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Recent advances in the efficiency of organic photovoltaics (OPVs) have been driven by judicious
selection of processing conditions that result in a ‘desired’ morphology. An important theme of
morphology research is the need to quantify the effect of processing conditions on nanoscale
morphology and to relate this information to device efficiency in a closed loop. However, accurate
and comprehensive morphology quantification still remains a pressing challenge. State-of- the-art
quantification methods like XRD, GIWAXS, GISAXS and TEM provide film averaged or 2D
projected features that only indirectly correlate with performance, thus making causal reasoning nontrivial. Accessing the 3D distribution of material however provides a natural means of directly
mapping processing conditions to device performance. In this paper, we integrate two recently
developed techniques – reconstruction of 3D spatial maps of morphology (HAADF-STEM and
DART) and conversion of the resulting 3D maps into intuitive morphology descriptors (GraSPI) – to
comprehensively image and quantify 3D morphology under various processing conditions. We apply
these techniques on films generated by two of the most common fabrication techniques, doctor
blading and spin coating, additionally investigating the impact of thermal annealing on these
samples. We find that the morphology of all samples exhibit very high connectivity to the electrodes.
Not surprisingly, thermal annealing consistently increases the average domain size of
polymer/fullerene rich phases in the samples, aiding improved exciton generation. Furthermore,
annealing also improves the balance of interfaces, aiding enhanced exciton dissociation. The spinannealed sample was observed to have a very balanced distribution of charge transport paths to both
electrodes, aiding enhanced charge transport and collection. A comparison of morphology
descriptors impacting each stage of the photo physics (exciton generation, exciton dissociation,
charge transport) reveals that the spin-annealed sample exhibits superior morphology-based
performance indicators. This suggests that there is substantial room for improvement of blade based
methods in terms of process optimization for morphology tuning to achieve enhanced performance
of large area devices.
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Introduction
Research into photovoltaic (PV) devices composed of organic materials (organic PV or OPV) has
been a recent hot topic because organic materials can be deposited from solution over large areas
which promised to greatly reduce the cost of PV device fabrication.1,2 In addition to reduced
fabrication cost, OPV layers can be coated onto substrates with non-traditional form factors for
building integrated applications.3-5 Potential advances in flexible transparent substrates also open the
possibility of extremely light weight or flexible devices.6-9 Recent validated device efficiency records
of over 10% demonstrate that OPV devices can be fabricated with high power conversion
efficiency.10-15 Also, OPV’s have recently been demonstrated to be more efficient than crystalline Si
under indoor lighting, opening a niche application for OPV that will require consistent
manufacturing.16 However, it has also been demonstrated that group to group consistency is low for
the solution fabricated devices, in large part because small differences in fabrication technique can
lead to large differences in device performance.17 These differences come about because OPV active
layers are mixtures of donor polymers with small molecule acceptors that self-assemble and phase
separate during the film drying process. As a result, the length scale for phase separation and the
purity of the domains are a complex product of the donor/acceptor miscibility, solubilities of the
donor and acceptor, surface energies of the donor, acceptor and substrate, drying rate, and post
drying thermal treatments.18,19
Despite the challenge of controlling self-assembly, the greatest advantage of OPV technology is the
ability to coat PV layers quickly and cheaply over large areas. Most efficiency records are made on
small area devices produced using spin-coating, which is a solution coating technique that is difficult
to scale-up to large areas.9,20-22 Recently, there has been significant interest in fabrication of OPV
devices using large-area compatible coating methods such as spray coating4,5,23-25, slot-coating,22,26,
and blade coating.27-33 Blade coating in particular is attractive for rapid exploration because a blade
coater is small enough to fit onto a typical fume hood research bench, is compatible with roll-to-roll
coating, and makes efficient use of expensive polymer samples. Blade coating has been used to
fabricate OPV devices with over 6% efficiency29,32 and optimized using solvent mixtures for various
polymers.27-32 The optimization of solvent mixtures is used to improve the device efficiency and
mutual solubility of polymer and fullerene.32 The optimization of the self-assembly process translates
to optimizing the morphology of the donor/acceptor phases. A key step in this process is a
comprehensive nanoscale analysis of morphology of the fabricated device and its link to the coating
process. A characterization methodology that can accurately characterize the three-dimensional
position, orientation, and concentration of materials with nanometer resolution that provides more
insights into these effects is needed. Even if this data can be acquired, it is necessary to accurately
quantify the morphology with descriptors that serve as a basis for quantitative process-structureproperty relationship.
While there have been substantial advances in the characterization of OPV films34-36 , organic donor
acceptor mixture films present huge characterization challenges because they are often amorphous or
semi crystalline limiting the amount of information that can be gleaned from diffraction techniques.
Methods like GIWAXS and GISAXS give information about the orientations of polymer crystals in
the film but are unable to provide information about amorphous domains or to quantify the absolute
amount of phase separation or crystallinity in the film. Ultra-fast spectroscopic techniques can
provide information about the average domain size and average lifetimes of excited states, but they
are unable to provide real space information because the phase separation is on a much smaller

length scale than the visible or UV wavelengths. OPV films are mostly composed of light elements
(C, H, S, O, N, F) which provide low scattering contrast for both x-rays and electron beams. For this
reason, electron microscopy provides little bright field or dark field contrast for organic mixtures.
Further, most transition electron microscopy (TEM) gives a 2D projection of the 3D object, which
averages composition information vertically through the sample.37 In order to obtain 3D information,
it is usually necessary to perform electron tomography (ET), in which a series of images are taken at
different angles between the sample and film followed by numerical reconstruction into a 3D
volume. Initial ET images of OPV films used the scattering contrast between crystalline and
amorphous domains to create images. It was possible to distinguish between crystalline and noncrystalline domains but the domain composition could not be quantified. However, amorphous
domains with differing compositions are not distinguishable.38-41 Recent work on energy filtered
TEM makes use of spectroscopic and real space information simultaneously. High energy losses by
core electrons of specific elements (C or S)42 or low energy losses by the surface phonons of the
molecules43 are used to create contrast between donors and acceptors. In some cases, this information
was converted to tomographic images that could give spatial, but not concentration information in
three dimensions.44 In recent work, we used an acceptor molecule Lu@C80-PCBEH with heavy
metals to create scattering contrast between donor and acceptor phases.45,46 In this case, the contrast
is very high because each acceptor molecule has three Lu atoms in it.47,48 Additionally, the fullerene
acceptor has very similar mixing properties and IV characteristics to PC60BM and PC70BM, that are
the most common acceptors used in OPV research.45 To further refine the image reconstruction we
used the discrete area reconstruction technique (DART), which improves the assignment of domain
interfaces, reduces errors from missing wedge artifacts, and allows the assignment of relative grey
levels is mixed samples.49,50 We used the combination of increased contrast, DART, and quantitative
mass balance between phases to reconstruct P3HT/ Lu@C80-PCBEH tomographic images with pure
P3HT, mixed P3HT/ Lu@C80-PCBEH, and Lu@C80-PCBEH-rich phases. In addition we were able
to quantify this data for analysis of charge transport properties51 and vertical phase segregation.52
Comparison against vertical concentration measurements from reflectometry shows qualitative
agreement in all concentration features, but missing vertical concentration information due to the
missing wedge artifact.52
In this paper, we build upon the imaging and characterization strategies we previously reported to
analyze OPV morphologies obtained from blade and spin coating P3HT/ Lu@C80-PCBEH mixtures
both before and after thermal annealing. We use scanning transition electron tomography (STET) to
reconstruct and compare morphologies with 3D nanoscale resolution. Morphology reconstructions
show a mixture of pure P3HT, acceptor-rich and mixed phase regions. We take the further step of
quantifying how the differences in morphology affect exciton quenching and charge transport to the
electrodes in these films. We use graph based analysis techniques to convert the reconstructed
morphology into intuitive descriptors that represent various performance indicators (exciton
generation, dissociation and charge transport). For example, to estimate exciton dissociation
characteristics, we analyze the mean/effective distance that a generated exciton must diffuse to be
quenched at the nearest donor/acceptor interface. To predict charge transport characteristics, we look
at volume fractions of each phase connected to the electrodes. We find that an annealed spin coated
sample imparts a near-perfect balance of paths to respective electrodes and thus an optimized
morphology for OPV applications. In contrast, both annealed and unannealed doctor-bladed samples,
had better donor connectivity than acceptor connectivity and thus would be expected to demonstrate
poorer OPV efficiency. These analyses give deeper insights into the morphological effect of
processing conditions on the performance of a device. More importantly, by analyzing morphologies

before and after thermal annealing, we show how various stages in the fabrication process can
help/hinder certain aspects of performance. Because we analyze true 3D morphologies, we envision
that these procedures can link the coating process to the resultant morphology and device
performance.

Methods
Schematic 1 shows the various stages of the analysis pipeline. We discuss each stage of the
pipeline below.

Figure 1: Workflow of the experiment-imaging-analysis pipeline. The experiment consists of fabricating thin
films using two sets of fabrication processes (spin coating and doctor blading). HAADF STEM imaging is
performed on the thin films and the morphology is reconstructed with DART algorithm. Noise removal and
feature extraction is finally performed using graph based analysis.

Materials and fabrication protocol
The materials used are purchased from Merck (P3HT) and Luna Nanoworks (Lu@C80-PCBEH).
All samples were coated onto glass substrates coated with PEDOT:PSS from (Clevios P). P3HT/
Lu@C80-PCBEH blends were prepared using spin-casting and blade-coating techniques from odichlorobenzene (o-DCB) solutions with 20 mg/ml total concentration. 1:1 (w:w) P3HT:PCBM
and 1:1.3 (w:w) P3HT/ Lu@C80-PCBEH solutions from o-DCB were prepared and kept at 70
°C overnight for better mixing. The spin-casting method was used to obtain 100 ±5 nm films.
Thermally annealed films were annealed at 140 °C for 10 min. in inert atmosphere to enable
P3HT crystallization and phase separation. Solutions were blade-coated using 15 mm/s blade
speed at 70 °C to yield 100 ±5 nm films after drying. The same annealing conditions were
applied to blade-coated films in an inert atmosphere.
Morphology imaging – HAADF STEM protocol

For STET imaging, samples were floated onto the surface of a water bath by dissolving the water
soluble PEDOT:PSS layer in deionized water. Then flakes of the bulk-heterojunction layer were
picked up onto lacey carbon TEM 200 mesh grid. Imaging for electron tomography reconstructions
was conducted using high angle-annular dark field scanning transmission electron microscopy
(HAADF-STEM) using a JEOL 2100F transmission electron microscope (Jeol Ltd., Tokyo, Japan)
operated at 200 kV. The tilt series was taken using dynamic focus via a STEM tomography plugin
for Digital Micrograph (Gatan). Images were acquired at one degree intervals from at least +65 to 65 degrees.
Morphology reconstruction - DART algorithm
HAADF-STEM images were manually aligned using IMOD.53 Volume reconstructions were then
performed in MATLAB using a custom code to implement discrete algebraic reconstruction
technique (DART) by using HAADF-STEM images as an input. Gray-levels and thresholds were
adjusted in DART until the difference between the reconstruction volume and original microscopy
images (back projection error) was minimized. Full details on the reconstruction methods are
published elsewhere.54,55. The reconstruction process usually results in the inclusion of surface layers
of noise that have to be removed.52 Previously, surface layers were removed by visual inspection of
the reconstructed morphology, which results in an admittedly subjective removal of surface layers. In
this work, we utilize concepts from computational homology to characterize the morphology in a
layer-by-layer fashion. Surface layers not part of the thin film are noisy with no long-range structure,
thus exhibiting a large number of small components of connected voxels of each phase. This is
quantified in computational homology in terms of the zeroth Betti number (𝛽0). Thus, a layer-bylayer plot of the zeroth Betti number shows a jump when a surface noise layer is encountered (Figure
A1), which results in an objective criterion to identify and remove surface layers.
Morphology analysis - GraSPI
The 3D morphologies resulting from the reconstruction are converted into an equivalent graph. We
have previously shown that representing morphologies as graphs enables using very efficient and
sophisticated algorithms to computationally characterize and interrogate complex
morphologies.51,56,57 Since each stage of the photo-physics intimately depends on the 3D
morphology, we use graph based algorithms to compute metrics that serve as meaningful
performance descriptors of each stage. This includes morphology descriptors that quantify light
absorption, exciton diffusion, exciton dissociation and charge transport.58 We have shown this to be
an especially useful tool when looking at tomography data that exhibits complex 3D morphological
variations and is of large size. In particular, we characterize the morphology in terms of the size,
shape and topology of donor-rich domains as a measure of light absorption and exciton dissociation,
the proportion of acceptor-mixed(A-M) / mixed-donor(M-D) / acceptor-donor(A-D) interfaces as a
measure of exciton dissociation, and types of paths to electrodes as an indicator of charge transport.

Results

Figure 2: Reconstructed morphologies and iso-volumes of acceptor, donor and mixed for the four different
samples (BladeAsCast, BladeAnneal, SpinAsCast, and SpinAnneal). Below each iso-volume representation,
the volume fraction of the phase is provided.

A series of thin films fabricated with four fabrication conditions were measured using STET and the
reconstructed volumes were quantified. Figure 1 shows the morphologies from all four fabrication
methods, along with the volume fraction of each phase. The spatial distribution of the acceptor
(purple), donor (blue), and mixed regions (green) is displayed to provide a visual indication of the
spread and distribution of the three phases (see SI for a video of an immersive walk-through of the
donor phase distribution in the films). Three trends are clearly noticeable. The first is that relaxation
by thermal annealing results in ‘precipitation’ of the donor from the mixed phase to form more of the
pure-donor phase. Correspondingly, there is a decrease in the volume fraction of the pure acceptor
phase. The second trend is that annealing only minimally changes the volume fraction of the mixed
phase for both blade-coated as well as the spin-coated sample. Finally, spin coating yields a larger
volume fraction of pure P3HT phases than blade coating.
Spin coating followed by annealing seems to result in a balanced volume fraction (~ 19%) of pure
donor and pure acceptor phases. This is indicative of superior charge dissociation and transport
behavior, as subsequent analysis later in the paper reveals. To further explore the effect of processing
(especially surface and shear effects), we look at the vertical distribution of the material in the films
in Figure 3. Interestingly, we show that the as-cast blade coated sample exhibits a significantly higher
degree of uniformity in the vertical distribution of all three phases than the as-cast spin coated
sample. Comparing the coating methods, spin coating is expected to induce a higher shear than blade
coating. In addition, the spin coated film dries with a relatively higher reduction in surface

temperature on a room temperature substrate compared to a blade coated film that dries on a
substrate heated to 70 °C. Also, the spin coated sample has a skin layer of P3HT at both interfaces as
was reported previously,59,60 while the blade coated sample does not appear to have this skin layer. It
is difficult to quantify the composition at the interfaces using STET because surface roughness
affects the density distribution at the interfaces and artificially increases the apparent polymer
prevalence. We correct for this by removing surface data that appears to be an artifact, but at the
same time lose information about real surface composition.
Thermal annealing greatly increases the density of the donor phase in both samples as previously
reported.61,62 However, the impact on vertical composition distribution is dramatically different.
While annealing results in nearly equal vertical distribution of pure donor and pure acceptor phases
in the spin cast sample, the blade cast and annealed sample has uniformly less pure donor phase.
Previous measurements of vertical distribution of
spin cast and annealed P3HT/ Lu@C80-PCBEH
samples showed a flat distribution of pure
acceptor phase and a concentration of pure donor
phase near the center of the film as seen here. We
posit that the differences in the vertical
distribution of materials seen previously and here
are due to the higher MW of the P3HT. Also the
previous samples were spin cast from
chlorobenzene and heated to 150°C while here the
samples were cast from di-chlorobenzene and then
annealed at 140°C.48,51,52 For both annealed
samples there is a much higher content of mixed
phase near both interfaces, which is consistent
with all previous tomography measurements.48,51,52
Figure 4 shows the relative interfacial area between
individual phases, D-M, D-A, and A-M. Regardless
of the processing, all films show nearly zero amount
of donor-acceptor interface as previously reported.51
This lack of D-A interface confirms that the mixed Figure 3: Vertical distribution of donor,
phase is distributed between the donor and acceptor acceptor and mixed phases
phases. Annealing enhances the amount of D-M
interface content with the increase of donor phase volume fraction. A-M interface area decreases for
3:

Figure 4:The distribution of interfaces between D/A, D/M and A/M across the four samples. The complete
lack of D/A interface indicates that the mixed phase lies in between the pure donor and pure acceptor phases.

both spin-cast as well as blade-cast samples also proportional to the reduction in acceptor volume
fraction. This further strengthens the observation that annealing essentially moves acceptor from a
pure phase to a mixed phase, while ‘precipitating’ out the donor from the mixed phase to a pure
donor phase. This observation is not consistent with the previous measurement of spin-cast films
using chlorobenzene as the casting solvent. In that case almost all of the volume was kinetically
trapped in the mixed phase and both the donor and acceptor phases increased in volume fraction
upon thermal annealing.48 It can also be seen that the spin-cast and annealed sample has a very
balanced distribution of D-M and A-M interface fractions. The balanced ratio of D-M and A-M
interface areas is consistent with our previous work.51 Finally, the differences in the volume fractions
and surface areas of the samples seen here and in previous measurements show that our
understanding of the combined effects of polymer MW, polydispersity, regio-regularity, weight ratio
of donor and acceptor, solvent quality, drying time, annealing temperature, and coating induced shear
is still not sufficient, in spite of 1000’s of papers of exhaustive research on P3HT/fullerene mixtures,
to provide predictive information about morphology development.
Exciton dissociation measures: Having looked at coarse scale measures, we next focus on
extracting descriptors that correlate with the exciton dissociation capacity of these morphologies. We
quantify this by calculating the path lengths of all potential locations of exciton generation in pure
phases to the nearest interface of the mixed phase (where charge separation occurs). We assume that

Figure 5: Exciton dissociation measure: The distance distribution of donor (top row) and acceptor (bottom
row) voxels to the nearest interface (D/M or A/M) is shown as a histogram.

excitons generated within a mixed phase have a 100% probability of dissociating. Within pure
phases, excitons generated at locations closer to an interface have a higher probability of successfully
dissociating to create viable charge carriers. While fluorescence quenching measurements can be
used to estimate exciton dissociation efficiency in terms of an average spherical domain size63 our
graph based approach allows direct calculation of the path length(distance) to the nearest interface for
every voxel in the morphology. Based on all path lengths, histograms (Figure 5) are constructed,
which also report the average distance to the interface (which would be indicative of the domain size
radius assuming a spherical domain). We see that the distribution of distances to the mixed phase
interface for acceptor-rich and donor-rich phases are very similar, independent of the processing
history. As expected, thermal annealing broadens the distribution of the distances to the interfaces,

indicating an increase in the average domain size. This is also clearly seen in Figure 1. Most
importantly, the average distance to the dissociating interface for all four cases is much smaller than
the average exciton dissociation length (~7 nm).63,64 This suggests that all four samples suffer
minimal geminate recombination and will exhibit high internal quantum efficiency.
Charge transport measures: We next construct descriptors that quantify various aspects of charge
transport capabilities of the four samples. As a first measure, we identify the connectivity of the
domains with the respective electrodes. This descriptor is computed by identifying the number of
donor voxels connected directly (meaning without going through another phase) to the anode or
acceptor voxels directly connected to the cathode or mixed phase voxels connected to either
electrode (Figure 6). For this calculation, the pathway can be curved, the only critical component to
the data is that there is a direct connection without a break in the material phase and that the
connectivity calculation does not require that the charge not go against the electric field. We
efficiently perform this calculation using connected components algorithm for graphs. It can be
observed that the acceptor and mixed phases exhibit a very high connectivity to the electrodes,
regardless of the processing conditions, which is consistent with previous STET measurements.51
The as-cast samples show low connectivity of the donor phase to the anode, which can be attributed

Figure 6: Charge transport measure: The connectivity of each phase to the respective electrode.

to the low volume fraction (Figure 2) of donor-rich phase in these samples and can be correlated to
poor hole mobility in as-cast P3HT BHJ films.65,66 Annealing increases the volume fraction of donorrich phase, the connectivity is also increased substantially.67 Here it is also clear that spin-cast
samples have higher donor phase connectivity both before and after annealing, which should indicate
better transport of holes to the anode compared to blade cast samples. This result shows that
significant research is needed to optimize the blade coating conditions, in particular substrate
temperature and solvent to affect drying rate, which in turn can be used to optimize the formation of
donor phases.68 We see that purely relying on post annealing is not to sufficiently improve charge
transport pathways.

Figure 7: Charge transport measure: The fraction of total volume with 'straight rising' paths to the
corresponding electrode.

While high connectivity is necessary for good charge transport; high connectivity alone may not be
sufficient to guarantee good charge transport characteristics. This is because connectivity does not
consider the actual transport path length that charges must take to reach the electrodes. Morphologies
exhibiting longer charge transport pathways could suffer higher rates of recombination. We therefore
next quantify the charge transport path lengths across the four samples. First, we measure the charge
transport length from each voxel in a pure phase to the respective electrode. Next, we identify the
fraction of the volume of each phase that is connected to an electrode and exhibits “perfect” charge
transport pathways. By perfect, we mean the shortest possible charge transport pathway from a voxel
to the respective electrode. We call this pathway a ‘straight rising’ pathway, since the shortest path is
simply the straight line from that voxel to the electrode. Figure 7 shows this fraction of ‘straight
rising’ paths (of the total volume) to the respective electrodes. Figure 7 (in conjunction with the
morphology shown in Figure 2) suggest that only a very small fraction of the volume (irrespective of
the processing) has low tortuosity (or is a straight rising path).

As a final measure of charge transport, we consider the relative distances that complementary

Figure 8: Charge transport measure: The path length (in terms of the tortuosity) distribution of all voxels to
their corresponding electrode. This provides a measure of balance of pathways, essentially illustrating the
difference in charge transport pathways for electrons vs holes. Note that this does not include the fraction
with ‘straight rising’ paths that are shown in Figure 7

charges must travel to be collected, which is a more detailed and perhaps important measure than the
comparison of hole and electron mobilities that is standard.65,69 We consider a morphology to have a
well-balanced structure if there is a good overlap between the distribution of hole transport pathways
and electron transport pathways. We compute this in the following way: for each voxel in the
morphology the (shortest) distance (along the respective phase) to the corresponding electrode is
computed using a graph shorted path algorithm (Dijkstra's algorithm). Using this charge transport
distance, we compute the tortuosity of the path that a charge (starting from a voxel) must endure to
get to its electrode. The tortuosity is the ratio of the actual distance to the shortest linear distance to
the electrode (The tortuosity distribution for each of the acceptor-/donor-rich phases is provided in
the SI Figure A2). Using the tortuosity distribution allows us to identify what fraction of the donor
and acceptor phases exhibit similar tortuosity. This provides a measure of balance in pathways. A
balanced tortuosity distribution suggests that for every donor voxel with a very tortuous pathway for
a hole to reach the electrode, there is a complementary acceptor voxel that exhibits a similarly

tortuous pathway for an electron to reach its electrode. Figure 8 shows this plot. It can be inferred
from the plots that as-cast samples show very little balance in charge transport pathways. Both blade
and spin cast samples show large variation in the fraction of “iso-tortuous paths” comparing the
acceptor- and donor- rich phases. Thermal annealing significantly improves the balance of pathways
for both coating methods. However it is clear that spin-coating plus annealing yields balanced charge
pathways for holes and electrons while blade coating plus annealing yields a higher tortuosity for
holes in donor phases than for electrons in acceptor phases. This mismatch can be seen to originate in
the lower volume fraction of pure donor phase and the reduced charge pathways for holes that is
shown in Figure 6.
All of these results taken together show that if OPV devices are to be mass produced using a roll-toroll coating method, significant research is needed to optimize the coating conditions that yield better
charge transport characteristics. This result could be achieved by changing one of several blade
coating fabrication parameters: for example by increasing the ratio of P3HT to fullerene in the
coating solvent,70 by reducing the substrate temperature to allow longer drying times and thus more
P3HT crystallization,66,68 by addition of a solvent additive to induce phase segregation in
P3HT/fullerene,71,72 or by changing the casting solvent to affect better phase segregation the
P3HT/fullerene.73,74
Conclusions
In this article, we used scanning transmission electron tomography and discrete area
reconstruction technique to generate quantitative 3D nanoscale position and concentration
specific maps of P3HT / Lu@C80-PCBEH bulk-heterojunction organic photovoltaic devices. We
specifically studied how the use of spin-coating vs. blade coating affected the resulting
morphology in as-cast and thermally annealed films. All the imaged films could be described
using a three-phase morphology consisting of pure donor (crystalline-P3HT), acceptor-rich
(amorphous Lu@C80-PCBEH), and a mixed phase of amorphous P3HT mixed with Lu@C80PCBEH. The mixed phase is distributed directly between pure donor and acceptor phases. It can
be inferred that excitons formed in pure phases of either polymer or fullerene will undergo
charge separation at the interphase between a pure and mixed phase. In all films measured in this
study, the distance between a pure phase voxel and mixed phase voxel, which corresponds to the
distance an exciton must diffuse before charge separating at a donor/acceptor interface, is far
smaller than the typical exciton diffusion length. This strongly suggests that the exciton
separation step is expected to occur with ~100% efficiency in all measured morphologies.
Comparing spin coated and blade coated films, we found that spin-coated films had a larger
volume fraction of pure P3HT phases both before and after thermal annealing the films.
Referring to the vast literature on P3HT/fullerene processing, it appears that control of the drying
time and/or control of the P3HT aggregation using solvent additives could be used to increase
the volume fraction of the P3HT phase in the as-cast film. This study shows that thermal
annealing is not sufficient to increase the pure P3HT volume fraction in the blade cast film to
match the pure P3HT volume fraction in the spin-coated film. The consequences of reduced
P3HT volume fraction in the blade coated film are reduced charge transport pathways (volume
fraction) to the anode. The reduction in charge pathways results in a more tortuous pathway for
holes to reach the anode compared to electrons which is summarized as an unbalanced, tortuous
pathway. Spin-coating plus annealing yields a balanced charge pathway and, as seen in many
articles, a high internal quantum efficiency and filling factor in OPV devices. Thus, we can
conclude that more research is needed to determine the fabrication conditions in blade coated

films that will yield optimized device characteristics, with particular focus on enhance charge
transport.
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Appendix
Preprocessing
Utilizing the above-mentioned imaging technique, surface roughness in the film may be interpreted
as a polymer rich region, precluding information about film boundary. This misrepresentation
becomes a significant challenge, as it affects estimation of charge transport traits of the film. In the
current work, we use principles from computational homology to identify and isolate layers of
morphology that are potentially due to imaging artifact. For example, air (on a rough surface) is
usually imaged as noisy data. Noisy data has a very small correlation length, and forms more isolated
clusters, often 1 voxel in thickness, in contrast to the film which consists of much larger clusters. The
number of clusters per layer is represented in computational homology as zero-th Betti number (𝛽0).
In graph theory, the zeroth Betti number (𝛽0) is given by the number of connected components. For
each voxel layer of morphology, we compute the number of connected components in the sample.
Figure A1 shows the sum of connected components of each of the three phases per layer. We can
observe that two of the top and bottom layers have a large 𝛽0 compared to all other layers. However,
this can be deceptive as noise in one phase can dominate the sum of 𝛽0 per layer. Therefore, we look
at the 𝛽0 of the largest phase in the film the mixed phase. This can give better information for
deciding the number of voxel layers to be removed for proper analysis of morphologies. Following
figure plots the 𝛽0 of the mixed phase, per layer. We remove the following number of layers: (a)
BladeAsCast: 3-top, 3-bottom; (b) BladeAnneal: 1-top, 1-bottom; (c) SpinAsCast: 1-top, 1-bottom;
(d) SpinAnneal: 2-top, 1-bottom.
BladeAsCast

SpinAsCast

BladeAnneal

SpinAnneal

Figure A1: Plot of Betti numbers for each sample. The red lines indicate the new boundary of the film after
pre-processing. Layers with high total 𝜷𝟎 were discarded, to account for any imaging artefact.

Mass analysis
In this section, we show that cropping the morphologies using principles from computational
homology does not alter the relative mass contents of the polymer and fullerene. Classification of a
‘voxel’ as P, F, or M is based on the following threshold:
Table 1: Composition (mass%) of polymer and fullerene in each phase and volume fraction before and after
cropping

(a) BladeAsCast
Phase (%D -%A)

Vol. % before cropping

Vol.% after cropping

Polymer-rich (100-0)
Fullerene-rich (42-58)
Mixed (59-41)

9.8
28.0
63.2

4.2
29.0
66.8

Phase (%D -%A)

Vol. % before cropping

Vol.% after cropping

Polymer-rich (100-0)
Fullerene-rich (29-71)
Mixed (58-42)
(c) SpinAsCast

14.3
21.9
63.0

9.7
23.2
67.1

Phase (%D -%A)

Vol. % before cropping

Vol.% after cropping

Polymer-rich (100-0)
Fullerene-rich (32-68)
Mixed (62-38)
(d) SpinAnneal

10.6
26.4
63.0

6.6
27.6
65.8

Phase (%D -%A)

Vol % before cropping

Vol.% after cropping

Polymer-rich (100-0)
Fullerene-rich (3-97)
Mixed (58-42)

18.1
22.5
59.4

19.0
19.3
61.7

(b) BladeAnneal

Calculating the mass fraction of polymer and fullerene for each sample indicates that the original
≈ 1:1 ratio is not affected by the removal of the ‘noisy’ layers. Although the change is very small,
it nonetheless makes the system very close to the original mass % ratio.

Tortuosity distribution:

Figure A2: Histogram of tortuosity distribution of pure phases to the respective electrode. Note the log scale
of the fractions.

We discuss tortuosity distribution in the films. This supplements the discussion on the straight rising paths in
the main text. Tortuosity is calculated for all voxels in the domain which have a path to the respective electrode
𝐿

through voxels of the same phase. (To reiterate, tortuosity of a path is defined to be the ratio 𝐿𝑐; where 𝐿𝑐 is the
𝑠

length of the charge transport pathway from a voxel to the electrode; and 𝐿𝑆 is the shortest straight path from
that voxel to the electrode (same as length of charge pathway for a straight rising path)). Results for this
calculation are shown in Figure A2 in the form of histograms. The effect of annealing on the average domain
size can be seen as widening of the tortuosity distribution. This widening of the distribution is primarily
because more pure acceptor (and donor) rich regions are formed during annealing. We also observe the
tortuosity distribution becoming smoother upon annealing. This smoothing is primarily due to improved
charge transport pathways (as shown in Figure A3) arising from removal of cul-de-sacs during annealing.
Interestingly, such doubly curved pathways (as shown in Figure A3) are not prominently observed in the Spin
coated samples. We speculate that there is an intricate interplay between solvent extraction rate, coating speed
(shear rate) and the durations of coating. This is a rich area for further analysis using full scale models.75

Figure A3: Explanation for smoothening of tortuosity distribution upon annealing (Blade coated sample).
We speculate that this is due to an interplay between solvent extraction rate, shear rate, and time of
processing the samples.

