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ABSTRACT

Organic photovoltaics based on the bulk heterojunction is an emergent technology with 
the potential to enable low-cost, lightweight, and mechanically flexible energy conversion 
applications. Organic photovoltaic performance is intimately linked to the heterogeneous 
nanoscale structuring of the active layer. Means of directly assessing the interplay 
between local nanoscale structure and local nanoscale function is lacking, however. This 
work combines the complementary strengths of energy-filtered transmission electron 
microscopy and conductive atomic force microscopy to perform colocalized nanoscale 
measurements of bulk heterojunction chemical composition and charge carrier mobility in 
a high-performance small molecule organic photovoltaic system. We find that nanoscale 
donor concentration and hole mobility maps are uncorrelated, unlike device-scale 
measurements that show a strong dependence of hole mobility on donor concentration. 
These results challenge standard interpretations of nanoscale structural and electrical 
maps, e.g., that a high local donor concentration implies a high local hole mobility and 
vice versa. Our results demonstrate instead that factors such as local phase continuity 
have a greater impact on charge transport than the local amount of each phase. These 
results also support an emerging picture for small molecule bulk heterojunctions in which 
electrical connectivity within finely mixed domains plays a decisive role in charge 
migration. The devised colocalized approach is generalizable to a broad range of 
transmission electron microscope and atomic force microscope modes, opening vast 
opportunities for nanoscale structure-function mapping of materials.

Keywords: 
organic solar cell, bulk heterojunction, charge transport, composition, conductive atomic 
force microscopy, transmission electron microscopy
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INTRODUCTION

Organic photovoltaics (OPVs) has emerging potential to meet the growing demand for 
green, cost-efficient, and versatile energy conversion technologies.1–5 Efficient OPV 
operation is achieved through a nanostructured bulk heterojunction (BHJ) architecture 
that features an interpenetrating, three-dimensional network of pure and finely mixed 
donor and acceptor components. The high density of donor-acceptor interfaces enables 
efficient exciton dissociation, while the continuity of the constituent phases allows for 
charge transport and collection.6–8 The sensitive interplay between nanoscale 
morphology and photovoltaic function in BHJ active layers motivates the need for 
characterization that goes beyond ensemble-averaged properties and device-scale 
performance. Insight into the underlying mechanisms that govern OPV performance can 
be gleaned by examining the microscopic anatomy of BHJs and the functional roles 
played by their constituent parts.

Transmission electron microscopy (TEM) has been a valuable tool for monitoring local 
BHJ domain size, connectivity, crystallinity, and chemical composition.9–13 By resolving 
molecular lattice fringes, it has been possible to track molecular orientation and stacking 
structure in individual domains.10,13–15 Cross-sectional imaging has revealed vertical 
donor-acceptor phase segregation,13,14 while tomography has enabled the three-
dimensional visualization of  nanoscale domain networks.11,16,17 Moreover, energy filtered 
TEM (EF-TEM) has made it possible to map local chemical composition, to investigate 
BHJ domain morphology and purity.9,11,18–20 Nevertheless, despite the importance of TEM 
for the nanoscale structural characterization of OPV active layers, TEM provides little 
insight into local optoelectronic performance.

Conductive atomic force microscopy (C-AFM) makes it possible to measure the 
nanoscale optoelectronic properties of OPV active layers by using a metal-coated AFM 
probe as a movable electrode.21,22 Current mapping has been used to track the formation 
and improvement of charge transport pathways as a function of annealing,23,24 and other 
film processing conditions.12,25–27 Under light illumination, C-AFM has revealed local 
photocurrent variations,28–32 allowing the observation of anticorrelated photocurrent and 
dark-current features, a result that highlights the contrasting morphological requirements 
for charge photogeneration and charge transport.33 Recently, point-by-point current-
voltage (PPIV) C-AFM mapping25,34,35 has been introduced to enable quantitative analysis 
of large arrays of local current-voltage characteristics. With this approach, charge carrier 
mobility,25,36 open circuit voltage,35 and other photovoltaic properties35 have been spatially 
mapped with nanoscale resolution. These studies have made it possible to visualize the 
evolution of local charge carrier mobility across a broad range of BHJ morphologies25 and 
to identify performance bottlenecks in hybrid organic-inorganic nanorod solar cells.35 An 
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ongoing challenge with C-AFM and PPIV mapping, however, has been in identifying the 
structural origin of the measured properties. 

While TEM and C-AFM have highly complementary capabilities (and shortcomings), 
technical challenges have prevented the application of these methods for colocalized 
nanoscale structure-function analysis. In this work, we establish protocols for performing 
EF-TEM and PPIV C-AFM at the same sample location, and then investigate the interplay 
between nanoscale composition and local charge transport in a high-performance small 
molecule BHJ system. 

We find, surprisingly, that local hole mobility exhibits no discernible correlation with local 
donor concentration. This result is in contrast with device-scale measurements that show 
a strong dependence of hole mobility on donor concentration.9,10,37,38 The lack of 
correlation runs counter to common interpretations of nanoscale BHJ data, e.g., that a 
high local donor concentration implies efficient local hole transport, and vice versa. 
Furthermore, these results reveal the importance of finely mixed domains in mediating 
charge migration in small molecule BHJs. By introducing a metric that tracks the local 
electrical connectivity within the film, our analysis demonstrates that local molecular 
arrangement has a greater impact on charge transport than the local amount of each 
phase. 

RESULTS AND DISCUSSION

Figure 1. (a) Molecular structure of p-DTS(FBTTh2)2 and PC71BM. (b) Exploded view of 
the sample structure.

BHJ thin films were prepared comprising small molecule electron donor 7,7′- (4,4-bis(2-
ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-2,6-diyl)bis(6-fluoro-4-(5′-hexyl-[2,2′-
bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole) (p-DTS(FBTTh2)2) and fullerene acceptor 
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phenyl-C71-butyric acid methyl ester (PC71BM) (Figure 1a). This BHJ system has 
exhibited a power conversion efficiency as high as 8.9%.39 

To enable TEM and C-AFM measurements at the same sample location, the BHJ was 
prepared directly on a carbon-coated TEM grid. By mounting the grid on a glass substrate 
coated with indium tin oxide (ITO) and poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS), it was possible to spin-coat the active layer onto the grid and 
the surrounding substrate (Figure 1b). This procedure bypasses the need to float the 
organic active layer in water for transfer to a TEM grid,9,40,41 a process which may disrupt 
the properties of the film or lead to film fragmentation. Furthermore, by simultaneously 
depositing the active layer onto the TEM grid and a standard OPV substrate, we can verify 
that the film morphology and charge transport characteristics are comparable in both 
cases. As shown in Supporting Information Figure S1, both films exhibit a highly similar 
topography, with similar C-AFM current features, and an average current level that differs 
by less than 3%. It should be noted that the C-AFM measurements on the grid were 
performed while the grid was electrically contacted to the PEDOT:PSS/ITO/glass 
substrate using silver paint. The grid was separated from the underlying substrate for 
subsequent TEM characterization. The use of a TEM grid for both the C-AFM and TEM 
measurements also facilitates the process of finding the same sample location, by 
employing the grid lines for spatial indexing.
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Figure 2. Structural and electrical mapping at the same location of a 
p-DTS(FBTTh2)2:PC71BM film: (a) topography acquired during PPIV mapping, (b) PPIV 
hole mobility, (c) thickness measured by TEM, and (d) donor concentration.

Topography and hole mobility (Figure 2a and 2b) were spatially mapped using PPIV 
C-AFM.25,34,35 Briefly, height and current-voltage characteristics were recorded at 134,000 
sample positions and a modified space-charge limited current model was used to extract 
hole mobility at each sample location, with a 10 nm pixel resolution. The topography 
(Figure 2a) exhibits fiber-like structures that are characteristic of 
p-DTS(FBTTh2)2:PC71BM active layers.12,13,42 The fibers are hundreds of nanometers in 
length and are a result of p-DTS(FBTTh2)2 crystallization.13 The hole mobility map (Figure 
2b) features islands of moderate mobility (between 3 x 10-5 and 6 x 10-5 cm2/V·s) that are 
tens to hundreds of nanometers in size, with some islands containing mobility hot-spots 
(greater than 8 x 10-5 cm2/V·s). 

A key factor that impacts charge transport in BHJs is the bicomponent nature of the 
films.9,10,37,38 The electron donating phase predominantly supports hole transport, while 
the electron accepting phase predominantly supports electron transport. As a result of 
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this, and the interpenetrating donor-acceptor structure of BHJs, holes (electrons) 
percolate through the donor (acceptor) phase of the film and are excluded from the 
acceptor (donor) phase. Charge transport is also impacted by nano- and mesoscale 
structural features, such as molecular orientation,1,12,43,44 crystallinity,25,37,45,46 and 
electrical continuity.3,11,25,47–51 In essence, charge percolation across a BHJ active layer 
depends on how much of a given phase is present (composition) and how efficiently the 
transport material is organized (connectivity). 

In Figure 2, the regions of moderate and high mobility occasionally align with the elevated 
fibers, as might be anticipated given the expected donor-rich content of the fibers. 
Nevertheless, there is generally a lack of consistent correlation between hole mobility and 
topography (see Supporting Information Figure S2). As in earlier C-AFM studies, without 
further information about the internal structure or composition of the BHJ film, the main 
structural causes for local performance variations remain unclear.

To investigate the relationship between local hole mobility and donor concentration, we 
performed EF-TEM measurements at the same sample location as the PPIV hole mobility 
maps. An overview AFM topography scan was used as a reference to re-locate the 
sample area in the TEM. The process for obtaining donor concentration maps is outlined 
in Supporting Information Figure S3. 

First, unfiltered and zero-loss TEM images were used to generate a relative thickness 
map, shown in Figure 2c. The relative thickness is given by t ∝ ln(It/I0), where It is the 
unfiltered signal, and I0 is the zero-loss signal.41,52 The close correlation between the PPIV 
topography and TEM thickness confirms the successful retrieval of the same sample area 
and the consistency of the two measurement approaches. Slight differences between the 
two images can be attributed to AFM probe convolution while imaging high curvature 
features. 

Next, EF-TEM was used to generate a sulfur elemental map with 2.7 nm pixel resolution 
(Supporting Information Figure S3). Since sulfur is present in p-DTS(FBTTh2)2 and not 
PC71BM (Figure 1a), contrast in the elemental sulfur map corresponds to variations in the 
amount of donor material. To account for local differences in sample thickness, the sulfur 
map was divided by the thickness map to produce a donor concentration map (Figure 
2d).41 

It can be seen that the composition (Figure 2d) and thickness (Figure 2c) maps exhibit 
many similar features, supporting the expectation that the protruding fiber-like structures 
consist mainly of crystalline p-DTS(FBTTh2)2. Deviations between the composition and 
thickness maps can arise from overlapping distributions of less-ordered p-DTS(FBTTh2)2, 
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e.g., in finely intermixed domains, and from buried donor-rich or donor-depleted domains. 
A scatter plot of donor concentration versus AFM topography (shown in Supporting 
Information Figure S4) reveals a loosely correlated data set. The rough correlation 
between composition and topography justifies the use of topography as an approximate 
measure of relative local donor concentration for this BHJ system. Accurate analysis of 
local structure-function relationships, however, requires direct measurement of 
composition.  

Figure 3. Donor concentration map with regions of high (>8 x 10-5 cm2/V·s), elevated (>6 
x 10-5 cm2/V·s), and moderate (>3 x 10-5 cm2/V·s) hole mobility from Figure 2b outlined in 
red, green, and blue, respectively. The roman numerals identify locations that are 
discussed in the main text.

To analyze the links between hole mobility and donor concentration at the nanoscale, 
outlines of high, elevated, and moderate hole mobility regions (red, green, and blue, 
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respectively) were overlaid onto the donor concentration map (Figure 3). Surprisingly, 
there is little correlation between the local hole mobility and donor concentration. We 
document four types of behavior in Figure 3: at locations i and iv, hole mobility correlates 
with high and low levels of donor concentration. More common, however, are 
anticorrelated regions, such as locations ii and iii, where a high mobility region 
corresponds to low donor concentration and a low mobility region corresponds to high 
donor concentration. Other regions show islands of moderate and elevated hole mobility 
extending across a wide range of donor concentrations. A scatter plot of hole mobility 
versus composition (shown in the Supporting Information Figure S5) exhibits a broad 
distribution of mobility values for any given composition and no discernible trend. A 
second data set (Figure S6) from a different sample location also shows a lack of 
correlation between local hole mobility and donor concentration.

This behavior at the nanoscale is in contrast with device-scale measurements that show 
a clear, positive correlation between hole mobility and donor concentration in BHJ 
films.9,25,53,54 These results also run counter to the common interpretation of EF-TEM and 
C-AFM data, that a high local donor concentration should imply a high hole mobility, and 
vice versa. It is interesting to note that, instead, regions such as location iii exhibit a low 
hole mobility, despite a high donor concentration. This shows that some donor-rich 
domains are poorly linked to transport pathways, perhaps due to a depletion of donor 
molecules in the surrounding intermixed areas during donor crystallization. Conversely, 
regions such as location ii exhibit a high hole mobility, despite a low local donor 
concentration, implying that finely intermixed regions, and not just pure domains, 
contribute substantially to charge percolation. It is remarkable that these regions with low 
donor content can outperform donor-rich sample locations. Despite the efficient hole 
transport expected in donor-rich domains, it is the intervening mixed regions that dictate 
whether holes ultimately flow across the BHJ. The observation that mixed domains play 
a decisive role in charge migration bolsters recent observations in other small molecule 
BHJs that show an absence of charge trapping and reduced nongeminate losses in active 
layers dominated by small, mixed domains.55     
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Figure 4. Illustrative examples of how local correlation or anticorrelation between donor 
concentration and hole mobility can occur. Donor-rich regions of the BHJ are represented 
in blue while donor-depleted regions are represented in yellow. (a) At a given 
measurement pixel, EF-TEM measures donor concentration within the underlying volume 
of the film (highlighted in light blue). (b) During PPIV mapping, current travels along 
preferred pathways (shown as red lines). (c) Donor concentration and hole mobility 
corresponding to the four cases represented in (a) and (b).
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To understand the lack of correlation between the nanoscale hole mobility and donor 
concentration, we must also consider certain fundamental differences between EF-TEM 
and C-AFM measurements. EF-TEM composition maps present a two-dimensional 
projection of a three-dimensional interpenetrating network of donor and acceptor phases. 
Each pixel thus represents an average composition throughout a column of the sample 
(Figure 4a). C-AFM, on the other hand, measures current between a sharp (~25 nm 
radius) probe and a planar counter-electrode, leading to current spreading, with the 
current-carrying area broadening at lower sample depths.36,56 Charge will also follow 
preferential pathways, i.e., paths of least resistance, as holes circumvent the electron 
acceptor phase and travel through well-connected donor regions (Figure 4b). As a result, 
charge percolates via three-dimensional pathways, with vertical and lateral 
components.25 Current recorded at the top surface of a BHJ active layer therefore shows 
where charge can be injected or extracted, but does not indicate the location of the buried 
conduction pathway(s) within the bulk of the film. 

To illustrate how charge percolation is intertwined with local BHJ composition, we 
consider four scenarios in Figure 4. Cases A and B exhibit well-connected pathways, 
where charge mainly flows through domains with high donor concentration, leading to a 
high local hole mobility. In case A, the donor-rich charge transport pathway coincides with 
the column of data sampled by EF-TEM, leading to a correspondence between hole 
mobility and donor concentration. In case B, however, the preferential charge transport 
pathway mainly extends outside the EF-TEM sampling region for the given pixel location. 
This results in a low composition reading, despite the high local hole mobility. Such a 
region can be considered to be overperforming, since it yields a high hole mobility, even 
though the probed donor concentration is low. The cause of the overperformance in this 
case is the lateral access to a nearby donor-rich pathway. Other causes of 
overperformance can relate the efficiency of charge transport within the donor phase, 
e.g., due to high local crystallinity25,37,45,46,51,57 or favorable molecular orientation.1,43,44,58

Cases C and D in Figure 4 show tortuous pathways for charge carriers, where charge 
navigates through donor-rich regions that are interspersed with donor-depleted regions. 
Within the donor-depleted regions, limited connectivity among the donor molecules leads 
to poor local hole mobility. In case C, the EF-TEM sampling region includes multiple 
donor-rich domains, resulting in a high composition reading. We consider such a region 
to be underperforming, since it yields a low hole mobility, despite the high local donor 
concentration. In case D, the donor-deficient transport pathway coincides with a column 
of low donor content sampled by EF-TEM, leading to a correspondence between hole 
mobility and donor concentration.
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It should be noted that there are additional factors that can lead to anticorrelation between 
donor concentration and hole mobility. The relatively disordered structure in donor-
depleted (mixed) regions will lead to variable connectivity between donor molecules. 
Therefore, the tortuosity of transport pathways is not only determined by the extent of the 
donor-rich or donor-depleted regions, rather it is sensitive to the local configuration of 
donor molecules along the pathways. For example, in case A of Figure 4, a discontinuity 
within the mixed region between donor-rich domains could lead to a low hole mobility. 
Alternatively, in case D, a high hole mobility could occur if the mixed regions along the 
transport pathway have a favorable arrangement of donor molecules. 

From the above examples, it is apparent that local charge transport in a BHJ is intimately 
connected with local composition. The lack of correlation between hole mobility and donor 
concentration at the nanoscale, however, suggests that other structural traits mediate 
local charge transport, particularly in the over- and underperforming regions of the film. 
We attribute overperformance (underperformance) to the presence of well-connected 
(poorly-connected) donor pathways. 

Electrical connectivity can be categorized into three types: continuity, crystallinity, and 
molecular orientation. Continuity depends on the presence of bottlenecks or breaks in the 
transporting phase. Crystallinity can also be thought of as a type of connectivity since 
well-ordered, close-packed molecules will have improved molecular orbital overlap that 
facilitates charge transport.8,59,60 Molecular orientation leads to connectivity along specific 
directions in which molecular orbital overlap is increased.1,12,43,44 For instance, alkyl 
chains may impede transport along one direction, while π-π orbital overlap will enhance 
charge transport along another.13,54,60  

It should be noted that in the case of p-DTS(FBTTh2)2:PC71BM active layers, the donor 
phase is predominantly edge-on with respect to the substrate, limiting the role of 
molecular orientation.25 Nevertheless, since GIXD only characterizes crystalline portions 
of the film, there remains a possibility that mixed regions with limited molecular order 
contain face-on components.
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Figure 5. (a) Connectivity map generated by dividing hole mobility (Figure 2b) by donor 
concentration (Figure 2d). Bright regions represent areas that overperform (high mobility 
for the given donor concentration). (b,c) Selected regions showing the connectivity map 
overlaid with outlines of high (>8 x 10-5 cm2/V·s), elevated (>6 x 10-5 cm2/V·s), and 
moderate (>3 x 10-5 cm2/V·s) hole mobility.

To visualize regions of over- and under-performance due to local connectivity, we 
generated a “connectivity map” (Figure 5a) by dividing the normalized hole mobility map 
by the normalized donor concentration map. This analysis seeks to decouple the 
contribution of composition from other film properties that affect charge carrier mobility. 
The bright regions of the connectivity map represent overperforming areas (high hole 
mobility for a given donor concentration) that benefit from local crystallinity, favorable 
molecular orientation, or electrical continuity. On the other hand, the dark 
underperforming regions (low hole mobility for a given donor concentration) are negatively 
impacted by poor molecular order, unfavorable molecular orientation, or tortuous 
transport pathways.

Characteristic features of the connectivity map are presented in Figure 5b and 5c, which 
show selected regions overlaid with outlines representing the boundaries of high (red), 
elevated (green), and moderate (blue) hole mobility. The full connectivity map with 
overlaid mobility thresholds is shown in Supporting Information Figure S7. Figure 5b 
exhibits areas of high and elevated mobility that overlap regions of high connectivity, 
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which illustrates the most obvious relationship, that high connectivity can lead to high 
charge carrier mobility. Interestingly, many of the high connectivity regions correspond to 
regions with a low donor concentration, supporting the notion that finely mixed phases, 
rather than pure phases, play a dominant role in charge transport within small molecule 
BHJs.55

It is also worth noting that some regions of high connectivity extend tens to hundreds of 
nanometers beyond the boundaries of the high and elevated hole mobility regions. This 
result suggests that the areas surrounding the high-performance regions overperform due 
to lateral access to the nearby mobility hot spots, which serve as preferred charge 
transport pathways. This observation is consistent with our recent study that identified the 
importance of lateral transport pathways during charge percolation across 
p-DTS(FBTTh2)2:PC71BM active layers.25 

Other regions of intermediate and high connectivity are not neighboring high mobility 
locations, e.g. as seen at the center of Figure 5c, nearly 200 nm away from the closest 
high mobility region. The lack of proximity to nearby high mobility pathways indicates that 
these regions overperform as a result of intrinsic local connectivity, e.g., due to 
crystallinity, favorable molecular orientation, or electrical continuity. Connectivity maps 
can thus identify sample regions with structural configurations that enhance local 
electrical performance.

CONCLUSION

To evaluate the dependence of nanoscale charge transport on film composition in OPV 
active layers, we performed C-AFM PPIV hole mobility and EF-TEM composition mapping 
at the same location of a small molecule BHJ film. C-AFM provides insight into local 
electrical properties that is lacking in EF-TEM characterization, while EF-TEM provides 
compositional and structural information that can aid in interpreting local performance 
variations observed by C-AFM. 

Surprisingly, these maps reveal that local hole mobility does not correlate with local 
composition, contrary to device-scale measurements that show a strong positive 
correlation between charge transport efficiency and transport material volume 
fraction.9,25,53,54 Our results demonstrate that donor phase connectivity, rather than local 
donor amount, is the key feature that governs local hole transport across the BHJ. To 
decouple the contributions of donor concentration and connectivity, we generated a 
connectivity map to identify regions where local crystallinity, molecular orientation, and 
electrical continuity enhance charge transport. 
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The presented results hold implications for how EF-TEM and C-AFM data are interpreted 
for BHJ systems, as the results call into question the supposition that a high degree of 
local phase purity implies efficient local charge transport and vice versa. This work also 
supports an emerging picture for small molecule BHJs that implicates molecular order 
and continuity within finely mixed domains, and not domain purity, as the key requirement 
for efficient charge migration and collection.55 Well-connected intermixed morphologies 
can be promoted through processing and supramolecular design strategies that suppress 
crystallization or enhance donor-acceptor miscibility.61

The devised colocalized TEM/AFM approach holds promise for elucidating nanoscale 
structure-function links in OPVs and other nanostructured systems. Future work can take 
advantage of the generalizable nature of the approach, to combine other AFM and TEM 
modes, such as photocurrent mapping or TEM tomography.

METHODS

Sample Preparation. Indium tin oxide (ITO) coated glass substrates (Colorado Concept 
Coatings LLC) were cleaned with acetone, isopropanol, and deionized water (5 minutes 
each) in an ultrasonic bath. After drying under nitrogen gas, the substrates were heated 
to 100 ºC for 5 minutes and cleaned further using UV/ozone treatment. PEDOT:PSS 
(Clevios PH 1000 from Heraeus) was then spin-coated onto the substrates at 3000 RPM 
for 1 minute before drying on a hot plate at 150 ºC for 20 minutes to yield a film thickness 
of approximately 30 nm. Carbon coated copper TEM grids (Ted Pella Inc.) were mounted 
on the PEDOT:PSS/ITO/glass substrates using small dabs of silver paint (Ted Pella Inc.) 
applied to the edge of the grid. 

The active layer solution was prepared with a 3:2 weight ratio of p‑DTS(FBTTh2)2 and 
PC71BM, respectively (molecules supplied by Solaris Chem.) with a total concentration of 
21 mg/ml in chlorobenzene (Sigma-Aldrich) and 0.8% v/v of solvent additive, 
1,8-diiodooctane (Sigma-Aldrich). The solution was prepared and cast in a nitrogen-filled 
glovebox. Prior to spin-casting, the solution was stirred at 90 ºC for 15 minutes and the 
substrate was placed on a 90 ºC hot-plate for 5 min. Solutions were spin-coated onto the 
PEDOT:PSS/ITO/glass (with the carbon-coated TEM grids attached) after reaching 
3000 RPM, to achieve a thickness of approximately 60 nm. After spin-casting, the 
samples were annealed at 75 ºC for 15 min.  

Conductive Atomic Force Microscopy. Nanoscale current and hole mobility 
measurements were performed in a nitrogen filled glovebox with an AIST-NT Combiscope 
AFM. Pt-coated AFM probes (BudgetSensors) were used with a spring constant of 
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0.2 N/m and tip radius of less than 25 nm. PPIV mapping involved recording current-
voltage curves under a 7 nN applied force at 134,000 sample positions and extracting 
hole mobility using a modified space charged limited current analysis that accounts for 
the probe-sample geometry.34,36 The current-voltage curves were analyzed and 
converted to PPIV mobility maps using in-house-developed Mathematica code and 
Gwyddion software.34 The use of high work function electrodes ensured hole-only 
transport. 

Transmission Electron Microscopy. Unfiltered, zero-loss, and sulfur elemental maps 
were recorded using a Thermo-Fisher Scientific Tecnai F20 TEM operating at 200 kV with 
a 10 pA beam current. The microscope was equipped with a monochromator and a Gatan 
Infina Spectrometer. The unfiltered image was acquired for one second and the zero-loss 
image was acquired for 1 second with a 20 eV window centered at 0 eV. Energy-loss 
images were acquired for 60 seconds with a slit width of 5 eV and a 5 eV step size.  To 
generate an energy-loss background signal, a series of energy-loss images were 
acquired between 120 and 160 eV. The pre-edge background signal from the energy-loss 
windows was fit to an exponential function and extrapolated to 200 eV. Sulfur elemental 
maps were generated by integrating the background-subtracted energy-loss signal over 
a range of 165 eV (the core-loss excitation edge for sulfur) to 200 eV.

Image Processing. Image processing and calculations were performed with Gwyddion 
and ImageJ software utilizing the Cornell Spectrum Imager plugin.62–64 Zero-loss and 
unfiltered TEM images were used to extract relative thickness maps. The thickness and 
sulfur maps were flipped, rotated, and cropped to align with the AFM topography. Image 
alignment was achieved by comparing the AFM topography map with the TEM thickness 
map. The AFM maps were slightly stretched (by 0.5%) along the slow-scan direction to 
correct for sample drift and match the TEM images. The sulfur map was then divided by 
the thickness map to obtain a sulfur (p‑DTS(FBTTh2)2) composition map. To generate the 
connectivity map, the hole mobility map was normalized and bicubically interpolated to 
the same pixel resolution as the TEM images and then divided by a normalized 
composition map. A flow chart outlining the image processing steps can be found in the 
Supporting Information (Figure S3).  
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Figure 1. (a) Molecular structure of p-DTS(FBTTh2)2 and PC71BM. (b) Exploded view of the sample 
structure. 
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Figure 2. Structural and electrical mapping at the same location of a p DTS(FBTTh2)2:PC71BM film: (a) 
topography acquired during PPIV mapping, (b) PPIV hole mobility, (c) thickness measured by TEM, and (d) 

donor concentration. 
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Figure 3. Donor concentration map with regions of high (>8 x 10-5 cm2/V·s), elevated (>6 x 10-5 cm2/V·s), 
and moderate (>3 x 10-5 cm2/V·s) hole mobility from Figure 2b outlined in red, green, and blue, 

respectively. The roman numerals identify locations that are discussed in the main text. 
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Figure 4. Illustrative examples of how local correlation or anticorrelation between donor concentration and 
hole mobility can occur. Donor-rich regions of the BHJ are represented in blue while donor-depleted regions 
are represented in yellow. (a) At a given measurement pixel, EF-TEM measures donor concentration within 
the underlying volume of the film (highlighted in light blue). (b) During PPIV mapping, current travels along 

preferred pathways (shown as red lines). (c) Donor concentration and hole mobility corresponding to the 
four cases represented in (a) and (b). 
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Figure 5. (a) Connectivity map generated by dividing hole mobility (Figure 2b) by donor concentration 
(Figure 2d). Bright regions represent areas that overperform (high mobility for the given donor 

concentration). (b,c) Selected regions showing the connectivity map overlaid with outlines of high (>8 x 10-
5 cm2/V·s), elevated (>6 x 10-5 cm2/V·s), and moderate (>3 x 10-5 cm2/V·s) hole mobility. 
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