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ABSTRACT

We report the controlled preparation of water processable nanoparticles (NPs) employing the push-pull
polymer PCDTBT and the fullerene acceptor PC71BM in order to enable solar cell processing using
eco-friendly solvent (i.e. water). The presented method provides the possibility to separate the
formation of the active layer blend and the deposition of the active layer into two different processes.
For the first time, the benefits of aqueous processability for the high-potential class of push-pull
polymers, generally requiring high boiling solvents, are made accessible. With our method we
demonstrate excellent control over the blend stoichiometry and efficient mixing. Furthermore, we
provide visualization of the nanomorphology of the different NPs to obtain structural information down
to ~2 nm resolution using advanced analytical electron microscopy. The imaging directly reveals very
small compositional demixing in the PCDTBT:PC7:BM blend NPs, in the size range of about <5 nm,
indicating fine mixing at the molecular level. The suitability of the proposed methodology and materials
towards the aspects of eco-friendly processing of organic solar cells is demonstrated through a
processing of lab scale NPs solar cell prototypes reaching a power conversion efficiency of 1.9%.
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1. INTRODUCTION

Bulk heterojunction (BHJ) organic photovoltaics have obtained a tremendous interest over the years
because of some highly desirable properties such as mechanical flexibility, (semi)transparency, low
cost and printability [1,2,3,4]. As the energy gap of the absorber is decisive for converting light into
electricity, remarkable progress in the material design has led to the development of materials capable
of efficiently harvesting solar light. In this regard, donor-acceptor or push-pull type low bandgap
polymers, consisting of alternating electron-rich and electron-deficient moieties along the conjugated
polymer backbone, enabled significant advances in terms of power conversion efficiencies (PCEs) [5,6].
Because of the rapid development in the synthetic methodologies, a plethora of push-pull polymers -
PCDTBT  (poly{[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-
diyl-2,5-thiophene-diyl}), PBDTTPD (poly{di(2’-ethylhexyloxy)benzo[1,2-b:4,5-b"ldithiophene-co-
octylthieno[3,4-c]pyrrole-4,6-dione}) and PffBT4T-20D (poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-
diyl)-alt-(3,3’-di(2-octyldodecyl)-2,2";5,2”;5”,2"”-quaterthiophen-5,5""-diyl)]) to name a few - excelling
the performance of previous generation materials, are now available and still emerging
[6,7,8,9,10,11,12].

As the BHJ photoactive layer can be processed from solution, different deposition techniques related to
printing and coating are easily accessible, such as screen printing, inkjet printing, spray coating and
slot-die coating [13]. However, the use of hazardous solvents for fabrication is contentious and has
raised serious concerns on this ‘green energy’ technology owing to the associated impact on the
environment. Therefore, transfer of BHJ OPV technology from the lab-scale to large-scale fabrication is
still hindered. Many reports already exists on the green solvent processability of polymer solar cells
[14,15,16]. Another promising alternative for ecofriendly fabrication of organic solar cells would be
water-based dispersions of polymer nanoparticles (NPs) comprising the active layer blend materials, as
they provide the possibility to separate the formation of the active layer blend and the deposition of the
active layer into two different processes. This eliminates the use of hazardous organic solvents in large
amounts during the large-scale fabrication of solar cells, thereby easing the hurdles in manufacturing
with respect to health, environment and handling safety. Also, during the particle formation process, the
solvent evaporation step can in principle be made into a closed loop process, thereby allowing the
recycling of the solvent in a controlled way. Moreover, the amount of solvent needed for preparing the
nanoparticle dispersion is relatively small as compared to the solvent amount used for deposition of the
active layer (using different coating techniques) depending upon viscosity requirements[17]. As a result,
the use of aqueous dispersions of conjugated polymer NPs for eco-friendly device fabrication has
generated a great deal of interest. Several research groups have reported OPVs processed from
aqueous dispersions of NPs generated by reprecipitation or by miniemulsion techniques
[18,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. Both techniques, however, rely on good
solubility of the polymers in the chosen organic solvent. Moreover, the used procedure necessitates the
use of low boiling solvents such as chloroform (bp = 61 °C, vp = 160 mmHg) and especially only
solvents that are miscible with water, such as THF (bp = 66 °C, vp = 132 mmHg), in case of the
reprecipitation method. So far, only a limited choice of push-pull materials were tested and this was
restricted mostly to materials in the molecular weight range of 6 kDa<Mn<40 kDa (due to solubility
difficulties at high molecular weights) [22,24,32,33]. Recently, a particular DPP-based push-pull
polymer with a M, of 53 kDa was formed into particles. However, in the latter case the material was
soluble in chloroform [30]. These stringent conditions make the aqueous processability inaccessible for
the highly interesting polymers that are not soluble in the low boiling solvents currently in use.

2



Therefore, particle generation methodologies that allow for the generation of donor-acceptor blend NPs
with well-defined stoichiometry are highly desired for push-pull polymers.

Among the OPV-type push-pull polymers, PCDTBT is an established material with several existing
studies related to device characteristics, optoelectronic properties and morphology of BHJ films
[34,35,36,37,38,39,40,41,42]. With high photochemical stability, the devices have been shown to
possess excellent operational lifetime, both under laboratory and real-world conditions [3,4,8].
Previously, depending on the molecular weight, chloroform, chlorobenzene, o-dichlorobenzene (o-
DCB), ftrichlorobenzene, and several mixtures of solvents were wused to process
PCDTBT:PC71BM([6,6]-Phenyl-C74-butyric acid methyl ester) devices [36,38,41]. It was shown that with
increasing molecular weight, the low boiling solvents could not be used anymore. 0-DCB has been
reported as an optimal solvent for achieving high power conversion efficiencies (PCEs) in the case of
PCDTBT:PC71BM blend BHJ devices [39]. As with high molecular weight the solubility in low boiling
point solvents becomes a limiting factor [7], the formulation of NPs is not feasible. In addition, the need
to use higher molecular weight polymers for better device performance [7,43,44] codetermines the
stringency of particle formation.

To overcome the above-mentioned challenges, we present a pioneering particle formulation procedure
that allows the use of a high boiling solvent, 0-DCB, to obtain water-based push-pull polymer:fullerene
(PCDTBT:PC71BM) blend NPs, thereby extending the benefit of aqueous processability to the highly
interesting class of push-pull polymers requiring high boiling solvents. Our method brings the previously
reported miniemulsion technique a significant step further [29,45]. We demonstrate excellent control
over the stoichiometry, despite using the combination of a high boiling solvent and high molecular
weight polymer (see Figure 1). The former can impede the colloidal stability as well as affect the size
distribution [46] during evaporation, whereas the latter can influence the particle formation due to
increased viscosity and consequently affect the homogeneous blending with the acceptor molecules.
The blend morphology with a systematic variation of the blend stoichiometries was attained by slow
evaporation of the solvent using temperatures (60 °C) well below the glass transition temperature (130
°C [47]) of the polymer. The optical properties of the particles of different blend compositions were
studied using optical spectroscopy techniques. To accompany the bulk measurements, the morphology
of different NPs was investigated using advanced characterization by spectroscopic imaging in
analytical scanning transmission electron microscopy (STEM). Among the many methods that have
been applied in reciprocal and real space [48], TEM has been shown to be able to obtain information at
the nanoscale, and create chemical contrast between two very similar materials using analytical TEM
modalities [49]. So far, to the best of our knowledge, morphological characterization of blend NPs was
done mainly with scanning transmission X-ray microscopy (STXM) [19,22,23]. STXM provides superior
chemical contrast between different polymers or polymers and fullerenes, but is limited by its resolution
of ~30 nm, which was enhanced by post processing to ~10 nm by assuming certain possible models of
the morphology [20].
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Figure 1. (Top) Schematic illustration of the PCDTBT:PC7/BM blend NP synthesis. (Bottom) Chemical
structures of PCDTBT (Left) and PC7/BM (Right).

It has been previously shown that PCDTBT:PC71BM undergoes efficient mixing [34]. As indicated
before, with higher molecular weights, the solubility of PCDTBT decreases. Often, the polymer
solutions in CHCI3 or 0-DCB are passed through filters to eliminate undissolved aggregates and then
further used for film formation. Considering the limited solubility of the polymer, during the blend
particle formation process, increased local concentrations due to evaporation of the solvent might
result in phase separation heterogeneities within the blend structure. Therefore, in this article,
analytical electron microscopy was applied to obtain structural information down to ~2 nm resolution by
employing scanning transmission electron microscopy (STEM) in combination with electron energy-loss
spectroscopy, which is referred to as STEM spectral imaging (STEMSI). Finally, as a proof of concept,
an eco-friendly OPV device was prepared using the water-based blend NPs. The active layer
nanomorphology in the device structure was studied and correlated to the one observed within the
nanoparticles.

2. EXPERIMENTAL
2.1 Materials

Poly{[9-(1’-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophene-diyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-
thiophene-diyl} (PCDTBT) was obtained from SolarisChem (M, = 79 kDa, © = 2.4) and used without
further purification. [6,6]-Phenyl-C71-butyric acid methyl ester (PC71BM) (purity >99%) was obtained
from Solenne. o-Dichlorobenzene (purity >99%) was obtained from Sigma Aldrich and sodium dodecyl
sulfate (SDS) from Merck. Zinc oxide (ZnO) nanoparticles were obtained from nanograde, indium thin
oxide (ITO) glass slides (20 Q sq™) from Kintec.

2.2 Synthesis of blend nanoparticles



Different ratios of the donor polymer and the fullerene acceptor were dissolved in 2 g 0-DCB at
elevated temperature (as the polymer was not soluble at room temperature). The ratio of the active
material to the solvent was optimized to ensure complete solubility of the ingredients, where visibly no
aggregates could be seen. It is worth to note that there were batch-to-batch variations in the polymer of
the same molecular weight range, as the solubility in the solvent varied. The conditions provided here
were optimized after several trial-and-error tests using the same batch of polymer, different
concentration ranges and temperature conditions. The polymer was dissolved by magnetic stirring (500
revolutions per minute, rpm) at 80 °C in a nitrogen environment. As the amount of solvent in the
dispersed phase is higher than the usual procedures reported for miniemulsion/solvent evaporation,
the ratio between the dispersed phase and the continuous phase was optimized to obtain stable
dispersions with reasonable solid content. For the miniemulsion formulation, at first, a macro-emulsion
was obtained by adding the aqueous phase, consisting of 11 mg dissolved surfactant (SDS) in 2.64 g
water (0.4 wt%), to the organic phase. After magnetic stirring of the mixture for one hour, the macro-
emulsion was subjected to ultrasonication under ice cooling for 3 min at 60% amplitude in a pulse
regime (30 s pulse, 20 s pause) using a Branson 450W digital sonifier (1/8” tip). The obtained
miniemulsion was transferred into a round bottom flask with a wide neck and left for 8 h at 60 °C to
allow complete evaporation of the organic solvent. Every hour, additional water was added to the
miniemulsion to compensate for the water lost during evaporation and to avoid altering the SDS to
water concentration ratio in the continuous phase. Excess surfactant was removed by multiple washing
steps using Millipore membrane tubes (MWCO: 30 kDa).

2.3 Dynamic light scattering (DLS)

The size and size distribution of all NPs was characterized by DLS using a Brookhaven Instruments
Zetapals.

2.4 Optical analysis

The UV-Vis absorption spectra of the NPs were measured using an Agilent Cary500 Scan UV-Vis-NIR
spectrophotometer and a Lambda 40, Perkin Elmer UV-VIS spectrophotometer. All NP samples were
measured at a fixed solid content of 0.0018 wt%. The emission spectra of the PCDTBT:PC71BM blend
nanoparticles were obtained using a Horiba-Jobin Yvon FluoroLog-3 spectrofluorometer which was
corrected for the wavelength dependence of the throughput and sensitivity of the detection channel. A
quantum counter was used to correct for temporal fluctuations in the excitation intensity as well for the
wavelength dependence of the excitation intensity.

2.5 Time-resolved fluorescence decay experiments

On a nano- and picoseconds timescale, the fluorescence decays were obtained by Time-Correlated
Single Photon Counting (TCSPC), described in detail previously [50]. A time-correlated Single Photon
Timing PC module (SPC 830, Becker & Hickl) was used to obtain the fluorescence decay histogram in
4,096 channels. The decays were recorded with 10,000 counts in the peak channel, in time windows of
6 ns corresponding to 1.46 ps/channel, and analysed globally by linking the decay times of decays
obtained at different wavelengths as a sum of exponentials, with the time-resolved fluorescence
analysis (TRFA) software [40]. The time resolution of this set-up is about 30 to 50 ps. All NP samples
were measured at a fixed solid content of 0.0002 Wt%.

2.6 Scanning transmission electron microscopy

To prepare samples for electron microscopic analysis, 3 uL of the NP dispersion was dropcasted onto
plasma cleaned grids with holey carbon films (Quantifoil). Most of the liquid was removed by filter paper
after 1 min. A subset of single particles or agglomerates can be found at the edges of the Quantifoil
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holes. This allows imaging with vacuum background. Before STEMSI investigations, the particles were
also examined with conventional bright-field TEM. TEM analysis was done using an FEI Tecnai G2
microscope at an acceleration voltage of 200 kV. Dark-field STEM and STEMSI was performed with an
FEI Titan G3 microscope at an acceleration voltage of 120 kV. Acquisition of the spectroscopic data is
enabled by a GIF Enfinium dedicated spectrometer (Gatan). The energy dispersion was chosen to be
0.05 eV/channel, offering a sufficient oversampling regarding the instrumental energy resolution
without monochromated settings of ~0.7 eV. The electron dose to acquire low energy-loss spectra up
to ~90 eV was approximately 1200 e/A? for the pure samples, using a STEM step size of 2 nm, and
2700 e/A2 for the blend sample, using a step size of 1.3 nm. This dose was shown to not significantly
alter the bulk plasmon peak positions for P3HT and PCs1BM [51].

For plasmon peak fitting, the STEMSI data sets were deconvoluted applying Fourier-Log deconvolution
[52]. Due to the thickness of the NPs, a distribution of single-scattering, double or multi-scattering can
be observed. This induces varying intensities on the sides of the plasmon peaks depending on the
actual thickness. With deconvolution single scattering distributions can be obtained [53], which allows
better comparison of the spectra between different particles. Plasmon peaks were fitted with a
Lorentzian profile to determine the central positions, which are mapped out to obtain morphological
images. For average spectra of the different samples, areas from the insides of the particles (avoiding
perimeters) were selected, followed by averaging and normalization to identical integrals, i.e. areas
below the curves. This compensates for global intensity differences between data sets of different
samples. The cross-section of the solar cell device was prepared by focused ion beam milling using a
Helios NanoLab 650 (FEI) to a thickness of ca. 60 nm. The final thinning of the cross-section was
performed with an acceleration voltage of 2 kV to prevent damaging the organic materials by high-
energy ions. Dark-field and STEMSI was applied as for the NPs. However, the resulting plasmon peak
map was smoothed by a Gaussian filter (size 3x3) to illustrate occasions of minor demixing.

2.7 Device fabrication

Solar cells were fabricated on pre-cleaned patterned ITO glass slides which were cleaned with
detergent, water, acetone and boiling isopropanol. Afterwards the substrates were treated with UV-
ozone for 30 minutes. A ZnO nanoparticles layer was spincoated (0.1 wt% in isopropanol, 4000 rpm)
and annealed at 150 °C for 10 minutes in a nitrogen atmosphere. Then, the PCDTBT:PC71BM (400
wt%; 1:4) nanoparticle layers were deposited by spincoating the dispersion (300 uL, 4% solid content,
2000 rpm). A 1:4 PCDTBT:PC71BM ratio in the particle was chosen in analogy to the conventional
(optimized) BHJ device ratio [54]. The thickness of the spincoated layer was 100 nm, as measured by a
DektakXT stylus profiler from Bruker. Afterwards, the substrates were heated for 4 min at 180 °C (and
also at other temperatures (supporting information)) in a nitrogen atmosphere for film formation and to
eliminate residual water. The film was then transferred into a vacuum chamber for electrode
evaporation. MoOs/Al electrodes were evaporated on top of the active layer, resulting in an active area
of 0.3 cm? The thickness of the MoOs and Al electrodes were measured to be 20 and 120 nm,
respectively, using a quartz crystal monitor.

2.8 Atomic Force Microscopy

The NP layer coverage, before and after annealing, was imaged in tapping mode using a Bruker
Multimode 8 atomic force microscope.

3. RESULTS & DISCUSSION

3.1 Blend nanoparticle synthesis



PCDTBT:PC71BM blend nanoparticles were synthesized combining the miniemulsion and the emulsion
solvent evaporation techniques. PCDTBT is a polymer that shows solubility issues and is therefore not
soluble in any of the low boiling point solvents. As 0-DCB has been reported as an optimal solvent for
achieving high PCEs in the case of PCDTBT:PC71BM blends, it was used as the solvent for fabrication
of the blend NPs by adapting the procedure previously developed by Landfester et al. [55], where only
low boiling point solvents were used so far. The evaporation of 0-DCB was performed at 60 °C and the
inevitable loss of water during the prolonged evaporation was compensated by the incorporation of
water to the continuous phase at regular intervals. The obtained colloidally stable dispersions were
characterized for their size by DLS. A crucial factor underpinning the device performance is the
complex interplay between the blend morphology in the solid state and the resulting optoelectronic
properties. The optical properties of the particles were characterized using different variants of optical
spectroscopic techniques and the nanomorphology was studied at the single nanoparticle level by
STEMSI. Using the synthesis procedure, as depicted in Figure 1, PCDTBT:PC71BM NPs of various
blend compositions were prepared and subsequently washed to remove the surfactant. As can be seen
in Table 1, the average particle size for the blend NPs lies between 36 and 74 nm. Although there is no
characteristic variation in size as a function of PC71BM incorporation, it can be expected that the
dimensions of the different NPs might vary depending on the compactness of the particles as a result
of the composition (large molecular weight PCDTBT chains and small molecular weight PC71BM) used
for particle formation. The polydispersity index (PDI), describing the distribution width, of all
synthesized particles is included in Table 1. The observed polydispersity, ranging from 0.104 to 0.216,
can be attributed to the inherent characteristics of the particle formation process, as was shown by
Staff et al [46]. It is expected that the dimensions of the different NPs vary depending on the
compactness of the particles as a result of the composition (large molecular weight PCDTBT chains
and small molecular weight PC71BM) used. The solid content of the particle dispersions is in the
expected range between 0.2 and 0.4% as water was added during the synthesis.

Table 1. Characterization of the blend PCDTBT:PC71BM nanoparticles with varying ratios of
PCDTBT/PC71BM.

Sample PCDTBT PC71BM? (%) Size (nm)  PDI
(mg)
NP1-0% PC;BM 25 0 61 0.145
NP2-1% PC;BM 25 1 52 0.175
NP3-2.5% 25 25 74 0.104
NP4.5% PC7BM 25 5 50 0.253
NP5-25% 25 25 55 0.177
NP6-50% 25 50 52 0.187
NP7-75% 25 75 48 0.216
NP8-100% 0 100 36 0.144

mnA MAA

@ Weight percentage with respect to the amount of PCDTBT.
3.2 Optical properties of the blend nanoparticles



As the optoelectronic properties of the blend NPs are morphology dependent, the study of their optical
properties can provide insights into the efficiency of mixing and aggregation behavior of the particle
constituents. The optical properties of aqueous dispersions of the NPs with controlled variations in
stoichiometry were systematically studied using UV-Vis absorption and emission as well as time-
resolved fluorescence spectroscopy (Figure 2). Similar studies have been previously reported for
P3HT:PCs1BM, MEH-PPV:PCe1BM NPs [26,27,28,56] and PCDTBT:PC7/BM films [41]. It can be seen
in Figure 2A that for pure PCDTBT nanoparticles the UV-Vis spectra are characterized by an S;&=S+
band around 540 nm, which can be attributed to an intramolecular charge transfer state transition, and
an So=S> band around 380 nm. The fluorescence emission maximum is located at 702 nm, which is in
agreement to the maximum observed for films in literature [36]. The UV-Vis absorption spectra of
PCDTBT:PC71BM blends of different blend ratios in the form of NPs and molecularly dissolved in o-
DCB are presented in Figure S1 (supporting information).
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Figure 2. (A) UV-Vis absorption spectrum (black) and fluorescence emission spectrum (red) of pure
PCDTBT NPs (NP1-0% PC71BM). (B) Fluorescence decays obtained by single photon timing (Aex = 550
nM; Aem = 670 nm) of PCDTBT:PC71BM blend NPs in water.

The fluorescence decays of the PCDTBT:PC71BM blend NPs, depicted in Figure 2B, could for all
samples be analyzed as a sum of two exponentials (equation 1) yielding two components with positive
amplitude (a1 and ay).

I(t) = ¥ oe Vil Eq. 1

The decay times (1) and corresponding amplitudes (ai ), where the sum of the positive amplitudes is
normalized to 1, are presented in Table 2. The two decay times, however, can be used to calculate an
average decay time < 1 > of the fluorescence of PCDTBT according to equation 2.



< T >= ) o4T; Eq. 2

Table 2. Decay times (1)) and corresponding amplitudes (a ;) obtained by analyzing the fluorescence
decays at 670 nm obtained by TCSPC. Excitation occurred at 550 nm. The sum of the a; was
normalized to one.

Sample T1(ps)/ a1 T2 (ps)/ a2 <T1>(ps)
NP1-0% PC71BM 90/0.67 478 /0.33 218
NP2-1% PC71BM 62/0.85 312/0.15 100

NP3-2.5% PC71BM 42/0.87 180/0.13 60
NP4-5% PC71BM 34 /0.96 207 /0.04 41
F1-0% PC71BM 751/0.73 444 10.27 175

Interestingly, the decay times measured for a neat polymer film (F1) were similar to those obtained for
the neat polymer particles (NP1-0% PC71BM), thereby reflecting the similarity in the aggregation
behavior of the polymer in the films and in NPs. For the NPs of neat PCDTBT (NP1-0% PC71BM), the
decay times are close to the two longest decay times observed by Baneriji et al. for a film of PCDTBT,
where the fluorescence was analyzed as a sum of four exponentials [36]. As the carrier generation
efficiency is independent of the excitation wavelength, the measurements were not repeated for
excitation at 400 nm.[38] Both decay times decrease upon increasing the concentration of PC71BM,
while the amplitude of the fast decaying component increases upon increasing the concentration of
PC71BM. At a concentration of 2.5 Wt% PC71BM, the shortest decay time is already close to or beyond
the time resolution of the employed set-up and the value of < 1 > can be overestimated. Regardless,
already at a loading of 1 Wt% PC71BM a major decrease of < 1 > is observed for the NPs. Further
increasing the loading of PC71BM leads to a further systematic decrease of < 1 >. This trend in the
average fluorescence decay time is also followed up to a loading of 25% PC7:BM when fluorescence
quantum vyields are recorded (see Table S1, supporting information). This indicates an effective
quenching of the excited PCDTBT by PC7:BM in the NPs. The decay trend also clearly confirms that
the stoichiometry of the NPs can be controlled in a very systematic way during the synthesis.

3.3 Morphology of the blend nanoparticles

For the nanoscale morphological analysis, three different samples (NP1-0% PC7:BM, NP7-75%
PC71BM, NP8-100% PC7:BM; see Table 1) reflecting the characteristics of the materials (neat and
blend composition) were first studied using conventional bright-field TEM. Figure 3A and B shows
micrographs of pure PCDTBT and PC71BM nanoparticles, respectively. In both images, homogeneous
intensities throughout the particles are observed, with a gradient towards the particle-vacuum interface,
where the thickness decreases. In Figure 3C, a collection of blend particles with 75 Wt% PC7/BM is
presented. The homogeneous intensity distribution for the blend material shows no internal contrast
patterns that could indicate a phase separation. Sizes range from approximately 30 to 70 nm, which is
in agreement with the size distribution determined using DLS. Independent of the size, no structure is
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seen within the particles. The intensity gradients look very similar to that of the pure particles (see
defocus series in Figure S2, supporting information).

c

+

Y

PCOTBTPC.EM

Figure 3. Bright-field TEM images of pure PCDTBT particles (A) (NP1-0% PC71BM), pure PC71BM
particles (B) (NP8-100% PC71BM) and blend NPs (C) (NP7-75% PC7:BM).

As bright-field TEM has been proven to be unsuitable for the visualization of domains of small
compositional differences [49], we applied STEMSI to identify distinct spectral properties that would
reveal a possible phase separation within the particles. It was shown before that low energy-loss
spectra with information about optical excitations can be used to distinguish different phases, i.e.
polymer-enriched, fullerene-enriched as well as mixed phases [57,58,59,60]. This is due to the fact that
different carbonaceous materials show different excitations of valence electrons, which can either be
bandgap, surface plasmon or bulk plasmon excitations. Since irradiation with electrons causes rapid
damage of the materials, the electronic structure determining the bandgap is difficult to probe on the
local scale. However, bulk plasmon excitations between ~20-25 eV are much more stable, indicating
that the damaged products of polymer chains and fullerene molecules still show a different structure
and can hence be distinguished [51,61,62]. Therefore, the spectra of NPs of different compositions is
anticipated to show the expected variations. The samples depicted in Figure 3 were further
investigated and the results are presented in Figure 4.

By fitting the bulk plasmon peak energy for each scan position of the STEMSI data sets, nanoscale
morphological maps of single particles are obtained. Dark-field STEM images of the three investigated
samples are provided in Figure 4 A-C. Here, intensities are highly dependent on the thickness of the
particles. It is, however, not expected that different domains of slightly different composition can be
revealed, due to the rapid radiation damage that can alter density differences [51]. Figure 4 D-E shows
dark-field overlays, with maps of plasmon peak positions provided in Figure 4 G-H, for pure PCDTBT
and pure PC71BM particles. It can be seen that there is a difference in plasmon peak positions to an
amount of almost 2.5 eV, with ~24.8 eV for PC71BM and ~22.4 eV for PCDTBT. As mentioned earlier,
such a property of an optical excitation allows separation of enriched and mixed domains in blend
systems. The plasmon map (Figure 4l) overlay with the dark-field image for the blend particles is
shown in Figure 4F. Values are well in between the extreme values for the pure materials, which
indicates that both materials are present, as expected. The plasmon peak energy is almost identical
throughout the inside of the particles. In Figure 4J, average spectra of the inner areas from particles of
the three samples are shown. Spectra were deconvolved by Fourier-log deconvolution and normalized
revealing the differences in several optical excitations. The plasmon peak positions are indicated by
lines. In addition, differences in other optical features like TT-plasmon excitations around 6 €V can be
observed, which implies that the applied electron dose was small enough to retain important
characteristic differences of the electronic structures. Therefore we can also be certain that sufficient
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differences in bulk plasmon excitations were preserved to visualize a possible nanoscale phase
separation. It was shown in several works that domains within polymer:fullerene blends can be reliably
visualized using these signals, even after considerable electron irradiation [57,58,61,63]. Moreover,
morphology was not affected when comparing results from spectroscopic imaging after corrected TEM
imaging on the identical area [49].

Consequently, mapping of the plasmon peaks by low energy-loss STEMSI revealed that the blend
particles show no phase separation. By the implication of using projection data of the three-
dimensional particles, it is possible that a fine, overlapping separation occurs. The diameters of the
investigated particles are in the range of 30-70 nm. It was shown previously that even a phase
separation of only several nanometers can be identified within BHJ layers having such a thickness [57].
Hence, although with bright-field TEM and dark-field STEM it might not be possible to visualize it, fine
spectroscopic differences would be seen by the spatial spectroscopic mapping. From the maps it can
also be inferred that there is no polymer shell around an enriched PC71BM core as observed for
P3HT:PCesBM [23] and PFB:F8BT polymer-only particles [20]. A gradient of decreasing plasmon peak
energies towards the particle-vacuum interfaces is observed. For the particles depicted in Figure 4F,
the decrease in energy from approximately 23.3 to 23.1 eV is detected at a distance of ~4 nm from the
interface. In case of a PCDTBT shell, a decrease towards the value measured for pure polymer
particles would be expected at this position. The observed decrease, reaching even smaller values
directly at the interface and beyond, are due to surface plasmon excitations, which are found
approximately at the energy of the bulk plasmon energy divided by V2 [52]. Due to the delocalization of
this excitation, a certain contribution is already seen within the particle near the interfaces. Lack of
resolution as a cause for not visualizing a polymer shell can also be ruled out. In Figure 41, the white
arrow points to a small area where parts of the outer areas of two particles are joined. Here, a structure
can be seen with the resolution of ca. twice the step size given by the scanning step size of 1.3 nm.
From these observations, it can be inferred that the blend NPs of PCDTBT and PC71BM exhibit very
small compositional demixing, in the size range of ~2 nm, indicating fine mixing at the molecular level.
This is in agreement with the optical properties of the blend particles, where effective fluorescence
quenching was observed, even for the lowest PC71BM concentration, as a result of fine mixing.
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Figure 4. Spectroscopic imaging of different NPs. A-C: STEM dark-field images from (A) NP1-0%
PC71BM, (B) NP8-100% PC7:BM, and blend particles (C) NP7-75% PC7:BM. D-F, G-l: Overlays of
dark-field images with plasmon peak maps (D-F) and plasmon peak maps (G-l) created from
Lorentzian fits to spatially resolved plasmon peaks (2 nm step size for pure particles and 1.3 nm step
size for blend). The white arrow in (l) points to a small spatial feature, where also mixed PCDTBT and
PC71BM is found between joining particles. (J) Average low energy-loss spectra from the three samples.

3.4 Device fabrication and characteristics

In order to provide proof-of-principle of the suitability of the proposed NPs for water-solvent prepared
solar cells, PCDTBT:PC71BM OPV devices were fabricated out of the PCDTBT:PC71BM (400 wt%
PC71BM; 1:4) blend NPs, using a glass/ITO/ZnO/PCDTBT:PC71BM NP/MoOs3/Al inverted device
architecture, and the nanomorphology of the active layer was studied. The active layer was deposited
by spincoating the NP dispersion. The AFM image of the spincoated NPs before annealing (Figure 5A)
shows that with spincoating a completely covered NP layer over a large area can be obtained. The
AFM image of the annealed device is given in Figure S3 (supporting information). A range of annealing
conditions between 140 and 200 °C for the nanoparticle layer were tested. It was found that annealing
for 4 minutes at 140 °C resulted in non-working devices, whereas treatment at 200 °C yielded low PCE
values (average PCE<0.5%). However, annealing at 160 °C (4 min) and 180°C (4 min) resulted in a
best PCE of 1.9% with respectively an average PCE of 1.3£0.4% (Figure S4, supporting information)
and 1.4+0.4 %. The current density vs. voltage (J-V) curve is provided in Figure 5B for the most
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efficient PCDTBT:PC71BM OPV device, obtained after annealing at 180 °C for 4 min, reaching a PCE
for the best device of 1.9% (Voc = 570 mV, Jsc = 8.69 mA/cm?, FF = 38%) and with an average PCE of
1.4£0.4 % (under AM1.5 illumination). To allow proper comparison, reference polymer solar cells were
made by spincoating the active layer materials from 0-DCB solution and employing the same device
architecture as the NP based devices. All tested conditions and average PCEs are summarized in the
supporting information, Table S2. The reference cell without annealing (Sample - Ref 1, Table S2,
supporting information) resulted in a best PCE of 3.7% (average PCE 3.310.3%). These values fall
below the average efficiencies reported for PCDTBT:PC71BM (5 to 6%) [64,65], which already suggests
a negative influence of the ZnO layer on Jsc and FF. To take into account the effect that thermal
treatment might have on the active layer, annealed reference devices were also studied (Samples - Ref
2 and 3, Table S2, supporting information). Annealing the active layer at 160 °C (4 min) resulted in a
decrease of the best PCE to 2% (average 1.6£0.5%), mainly due to a decrease in Voc and FF. Similar
effects have also been reported by Gusain et al.[66] This also possibly explains the low Vo and FF in
the NP device. Annealing reference devices at 180 °C (4 min) showed similar results, with a PCE for
the best device of 2% (average 1.6+£0.3%). Additionally, looking at the J-V curves in the dark and under
light (Figure S5, supporting information), it can be seen that the leakage current is quite high for the NP
cell, which may be due to the non-optimal coverage of the annealed NP layer, and can also explain its
low Voc and FF. These results indicate that further optimization of the ZnO as well as the photoactive
layers and annealing conditions are needed to achieve better efficiencies for the NP devices and that
there is still room for improvement. A dark-field STEM image (Figure 5C) of a cross-section obtained by
focused ion beam milling reveals the integrity of the different layers of that particular device (in Figure
5B). The active layer thickness varies from about 60 to 80 nm. Figure 5D and 5E show dark-field
images and the corresponding plasmon peak map of a part of the photoactive layer, respectively.
Again, very small phase separation is observed and could only be visualized by smoothing the map
with a Gaussian filter and by adjusting the color map to show only a very small energy range due to the
large amount of PC71BM in comparison to the blend NPs studied in Figure 4. Several PC71BM
enrichments can be identified after this data treatment. However, the lack of clear demixing, even after
annealing, confirms the observation of fine intermixing as observed in the NP state. A region with a
slightly thicker photoactive layer of the otherwise homogeneous film was evaluated as well and the
data are presented in Figure S6 (supporting information). Irrespective of the small variations in
thickness, a similar nanomorphology prevailed, thereby underpinning the overall homogeneity of the
film morphology. It could be possible that a homogenization took place during preparation, but we
expect no influence on the nanoscale structure due to the focused ion beam milling. It was recently
shown that gentle thinning by low-energy ions—as we applied also for this work—preserves the
electronic structure [59,67] and can even preserve organic crystallites [68]. For this reason, we expect
a reliable image of the morphology in the device cross-section. Furthermore, we performed STEMSI on
the nanoparticles that contain 400 wt% PC71BM and that were used to fabricate the best-performing
device. A plasmon peak map is provided in Figure S7 (supporting information). Again, only by applying
the adapted color map after gentle Gaussian smoothing domains of strong fullerene enrichment can be
observed. However, these domains are present with intermittent regions of lower enrichment, no phase
separation with PCDTBT. In fact, the morphology of the nanoparticles on the TEM grid is very similar to
the structure in the functional device after annealing, which indicates that annealing is required to
induce fusion of the particles but does not cause further coarsening or phase separation. The large
similarity between nanoparticles and the device photoactive layer made by these nanoparticles also
supports the FIB milling did not induce damage to the nanoscale structure.
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Figure 5. (A) AFM image of spincoated NPs, (B) J-V curve, (C) device assembly, (D) dark field
overview of the active layer, and (E) plasmon peak map of the active layer of a PCDTBT:PC71BM (400
wt% PC71BM; 1:4) NP OPV device.

4. CONCLUSIONS

Aqueous dispersions of push-pull polymer PCDTBT:PC71BM blend NPs, employing a high boiling
solvent (0-DCB) and a high molecular weight polymer, were successfully synthesized by adapting the
combined miniemulsion/solvent evaporation technique[29,55]. The blend composition was
systematically varied to show the versatility of the technique that can be easily extended for any
donor:acceptor combination requiring high boiling solvents. The fluorescence decay studies clearly
reveal the effect of mixing and associated quenching of PCDTBT by PC7/BM, where a loading of 1
Wt% PC71BM already leads to a substantial decrease of <t> for the NPs. Concomitantly, the decay
trend confirms that the stoichiometry of the NPs can be controlled in a very systematic way during the
synthesis. The optical properties signify that the mixing of the constituents and the resulting interface
between the two blend materials play a pivotal role in defining the final characteristics of the
photoactive layer. The nanomorphology of the blend was studied for the first time at the single NP level
using high resolution STEM spectral imaging by mapping the plasmon peaks of the constituents. The
results clearly illustrate that blend NPs of PCDTBT and PC7:BM exhibit very small compositional
demixing, in the size range of ~2 nm, indicating fine mixing at the molecular level.

As a proof-of principle, the aqueous dispersions were used for the fabrication of an eco-friendly
polymer solar cell. The device characteristics show promising results, with a PCE of 1.9% for the best
device and with an average PCE of 1.4+0.4 %. With further optimization of the photoactive layer
(annealing conditions and layer thickness), higher PCE values are expected and currently optimization
of the layer using different deposition techniques is in progress. The nanomorphology of the
photoactive layer from the device structure obtained by cross-section STEM analysis reflects the
morphology observed for the individual NPs. This observation is highly intriguing as these NPs can be
regarded as analogous systems to active layer films in a device, offering the functionality of bulk
materials but without significant interparticle heterogeneity[26,27,28]. Therefore, apart from offering
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eco-friendly large scale processing of organic solar cells, these particles are also interesting for
studying the structure-property-performance of active layer materials.

It is also important to emphasize that the particle synthesis adopted here can be easily extended for
testing new and existing push-pull polymers requiring environmentally unfavourable high boiling
solvents. As an additional outlook, it will certainly stimulate the research interest of many groups
developing advanced chemical structures for improved PCEs to validate their materials for aqueous
processing of devices.

APPENDICES
Appendix A

Supporting Information: UV-Vis spectra, TEM defocus series, AFM, solar cell characteristics and cross
sectional TEM
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