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 Three-Dimensional Concentration Mapping of Organic 
Blends  
 The three-dimensional morphology of mixed organic layers are quantitatively 
measured using high-angle annular dark-fi eld scanning transmission elec-
tron microscopy (HAADF-STEM) with electron tomography for the fi rst time. 
The mixed organic layers used for organic photovoltaic applications have 
not been previously imaged using STEM tomography as there is insuffi cient 
contrast between donor and acceptor components. Contrast is generated by 
substituting fullerenes with  endohedral  fullerenes that contain a Lu 3 N cluster 
within the fullerene cage. The high contrast and signal-to-noise ratio, in com-
bination with use of the discrete algebraic reconstruction technique (DART), 
allows generation of the most detailed and accurate three-dimensional map 
of BHJ morphology to date. From the STEM-tomography reconstructions it is 
determined that three distinct material phases are present within the BHJs. 
By observing changes to morphology and mixing ratio during thermal and 
solvent annealing, the effects of mutual solubility and fullerene crystalliza-
tion on morphology and long term stability are determined. This material/
technique combination shows itself as a powerful tool for examining mor-
phology in detail and allows for observation of nanoscopic changes in local 
concentration.  
  1. Introduction 

 Self-assembled mixtures of electron donor polymers and 
acceptor fullerenes have been studied for use in organic 
photovoltaic (OPV) devices for nearly a decade. It has been 
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exhaustively shown that device effi ciency 
is extremely sensitive to the morphology 
of the mixed bulk–heterojunction (BHJ) 
layer. [  1–5  ]  The morphology is, in turn, 
affected by processing conditions and 
can continue to develop throughout the 
lifetime of the OPV device. [  6–8  ]  It is a tacit 
assumption of OPV device modeling [  9  ,  10  ]  
and theories of operation [  11  ,  12  ]  that the 
function of an OPV device could be com-
pletely understood if a three-dimensional 
(3D) map of material location could be 
accurately measured. Until now, it has not 
been possible to obtain a detailed 3D BHJ 
composition map due to most imaging 
techniques lacking simultaneous high spa-
tial resolution and high contrast between 
components. Electron tomography (ET) is 
one of the few 3D techniques capable of 
high spatial resolution, at 1 nm. [  13  ]  Several 
studies have produced 3D images that map 
out particular components of BHJ fi lms 
using ET and bright-fi eld transmission 
electron microscopy (TEM), or energy-
fi ltered TEM (EFTEM). [  14–19  ]  These studies resolved the crys-
talline, fi bril-like structures present in poly(3-hexylthiophene)/
phenyl-C61-butyric acid methyl ester (P3HT/PCBM) blend 
BHJs, and contributed much to the understanding of BHJ mor-
phology. However, a complete composition map of the BHJ 
layer could not be obtained due to the limitations of the tech-
niques used. Bright-fi eld TEM suffers from the need to defocus 
the image in order to generate contrast between the materials, 
which can change the apparent size of features, as well as cause 
contrast reversals. This can lead to artifacts in the reconstruc-
tion [  18  ]  and erroneous quantitative analysis. EFTEM overcomes 
the problems of low contrast and the need to defocus by gener-
ating contrast using differences in the energy-loss spectra of the 
pure components. [  18  ,  20  ]  While effective, EFTEM suffers from a 
low signal-to-noise ratio because of the relatively low percentage 
of inelastically scattered electrons. 

 To overcome these limitations, we used a combination of 
high-angle annular dark-fi eld scanning TEM (HAADF-STEM) 
tomography and BHJs consisting of P3HT and endohedral 
fullerenes. [  21  ,  22  ]  HAADF-STEM tomography has been success-
fully applied to organic/inorganic hybrid systems, [  23  ]  but not to 
purely organic blends. In HAADF-STEM, the image intensity 
depends approximately on the square of the atomic number. [  24  ]  
Since the endohedral fullerenes used here contain Lu 3 N 
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     Figure  1 .     Comparison of STEM images of annealed BHJs. Shown are STEM images of a) P3HT/
Lu-PCBEH BHJ and b) P3HT/Lu-PCBM BHJ. Inset (top): Structure of the endohedral fullerene 
used in the fi lm, respectively. Inset in (a): an image of a P3HT/PCBM BHJ taken with 4 ×  the 
beam current at the same magnifi cation as in (a) and (b). All displayed images were low-pass 
fi ltered to clearly demonstrate the important features.  
clusters, the contrast is drastically increased between the polymer 
and fullerene components. The image intensity increases 
monotonically with specimen thickness (an ET requirement), 
and also with increasing fullerene composition (increased 
fullerene content will appear brighter, as more electrons will be 
scattered for the same sample thickness). Exploiting this rela-
tionship, in conjunction with a discrete algebraic reconstruction 
technique (DART), we determined and quantifi ed the existence 
of a distinct mixed phase that exists between the P3HT- and 
fullerene-rich domains. It has been demonstrated that DART 
strongly reduces reconstruction artifacts and leads to a quan-
titatively reliable segmentation. [  25–27  ]  Conventionally, a tomo-
graphy dataset is fi rst reconstructed, then segmented (assigning 
dark or bright domains to different materials). Segmentation 
is often done manually and has no constraints requiring the 
segmented reconstruction to match the original images. This 
can lead to erroneous quantifi cation. DART, however, automati-
cally segments the reconstructions into different materials (by 
assigning a constant gray-level to each material) while simulta-
neously constraining the reconstruction to closely represent the 
original images (i.e., minimize projection error). [  25–27  ]  Because 
we use a physically relevant 3D model and there is close agree-
ment with the original images, we are able to accurately deter-
mine the volumetric quantity, composition, and position of 
each phase, thereby effectively mapping a three-dimensional 
material concentration profi le. 

 Numerous recent studies have pointed to the partial misci-
bility of fullerene derivatives in a polymer matrix. [  7  ,  8  ,  28–36  ]  These 
studies suggest that the miscible regions consist of amorphous 
polymer chains intermixed with amorphous fullerene. The pub-
lished composition of this mixed phase in P3HT ranges from 
 ≈ 10 to  ≈ 35% volume C 60 -PCBM. The variability has been attrib-
uted to the different molecular weight, regioregularity, and poly-
dispersity of commercially available P3HT, as well to fullerene 
crystallinity. [  8  ]  In this work, we studied two different endohe-
dral fullerene/P3HT BHJs, Lu 3 N@C 80 -PCBM (Lu-PCBM) 
and Lu 3 N@C 80 -PCBEH (ethyl-hexyl, Lu-PCBEH). Lu 3 N@C 80  
fullerene derivatives have been used in OPV devices with power 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
conversion effi ciencies (PCE) greater than 
4%. [  21  ,  22  ,  37  ,  38  ]  The mutual miscibility of Lu-
PCBEH/P3HT is expected to be higher than 
that of Lu-PCBM/P3HT due to the ethyl-hexyl 
side-chain. We expect that the miscibility of 
Lu-PCBEH is similar to C 60 -PCBM because 
transient absorption measurements of BHJs 
show similar separated charge recombination 
rates over a wide temperature and composi-
tion range. [  39  ]  Fabricated devices also show 
similar short-circuit current and fi lling fac-
tors [  21  ,  22  ]  and our tomography measurements 
show approximately 30 vol% Lu-PCBEH is 
present when intermixed with amorphous 
P3HT. 

   2. Results and Discussion 

  2.1. Resolving the Mixed Phase in 3D 
 To examine the evolution of morphology within a BHJ, we per-
formed tomography on as-cast, thermally-annealed, (TA) [  40  ]  and 
solvent-annealed (SA) [  3  ,  41  ,  42  ]  BHJs (see the Experimental Sec-
tion). We prepared BHJs of each fullerene by closely matching 
the volume percent ratios to a 1:1 P3HT/PCBM by weight 
device ( ≈ 42 vol% fullerene, C 80  has a larger volume than C 60 ). 
This should mimic the morphology of an optimized BHJ (as we 
will demonstrate). [  3  ,  40  ]  

   Figure 1   demonstrates the large contrast between compo-
nents that the endohedral fullerenes generate in 2D-STEM 
images. Shown are TA BHJs of both endohedral fullerenes 
studied. For reference, a conventional P3HT/PCBM BHJ is 
shown in the inset of Figure  1 a, displaying no discernible con-
trast between polymer and fullerene components. All three 
images were taken at identical magnifi cation, but the inset 
was acquired at four times the beam current of the others, in 
attempt to increase the signal-to-noise ratio and the visible con-
trast between components. The fullerene-rich domains (bright) 
can clearly be distinguished from the polymer domains (dark) 
in the endohedral fullerene BHJs, but are nearly impossible to 
distinguish in the PCBM BHJ, despite the increased signal-to-
noise ratio.  

 By performing many reconstructions using different sets of 
gray-levels, we determined a two-phase model was insuffi cient 
to represent BHJs, and at least three phases were necessary 
to accurately match the original images (see the Supporting 
Information for details). The phases present are a pure P3HT-
phase, a fullerene-rich phase, and a mixed phase. Pure P3HT 
is assumed because fullerenes cannot intercalate into crystal-
line domains of P3HT and in high magnifi cation studies, no 
fullerene was observed in this phase. [  31  ,  43  ]  Similar studies of 
BHJs showing three-phase maps have been performed previ-
ously, using electron energy-loss measurements (EFTEM), and 
atomic force microscope (AFM) measurements, [  30  ,  44  ]  but this is 
the fi rst time, to our knowledge, that three-phase maps have 
been obtained in 3D.  Figure    2   shows volume reconstructions of 
each phase of the as-cast, TA, and SA BHJs for the Lu-PCBEH. 
nheim Adv. Funct. Mater. 2013, 23, 2115–2122
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     Figure  2 .     Reconstructions of Lu-PCBEH BHJ fi lms. Each phase of the as-cast, TA, and SA Lu-
PCBM BHJ fi lms are shown separately, volume rendered with a 10% opacity. The P3HT phase is 
shown in purple, the fullerene-rich phase in blue, and the mixed phase in green. The scale bars 
are 100 nm and every fi lm’s dimensions are 500 nm × 500 nm × 95 nm. The last row shows slices 
of the reconstruction volume through all three planes ( xy ,  yz ,  xz ) in each fi lm to illustrate how 
the different phases fi t together. Shown are the as-cast (left), TA (middle), and SA (right) fi lms. 
These are displayed with a 135 °  counter-clockwise rotation from the volume reconstructions.  
 Figure    3   shows the volume reconstructions for the as-cast and 
TA Lu-PCBM BHJs. The SA Lu-PCBM BHJ fi lm was not recon-
structed due to large-scale, and near complete phase separa-
tion of the components. Reconstructing this fi lm would yield 
no new information about the morphology beyond what could 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 2115–2122
be seen by 2D images. The voxel sizes of 
the reconstructions are 1.4  ×  1.4  ×  1.4 nm, 
with the achieved resolution being somewhat 
larger, 2–3 nm. This is due to a smoothing 
step in the reconstruction technique and pos-
sible image misalignments in the tilt-series. 
Regardless, these reconstructions are still the 
most accurate representations of a BHJ pub-
lished to date.   

 We calculated the composition of each 
phase by a simple mass balance, assuming 
calculated densities of the pure components 
and  Δ  V  mix   =  0 (1.05 g/cm 3  for P3HT, 
1.77 g/cm 3  for Lu-PCBM and 1.87 g/cm 3  for 
Lu-PCBEH, see the Supporting Information). 
The fullerene-rich phase and mixed phase 
were also assumed to have a concentration 
ratio between them which was based on their 
intensity (gray-level) in the reconstruction. It 
must be noted here that the calculated com-
positions are purely a result of obtaining the 
best reconstruction fi t using a three phase 
model.  Table    1   summarizes the volume 
percent and composition of each phase in 
the examined samples. These values were 
obtained by averaging over volumes much 
larger than those shown in Figure  2  and 
Figure  3 ,  ≈ 1.1  μ m across.  

 There are countless features in these 
reconstructions, most of which cannot be 
addressed in this fi rst article. Some imme-
diate features that can be seen in Figure  2 , 
is that the domains of the P3HT phase 
have the size and shape of crystalline P3HT 
fi brils which have been observed in P3HT/
PCBM BHJ fi lms. [  14–17  ]  This suggests that the 
domain sizes in these endohedral fi lms are 
similar in size to those in conventional BHJs. 
It must be mentioned that although the mor-
phology observed in these fi lms is similar 
an OPV device, it is not fully representative. 
A recent study by Mauger et al. has shown 
that, when capped with a metal electrode (as 
most devices measured for performance are), 
vertical segregation of the fullerene to the 
electrodes occurs upon heating. [  45  ]  The fi lms 
here were not fabricated with a top metal 
electrode, and so the vertical concentration 
profi le is different. Work is currently being 
done on being able to image capped fi lms, 
but this is the subject of a future publication. 

 Despite not fully representing OPV 
device morphology, measurements of these 
fi lms did allow us to examine many of the 
effects mixing has on BHJ morphology. Several general trends 
observed in Figure  2  and Figure  3  suggest that this technique 
provides accurate three-phase mapping. First, both TA and 
SA induce “demixing” of the mixed phase in both fullerene 
BHJs (this is due to both P3HT crystallization and fullerene 
2117wileyonlinelibrary.comheim
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     Figure  3 .     Reconstructions of Lu-PCBM BHJ fi lms. Each phase of the as-cast and TA Lu-PCBM 
BHJ fi lms are shown separately, volume rendered with a 10% opacity. The SA fi lm was not 
reconstructed due to large-scale phase separation. The P3HT phase is shown in purple, the 
fullerene-rich phase in blue, and the mixed phase in green; black is vacuum. The scale bars 
are 100 nm and every fi lm’s dimensions are 500 nm  ×  500 nm  ×  95 nm. The two lower panels 
show slices of the reconstruction volume through all three planes ( xy ,  yz ,  xz ) in the as-cast (left) 
and TA (right) fi lm to illustrate how the different phases fi t together. These are displayed with 
a 135 °  counter-clockwise rotation from the volume reconstructions.  

   Table  1.     Total volume percent of each component in each phase (shown in pie graphs) and 
the volume percent fullerene contained in each phase of all the endohedral fullerene BHJ 
fi lms studied. 

   

   Errors are given by the maximum effect that varying the gray levels has on the composition while still mini-
mizing projection error and maintaining mass balance. Errors represent 95% confi dence intervals.   
aggregation, as will be demonstrated). Second, 
the mixed phase is always found at the inter-
face between the P3HT- and fullerene-rich 
phases. Lastly, there is reduced mixed phase 
content with a less soluble fullerene and the 
composition changes with temperature. 

 A principal theme in the literature is that 
P3HT/PCBM BHJ effi ciency is increased by 
TA or SA. [  42  ,  46  ]  Figure  2  shows an increased 
number of charge percolation pathways in 
the annealed BHJs. Holes and electrons can 
be transported through the pure P3HT- and 
fullerene-rich phases, respectively, as the con-
nectivity to the electrodes in these domains 
is very high. In the as-cast sample, there are 
nearly no percolation pathways through pure 
P3HT domains, whereas there are numerous 
pathways through fullerene-rich domains. 
Therefore, in as-cast devices, holes must 
be transported through the mixed phase in 
which the P3HT assumes an amorphous 
form. Here, hole mobility is reduced and the 
band gap is increased. The reconstructions 
corroborate previous work showing that elec-
tron mobility in as-cast devices is similar to 
that of annealed devices, whereas the hole-
mobility increases several orders of magni-
tude after annealing, resulting in balanced 
mobilities. [  47  ,  48  ]  Our data shows that this is 
most likely due to the formation of phase-
separated, charge percolation pathways. 

   2.2. Mixed Phase Affects Local Morphology 

 The evolving morphology not only reveals 
changes in the component rich phases, but 
also reveals the effects of the mixed phase. 
These effects can be seen by comparing the 
Lu-PCBEH samples to the Lu-PCBM sam-
ples. Because Lu-PCBEH has a higher mutual 
solubility with P3HT, larger volumes of the 
mixed phase are present in both the as-cast 
fi lm (66% rather than 44%) and the annealed 
fi lms (35% and 24% rather than 13% and 
0%), when compared to the Lu-PCBM. Visual 
inspection of the reconstructions makes 
obvious that the domain sizes are much 
smaller and more continuous for the pure 
phases in the Lu-PCBEH samples. A smaller 
amount of mixed phase present seems to 
affect the formation of larger domains of pure 
phases. This suggests that the mixed phase is 
critical for the formation of a “desirable” BHJ 
morphology with the optimum length-scales. 

 The miscibility of the components seems to 
have direct effect on the volume and compo-
sition of the mixed phase, as is expected. The 
expected crystallinity of P3HT in annealed 
heim Adv. Funct. Mater. 2013, 23, 2115–2122
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BHJs is  ≈ 50%. [  2  ,  49  ,  50  ]  However, in the TA Lu-PCBM fi lm the 
P3HT- phase includes  ≈ 86% of the total P3HT, and there are no 
well defi ned fi brils of P3HT observed in the rendered volume 
(Figure  3 ). This suggests that there are many domains of pure 
amorphous P3HT in this fi lm. Treat  et al.  showed, however, that 
PCBM mixes readily with amorphous domains of P3HT. [  29  ]  It 
seems that due to the lower miscibility of Lu-PCBM compared 
to Lu-PCBEH or PCBM, it is more energetically favorable for 
Lu-PCBM to aggregate with itself, rather than remain in the 
P3HT matrix, even though amorphous P3HT is present. By 
comparison, in the TA Lu-PCBEH samples, the P3HT phase 
contains mostly crystalline P3HT fi brils (the P3HT phase con-
tains  ≈ 63% of the total P3HT), and the remaining amorphous 
P3HT readily mixes with the fullerene. In other words, higher 
miscibility leads to a more persistent mixed phase, seen as an 
increase in the mixed phase volume. 

 Comparing the annealed samples in more detail allows us to 
better defi ne the exact role of the mixed phase. For both accep-
tors, the SA sample has less mixed phase volume and reduced 
fullerene content in the mixed phase compared to the TA sam-
ples. If we assume the equilibrium morphology requires phase 
separation into only two phases, as is seen in the Lu-PCBM SA 
sample, then our data suggest that SA facilitates morphological 
relaxation, while TA leaves the sample kinetically frozen. Other 
studies of long-term thermal annealing show morphologies 
similar to that in the SA Lu-PCBM sample (very large fullerene 
crystals present and a fullerene depleted P3HT region). [  31  ]  As 
such, we assume that SA facilitates the same degree of relaxa-
tion (quasi-equilibration) in both fi lms. With this assumption 
in mind, this data shows that the mixed phase continues to per-
sist at  ≈ 25% of the total volume in the Lu-PCBEH BHJ after 
equilibration. 

 The composition of the mixed phase is 30  vol% fullerene in 
both the as-cast sample and SA sample but is 43 vol% in the TA 
sample for Lu-PCBEH. The difference in mixing ratio is due to 
the sample’s fabrication history. The mutual solubility between 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2115–2122

     Figure  4 .     Low magnifi cation STEM images of SA-BHJs. The images show ful
and crystallization in the a) Lu-PCBEH and b) Lu-PCBM BHJs, respectively.
separate magnifi cation to illustrate separate features. Inset in (a) and (b) a
tion images of the agglomerates (bottom) and the fast Fourier transform o
cation images (top) showing the periodicity of the fullerene agglomerates. T
in (b) is displayed with increased contrast and brightness to allow visualizat
features present in the fi lm.  
P3HT and Lu-PCBEH is higher at 150  ° C than at room temper-
ature. [  8  ]  The TA sample was kept at 150  ° C for 5 min and then 
rapidly quenched to room temperature, freezing in the more 
miscible composition and morphology. The same effect is seen 
in the TA Lu-PCBM sample, the mixed phase contains more 
fullerene than in the as-cast sample. 

 The different effects that SA and TA have on the mixed phase 
are best demonstrated in the poorly-miscible Lu-PCBM sam-
ples. The SA sample has no detectable mixed phase, which leads 
us to conclude that there is very low miscibility between P3HT 
and Lu-PCBM at room temperature. [  28  ,  31  ]  In the TA sample, the 
large fullerene aggregates attest to the poor solubility of Lu-
PCBM in P3HT. But in the same image there are well-defi ned 
nanometer-sized domains of Lu-PCBM that appear to be ideal 
for an OPV layer. These domains are formed at 150  ° C, a tem-
perature for which a mixed polymer/fullerene phase is stable 
(13 vol%). Previous reports claim that both P3HT and fullerene 
crystallization drive phase separation. [  8  ,  51  ,  52  ]  We agree. But the 
mixed phase seems to be essential to mediate the phase-sepa-
ration and seems to help minimize large aggregate formation 
which are ineffective for effi cient OPV operation. 

 Despite this evidence, the question remains: If some small 
amount of miscibility exists and the mixed phase allows nano-
scale morphology to persist, then why did the SA Lu-PCBM 
sample completely phase-separate? Until this point in the 
article, we treated the BHJ layer as a three-phase mixture with 
the phases being pure P3HT fi brils, a P3HT-rich mixture of 
amorphous P3HT with amorphous fullerene (referred to as the 
mixed phase), and a fullerene-rich mixture of amorphous P3HT 
with amorphous fullerene (the fullerene-rich phase). However, 
Collins et al., [  8  ,  28  ]  recently showed that fullerene (PCBM) crystal-
lization is major driving force for large-scale phase separation 
in BHJ blends. This result suggests that a fourth phase con-
sisting of crystalline fullerene should exist in BHJ mixtures. We 
note, however, that the difference is not resolvable using this 
technique. The concentrations are too similar which results in 
bH & Co. KGaA, Weinh

lerene aggregation 
 The images are at 
re high magnifi ca-
f the high-magnifi -
he lower right box 
ion of the hole-like 
any crystalline-fullerene domains being dis-
played as part of the fullerene-rich phase. 
This may, to some extent, explain why the 
vol% of fullerene in the fullerene-rich phase 
is processing-dependent (see Table  1 ). We did 
observe some crystallinity in the large aggre-
gates of the TA Lu-PCBM samples, but the 
vast majority were amorphous (Supporting 
Information Figure S2). However, from 
the TA and SA data, it seems that fullerene 
crystallization depletes the mixed phase of 
fullerene, reducing or eliminating it, which 
destabilizes the morphology. 

 We examine this by comparing SA sam-
ples.  Figure    4   shows 2D-STEM images of 
both SA samples at low magnifi cation. The 
bright blobs are agglomerates of fullerene, 
the lighter gray is the carbon support, and the 
darker areas are the BHJ fi lm. In Figure  4 a, 
the nanoscale morphology of the Lu-PCBEH 
sample remains preserved (Figure  2 ), but 
some fullerene aggregation is present. The 
Lu-PCBM sample, however (Figure  4 b), shows 
2119wileyonlinelibrary.comeim



2120

FU
LL

 P
A
P
ER

www.MaterialsViews.com
www.afm-journal.de
nearly complete phase separation with large fullerene crystals, 
several micrometers across, present (this occurred throughout 
the entire fi lm, see Supporting Information Figure S1). Higher 
magnifi cation studies showed no discernible fullerene left in the 
fi lm, outside the large crystals (images not shown), which led us 
to assign the compositions of the SA Lu-PCBM sample to be pure 
phases. The inset of Figure  4 b shows a high-magnifi cation image 
of one of the dendritically grown fullerene crystals, [  53  ]  along with 
the fast Fourier transform (FFT) of the image, demonstrating its 
crystallinity (see the Supporting Information for more details).  

 Some large fullerene aggregates (Supporting Informa-
tion Figure S1) are observed in the SA Lu-PCBEH sample, 
but fullerene crystallization did not occur. The upper inset of 
Figure  4 a shows the FFT of a representative Lu-PCBEH agglom-
erate (lower inset) displaying an amorphous ring. The crystal-
lization is suppressed here, likely by the ethyl-hexyl side chain, 
as well as by increased miscibility. Despite this, the formation 
of fullerene-rich domains still occurs. We need to briefl y return 
to the role of the mixed phase to fully understand the effect of 
fullerene crystallization. There are two possibilities for the for-
mation of the fullerene-rich phase. Firstly, as Kozub  et al.  sug-
gested, [  18  ]  crystallization of the P3HT could be driving excess 
fullerene into the mixed phase, pushing it past the solubility 
limit, causing the formation of the fullerene-rich phase. But, this 
should cause the fullerene-rich phase to be directly adjacent to the 
P3HT phase, which is not observed. The other possibility (which 
our data supports) is that the fullerene-rich phase grows from 
direct aggregation of the fullerene, in addition to P3HT crystalli-
zation. Here, both P3HT and fullerene-rich domains deplete the 
mixed phase of material, but once enough fullerene leaves the 
mixed phase to reach the solubility limit, fullerene aggregation 
ceases (or becomes very, very slow). It is no longer more energet-
ically favorable for the fullerene to aggregate, so it remains in the 
mixed phase. Aggregation should also leave a depleted region 
(the mixed phase) surrounding the fullerene-rich phase, which 
is indeed observed in the reconstructions. Lastly, the presence 
of large fullerene aggregates themselves suggest fullerene aggre-
gation is driving phase segregation. P3HT crystallization alone 
will likely not cause enough local build up of fullerene for large 
aggregates to form (Supporting Information Figure S1). 

 Altogether, the mixed phase seems to mediate phase separa-
tion by only allowing the fullerene-rich phase to grow to a certain 
extent. Additionally, if the solubility limit is higher, more mixed 
phase should be present because less fullerene can aggregate 
into fullerene-rich domains. Indeed, this was observed in the TA 
and SA Lu-PCBEH samples. The TA sample, containing a higher 
concentration of fullerene in the mixed phase (the TA sample 
was frozen into a higher solubility state when it was quenched 
from high temperature) also contained a larger volume of mixed 
phase. Conversely, lower solubility should contain less mixed 
phase, and this was observed in the TA Lu-PCBM sample. 

 From the SA samples, we see that fullerene crystallization 
seems to reduce amount of the mixed phase present, which 
allows for large-scale phase separation. The low energy fullerene 
crystals seem to draw fullerene from the mixed phase, despite 
some solubility being present. However, in the non-crystallizing 
case of Lu-PCBEH, the growing amorphous fullerene domains 
cannot easily withdraw fullerene from the mixed phase past the 
solubility limit, explaining why the Lu-PCBEH mixed phase 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
persists after SA and the Lu-PCBM mixed phase does not. This 
illustrates the importance of having a persistent mixed phase 
to maintain the morphology of a BHJ. Fullerene crystalliza-
tion seems to reduce the persistence of the mixed phase, which 
drives large-scale phase separation. 

 The small aggregates visible in Figure  4 a, occurred after the 
fi lm was placed onto the TEM grid. This can be deduced because 
there were no aggregates of this size anywhere in the fi lm, 
except for in areas immediately adjacent to the carbon support. 
If aggregation occurred before placing the fi lm on the carbon 
support, then aggregates should be seen in other locations. They 
were not. Additionally, aggregation occurred mostly in areas 
with high curvature on the carbon grid. This suggests that some 
aggregation is caused by an interaction with the underlying 
substrate and that surface energy has an effect on aggregation. 
The aggregation is surprising due to the fact that the fi lm was 
at room temperature upon deposition on the carbon grid. How-
ever, we have shown previously that despite drying the fi lms in 
vacuum, residual solvent remains trapped in the fi lm, lending 
the fullerene high mobility in the P3HT matrix. [  54  ]  This is likely 
what allowed for the growth of the small aggregates. Trapped 
solvent must have also allowed the mixed phase to equilibrate to 
the room temperature composition, despite having been heated 
to a more miscible state. We estimate greater than 95% of the 
fi lm did not have any large aggregates and the morphology 
looked similar to the TA fi lm, as shown in Figure  2 , demon-
strating the highly stable morphology of the Lu-PCBEH BHJ. 

 Increasing the component miscibility seems to be one 
way to assist in inhibiting fullerene crystallization. In all the 
BHJs, except the SA Lu-PCBM, both the mixed and fullerene-
rich phases are shown to consist partially of P3HT. Kozub 
 et al.  also demonstrated that P3HT exists throughout the entire 
device. [  20  ]  In Figure  4 b, the lower right inset shows dark, round 
features corresponding to thin regions of the fi lm. The period 
and size of these regions correlates exactly to the period and 
size of fullerene aggregates in the as-cast sample. We conclude 
that these regions are where large fullerene aggregates used to 
reside, formed by the collapse of the intermixed P3HT upon 
the exodus of the fullerene. This clearly demonstrates that the 
fullerene-rich phase is not pure, but consists partially of some 
intermixed P3HT, confi rming our composition assignments. 
The widespread lack of fullerene crystallinity in the TA Lu-
PCBM sample clearly demonstrates that the presence of P3HT 
can inhibit crystallization of the fullerene: just as the presence 
of the fullerene can inhibit crystallization of the P3HT. [  20  ,  36  ,  55  ]  
It cannot completely prevent it, however, as Figure  4 b and Sup-
porting Information Figure S2 demonstrate. A recent study 
of non-crystallizing fullerenes in BHJs gives strong evidence 
that preventing fullerene crystallization can prevent large scale 
phase separation. [  56  ]  We recommend that new functionalized 
fullerenes be synthesized that induce miscibility but prevent 
crystallization (PCBEH for example). This is one possible route 
to stabilizing the morphology of polymer-fullerene blends. 

    3. Conclusions 

 We have shown that a three-phase model is needed to accu-
rately describe the morphology of partially miscible P3HT/
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2115–2122
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endohedral fullerene BHJs. Our results agree with many pre-
vious studies involving the mixing and morphological evolu-
tion of P3HT/PCBM BHJs. In addition to being consistent 
with other studies, our results show that in these fi lms a mixed 
phase seems to be necessary to mediate the phase separation 
of components, and to maintain the optimum morphology of 
a BHJ blend. Two major factors affecting mixed phase persist-
ence were identifi ed: the overall component miscibility and 
the presence of fullerene crystallization. Increased miscibility 
increases the mixed phase volume and fullerene content, 
whereas fullerene crystallization, by depletion of the mixed 
phase, eventually leads to large-scale phase separation. There-
fore, the suppression of fullerene crystallization and inducing 
component miscibility seem to be possible routes to stabi-
lizing the morphology of polymer-fullerene blends. Through 
the use of Lu 3 N-containing endohedral fullerenes and ET, we 
have demonstrated an effective method for generating detailed 
morphology maps. The new morphological information can be 
effectively correlated to charge mobilities, spectroscopic meas-
urements, and device characteristics in ways which were not 
previously possible with other techniques. 

   4. Experimental Section 
  Sample Preparation : Samples were prepared by fi rst cleaning glass 

slides by wiping down with chloroform, then ultrasonicating in acetone, 
detergent and then deionized water for 15 min each. Next, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was spin-
cast onto the substrate (in air) at 2500 RPM for 60 s. This was then 
placed on a hotplate for 5 min at 110  ° C and subsequently transferred 
into a nitrogen glovebox. A solution of P3HT/fullerene (65 kDa from 
Plextronics) was spin-cast onto the substrate at 60  ° C. The solutions 
were 10:13 P3HT/Lu-PCBEH by weight ( ≈ 20 mg mL  − 1 ) and 4:5 P3HT/
Lu-PCBM by weight ( ≈ 10 mg mL  − 1  due to lower solubility). The prepared 
fi lms were then either annealed at 150  ° C for 5 min and then transferred 
onto a TEM lacey carbon grid or transferred directly onto a lacey carbon 
grid. This was done by fl oating off the fi lm in deionized water and 
scooping up a fl ake with the TEM grid. For the SA fi lms, as-cast fi lms 
were placed on a hot plate at 150  ° C under an inverted Petri dish along 
with a small dish of 1,2-ortho-dichlorobenze for 2 h. Afterwards, the fi lm 
was dried for several days in vacuum before transferring it to a TEM grid. 
The fi lm thicknesses were  ≈ 100 nm and  ≈ 80 nm for the Lu-PCBEH and 
Lu-PCBM fi lms, respectively. 

  Imaging and Analysis : All STEM images used for the ET reconstructions 
were taken with an JEOL 2100F at 200 kV. Tilt series were taken using 
dynamic focus via a STEM tomography plugin for DigitalMicrograph 
(Gatan). Images were taken at one degree intervals from a minimum 
of  + 65 to –65 degrees. They were aligned manually using IMOD and 
3D reconstructions were done using custom code in MATLAB. Volumes 
were visualized using Avizo 6.0 (VSG). 

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