the absorption edge as 
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a function of fullerene concentration is plotted in  Figure     2  . The 
absorption edge shifts gradually to higher energies upon addi-
tion of fullerenes and starts to stabilize for fullerene loading 
higher than 25 vol% where the polymer emission peak also 

stabilizes. The total shift in absorption edge is about 60 meV 
(≈20 nm), in agreement with the shifts observed in the polymer 
PL. We conclude that the polymer emission blue-shift is indeed 
due to strong intermixing of polymer and fullerene. Thus, the 
stabilization of the polymer emission energy for fullerene con-
tents of about 25 vol% points towards an onset of aggregation 
at those concentrations where the further addition of fullerene 
leads to no signifi cant additional polymer chain disruption.  

 To further study the mixing/demixing of the fullerenes and RRa-
P3HT, we use ultra-fast time resolved photoluminescence. Nor-
malized ultra-fast time resolved emission decay traces are plotted 
for different fullerene loading in Figure S4 in Supporting Infor-
mation. The excitation and detection wavelengths were 400 nm 
(≈3.1 eV) and 620 nm (≈2.0 eV) respectively, near the absorp-
tion and emission maximum of RRa-P3HT. The decays can be 
reasonably fi tted by a mono-exponential kinetics within the time 
window of the experiment as it has been previously observed for 
amorphous conjugated polymers. [ 19–22 ]  The resulting time decays 
are plotted as a function of fullerene content in  Figure     3  .  

 For both PCBM and bis-PCBM, the most substantial drop in 
polymer emission lifetime is observed upon addition of a few 
vol% of fullerene, up to around 10 vol%. For higher fullerene 
loading, the lifetime slowly decreases upon addition of PCBM 
while it saturates upon addition of bis-PCBM at a longer decay 
time than for PCBM. 
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 Figure 1.    Photoluminescence spectra of a) RRa-P3HT:PCBM and b) RRa-P3HT:bis-PCBM blends. The excitation wavelength was 405 nm for RRa-
P3HT:PCBM and 488 nm for RRa-P3HT:bis-PCBM. c) Energy of the 0–0 transition peak of RRa-P3HT emission as a function of fullerene content. The 
dashed line is a trend line. d) Relative RRa-P3HT emission intensity (the PL spectra are shown in Figure S2 in Supporting Information).

 Figure 2.    Absorption edge position of RRa-P3HT:PCBM and bis-PCBM 
(the absorption spectra are plotted in Figure S1 in Supporting Infor-
mation). The absorption spectra of RRa-P3HT and RRa-P3HT:PCBM 
(43 vol%) showing the shift of the absorption edge and the way we have 
been determining its value is shown in the inset.
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 To interpret the decay times we fi rst consider the effect of 
composition on the PL decay time of a random solid solution of 
polymer and fullerene and fi t the early drop in polymer emis-
sion lifetime using: [ 22 ] 

    
τ τ

τ
=

+ A c1
exc
blend exc

polymer

exc
polymer

fullerene   
(1)

 

 where τ exc
blend is the polymer emission lifetime when blended 

with fullerenes, τ exc
polymer  is the polymer emission lifetime of the 

neat RRa-P3HT,  A  is a fi tting parameter that takes into account 
the quenching ability of the fullerene, and therefore varies 
between PCBM and bis-PCBM as can be seen in Figure  1 d, 
and  c  fullerene  is the concentration of fullerene in the blend. The 
observed difference in quenching ability of the fullerenes could, 
in principle be attributed to the different electron affi nities of 
the fullerenes and hence different driving forces for electron 
transfer. However, the nominal LUMO difference between 
RRa-P3HT and both PCBM and bis-PCBM far exceeds the 
0.3–0.5 eV threshold needed for effi cient charge generation. 
Some differences in quenching ability could however arise 
from variations in charge transfer rate due to variations in the 
donor-acceptor interface distances [ 23 ]  and from disorder in the 
bis-PCBM acceptor strength. [ 24 ]  The fi tted curves are plotted in 
Figure  3  for the whole range of concentrations that has been 
studied experimentally in order to compare the experimental 
data with the model for dilute solid solution. 

 The polymer emission lifetime upon addition of fullerenes 
follows the dilute solid solution model up to about 25 vol% 
and 15 vol% for PCBM and bis-PCBM respectively. The satu-
ration of the ultra-fast polymer emission for higher fullerene 
content has been previously reported by Bruno et al. [ 22,25 ]  and 
has been assigned to aggregation of the blend components. 
Therefore, we tentatively assign the onset of aggregation of 
RRa-P3HT:PCBM and RRa-P3HT:bis-PCBM blends at 25 vol% 
and 15 vol% respectively. 

 As a consequence, we might expect to see evidence of a 
coarser microstructure in the RRa-P3HT:bis-PCBM sample 

than in a RRa-P3HT:PCBM sample at the same fullerene 
loading. In order to investigate this, we have conducted Trans-
mission Electron Microscopy. Interestingly, no signifi cant dif-
ference in microstructure is observed by TEM within the res-
olution of our measurement at 40–50 vol% of fullerene (see 
 Figure    4  ) and both PCBM and bis-PCBM seem to be similarly 
well mixed.  

 To summarize, ultra-fast PL spectroscopy points towards an 
onset of aggregation as low as 25 vol% and 15 vol% for PCBM 
and bis-PCBM respectively. Steady-state PL and UV–Vis absorp-
tion spectroscopy indicate that the backbones of RRa-P3HT 
are disturbed by the addition of up to about 25 vol% for both 
fullerene derivatives. Furthermore, no rougher phase separa-
tion is observed by TEM in the case of bis-PCBM. Note a very 
different behavior has been observed for PCBM and bis-PCBM 
blended with regioregular P3HT. [ 26 ]   

  2.2.     Crystallinity of Fullerenes in RRa-P3HT 

 Demixing can be promoted by crystallization of one or both 
blend components, however, other mechanisms can lead to 
fullerene and polymer aggregation. Since crystallization may 
be benefi cial for the charge separation process and the charge 
transport, it should be distinguished from aggregation. There-
fore, we performed DSC on bulk samples of the two blend 
systems. We expect only PCBM to crystallize as a result of iso-
meric disorder of bis-PCBM. 

 DSC measurements for different PCBM content are plotted 
in  Figure    5  . All the structure in the traces is attributed to the 
melting of PCBM since RRa-P3HT is amorphous and, accord-
ingly, no melting endotherms are observed in the neat RRa-
P3HT DSC scan. Melting endotherms revealing the presence 
of crystallites of PCBM can be detected at content as low as 
30 vol% of PCBM. This value therefore provides an upper 
limit for the onset of PCBM crystallization. Some crystallites 
may form for lower content but are not detectable by DSC. As 
expected, no melting endotherm due to the presence of crys-
tallites is observed for bis-PCBM by DSC, which agrees with 
the lack of crystallization capability for this system according 
to X-ray diffraction experiments. [ 27 ]  The DSC study thus con-
fi rms the presence of fullerene crystallites only in the case of 
PCBM. Furthermore, note that as in our previous work, [ 26,28 ]  we 
observe a noticeable depression of the fullerene melting point 
upon addition of the polymer due to the partial miscibility of 
the two components.  
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 Figure 3.    Decay times extracted from a single exponential fi t of the time-
resolved fl uorescence decays of RRa-P3HT:PCBM and RRa-P3HT:bis-
PCBM plotted in Figure S4 (Supporting Information). The solid line is 
calculated according to Equation   1  . The dashed line is given for guidance.

 Figure 4.    TEM images of a) RRa-P3HT:PCBM (43 vol%) and b) RRa-
P3HT:bis-PCBM (52 vol%).
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 In order to study the state of the fullerene in thin fi lms 
that are comparable with the photoactive layer in devices, we 
used VASE as a complementary, optical probe of microstruc-
ture. The refractive index and extinction coeffi cient of PCBM 
and bis-PCBM thin fi lms extracted from VASE are plotted 
in  Figure    6  a. A larger refractive index is observed for PCBM 
indicating a denser packing of fullerenes in PCBM than in 
bis-PCBM. This can arise from either the extra side chains 
of bis-PCBM requiring more free volume or from crystalli-
sation leading to dense packing only in the case of PCBM. 
Both PCBM and bis-PCBM extinction spectra exhibit a fea-
ture centered at ≈3.6 eV (≈345 nm). The PCBM extinction 

coeffi cient spectrum features an additional shoulder at low 
energies, which is not present in the bis-PCBM spectrum. 
This shoulder disappears for absorption spectra of PCBM in 
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 Figure 5.    DSC scans of RRa-P3HT:PCBM blends of different fullerene 
loading at a heating rate of 20 °C/min.

 Figure 6.    a) Refractive index and extinction coeffi cient of neat PCBM and 
bis-PCBM thin fi lms extracted from VASE. The extinction coeffi cient of 
PCBM in solution measured by UV–Vis absorption spectroscopy is added 
for reference. b) PCBM extinction coeffi cients extracted from VASE of 
PCBM blended with RRa-P3HT for different PCBM loading. c) Optical die-
lectric constant  ε r   extracted from the refractive index at 1 µm (≈1.24 eV) 
(the refractive index of blends extracted from VASE can be found in Sup-
porting Information).
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solution, therefore is attributed to molecular packing in the 
solid state.  

 In order to quantify the composition dependence of this low 
energy shoulder we analyze the experimental VASE data as fol-
lows. For each composition we assume that the optical data 
refer to a blend of RRa-P3HT and a second material, combined 
using the Bruggeman approximation. The optical properties of 
the second material required to fi t the experimental data are 
then extracted. These synthetic optical data are assigned to the 
fullerene in situ within the blend, and vary with composition. 
Note that the polymer optical properties are thought not to 
change signifi cantly with mixing. The composition dependent 
extinction coeffi cient of PCBM extracted in this way is plotted 
in Figure  6 b. For all blends, the high energy peak remains 
unshifted around the energy found for dilute solution of fuller-
enes. In the case of PCBM a low energy shoulder appears at 
fullerene content higher than about 15 vol%, which broadens 
and shifts towards lower energies with increasing fullerene 
content. In the case of bis-PCBM the extinction coeffi cient 
remains similar to the spectrum of PCBM in solution over the 
full range of studied concentrations. 

 We now estimate the effective optical dielectric constant  ε  r  
of the blends of RRa-P3HT:PCBM and RRa-P3HT:bis-PCBM in 
order to evaluate the infl uence of varying dielectric constants 
on the CT emission. For this, we consider the fi lm as an alloy, 
composed of an effective material with given optical proper-
ties that we deduce using the Cauchy and the standard critical 
point models. [ 29,30 ]  The refractive indices for the two systems as 
a function of composition, as well as the deduced fi lm thick-
nesses are given in Figure S5,S6 in Supporting Information, 
respectively. The optical dielectric constant, approximated by 
the square of the refractive index at 1 µm wavelength (i.e., in the 
transparency), is plotted as a function of the fullerene content 
in Figure  6 c for both RRa-P3HT:PCBM and bis-PCBM blends. 
The experimental optical dielectric constant increases with 
fullerene content in a similar way for PCBM and bis-PCBM, 
as one might expect from an effective medium approximation. 

 We now address the origin of the low energy shoulder in 
PCBM blend fi lms. The shift to lower energies of this shoulder 
could, in principle, be attributed to either a change in dielec-
tric constant of the material [ 8 ]  or to lowering of the fullerene 

excited state energy levels as a result of fullerene crystal-
lization [ 31 ]  leading to greater delocalization of the electron 
wavefunctions. [ 32 ]  

 Electroluminescence (EL) spectroscopy of charge transfer 
state emission is an in-situ probe of the energy difference 
between acceptor LUMO and donor HOMO, [ 33–36 ]  and has 
previously been used to track changes in this energy differ-
ence in blend fi lms of varying fullerene content. [ 37 ]  Thus, 
studying the CT emission energy should indicate possible 
fullerene LUMO stabilization. The electroluminescence 
spectra for RRa-P3HT:PCBM blends are plotted in  Figure    7  a. 
Since it was not possible to measure EL spectra for RRa-
P3HT:bis-PCBM because of poor performances of those 
materials in devices, CT state emission was also measured 
in both RRa-P3HT:PCBM and RRa-P3HT:bis-PCBM blends 
by means of photoluminescence detecting with an InGaAs 
photodiode array to probe energies down to 0.8 eV. PL has 
been previously used to track the CT emission energy as a 
function of blend composition. [ 38 ]  The spectra can be found 
in Figure S7 in the Supporting Information. The energy of 
the CT peak determined by PL is plotted as a function of 
the fullerene volume fraction for RRa-P3HT:PCBM and bis-
PCBM in Figure  7 b.   

 A clear red-shift of the CT energy is observed when increasing 
the fullerene content for both PCBM and bis-PCBM. [ 39 ]  How-
ever, the red-shift of the CT energy is much more pronounced 
in the case of PCBM. [ 40 ]  Since a similar trend is observed for 
RRa-P3HT:PCBM for both electroluminescence and photolu-
minescence (the energy of CT peak determined by EL is plotted 
as a function of the fullerene volume fraction in Figure S8 in 
Supporting Information), the observed trend by photolumines-
cence is likely to be related to states that are involved in pho-
tocurrent generation, rather than emission from defect states, 
for example. The red shift of the CT state can be explained 
by a change in dielectric constant of the material or/and by a 
reduction of the energy levels as a result of greater delocaliza-
tion of the electron wavefunctions. However, we showed earlier 
that the change in optical dielectric constant upon addition of 
PCBM and bis-PCBM is similar. Thus, the more pronounced 
red-shift in the case of PCBM cannot be solely explained by the 
change of dielectric constant, as previously shown by Bernado 
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 Figure 7.    a) Normalized electroluminescence spectra of RRa-P3HT:PCBM blends. b) Energy of the CT peak extracted from the steady-state PL spectra 
as a function of the fullerene volume fraction. The steady-state PL spectra are plotted in the Supporting Information. The samples were excited with 
a laser at 473 nm.
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et al. [ 36 ]  We have plotted in Figure  7 b the calculated energy of 
the CT state using the following equation: [ 8 ] 

    
ε ε

= − −
⎛
⎝⎜

⎞
⎠⎟

+⎛
⎝⎜

⎞
⎠⎟ − ⎛

⎝⎜
⎞
⎠⎟+ −1

1 1 1 2
CT 0

CC

E E Z
r r

Z

Rr r   
(2)

 

 where  E  CT  is the energy of the CT state,  E  0  is a system 

dependent energy (here  E  0  = 1.06 eV), 
πε

=
8

2

0

Z
e

 ( e  being the 

electron charge,  ε  0  the vacuum permittivity), < ε  r > is the average 
relative permittivity (we use the optical dielectric constant 
extracted from VASE, see Figure  6 c),  r +   and  r −   are the effec-
tive radii of RRa-P3HT radical cation and the fullerene radical 
anion respectively (we took  r  +  = 4.5 Å and  r  −  = 5.6 Å for both 
PCBM and bis-PCBM as in the paper from Veldman et al. [ 8 ]  
and  R  CC  is the centre-to-centre distance of mass (we choose 
 R  CC   = 11 Å  to fi t the bis-PCBM data and use the same value 
for PCBM). Note that any reasonable variations (<33%) of 
 r −   and  R  CC  between PCBM and bis-PCBM lead to small vari-
ations in the CT state energy (<%) and thus, cannot explain 
the difference in energy of the CT state as observed by PL. 
The calculated energy of CT state is similar for both PCBM 
and bis-PCBM and follows the trend of the energy of CT state 
of RRa-P3HT:bis-PCBM as measured by photoluminescence. 
Thus, the red-shift of the energy of the CT state in the case 
of bis-PCBM can be explained solely by the variation of die-
lectric constant. However, the further red-shift in the case of 
PCBM cannot be explained by a dielectric effect and is ten-
tatively assigned to the lowering of the energy levels of the 
crystallites as a result of greater delocalization of the electron 
wavefunctions.   

  3.     Discussion and Conclusion 

 To summarize, we have demonstrated that we can probe the 
degree of mixing of fullerenes in an amorphous polymer 
matrix and, interestingly, distinguish between crystalline and 
amorphous fullerene clusters using a combination of spec-
troscopy methods: UV–Vis absorption, steady-state and ultra-
fast photoluminescence, VASE and electroluminescence. The 
values found for the degree of mixing, aggregation and crystal-
linity limits deduced using this combination of spectroscopic 
methods is summarized in  Table    1  . 

 Steady-state PL and UV–Vis absorption spectroscopies indi-
cate good mixing of RRa-P3HT with both fullerenes up to 

25 vol% fullerenes. Ultra-fast PL spectroscopy points towards 
an onset of aggregation as low as 25 vol% and 15 vol% for 
PCBM and bis-PCBM respectively. 

 DSC gives evidence of the presence of PCBM crystal-
lites down to 30 vol% only in the case of PCBM. Our anal-
ysis using VASE shows that for both PCBM and bis-PCBM, 
the dielectric constant increases upon addition of fullerene 
but only PCBM shows features (appearance of a low energy 
shoulder) in the extinction coeffi cient spectra. Those features 
are detected for volume fractions as low as about 15 vol%. This 
low energy shoulder shifts to lower energies as the PCBM con-
tent increases. Using electroluminescence and photolumines-
cence, we showed that this shift can be attributed to the delo-
calization of the electron wavefunctions as a result of PCBM 
crystallization. 

 In fact, we observed that although the change of dielectric 
constant as extracted by VASE is similar upon addition of 
PCBM and bis-PCBM, the energy of the CT state is further 
red-shifted in the case of PCBM. Thus, we conclude that the 
red-shift of the CT state energy is due to the change in dielec-
tric constant for bis-PCBM and to both change in dielectric 
constant and delocalization of the wavefunction across the 
fullerene crystallites for PCBM. 

 We further conclude that the difference in behavior of the 
photoluminescence decay time between PCBM and bis-PCBM 
at concentrations higher than the onset of aggregation and 
the shift of the low energy shoulder observed on the PCBM 
extinction coeffi cient spectra extracted by VASE are both due 
to crystallization of PCBM while bis-PCBM clusters remain 
amorphous. We speculate that the delocalization of the electron 
wavefunction across the PCBM crystallites enhances the charge 
separation rate and thus, reduces geminate recombination, 
leading to a shorter polymer photoluminescence decay time. 
Moreover, the delocalization of the electron wavefunction leads 
to further stabilization of the fullerene LUMO, and thus to a 
red-shift of the extinction coeffi cient edge. 

 Finally, as emphasized in the introduction, fullerene crys-
tallization is of importance for charge separation and charge 
transport, and thus for OPV device performance in general. 
Even if a fullerene derivative is known to potentially crystallize, 
its ability to crystallize in a polymer matrix strongly depends on 
the polymer and the processing conditions (solvent, tempera-
ture, type of substrate, deposition technique and parameters 
etc.). Therefore, we propose that spectroscopic techniques such 
as electroluminescence, photoluminescence and VASE that 
allow for distinguishing between amorphous and crystalline 
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  Table 1.    Summary of the deduced values for the degree of mixing, aggregation and crystallinity limits using the different spectroscopic techniques.  

PCBM bis-PCBM

Experiment vol% Variation vol% Variation

 Mixing RRa-P3HT blue shift <25 60 meV <25 60 meV

RRa-P3HT absorption edge shift <25 60 meV <25 60 meV

 Aggregation Ultra-fast photoluminescence >25 N.A. >15 N.A.

 Crystalline vs. amorphous 

fullerene clusters 

VASE >15 Appearance of low energy 

shoulder

N.A. No features

CT PL energy shift vs VASE ε  r  N.A. 20 meV N.A. 10 meV
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fullerene clusters may be of great interest for polymer:fullerene 
thin fi lm characterization, especially because they could be in 
theory combined with AFM to spatially resolve the morphology 
of blends. Furthermore, being able to distinguish between crys-
talline and amorphous fullerene clusters will also allow direct 
correlation between fullerene crystallization and charge sepa-
ration and transport properties, and more generally with OPV 
device performances. The methods used in this paper could be 
in principle extended to other polymers, especially high effi -
ciency amorphous or weakly-crystalline low-bandgap polymers 
where the overlap between the emissions of the acceptor and 
the CT state is low. In the case of more crystalline polymers, 
the analysis of the PL quenching can be complicated by addi-
tional composition dependent non-radiative quenching and the 
appearance of a fast PL phase in the PL kinetics. The degree of 
crystallinity of the polymer as a function of the fullerene con-
tent may impact the CT energy, but this diffi culty can be over-
come by studying the polymer with both an amorphous and a 
semi-crystalline fullerene.  

  4.     Experimental Section 
  Materials and Solutions : PCBM and bis-PCBM were supplied by 

Solenne BV with molecular weights of 910.88 and 1101.10 g/mol, 
respectively. The purity of both PCBM and bis-PCBM is superior to 
99.5%. RRa-P3HT was purchased from Sigma-Aldrich (Rieke Metals, Mw 
= 100 K, PDI = 3 as determined by gel permeation chromatography—
see Figure S9 in Supporting Information, RR = 53% and purity superior 
to 90% as determined by nuclear magnetic resonance—see Figure S10 
in Supporting Information). All chemicals were used as received. Thin 
fi lms for spectroscopy were fabricated by spin-coating of material 
mixtures (10 mg mL −1 ) from chlorobenzene onto quartz substrates. Bulk 
heterojunction (BHJ) solar cells were prepared by cleaning patterned 
ITO in detergent, acetone, and isopropanol in ultrasonic bath. The 
ITO substrates were further treated with oxygen plasma for 5 min. 
A 30 nm-thick layer of PEDOT:PSS was blade coated onto the ITO 
substrates and annealed at 150 °C for 20 min. Subsequently, the active 
layer solution was blade coated on top from a solution of RRa-P3HT 
polymer and fullerene dissolved in a chloroform/o-dichlorobenzene 
(4:1) mixed solvent. These optimum conditions for processing the fi lms 
via blade coating were determined by a series of experiments to keep the 
fi lm thickness in the range of 100–120 nm. The polymer and fullerene 
are mixed at different weight percentages, from pure polymer to pure 
fullerene (25 mg mL −1 ). The organic active layers were coated in air and 
transferred to a nitrogen fi lled glove box (<0.1 O 2 , H 2 O), where calcium/
aluminium (20 nm/150 nm) were vacuum-deposited as cathode. The 
thin fi lms for low energy PL measurement were blade coated in the air 
on microscope glass slides which had previously been cleaned with 
detergent, acetone, and isopropanol. 

  Absorption and Photoluminescence : Steady-state UV–Vis absorption 
data on thin fi lms were measured using a Perkin-Elmer Lambda 25 
spectrophotometer. Steady-state UV–Vis absorption data on solutions 
were measured using a homemade set up. Steady-state PL was collected 
using two pieces of equipment: a Horiba Jobin Yvon Fluorolog-2 PL 
spectrometer, and a LabRamHR800 spectrometer. Moreover, steady-
state photoluminescence at low energies was measured with the same 
detector and monochromator system as electroluminescence (see 
below). An additional 595 nm long pass fi lter was used to fi lter out the 
laser wavelength. 

  Fitting Protocol for Polymer PL Spectra : The PL spectra of the pure 
polymers were fi tted using up to fi ve equidistant Gaussian functions to 
represent the Franck-Condon series corresponding to optical transitions 
between the vibrational ground state of the LUMO and the ground 

and excited vibrational states of the HOMO (0–0 to 0–4 transitions). 
All Gaussian peaks have the same width and a spacing of 175 meV, 
corresponding to the average vibrational frequency characteristic of the 
HOMO energy levels. For the blends, it was assumed that the form of 
the polymer emission remains unchanged. This means that the ratios 
of the peak integrated intensities (amplitude multiplied by the width) 
and the peak spacing were kept fi xed, as if the Huang-Rhys factor is 
not affected by blending. The fact that the lineshape fi tting performed 
well in the high energy region of the 0–0 and 0–1 transitions provides 
support to the previous assumption. Hence, for the fi ts the polymer PL 
spectrum as a whole was allowed to shift in energy and rigidly change in 
intensity upon blending. A slight change in the width of the peaks was 
also allowed. Furthermore, the PCBM and bis-PCBM PL contribution 
was taken into account by modeling the emission in fi lms of the pure 
components. Finally, an additional Gaussian peak at low energies took 
care of the contribution stemming from radiative recombination of 
charge-transfer excitons. 

  Ultrafast Time-resolved Photoluminescence : Ultrafast time-resolved 
photoluminescence decays were measured using the femtosecond 
up-conversion technique. The samples were held in a nitrogen 
atmosphere and continuously translated through the excitation beam 
to eliminate photobleaching effects and local degradation of the 
fi lms. Excitation was below the onset of intensity-dependent kinetics 
and was performed with the frequency-doubled (400 nm) output of a 
mode locked Ti:sapphire laser supplying 70 fs pulses at 800 nm with a 
repetition rate of 80 MHz. The emission at 620 nm was upconverted in a 
beta-barium-borate crystal using the fundamental laser beam at 800 nm 
as the gate. Sum-frequency photons were dispersed in a monochromator 
and detected using a photomultiplier tube. The temporal resolution of 
the system was ≈150 fs. 

  Transmission Electron Microscopy : For TEM images, the P3HT:fullerene 
fi lms were fl oated onto the surface of deionized water and caught on 300 
mesh copper grids. TEM images were obtained using a JEOL 2000FX 
electron microscope operated at 200 kV. 

  Differential Scanning Calorimetry : Thin fi lms were drop-cast from 
the homogeneous solutions onto glass slides, followed by evaporation 
of the solvent at room temperature. Afterward, the thin fi lms were 
scratched, and the “powder” was placed in aluminium pans to be 
analyzed. The sample weight was about 5 mg. DSC was conducted 
under nitrogen at three different heating rates: 2, 10, and 20 °C 
min −1  and a cooling rate of 10 °C min −1  with a Metler Toledo DSC822 
instrument. 

  Variable Angle Spectroscopic Ellipsometry : Variable angle spectroscopic 
ellipsometry (VASE) measurements were carried out using a SOPRALAB 
GES5E rotating polarizer ellipsometer installed within a clean room 
that uses a Xe lamp as a light source and a CCD detector to record 
optical spectra from ca. 1.2 eV to 5.6 eV. Three incidence angles were 
typically recorded for each sample, varying between 55 and 75 degrees. 
The refractive indices for the pure materials were deduced from the 
corresponding VASE data using the standard critical point model. [ 30 ]  
The data for the blends were analyzed in two different ways, either as 
mixtures of the polymer and effective fullerene with an unknown optical 
property, or as an alloy with effective optical properties for the whole 
blend. 

  Electroluminescence : Electroluminescence (EL) was measured at 
various forward injection current densities. Emission was detected using 
a Princeton Instruments Acton SP 2500 monochromator combined 
with a liquid nitrogen cooled InGaAs Photodiode array (Acton OMAV: 
1024), while the injection current was controlled with a Keithley 3801 
sourcemeter. The spectral sensitivity was corrected with the spectrum 
from a calibrated halogen lamp.  

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