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Interdiffusion of PCBM and P3HT Reveals Miscibility
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active layer.[1] Further improvement in
efficiency is limited by a lack of a fundamental understanding of the morphology
(i.e. size, shape, texture, and phase distribution) of the donor and acceptor phases
within a BHJ film. Thus, there is a need to
develop a fundamental understanding of
the miscibility and diffusivity of the donor
and acceptor components within these
films with the ultimate goal of a detailed
understanding and the ability to control
molecular ordering and phase separation.
Here, by using a model bilayer system of
P3HT and PCBM, we observe rapid (30 s)
interdiffusion of pure layers of P3HT and
PCBM at typical OPV annealing temperatures (150 °C). Significantly this mixing
occurs without disrupting the crystalline
P3HT domains and is indicative of the
miscibility of PCBM in disordered P3HT domains. Our results
imply that the BHJ film is comprised of a dispersion of aggregates of PCBM, molecularly dispersed PCBM in disordered
P3HT, and crystallites of P3HT and suggests that the pure
polymer domains widely thought to exist in BHJ films are, in
fact, disordered solutions of crystalline and disordered polymer
and amorphous fullerene.[2]
The most efficient OPVs are formed from blends of an electron-donating polymer [e.g. poly(3-hexyl thiophene) (P3HT)] and
an electron-accepting fullerene {e.g. [6,6]-phenyl-C61-butyricacid-methyl-ester (PCBM)}.[3] The efficiency of BHJs relies on
the ability of photogenerated excitons to reach the heterojunction
between the donor and acceptor, generating free charge carriers,
coupled with the ability of these charge carriers to escape to the
electrodes. The first factor requires the donor and acceptor to be
dispersed within a maximum distance of ∼10 nm due to the limited diffusion distance of the excitons and the latter requires efficient pathways of hole and electron transport to the electrodes
over distances of 100–500 nm.[4] Currently, the phase-separated
morphology is difficult to control and empirical processing
methods are relied upon to form highly efficient OPVs.
Although the P3HT:PCBM BHJ is the most extensively
studied BHJ[4–7,11], its internal structure is still a topic of intense
debate. P3HT:PCBM BHJs[8] are commonly deposited from
solution via spin-coating onto a high work function transparent
conducting oxide (i.e. ITO) coated with a water soluble, hole conducting layer (i.e. PEDOT:PSS).[4] The as-cast blend morphology
is generally believed to be a kinetically trapped molecular
mixture of P3HT (both amorphous regions and crystalline

Developing a better understanding of the evolution of morphology in plastic
solar cells is the key to designing new materials and structures that achieve
photoconversion efficiencies greater than 10%. In the most extensively characterized system, the poly(3-hexyl thiophene) (P3HT):[6,6]-phenyl-C61-butyricacid-methyl-ester (PCBM) bulk heterojunction, the origins and evolution of
the blend morphology during processes such as thermal annealing are not
well understood. In this work, we use a model system, a bilayer of P3HT and
PCBM, to develop a more complete understanding of the miscibility and diffusion of PCBM within P3HT during thermal annealing. We find that PCBM
aggregates and/or molecular species are miscible and mobile in disordered
P3HT, without disrupting the ordered lamellar stacking of P3HT chains. The
fast diffusion of PCBM into the amorphous regions of P3HT suggests the
favorability of mixing in this system, opposing the belief that phase-pure
domains form in BHJs due to immiscibility of these two components.

1. Introduction
Bulk heterojunction (BHJ) organic photovoltaics (OPV) have
recently achieved photoconversion efficiencies approaching
10% through the synthesis of electron-donating polymers and
the empirical optimization of the processing conditions of the
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a bilayer geometry or a conventional geometry with blocking
layers. Our studies also demonstrate that the bulk has a nearly
homogeneous vertical profile (not including differences in concentration at the substrate or air interface as described below),
even when starting from the most stratified case. These studies
outline the criteria required to fabricate a bilayer system with
pure donor and acceptor layers, which is important for the
development of model systems for fundamental studies of
photophysical and electrical properties.
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regions) and aggregates of PCBM.[9] These films typically have
low photoconversion efficiencies, which are attributed to inefficient charge transport pathways due to incomplete phase
segregation.[10] In order to achieve optimum charge transport,
this system is subjected to processes such as thermal annealing
that allow for the reorganization of the bulk heterojunction.[5,9]
Some suggest that this increase in performance is due to crystallization of disordered P3HT, resulting in the diffusion of the
fullerene component out of the polymer matrix thereby forming
efficient charge transport pathways between the electrodes.[12]
Others speculate that the increase in the polymer crystal size
during thermal annealing inhibits the evolution of large
fullerene domains, thus forming nano-scale crystalline domains
of P3HT and PCBM.[13] Even though insight into this system
has grown tremendously, the understanding of the evolution of
the BHJ morphology and improvement in photoconversion efficiency with thermal annealing remains poorly understood.
The aim of this work is to develop a fundamental understanding of the miscibility of P3HT and PCBM by investigating the interdiffusion and mixing processes starting from
a bilayer film. From the evolution of the morphology in this
model system, a better understanding of the distribution of
the active layer components within the bulk heterojunction can
be obtained. We find that interdiffusion within P3HT/PCBM
bilayers occurs at relatively low temperatures (i.e. 50 °C) and
rapidly (30s) results in a mixed system (greater than a 1:0.8 wt
ratio) at temperatures commonly used to optimize photovoltaic
cells (150 °C). This rapid interdiffusion rate gives evidence
that PCBM mixes as molecular species or small aggregates,
thus supporting the idea that the BHJ morphology is very
dynamic with significant molecular mobility under widely-used
annealing conditions.[14] Furthermore, PCBM diffuses within
the film without affecting the crystal size, structure, or orientation of P3HT, even at an equal P3HT:PCBM weight ratio. This
result suggests that diffusion occurs only through the disordered regions of P3HT. The fast interdiffusion rate observed
in the P3HT:PCBM bilayer sheds light on the challenges in
controlling the vertical composition of solar cells with either

2. Results and Discussion
2.1. Fabrication and Characterization of P3HT/PCBM Bilayers
For this study, bilayers of P3HT/d-PCBM were fabricated using
a float-casting technique to study the evolution of the interface between the P3HT and PCBM upon thermal annealing
(details in Experimental section). Films of P3HT and PCBM
were separately fabricated via spin coating and had approximate thicknesses of 265 nm and 180 nm respectively, yielding
at least a 1:0.8 weight ratio assuming the densities of P3HT and
PCBM are 1.15 g/mL and 1.3 g/mL respectively.[15] The lowest
reported value for the density of PCBM (ranging from 1.3 g/mL
to 1.5 g/mL[16]) was used in the estimation of the weight ratio
to avoid overestimating the miscibility within this system. Neat
P3HT and PCBM films were allowed to age for 2 days at room
temperature in an inert environment before bilayer fabrication
so that each film had an identical aging history. The P3HT film
was then floated onto a deionized (DI) water surface and picked
up by the supported PCBM film, forming a bilayer of P3HT/
PCBM on an SiO2/Si substrate. The composition of the P3HT/
PCBM bilayer samples was characterized using a combination
of dynamic secondary ion mass spectrometry (DSIMS) and
cross-sectional scanning electron microscopy (SEM) (Figure 1).
It was convenient to use 2H labeled PCBM due to the excellent
sensitivity for detecting 2H by DSIMS. The 2H profile (Figure 1b)

Figure 1. a) Cross-sectional SEM image and b) DSIMS profile of 2H in a P3HT/d-PCBM bilayer film fabricated on an SiO2/Si substrate. The sharp
change in the 2H signal from natural abundance signifies the presence of pure P3HT and d-PCBM layers, confirmed by the difference in texture observed
in the cross-section SEM image. Profiles were generated using O2+ primary ion beam and had a depth resolution of ∼10 nm. The thicknesses of the
films were determined using an average etch rate of 0.4 nm/s(determined by film thickness studies) and set such that 0.0 is the free surface of the film
and 400 nm is the substrate. The scale bar represents a distance of 200 nm.
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is plotted as counts versus thickness, clearly showing that there
are two distinct layers within the sample. Furthermore, the 2H
concentration within the P3HT film corresponds to the natural
abundance of deuterium (0.015% of 1H) signifying a pure
layer of P3HT (See Supporting Information). The width of the
interface between P3HT and PCBM layers is ∼10 nm, which
is approximately the depth resolution of DSIMS. Concurrently,
the cross-section SEM image shows a clear interface and distinguishable difference in texture between the P3HT and d-PCBM
films. Other methods for the fabrication of bilayer samples
(i.e. direct casting from orthogonal solvents) were unable to
form a pure bilayer structure (See Supporting Information).[17]
It should be noted that others have shown the fabrication of
bilayer type devices with pure donor-acceptor layers using alternate methods.[18] Thus, to fabricate a pure bilayer system, it
is important to use solvent free techniques which require no
additional heating during the fabrication process (as discussed
below).
2.2. Interdiffusion Within P3HT/PCBM Bilayers
The interdiffusion of PCBM and P3HT in this bilayer architecture (P3HT/d-PCBM on SiO2 (150 nm)/Si) at different

annealing temperatures at fixed time was investigated using
cross-sectional SEM and DSIMS.[19] Figure 2d shows the
DSIMS profiles plotted as d-PCBM concentration versus
nominal thickness. The increase in d-PCBM concentration
within the P3HT layer, as revealed by depth profiles, demonstrates significant interdiffusion at all annealing temperatures
(e.g. 10 wt% PCBM in P3HT at 90 °C after 5 min) with complete interdiffusion after 5 min at 150 °C. Similar profiles were
observed even when heating at 150 °C for 30 sec, suggesting
rapid interdiffusion (Supporting Information). Although the
bulk had a uniform composition, a concentrated P3HT layer
and a PCBM layer (∼10 nm thick) were observed at the air and
substrate interfaces respectively, similar to previous reports
(Supporting Information).[15,20] Rapid interdiffusion was confirmed by cross-sectional SEM images, revealing that the
original interface moves towards the substrate with increasing
annealing temperature and is no longer visible after annealing
at 150 °C for 5 min (Figure 2a–c). At lower annealing temperatures, a sharp increase in PCBM concentration at the interface
between the P3HT and PCBM layers reveals that an interface
still exists between an intermixed P3HT-rich layer and nearly
pure d-PCBM layer. As interdiffusion proceeds, the interface
moves towards the Si substrate, signifying the increase in
volume of the P3HT layer due to the inclusion of d-PCBM.

Figure 2. Cross sectional SEM images of a P3HT/d-PCBM bilayer on a silicon wafer annealed at a) 70 °C, b) 110 °C, and c) 150 °C for 5 min. The scale
bar represents a distance of 200 nm. d) DSIMS profiles of 2H in bilayer samples of P3HT and d-PCBM annealed from 5 minutes at different temperatures. The thicknesses of the films (which differed slightly across samples) were normalized such that 0 nm is the free surface of the film and 450 nm
is the substrate. The deuterium concentrations were normalized such that the area under the counts versus distance for all profiles was the same after
setting the normalized concentration in the d-PCBM part of the initial bilayer equal to 1.
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2.3. Evolution of Molecular Ordering During Interdiffusion
The DSIMS profiles demonstrate the kinetics and temperature
dependence of interdiffusion, but do not provide insight into
the evolution of molecular ordering of P3HT and PCBM. Thus,
2-D X-ray scattering in grazing incidence geometry (GIWAXS)
was used to understand the development of the crystal structure of P3HT and PCBM during the interdiffusion process.
These measurements were taken with an X-ray incidence
angle above the critical angle for total reflection of the P3HT
and PCBM but below that of the Si substrate, thus probing
the molecular ordering of the entire thickness of the bilayer
sample. The scattering vectors in the out-of-plane and in-plane
direction are denoted as qz and qxy respectively. 2D GIWAXS
patterns were collected from as-prepared P3HT/PCBM bilayers
and annealed samples allowing for direct comparison between
the DSIMS profiles (Figure 3a–e). The packing along the side
chains of the P3HT crystal is denoted as the a-axis, (h00), and
the direction corresponding to the π-stacking within the P3HT
crystal is denoted as the b-axis, (0k0). The diffraction peaks for
P3HT were observed in the bilayer films with the (100), (200),
and (300) found near the meridian (close to qz) at q = 0.39, 0.77,
1.15 Å−1 respectively and the (010) near the horizon (along qxy)
at q = 1.65 Å−1. This diffraction pattern shows that the a-axis
of the P3HT crystals is predominantly oriented perpendicular
to the substrate and the b-axis (π-stacking) is oriented parallel,
which is the typically observed P3HT orientation. The diffuse
ring centered at 1.41 Å−1 corresponds to the scattering of the
disordered PCBM film initially found in the bottom layer of the
bilayer.[23] Upon annealing the as-prepared bilayer system at various temperatures, the d-spacing along the a-axis of the P3HT
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crystal remains constant, indicating that during the interdiffusion process, the PCBM does not interpenetrate between the
side chains of the P3HT crystal structure.[24] Furthermore, the
peak width of the diffraction ring corresponding to aggregates
of PCBM is unchanged during the interdiffusion process, signifying that mixed PCBM remains in an amorphous state with
aggregates large enough to scatter incident X-rays. Although the
intensity of the (200) peak of P3HT increases by nearly a factor
of two on annealing at 170 °C, its dependence on azimuthal
angle at various levels of interdiffusion reveals that there is
little change in the distribution of P3HT crystal orientations
(Figures S8 and S9 in the Supporting Information). Because
the d-spacing and orientations of P3HT crystals remained
unchanged, it is clear that the interdiffusion process has little
effect on the crystalline regions of the P3HT film. This data
directly indicates the diffusion of PCBM in P3HT must occur
within the disordered regions of P3HT.
To determine how interdiffusion within this system affects
the growth of the P3HT crystallites, the P3HT crystallite size
along the a-axis for the bilayer films was compared to pure
P3HT films heated under similar conditions. The P3HT crystallite size was estimated using the Scherrer equation (from the
peak width of diffraction corresponding to the (100) reflection of P3HT of annealed bilayer samples) and plotted against
the fraction of PCBM within the P3HT layer (Figure 3f ) (See
Supporting Information). The crystallite size increases with
increasing annealing temperature regardless of the level of
interdiffusion, again supporting the idea that the diffusion
of PCBM must occur within the disordered regions of P3HT.
Furthermore, 2D GIWAXS patterns were collected from asprepared bilayer samples heated in-situ at 110 °C and 170 °C
for various times, thus allowing for the investigation of systems
that range from partially mixed (∼30 wt% PCBM in P3HT) to
fully mixed during the time scale of this experiment. We also
measured the crystal size along the (h00) direction for a neat
P3HT film annealed in-situ after 5 min at 110 °C and 170 °C.
The P3HT crystallite size in the bilayer system increased most
rapidly during the first 5 min of annealing, growing to a thickness close to that for a neat P3HT film heated under similar
conditions (Figure 3g). Thus, it is clear that the interdiffusion of
PCBM and P3HT has little effect on both the size of the P3HT
crystallites and the rate of crystal growth within the film.
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The fact that there is no d-PCBM concentration gradient
in the P3HT-rich layer at all temperatures signifies that there
is very rapid diffusion of d-PCBM in the P3HT layer.[21] Since
the interdiffusion process is complete at 150 °C for 30 sec, it is
clear that the interdiffusion coefficient for this system must be
greater than 3 × 10−10 cm2/s (See Supporting Information) at
150 °C. Diffusion constants for PCBM within a P3HT matrix
have also been measured by studying the depletion of PCBM
from the P3HT matrix surrounding a PCBM crystalline domain
and shown to be 2.5 × 10−10 cm2/s, which is consistent with our
estimate for the lower limit of the interdiffusion coefficient.[14]
While it is often assumed that phase separation between P3HT
and PCBM to form the BHJ microstructure is due to the immiscibility of these components in liquid or amorphous states, the
observation of interdiffusion demonstrates significant miscibility and complete mixing in our bilayer system at typical
annealing temperatures (i.e. > 120 ° C). From these studies, we
estimate that PCBM has a concentration greater than 40% wt in
P3HT, which is consistent with previously reported estimates
for bulk samples.[22] We believe that PCBM is dispersed as both
molecular species within the disordered phase of P3HT (as
shown below) and as aggregated PCBM domains. The observation of a fast interdiffusion coefficient indicates that the BHJ
morphology formed after deposition will continue to change
even under mild heating thus further complicating the characterization of its morphology.

2.4. Vertical Composition During Interdiffusion Using GIWAXS
Even though GIWAXS is a widely used technique to determine
the crystal structure of thin films, its depth profiling capabilities has yet to be extensively explored in this context.[25] In order
to explore the depth profile, the X-ray incidence angle onto
the sample was less than the critical angle for the PCBM film
(at ∼0.10° incidence). In this case, only the top ∼10 nm of the
265 nm thick P3HT film on top of PCBM was examined. For
direct comparison, the sample stage was preheated to 170 °C
prior to performing the experiment thus mimicking the exact
annealing conditions of earlier discussed samples. The 2D
GIWAXS patterns of the PCBM/P3HT bilayer, measured before
heating, at 170 °C, and after cooling to room temperature are
found in Figure 4a–c. The as-prepared bilayer measured below
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Figure 3. Two-dimensional GIWAXS of a P3HT/PCBM bilayer on Si a) as-cast and annealed at b) 70 °C, c) 110 °C, d) 150 °C, and e) 170 °C for 5 min.
f) The Scherrer equation was used to extract the P3HT crystallite thickness along the a-axis from the full-width-at-half-maximum of the (100) reflection.
PCBM incorporation from the DSIMS measurements was plotted for comparison at various annealing temperatures. g) Growth in the crystal thickness
with time using in-situ heating 2D GIWAXS of a P3HT/PCBM bilayer on Si at 110 °C (orange) and 170 °C (blue). The Scherrer equation was used to
determine crystal thickness from the (100) reflection corresponding to P3HT. The dotted line corresponds to a neat P3HT/Si sample heated for 5 min
at 110 °C (orange) and 170 °C (blue).

the critical angle showed an identical diffraction pattern as
a neat film of P3HT, signifying that only the top layer of the
bilayer was probed (Figure S11 in the Supporting Information).
Upon heating, the characteristic diffuse PCBM scattering ring
centered at 1.41 Å−1 was observed, demonstrating that interdiffusion of P3HT and PCBM occurs in less than 5 min. The
integrated out-of-plane scattering clearly shows the growth
of the PCBM diffraction ring as well as the narrowing of the
(h00) peaks corresponding to the increase in crystal thickness
of P3HT along the a-axis (Figure 4d). The (h00) peak position
shift to lower values of q observed in the bilayer scattering
pattern at 170 °C is due to thermal expansion of the P3HT
unit cell.[26] This experiment confirms that the interdiffusion
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process is complete in less than 5 min at temperatures greater
than 150 ºC.[27] Furthermore, the d-spacing along the a-axis and
orientation of P3HT crystals remains unchanged during the
interdiffusion process and supports the conclusion that PCBM
diffuses within the disordered regions of P3HT without significantly disrupting the P3HT crystallites.
2.5. Discussion
In contrast to previous reports, our results support the idea that
the presence of PCBM within disordered P3HT has little influence on the increase in the number and size of P3HT crystallites
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Figure 4. Two-dimensional GIWAXS of a P3HT/PCBM bilayer on Si oriented at ∼0.10° incidence relative to the beam a) as-cast, b) measured in-situ at
170 °C for 5 min, and c) at room temperature after 35 min of annealing at 170 °C. d) Integrated out-of-plane scattering measured at room temperature
(black), at 170 °C for 5 min (red), and at room temperature after 35 min of annealing at 170 °C (green).

during thermal annealing. Yang et al. speculate that the growth
of P3HT fibrils during the thermal annealing process limits the
growth of PCBM to nanometer-sized crystals. Others believe that
the dispersion of PCBM within the P3HT inhibits the aggregation and crystallization of P3HT. Upon thermal annealing, they
believe that the PCBM diffuses out of the P3HT to form larger
aggregates and enables the disordered P3HT to crystallize.[5,28]
In all cases, the authors of these previous studies speculate that
the local concentration of P3HT and PCBM during annealing
impacts the final BHJ morphology. However, it is clear from
the results above that the growth of the P3HT crystallites upon
annealing is likely independent of the interdiffusion process
and thus the local concentration of PCBM. It is likely that the
disagreements arose from the fact that all previous studies were
performed using a P3HT:PCBM BHJ, which, due to the small
length scale of phase separation, is challenging to characterize
directly. We are not aware of any reports of the percentage of
crystallinity for thin films of regioregular P3HT, but the results
here suggest that the total crystallinity in the P3HT film is low
based upon simple consideration of the volume change during
the mixing process.[22] As depicted in Figure 5, the initial BHJ
comprises a distribution of P3HT crystallites, PCBM aggregates, and a dispersion of PCBM (both molecular and small
aggregates) in disordered P3HT. Upon annealing, our studies
suggest that the size of the P3HT crystallites increases mainly
within the first 5 min of annealing regardless of the local concentration of PCBM (at approximately a 1:0.8 wt ratio) while the
PCBM aggregates remain dispersed in the disordered regions of
P3HT. Thus, it can be speculated that the increase in the device
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performance commonly observed during thermal annealing of
P3HT:PCBM BHJs is mostly due to the increase in P3HT crystallite thickness, which should lead to improved hole transport
within this system.

3. Conclusions
By using a bilayer of P3HT and PCBM, fast interdiffusion
of these two components was observed at low temperatures, resulting in a homogeneous system when annealed at
150 °C for 30 s with an estimated interdiffusion coefficient of
3 × 10−10 cm2/s. The fact that there is a clear drive towards a
homogeneous mixture of P3HT and PCBM from a distinctly
heterogeneous structure strongly suggests that PCBM (molecular or aggregated species) is dispersible (greater than 40 wt%)
in disordered P3HT under typical annealing conditions of BHJ
OPV. The observation of a fast interdiffusion rate indicates that
the PCBM within the bulk heterojunction active layer has significant mobility in 3-dimensions, even under mild heat treatments, which further complicates the complete characterization
of the morphology and interfacial compositions. Furthermore,
it was found that the diffusion of PCBM within P3HT occurs
within the disordered phases of P3HT having little effect on the
growth of the P3HT crystallites. These results provide evidence
that the fullerene phase of a BHJ is most likely either aggregated
and/or molecularly dispersed within the disordered regions
of P3HT.[29] While the studies here are specific to P3HT and
PCBM, it is clearly of importance to determine the generality
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bilayer fabrication. Bilayers were fabricated by floating a P3HT film onto
a PCBM film. P3HT films were immersed in an HF:DI-water solution
(1:19 by vol.) solution and floating onto a deionized-water surface.
The free-standing P3HT film on water was then picked up by the neat
supported PCBM film on either Si (GIWAXS and SEM) or SiO2/Si
(DSIMS) substrates. Films were then placed under vacuum (10−1 mbar)
for 30 min to ensure proper film formation. A polystyrene layer was
floated on all DSIMS samples after annealing for etch rate calibration.
Deuterium abundance levels were calibrated with the use of DSIMS
depth profile measurements on a PS/d-PS/PS trilayer on SiO2/Si. All PS
films were spun-cast from toluene (25 mg mL−1).
Characterization: A Physical Electronics 6650 Quadropole dynamic
SIMS was used to obtain depth profiles of the films on SiO2/Si substrates.
The substrates were cooled on a cryostage for 30 min prior to analysis.
A 2kV O2+ beam at ∼45 nA was rastered across a 200 μm × 200 μm
area, of which only the middle 15% was analyzed for composition by
collecting negative secondary ions.
Scanning electron microscopy (SEM) images were acquired using
an FEI XL30 Sirion FEG digital electron scanning microscope. All crosssection samples were prepared by immersion in liquid nitrogen followed
by fracture.
2D GIWAXS were performed at the Stanford Synchrotron Radiation
Laboratory on beamline 11–3 with an area detector, MAR345 image plate,
at grazing and specular incidence with an incident energy of 12.7 keV.
The samples were kept under a helium atmosphere during irradiation to
minimize X-ray beam damage. Films were typically exposed for 80 s at
an incidence angle of about 0.10° – 0.12°.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Figure 5. Schematic representation of the evolution of the P3HT:PCBM
bulk heterojunction morphology upon thermal annealing. Crystalline
domains of P3HT are surrounded by the yellow dotted lines. Our results
support the idea that the P3HT crystal thickness increases with thermal
annealing regardless presence of PCBM (at a 1:0.8 wt. ratio). It is also
believed that the PCBM is distributed within the disordered P3HT regions
even after thermal annealing.

of the results to other polymers with differing molecular structures. The methodology reported here is general, however, and
can be applied to other polymers of interest, such as those with
lower optical gaps.

4. Experimental Section
Sample Fabrication: Regioregular P3HT and PCBM were obtained
from Merck Chemicals and Nano-C (Westwood, MA), respectively, and
used as received. P3HT and PCBM solutions were both prepared using
chlorobenzene (30 mg mL−1) and stirred overnight at 70 °C to promote
complete dissolution. All substrates were washed in an ultrasonic bath
with acetone, 2% wt soap in water, deionized water, and 2-propanol
for 20 min each and dried with nitrogen. P3HT and PCBM films were
fabricated by spin-coating 30 mg/mL solutions in chlorobenzene at
800 rpm for 80 s in an inert environment at room temperature on a
silicon substrate yielding thicknesses of 265 nm and 180 nm respectively.
Films were allowed to age for two days in an inert environment before
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