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ARTICLE INFO ABSTRACT

Mixtures of conjugated polymers and quantum dot nanocrystals present an interesting solution-processable
materials system for active layers in optoelectronic devices, including solar cells. We use scanning transmission
electron microscopy to investigate the effects of exchanging the capping ligand of quantum dots on the three-
dimensional morphology of the film. We created 3D reconstructions for blends of poly((4,8-bis(octyloxy)benzo
(1,2-b:4,5-b’)-dithiophene-2,6-diyl)(2-((dodecyloxy)carbonyl)thieno (3,4-b)-thiophenediyl)) (PTB1) and PbS
quantum dots capped with oleic acid (OA), butylamine (BA), OA to 3-mercaptopropionic acid (MPA), and BA to
MPA. We use these reconstructed volumes to evaluate differences in exciton dissociation and charge transport as
a function of ligand processing. We show that the MPA exchange without an intermediate BA treatment results in
severe changes to the film structure and a non-ideal morphology for an effective device. We also show that with a
BA exchange, the morphology remains largely unchanged with the additional MPA treatment. This quantitative
characterization elucidates previously reported device performance changes caused by ligand exchange and
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should inform future device fabrication protocols.

1. Introduction

Solution-processed photovoltaic (PV) devices have been extensively
studied due to their potential for fabrication using large scale roll-to-
roll manufacturing methods that would result in low cost-per-watt
emission—free electricity production. Conjugated polymer-fullerene
blends called bulk-heterojunctions (BHJs) have been exhaustively stu-
died with the result that several validated efficiency records exceeding
10% power conversion efficiency (PCE) have been published [1-4].
Quantum dots (QDs) present an alternative to fullerenes as electron
acceptors in polymer-based PV devices and pose several advantages
including tunable band gap [5], increased thermal stability [6,7], re-
duced carrier recombination [8,9], and the potential for multiple ex-
citon generation [10,11]. Recent work with polymer-QD films has
yielded devices with PCE of up to 5.5% [12] and pure QD devices have
been fabricated exceeding 10% efficiency [13].

Improvements in PCE of these devices can be achieved through a
better understanding of the morphology resulting from processing
conditions. It is widely accepted in organic photovoltaic (OPV) device
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modeling that the performance of a device could be more completely
understood if an accurate three-dimensional map of material location
could be measured. High angle annular dark field electron tomography
(HAADF-ET) provides a means of acquiring this information. HAADF
scanning electron microscopy provides image intensity proportional to
the atomic number squared of the species being measured, which cre-
ates considerable contrast in the case of PbS particles with a conjugated
polymer [14]. A series of projection images of a film in a range of
+65-70° with respect to the beam is acquired and used to create 3D
reconstructions of the volume via the discrete algebraic reconstruction
technique (DART) [15]. The angular range is limited compared to the
ideal +90° case due to the sample geometry being a film; at angles
larger than 70° the film absorbs most of the electrons due to increased
effective thickness. The limited angle range results in missing in-
formation and the so-called “missing wedge artifacts” in the re-
constructions, leading to difficulty in quantifying data especially in the
direction of the film thickness [16]. DART is an iterative technique that
segments the reconstruction volume into distinct phases with known
gray values (exploiting knowledge of density) with each iteration, as
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opposed to conventional reconstruction techniques which require a
manual segmentation after a complete volume has been reconstructed.
DART computes more accurate reconstructions from a small angular
range or with noisy projection data than alternative methods [15].
Recently, the DART algorithm has been used to quantify the 3D mor-
phology of P3HT: fullerene blends [17,18]. Although domain size in-
formation can be obtained from measuring the photoluminescence
quenching of donor/acceptor films using photo-induced absorption,
this data is a statistical average assuming spherical domains over the
entire volume [9]. Tomographic data is of particular use in that it
provides a quantitative three dimensional direct space map of the film
morphology, providing details of horizontal and vertical material seg-
regation, as well as domain connectivity and detailed charge-transport
pathways.

It is necessary to control the relative solubilities of polymers and
QDs to generate a solution processed BHJ mixture. Mutual solubility
allows for a well-mixed morphology to develop in one deposition step
as opposed to lengthy layer by layer processes. For polymer/fullerene
BHJs, the device efficiency depends on several processes that occur at
different length scales. Efficient charge separation is governed by dif-
fusion of excitons to a donor acceptor interface with exciton diffusion
lengths of 5-10nm [19,20]. After charge separation occurs, the hole
and electron must hop to contiguous adjacent sites with a pathway to
the anode and cathode [21]. Finally, the total process efficiency is
highest when the hole and electron are prevented from recombining,
which is best achieved in a bilayer with minimized interface area be-
tween donor and acceptor domains [22]. An ideal BHJ layer would
have nanoscale phase separation for optimized exciton separation and
also straight pathways for charge transport to both electrodes. Since the
materials are mixed in solution this optimized BHJ needs to self—
assemble during the drying process.

For polymer/QD BHJ devices, the solubility of the QDs is controlled
using a capping ligand [5]. In early devices, little attention was placed
on the capping ligand with the effect that in some devices the phase
separation was too high due to low solubility of the QDs. In other de-
vices, the QD was highly miscible with the polymer, but the capping
ligand was a long chain that prevented charge transport between ad-
jacent QDs [23]. For record holding all-QD (no polymer) PV devices,
PbS QDs are deposited and undergo ligand exchanges monolayer by
monolayer, resulting in a highly uniform film at the cost of labor-in-
tensive fabrication [8,24-26]. In contrast, the single-step film deposi-
tion of polymer-QD blend films is more aligned with the requirements
of large scale fabrication.

More recently, blends of polymer/QD BHJs were fabricated in two
steps. First films with long chain ligands (typically oleic acid (OA)) on
the QD are coated to create a well mixed film. Then in a post deposition
processing step, the long chain ligand is replaced with a shorter chain
ligand to improve the charge hopping between QDs and to maintain
high efficiency photogeneration [23,27-30]. This processing step,
known as ligand exchange, is depicted in Fig. 1 along with the ligands
studied here. Several different short chain ligands have been in-
vestigated including butylamine (BA), which is simply shorter [29],
ethanedithiol (EDT), which could bind two different QDs [31], and
mercaptopropionic acid (MPA) that is shorter and improves inter-par-
ticle electronic coupling [32]. These three short chain ligands have
notably different polarities with MPA > EDT > BA which could
strongly affect miscibility with the non-polar polymer. It has also been
reported that ligand exchange in two steps first with BA followed by
MPA yields a higher efficiency PV device than a single exchange step
using only MPA [31]. In this case, the BA exchange is performed in
solution prior to film deposition. It was recently shown that blends of
poly((4,8-bis(octyloxy)benzo(1,2-b:4,5-b’)-dithiophene-2,6-diyl)(2-
((dodecyloxy)carbonyl)thieno (3,4-b)-thiophenediyl)) (PTB1) and PbS
QDs show drastically different external quantum efficiencies depending
on the ligand exchange processing [31].

The purpose of this article is to quantitatively study the 3D
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Fig. 1. Schematic of ligand exchange process. As-cast films starting with long OA ligands
or shorter BA ligands undergo an in-situ ligand exchange to MPA.

morphology of PTB1/PbS layers with different capping ligands before
and after ligand exchange with MPA to determine whether and how
much the ligand exchange steps change the BHJ morphology. We focus
here on lead sulfide QD's because PbS is a low-band gap material that is
composed of earth abundant materials and has been demonstrated to
function in solution cast hybrid polymer/QD photovoltaic devices with
>5% power conversion efficiency [12]. Furthermore, the high atomic
number contrast provided by the QDs provides good imaging conditions
for HAADF TEM and tomographic reconstructions [33]. We further
validate these electron microscopy methods for blend characterization
with a focus on differentiating the morphology of the PTB1:PbS system
as a function of processing conditions.

2. Results and discussion

Fig. 2 shows 2D HAADF STEM images comparing 1:9wt ratio
PTB1:PbS films with various capping ligands. HAADF yields Z-contrast

Fig. 2. 2D STEM micrographs showing different morphologies. A - OA as cast. B - OA-
MPA treated. C - BA as cast. D - BA-MPA treated. Insets show additional magnification,
inset scale bars are 10 nm.
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images, wherein the contrast arises from differences in atomic number
of the species present. In this case, the light domains correspond to PbS
and dark domains are polymer. Z-contrast imaging is only possible by
using an inner collection semi-angle that is > 3 times the probe con-
vergence angle [34]. For this study, the inner detection semi-angle was
70 mrad and the convergence semi-angle was 17.1 mrad. The weight
ratio is determined from the weight of dry polymer and QDs with OA
ligands (Fig. 2A and B) and BA ligands (Fig. 2C and D) before ligand
exchange.

Ordered lattice domains of QDs are clearly visible in the as-cast OA
sample (Fig. 2A). This order is expected for poorly interacting particles
with soft shells [35]. In the OA to MPA exchanged sample (Fig. 2B),
large (10-50 nm) dark domains depict defects in the film due to volume
shrinkage. The top surface of this film is therefore quite rough. In ad-
dition, smaller scale structuring occurs during ligand exchange to yield
sheets or wrinkles of QDs separated by organic defects. We also assign
this smaller scale structuring to mechanical deformation due to loss of
ligand volume upon ligand exchange. For the as cast BA film (Fig. 2C),
the individual nanoparticles are still visible and appear to assume a
completely random configuration. The ordering seen in Fig. 2A is no
longer present for these harder sphere non-interacting nanoparticles. In
addition, the film is more dense than the OA cast film but has no large
scale defects as seen in Fig. 2B. Finally, the BA to MPA exchanged film
(Fig. 2D) has the same dense random structure as the BA cast film but
also a hierarchical ordering as seen in the larger dark shadows in the
film and clusters of QDs in the inset. There are no large defects in the
film as seen in Fig. 2B after a OA to MPA ligand exchange. We can
conclude that the solution exchange to a BA ligand before mixing with
the polymer and spin coating is useful because it creates a more com-
pact film that does not introduce large scale structural defects upon
MPA exchange. Some phase segregation still occurs at the nanoscale but
does not introduce structural defects in the already compacted film.

AFM images in Fig. 3 show that the OA samples are rougher both as-
cast and post ligand exchange. The well-ordered super-lattice arrays of
QDs capped with OA formed during spin coating form lateral domains
on the length scale of 100's of nm with clear domain boundaries marked
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Fig. 3. AFM images of the PbS-PTB1 films. A: OA as cast. B: OA-MPA treated. C: BA as
cast. D: BA-MPA treated. The images show the cracking induced by loss of ligands in the
MPA exchange on the OA sample, as well as the relative similarity between the BA as cast
and BA-MPA films.
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Table 1
Structural information.

Sample Dense QD Volume Dense QD Surface RMS Surface
Fraction (%) Area/Volume Ratio Roughness (nm)
(%)
OA 19.4+2.5 40.2 4.97
OA-MPA  27.7+2.5 25.6 4.22
BA 18.6+2.5 35.1 0.91
BA-MPA 21.1+25 37.7 1.02

by height changes. In comparison, the films spin coated with QDs
capped by BA ligands are uniform and smooth, which suggests that the
amorphous ordering seen in Fig. 2 does not lend itself to domain for-
mation. Table 1 shows RMS surface roughness measurements from the
AFM images indicating that the OA samples are 4-5 times rougher than
the BA samples. Fig. 3B shows the tearing of the film caused by the OA
to MPA exchange. Visual inspection shows that many of the tears are
parallel to each other, suggesting that the tears propagate along the
planes of the QD superlattice that was formed in coating the OA par-
ticles.

In order to investigate this further, we analyzed the tear direction
with respect to the orientation of the image and plotted this tear di-
rection. Fig. S1 shows that the orientation of these tears are pre-
ferentially at ~60°, suggesting that the QD nanoparticles form in a
hexagonal pattern and that when the ligands are exchanged, the volume
shrinkage causes the formation of tears along the crystal planes of the
QD superlattice. The fact that the tears are oriented over a relatively
large area means that the superlattice domains have a significant degree
of long-range ordering. Fig. 3D shows a nearly featureless surface with
very low surface roughness, which shows that ligand exchange from BA
to MPA within the film occurs without significant changes to the
morphology. All of the data indicates that there is little reconstruction
or mass diffusion of QD particles during ligand exchange.

All of the above data shows what can be learned about the polymer/
QD morphology from surface specific or 2D measurements. However,
these measurements do not provide quantitative insight into the detailed
distribution or vertical composition of these polymer/QD composites. To
access this information we used HAADF-ET to measure, and DART to
reconstruct, 3D volumes of the sample. The full images are shown in
supporting information Fig. S2. These images contain concentration vs
position information over a volume of 110 nm X 242nm X 43 nm with a
resolution of 1.1nm X 1.1nm X 2.2nm. To facilitate visualization,
Fig. 4 shows a smaller 20 X 20 X 20 nm volume that is representative of
the film while also showing the fine nanoscale structure. Fig. 4A shows
the OA as cast film, Fig. 4B shows the OA-MPA film, Fig. 4C shows the BA
as cast film, and Fig. 4D shows the BA-MPA film. In order to quantify the
composition of these reconstructions, we assigned the high-density phase
as close-packed PbS particles with just ligands between them, comprising
~20% of the volume. In order for the mass balance of the reconstruction
to match the known composition of the deposited film, the remaining
80% of the volume is comprised of a ~5:1 wt ratio of PbS:PTB1 mixture
consisting of less densely packed PbS nanoparticles surrounded by
polymer. The phases represented here are the solution from the DART
algorithm that provided the least amount of error when compared to the
original STEM images. We evaluated a number of different phase com-
positions to determine the accuracy and precision of the reconstructions;
this analysis can be found in supporting information Fig. S4.

In general, 3D voxels are not able to capture the ligand shell around
individual QDs, but instead show the longer range phase separation
between QDs and mixed PTB1/QD phases. The smallest features in each
image depict individual QDs at the edge of a QD domain. Comparing
the images we can show that the pure PbS domains get larger with
ligand exchange of OA to MPA, and remain roughly the same size going
from BA to MPA. This observation can be quantified by calculating the
reduced surface area (meaning SA between phases but not including the
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image interface) of the dense PbS domains and then determining the
ratio of surface area:volume fraction of the pure PbS phase before and
after ligand exchange, shown in Table 1.

Figs. 2b and 3b both show the formation of large voids in the films
that underwent ligand exchange from OA to MPA. These features also
exist in the 3D reconstruction of the HAADF-ET data but are not visible
in Fig. 4b because only the PbS phase is displayed. The image implies
that the remaining volume is only composed of the mixed PbS/PTB1
phase but the void space is also transparent. In order to reconstruct the
negative space representing the defects, we reconstructed the OA to
MPA exchanged volume using three gray levels, as opposed to the other
reconstructions that used two. The combination of the two solid phases
from the same volume as Fig. 4b is shown in Fig. S5 with voids being
visualized as the negative space. The total void space volume of the OA
to MPA exchanged sample is 8.8%. The voids are found throughout the
depth of this film, varying in size from the large voids seen in Figs. 2b
and 3b down to voids on the same size scale as QD clusters.

As we reported previously [36,37], it is important to have an in-
dependent measure of material distribution for validation of the to-
mographic reconstruction. In this article we provide this independent
measurement by comparing the vertical distribution of materials.
Fig. 5A shows the effect of ligand exchange on the composition of the
film as a function of depth. The OA film has a relatively uniform con-
centration across its depth. The OA-MPA film appears to have PbS
segregation at both electrode interfaces, with a preference towards the
bottom (substrate) interface. Since the post-deposition ligand exchange
occurs at the top of the film first, and there is significant creation of
voids during this process, it is likely that there is PbS enrichment to-
wards the bottom of the film. The BA and BA-MPA films show segre-
gation of the dense QD phase towards the center of the film, possibly a
result of poorer miscibility with the polymer and a higher surface en-
ergy for ligands to be at the interface.

In order to validate the vertical concentration information from the
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Fig. 4. Three dimensional DART reconstructions of the PbS phase in
the films. A - OA as cast. B - OA-MPA treated. C - BA as cast. D - BA-
MPA treated. Reconstructed volume is a cube with side length of
20 nm. Negative space represents the PTB1 phase, as well as voids
in B.

tomographic reconstructions, we performed glow discharge optical
emission spectroscopy (GDOES). GDOES shows qualitative agreement
with the vertical concentration information from the tomographic re-
constructions, as shown in Fig. 5B, giving us confidence in these results.
The OA film has increased density of PbS near the surface in both
measurements. The OA-MPA sample shows two peaks of PbS density in
both measurements and quantitative agreement on the QD concentra-
tion across the whole film thickness. The vertical concentration data
from tomography shows an even distribution of PbS QDs in both BA
cast samples with some polymer at both top and bottom interfaces. The
polymer skin is not visible in the GDOES data but the QD density is
mostly flat until the back interface.

The main differences in these measurements are a result of their
limitations at the film interfaces. In the DART reconstruction, the
sample surface roughness isn't accurately reconstructed, causing some
uncertainty in the top and bottom layer of voxels. For GDOES, differ-
ences in sputtering rates between the PTB1 and PbS cause the interface
to become uneven and results in uncertainty about the atomic ratio,
especially at the bottom of the film. This sputtering rate effect can be
seen in supplemental Fig. 6 and is especially visible for the OA film,
which is likely because the longer carbon containing ligands also etch
quickly compared to PbS. Even when taking these limitations into ac-
count, the GDOES data provides validation of the reconstructed vo-
lumes.

The presence of a “mixed” QD-polymer phase and a “pure” QD
phase has important consequences for charge transport within the film.
This morphology is qualitatively similar to the PBTTT:fullerene and
PTB7:fullerene systems, wherein the device performance is limited by
electron transport through the pure fullerene domains [38,39]. In this
morphology, excitons within the mixed phase only have to travel a
small distance to the nearest QD to be separated into a hole on the
polymer and an electron on a QD. In principle, excitons in the polymer
could be separated at the interface between mixed phase and the dense
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Fig. 5. Film composition as a function of depth; the top surface is 0% depth. A- Dense QD
phase concentration as a function of depth from the DART reconstructions. B - Glow
discharge optical emission spectrum showing Pb concentration as a function of depth into
the film. The Pb concentration is represented here as the ratio of Pb signal to Pb + C
signals. At ~80% depth, the disparity in etch rate causes signal from the substrate to
complicate the overall signal. The complete set of signals, including the indium signal
from the substrate, can be found in Fig. S6.

Fig. 6. Illustration showing density differences in reconstructed regions. The dense QD
phase (in blue) is purely PbS nanoparticles and the capping ligands, while the lower
density phase (in red) is a mixture of QDs and PTB1. The inset shows an example of an
exciton from the polymer separating at the interface of a QD, and the possible pathway for
subsequent electron transport. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

QD phase, but for the majority of the polymer volume the closest sites
for exciton separation are QDs in the mixed phase. Holes are trans-
ported to the anode electrode through the well-connected mixed do-
mains. However, electrons created on QDs in the mixed domain must
first travel to the dense QD phase via a hopping transport. Since the
probability of a successful hop is exponentially dependent on the dis-
tance between QDs [40,41], the ~50% of the mixed phase volume that
is occupied by ligands and polymer presents a significant transport
barrier. Once an electron reaches the dense QD phase, charge transport
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Table 2
Electronic information from 3D reconstructions.

Sample Connectivity of Dense QD Distance 90% of Mixed Phase Lies
Phase to Electrode (%) from Interface with Dense Phase
(nm)
OA 89.1 4.5
OA-MPA 975 11.5
BA 90.1 9.2
BA-MPA 94.5 9.2

to the electrode should proceed without recombination assuming that
the dense phase domains have direct and connected domain structures
all the way to the electrode.

Table 2 lists the percentage of dense QD phase domains that are
directly connected to the cathode for each morphology. All of the
samples show 90% connectivity and the MPA exchanged samples have
95% or greater connectivity. The pathway for electron transport to the
electrodes is schematically depicted in Fig. 6. This analysis establishes
that poor electron transport through the mixed phase is the likely
performance bottleneck for hybrid polymer/QD PV devices. Inefficient
transport in the mixed phase results in increased bi-molecular re-
combination with holes in the polymer. We do not expect that com-
parison of hole only and electron only conductivity measurements
would indicate that electron transport is a bottleneck because the
electrons are transported predominantly through the well connected
dense QD phase.

To assess the degree to which hopping transport for electrons limits
device performance, we measured the distance from each mixed phase
voxel to the closest dense QD interface. Fig. 7 shows plot of the nearest
distance vs the cumulative % of voxels within this distance. This data
shows that the untreated OA capped films have the shortest distance
between mixed and dense phases, which could be interpreted as the
thinnest mixed phases. 94% of the voxels are within 5nm of an inter-
face. With PbS particles that have an average diameter of 2.5 nm, 2-3
electron hops are necessary to reach a dense phase from 94% of the
entire mixed phase volume. The distribution of distances is nearly
identical for the BA and BA-MPA samples with ~80% of the mixed
phase volume within 5 nm of a phase interface. The BA samples have a
nearly identical morphology in this respect, with more separation than
the OA sample due to the more disordered and thicker QD domains. The
voids in the OA-MPA film act as barriers that limit pathways to a
mixed/QD phase interface. Only ~65% of the mixed phase is within
5nm of a phase interface.

As reported previously [31], an OA-MPA device has a much lower
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Fig. 7. Percentage of polymer voxels that are within a certain distance of the hetero-
junction for the different ligand exchanges. The distance that 90% of mixed phase voxels
lie within from the interface is shown in Table 2.
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short-circuit current density (Js¢), and higher open-circuit voltage (Voc),
than a BA-MPA device. This result can be explained by the morpholo-
gical features in the DART reconstructions. The larger volume fraction
and lower surface area/volume ratio of dense QD phase in the OA-MPA
sample result in the larger Vyc, consistent with recent device modeling
[42,43]. The larger distance to the donor/acceptor interface (Table 2)
for the OA-MPA means the electrons must travel farther to reach the
dense QD phase, increasing the likelihood of recombination and thus
limiting the Js¢ in this device [44].

3. Conclusions

In summary we studied the morphology of the polymer PTB1 and
PbS quantum dots, a film mixture that shows promise for solution
processed photovoltaic applications. Using reconstructed tomographic
images we determined that two separate phases form on the nanoscale
in all samples: one composed of pure QD nanoparticles and the other
composed of a ~5:1 wt fraction QD to polymer mixture. The volume
fraction of the dense QD phase was on average 20 + 2.5% for all of the
films except the OA to MPA exchanged film, that had a 27 + 2.5 vol%
dense QD phase. The OA to MPA exchanged film also had 8 vol% void
space from the volume change upon exchange. In the films with BA to
MPA exchange there was no defect formation and aside from some ri-
pening of the dense QD phase little change in morphology. This shows
that performing a solution exchange of OA to BA is beneficial to the
fabrication process because the in-film exchange of OA to MPA leads to
a high defect density while there is little morphological change when
exchanging from BA to MPA.

We compared the vertical composition of the tomographic data to a
separate measurement of vertical concentration from glow discharge
optical emission spectroscopy (GDOES). We found strong qualitative
and quantitative agreement between the two measurements, which
validates the accuracy of the tomographic reconstruction.

We analyzed the tomographic data to determine how the ligand
exchange could affect the morphology of the film and thereby the
photovoltaic efficiency of a device. We determined that the OA to MPA
exchange would create a much larger hopping distance for electrons in
the mixed phase and thus increase the likelihood of charge re-
combination. By comparison, the BA to MPA exchanged sample had
nearly identical hopping distance from the mixed phase to a dense QD
phase interface as the as-cast BA film. We show that the morphological
information from our 3D reconstructions explains previously reported
differences in device performance.

4. Experimental
4.1. PbS quantum dot synthesis

Both the butylamine (BA) and oleic acid (OA) capped PbS quantum
dots were prepared using an adapted version of the Hines and Scholes
protocol [5]. In a 100 mL three-neck round bottom flask, 900 mg
(4.0 mmol) of PbO, 28 g of 1-octadecene (ODE)(technical grade, 90%)
and 2.4 g (8.5 mmol) of oleic acid were combined and stirred at 100 °C
under vacuum for a minimum of 1h to dissolve the lead precursor as
well as degas and dry the solution. After heating, the solution changed
color from yellow to clear indicating the PbO completely dissolved. The
temperature of the reaction flask was lowered to 90 °C and returned to
nitrogen flow while the sulfur precursor solution was prepared. In a
separate three-neck round bottom flask, 8 g of ODE was degassed under
vacuum for at least 30 min prior to the addition of 420 pL of hexam-
ethyldisilathiane (HMDS). The sulfur precursor was then immediately
injected into the hot lead precursor solution to form the PbS quantum
dots.

Successful creation of the PbS quantum dots was evident by the
change from a colorless solution to a black solution following the in-
jection of the sulfur precursor. After the injection the heat was turned
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off allowing the reaction to slowly cool down to room temperature. The
product was divided in half prior to being isolated from unreacted
precursors via methods previously reported [31]. Following isolation
and cleaning of the products, one half of the products were treated with
butylamine using a solution-based ligand exchange. To exchange li-
gands, PbS QDs were dissolved in ~2 mL of butylamine and underwent
30 min of sonication. This process was performed twice to ensure full
replacement of the native oleic acid ligands. Finally, both the BA
treated PbS QDs and OA capped PbS QDs were dried under nitrogen
flow and transferred into a nitrogen glove box. The QDs were dispersed
in ~2 mL of anhydrous 1,2-dichlorobenzene and stored in the glove box
until use.

4.2. Preparation of PTB1/PbS films

PTB1 polymer solution (10 mg/mL concentration) was prepared in a
nitrogen glove box by adding an appropriate amount of anhydrous 1,2-
dichlorobenzene to PTB1 polymer (1-Material) and heating the solution
to 70°C while stirring until fully dissolved. The polymer/QD blend
solution was prepared to be a 1:9 (w/w) ratio with both the polymer
and the PbS solutions filtered using a 0.45 um PTFE syringe filter prior
to blending. The blend solution was heated to 70 °C and stirred for 1 h
before filtering and spin coating onto ITO/PEDOT:PSS substrates.

To prepare the ITO/PEDOT:PSS substrates, ITO substrates were
cleaned by sonication for 20 min in the each of following solutions: 2%
Micro-90 detergent, DI water, acetone, and isopropanol. Following
cleaning, the substrates were dried with nitrogen gas and plasma
cleaned for 5min immediately prior to spin coating the PEDOT:PSS
layer. Approximately 100 uL of PEDOT:PSS was deposited onto the
substrate before spinning for 1 min at 3000 rpm. Immediately after spin
coating, substrates were placed on a hot plate at 120 °C for 30 min to
anneal the PEDOT:PSS layer.

The blend solution was then spun onto the substrates at 1000 rpm
for 90 s. Ligand exchange was performed as previously described using
a 10 mmol 3-mercaptopronic acid (MPA) [31]. The MPA solution was
made in acetonitrile to ensure no PEDOT:PSS was dissolved during the
ligand exchange.

4.3. STEM imaging and reconstruction

The films were exposed to DI water to dissolve the PEDOT:PSS layer
and release it from the substrate, and were then collected from the
surface of the water on a TEM grid. All STEM images used for the re-
constructions were taken with a JEOL 2100F at 200 kV. The beam
convergence semi-angle was 17.1 mrad and the inner detection semi-
angle was 70 mrad. Tilt series were obtained using dynamic focus via a
tomography plugin for DigitalMicrograph (Gatan). Images were taken
using a Saxton interval scheme from a minimum range of +65 to —65°
and a maximum range of +70°. The electron dose for each image was
~7 electrons per square Angstrom. Image stack alignment was per-
formed manually using IMOD [45], and 3D reconstructions were cre-
ated using the ASTRA Tomography Toolbox. The voxel size of the re-
constructions is 0.35 nm [46,47]. Final volumes were visualized using
IMOD.

4.4. AFM imaging

AFM images were measured using a Veeco Multimode AFM in
tapping mode at 1.0 Hz.

4.5. GDOES analysis

GDOES analysis was conducted on samples using a Horiba GD-
Profiler-2 with a sampling time of 0.050 s at an applied power of 2.50 W
and argon pressure of 4Pa. The area of analysis was 4 mm diameter
circle roughly centered on a 1 cm by 1 cm sample.
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4.6. Graph analysis

Morphology traits like connectivity to electrodes and distance of
voxels to interfaces have been correlated with device performance. We
utilized a fast and efficient approach to extracting morphology traits
that consisted of converting the reconstructed morphology into an
equivalently colored and weighted graph [48-50]. This was done by
considering each voxel as a graph vertex (with the color of the vertex
determined by the phase of voxel — black vertex for mixed phase and
white vertex for QD). The edges of the graph are just constructed by
connecting each vertex (or voxel) to its neighbors. The weight of each
edge is the geometric distance between the voxel centers. The interface
between the pure QD and mixed phase is identified by edges that
connect vertices of different color. Vertices having an interface edge are
considered as sites for exciton dissociation. The electrodes are re-
presented as meta-vertices in the graph, which are directly connected to
the top-/bottom-layer. Connectivity is calculated as the percentage of
voxels that are directly connected to the respective electrode (meta-)
vertex. Distance to the closest interface is calculated using Djikstra's
algorithm.
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