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Abstract: 

P3HT:PC61BM Janus nanoparticles prepared through nanoprecipitation were integrated in inverted 

solar cells with three different surfactants: an anionic (SDS), a cationic (C16TAB) and a neutral (pluronic 

F127). An investigation of the properties at the dispersed state showed no difference between all the 

surfactants. A thermogravimetric titration method was developed to calculate the residual amount of 

surfactant in the dispersions. The higher residual content of surfactant in the dispersions resulted in 

lower electronical properties. The optimum balance was found with SDS, showing the lower surfactant 

quantity required to achieve nanoparticle stabilisation (10%W), resulting in the minimum amount of 

insulating molecule in the active layer (PCE = 1.7%).  

A systematic comparison is made, between a reference system, solar cells made from a o-

dichlorobenzene solution of the active materials (power conversion efficiency (PCE) = 3.2%). Atomic 
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force microscopy revealed that best performances were linked to the complete sintering of the 

nanoparticles and an optimization of the film morphology. While PC61BM aggregation was identified 

for SDS-based solar cells, a less pronounced aggregation was observed for pluronic F127. To solve this 

issue, we demonstrated that a slight addition of Pluronic F127 (4%w) in SDS-stabilised dispersion prior 

to processing the active layer not only ensured a better film formation, but avoided the PC61BM 

aggregation. As a result, a significant improvement of efficiencies was achieved (PCE = 2.44%) 

approaching the reference solar cell efficiency.  
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Introduction 
 

Energy production is one of the key challenges of this century, mandatory to follow the increase of 

energy consumption worldwide. Carbon-neutral energy productions have been studied for several 

decades, and yet, the conversion of solar energy is still a challenge. Among the light harvesting 

approaches, organic photovoltaics (OPV) is expected to show low energy payback time (EPBT), in 

addition to the possibility to design flexible, lightweight, recyclable solar cells with a large-scale 

production through roll-to-roll or printing techniques.[1–3] Recent advances showed that OPV is a 

serious candidate, with a reported power conversion efficiency (PCE) over 19% in single junction.[4] 

However, one limitation for now still lies in the use of organic solvent (mostly toxic) for the active layer 

processing, which limits upscaling of the production and causes health and environmental issues.[5]  

In order to overcome such limitation, one approach relies on the use of organic semiconductor 

aqueous dispersions.[6] Two main ways to produce nanoparticles can be distinguished in the literature, 

the miniemulsion and the nanoprecipitation. After several key developments in this field, efficient 

solar cells were achieved, over 11% of PCE, with PM6:BTP-eC9 nanoparticle dispersions, stabilised by 

the non-ionic surfactant pluronic F127.[7] Nevertheless, efficiencies of PM6:BTP-eC9 devices made 

from organic solvent remain higher (over 17%),[8] showing that there is still a gap to overcome. The 

optimisation lies in the nanoparticle/film morphology,[9,10] the nature of surfactant used to stabilize 

the dispersion and eventually the use of additives.[6,11]  

The P3HT:PC61BM system is a reference donor:acceptor couple which has been under the spotlight for 

years, both with organic solvents and aqueous dispersions. Indeed, understanding how to improve the 

efficiencies of this cheap and readily available system will lead to further improvement when applied 

to state-of-the-art materials. The literature of P3HT:PC61BM devices casted from organic solvents 

showed several optimisations: P3HT molar mass, annealing conditions, use of additives and device 

structures. Over the years the efficiencies were improved, showing power conversion efficiencies 

ranging from 2.5% to 4%.[12–14]  
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In parallel, P3HT:PC61BM aqueous dispersions have been investigated, mainly focusing on the 

preparation of nanoparticles through the miniemulsion technique.[6] In 2012, the first solar cells 

performed from dispersion exhibited low efficiencies, below 1%, which resulted from the low film 

quality and/or strong residual surfactant concentration.[15,16] A jump above 1% in PCE was achieved 

the following year by Ulum et al., attributed to a better film formation.[17] They identified a core-shell 

morphology, with a PC61BM-rich core and a P3HT-rich shell, not ideal for charge generation and 

transport, limiting the final device efficiencies around 1.3% for P3HT:PC61BM systems.[18,19]. In 

addition, upon annealing the PC61BM cores aggregated, which led to this limited efficiency compared 

to the organic solvent reference devices. More recently, several teams identified that the surfactant 

nature could modify the nanoparticle internal morphology,[20,21] and might result in more optimised 

active layers.[22] With optimisation of active layer processing through several steps and the addition 

of a PC61BM buffer layer from a dichloromethane solution, efficiencies can be improved.[23,24] The 

conclusion for miniemulsion-based P3HT:PC61BM devices was that a low VOC is the main limitation, 

which can be related to a large phase segregation as well as high crystallinity.[25,26]  

Nanoprecipitation process has also been used to produced nanoparticles with different morphologies. 

However, water-based devices from P3HT:PC61BM nanoparticles made through this technique have 

not been reported yet, probably because the final ink concentration (without surfactant) is low (1 

mg.mL-1). The first works on nanoprecipitation were focused on the nanoparticle elaboration and 

material behaviour.[27–29] Few works investigating the P3HT:PC61BM system used ethanol 

nanoprecipitation from chloroform leading a PCE of 1%.[30,31]  

Recently, our group reported a surfactant assisted nanoprecipitation of P3HT:PC61BM in water, 

resulting in high ink concentration (up to 50 mg.mL-1) facilitating the active layer film formation. We 

evidenced that the nanoparticles exhibited a Janus morphology, promising for charge generation and 

mobility.[32] The potential of Janus morphology in OPV was recently evidenced by Du et al., however 

a two steps miniemulsion process was required, and might be limited in terms of materials.[33] Finally, 
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nanoprecipitation presents the advantage of fast nanoparticle preparation, that can be applied using 

microfluidic techniques, suitable for continuous mass production.[34]  

In the present work, we present the investigation of solar cells produced from water dispersion of 

Janus P3HT:PC61BM nanoparticles. A comparison of the surfactant nature over the morphology of the 

nanoparticles and their optoelectronic properties, followed by a structure-to-properties approach 

once integrated into solar cells. Indeed the choice of the surfactant was demonstrated as a key point 

in order to achieve high efficiency solar cells over charge mobility, which can be controlled by 

surfactant removal prior to deposition.[22,35–37] Importantly, in our study, the surfactant nature, i.e. 

anionic, cationic or neutral, does not have an influence on the nanoparticle characteristics and all 

nanoparticles investigated in this work are Janus. Thus, the film morphology evolution is not linked to 

a change of nanoparticles morphology. Optimisation of the nanoparticle synthesis, ink formulation and 

device processing enabled the fabrication of solar cells reaching a PCE of 2.44%, getting closer to the 

PCE of 3.21% obtained with reference devices from o-dichlorobenzene. 

 

Results and Dicussion 

P3HT:PC61BM nanoparticles dispersed in Water 

P3HT:PC61BM nanoparticles were prepared using the nanoprecipitation technique. At first, the organic 

materials were solubilised in THF, and the resulting solution was quickly poured in milliQ water in 

presence of a surfactant, either sodium dodecylsulfate (SDS - anionic), Pluronic F127 (non-ionic) or 

cetyltrimethyl-ammonium bromide (C16TAB - cationic) (Figure 1a). Due to the high miscibility of water 

and THF, nanoparticles formation occurred almost instantaneously after mixing of both phases.[38] 

THF removal was then performed by heating the mixture, resulting into aqueous dispersions of 

P3HT:PC61BM. In order to remove all the unbound/free surfactant molecules not involved in the 

nanoparticle stabilisation, centrifugation-filtration cycles were performed (additional details of the 

procedure provided in supplementary information). Dispersions were washed 5 times with MilliQ 
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Water, and the final solid content (active material concentration) was increased up to 50 mg.mL-1. 

Above 6 washing steps, aggregation was observed with significant loss of material due to maximum 

surfactant removal.  

According to Dynamic Light Scattering (DLS) and UV-Visible spectrophotometry, dispersions of similar 

size distributions (average diameter of 60 nm, polydispersity index below 0.2) and same spectral 

behaviour were achieved, regardless the surfactant used (Figure 1b, c). It is worth to mention that the 

dispersions were stored in the dark for few months without aggregation or degradation of the active 

materials (Figure S1 in supporting information).  

 

Figure 1. (a) Chemical structure of the materials. (b) Size distributions of P3HT:PC61BM nanoparticles stabilised with different 
surfactants, measured by Dynamic Light Scattering. (c) UV-visible absorption and (d) Photoluminescence emission spectra of 
P3HT:PC61BM aqueous dispersions stabilised with different surfactants (excitation wavelength of 510 nm). (e) Cryo-TEM 
images of P3HT:PC61BM nanoparticles stabilised by SDS, with (f) focus on one particle to evidence the P3HT lamellar stacking.  

 

Photoluminescence experiments were performed in order to investigate the ability to efficiently 

dissociate the generated exciton of the P3HT:PC61BM nanoparticles (Figure 1d). A reference dispersion 

of P3HT nanoparticles was used, showing a strong fluorescence of P3HT upon excitation at 510 nm. By 
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addition of PC61BM, all dispersions exhibited a strong quenching of the P3HT emission, regardless to 

the surfactant used, with more than 90% of quenching for all dispersions (up to 95% for SDS-based).  

We recently reported why these nanoparticles present a Janus morphology, evidenced here by Cryo-

Transmission Electron Microscopy (TEM) analyses (Figure 1e and S2), and the formation mechanism is 

thoroughly described in our previous article.[32] In this work, we confirmed that even with C16TAB as 

a surfactant, a Janus morphology was achieved. According to the formation mechanism of the 

nanoparticles,[39] P3HT and PC61BM first aggregate in biphasic nuclei due to their similar affinity with 

the medium, and then, a preferential growth occurs, resulting in a Janus morphology.[32] 

Furthermore, the P3HT:PC61BM nanoparticles exhibited P3HT crystalline domains, as demonstrated by 

the shoulders (550 and 600nm) present in the UV-Visible spectra (Figure 1c) and the lamellar stacking 

observed on Cryo-TEM images (Figure 1f and Figure S3).  

The surfactant nature does not appear to influence the morphology and optoelectronic properties of 

P3HT:PC61BM nanoparticle dispersions. They all displayed a strong stabilisation behaviour (high solid 

content reached) and resulted in a Janus morphology with high quenching in photoluminescence, 

attesting good charge generation.  

Solar cells based on P3HT:PC61BM nanoparticles  

The elaboration of P3HT:PC61BM devices from organic solvents has already been studied and optimised 

for several years, playing on the materials’ nature, the processing conditions and the choice of solvent 

or interlayers.[12] Reference devices for P3HT:PC61BM were prepared using an inverted architecture 

glass/ITO/ZnO/P3HT:PC61BM/MoO3/Ag (Figure 2a). More details about devices preparation can be 

found in the supplementary information. After solubilisation of the active materials in ortho-

dichlorobenzene (o-DCB), the solution was spin-coated and annealed for 10 minutes at 160°C (prior to 

electrode deposition). Photovoltaic characteristics of theses o-DCB-reference devices are reported in 

Table 1, showing a best efficiency of 3.21%, which are in the range of devices casted from organic 
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solvents.[12,40] Atomic force microscopy (AFM) images reported in Figure 2b and 2c show a smooth 

and homogenous film surface. 

 

Figure 2. (a) Solar cell architecture, inset showing a picture of device after preparation. AFM (b) height and (c) adhesion profile 
of P3HT:PC61BM films processed from o-DCB.  

 

The first step for devices based on P3HT:PC61BM nanoparticles dispersions stabilised by SDS was the 

optimisation of thermal treatment. In addition to promote a better film morphology, thermal 

treatment helped to remove the presence of residual water trapped in the film.[6] Photovoltaic 

characteristics of these water-based devices produced with the same architecture, 

glass/ITO/ZnO/P3HT:PC61BM/MoO3/Ag, are reported in Table 1. After 5 minutes of annealing at 100°C 

or 150°C, the solar cell performances were low, with all electronic parameters lower than the o-DCB-

reference devices. However, at higher annealing temperature (200°C) all three parameters were 

strongly improved, especially VOC which even exceeded that of reference devices, resulting in a device 

efficiency of 1.7%.  

 

Table 1. Device performances depending on the annealing temperature for P3HT:PC61BM NPs stabilised by SDS, F127, C16TAB 
and the reference in o-DCB. Record PCE are shown in brackets.  

Solvent 
Thermal 

treatment 
Shunt R 
(kohm) 

Jsc 
(mA/cm²) 

Voc (V) FF (%) PCE (%) 
Series R 
(ohm) 

o-DCB 160°C (10 min) 13700 9.3 ± 0.1 0.60 ± 0.01 56 ± 1 3.1 (3.2) 170 

Water (SDS) 
100°C (5 min) 11 4.5 ± 0.1 0.37 ± 0.16 41 ± 10 0.7 (1.1) 19 
150°C (5 min) 3 3.6 ± 0.1 0.39 ± 0.09 36 ± 6 0.5 (0.7) 23 
200°C (5 min) 20 5.4 ± 0.2 0.63 ± 0.02 46 ± 3 1.6 (1.7) 68 

Water (C16TAB) 200°C (5 min) 0.2 4.1 ± 0.2 0.19 ± 0.07 33 ± 4 0.3 (0.4) 24 

Water (F127) 
100°C (5 min) 597 3.6 ± 0.1 0.43 ± 0.04 35 ± 1 0.5 (0.6) 1302 

200°C (5 min) 2908 4.3 ± 0.2 0.66 ± 0.01 39 ± 2 1.1 (1.2) 145 
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Film morphology at the nano- and micrometric scale strongly affect the photovoltaic performances, 

especially through the roughness and/or the presence of pinholes. Therefore, the active layer structure 

was investigated with a combination of optical (Figure S4) and atomic force microscopy (AFM) (Figure 

3). Without annealing, films processed from aqueous dispersions showed a high roughness, in which 

the nanoparticle shape was clearly visible (Figure 3a-c), and the solar cells performances were below 

1%. As previously evidenced in the literature, such a morphology is not suitable for OPV, the sintering 

of the nanoparticle being required to achieve optimum performances.[41]  

 

Figure 3. AFM height and adhesion images of P3HT:PC61BM active layers processed from aqueous dispersions stabilized with 
SDS without annealing (a-c), annealed at 100°C (d-f), and 150°C (g-i), and 200°C (j-l).  

After annealing at 100 or 150°C, the overall film surfaces were smoother at the nanoscale, but the 

nanoparticles shape could still be identified in the adhesion profiles (Figure 3d-i). Increasing the 

annealing temperature also led to the apparition of large bright objects onto the film surface, 

attributed to PC61BM aggregation. The strongest annealing at 200°C promoted a drastic evolution of 

the morphology, with larger PC61BM aggregates observed at the microscale (Figure 3j and Figure S4) 

and the formation of a homogeneous film without any nanoparticulate shape at the nanoscale (Figure 
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3k, l). Image surface area difference (ISAD), which represents the ratio between the projected surface 

area and the scan surface area showed that increasing the annealing temperature reduced the overall 

film roughness (Figure S5).  

As a comparison, P3HT:PC61BM core-shell nanoparticles were prepared by miniemulsion technique 

and integrated in OPV devices. The effect of thermal annealing of the active layer on the photovoltaic 

performances was investigated (Table S1). Optimum performances were achieved for thermal 

annealing at 90°C. However, increasing the annealing to higher temperature (130°C) resulted in a 

strong decrease of the photovoltaic performances, attributed to large phase segregation.[17] 

The difference between active layer made from miniemulsion or nanoprecipitation nanoparticles 

probably comes from the initial nanoparticle morphology. In the case of miniemulsion dispersions, the 

two materials are already strongly segregated, as previously evidenced by Scanning Transmission X-

ray Microscopy (STXM)[6] or photoluminescence,[19,42] and thermal annealing will enhance the 

phase segregation phenomenon. Increasing domain size resulted in increased geminate recombination 

consistent with a decrease of JSC (Table S1).  

In the case of Janus nanoparticles, a strong annealing temperature helped to optimise the active layer 

morphology, going from a random donor-rich and acceptor-rich domains assembly confined in single 

particles, to an intermixed morphology together with conduction pathways for the both charges upon 

particles sintering. However, the thermal annealing led also to the formation of large PC61BM fibers, 

visible on the 5x5 µm² AFM images (Figure 3). In comparison to o-DCB based solar cells, efficiencies of 

water-based solar cell were lower, mainly explained by a decrease of JSC but also of FF. Concerning JSC, 

and at low annealing temperature (until 150°C), such decrease is attributed to low nanoparticles 

sintering, limiting the percolation of conducting domains in the film and thus the charge mobility. Upon 

increasing the annealing temperature, the formation of a more homogeneous film was achieved, but 

at the same time a large phase segregation between P3HT and PC61BM occurred (and can be observed 
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in Figure 3j). Such morphology may promote low exciton dissociation, decreasing therefore the charge 

generation and as a consequence the  JSC. 

Devices fabricated from P3HT:PC61BM dispersions showed also low shunt resistances, from 3 to 20 

KOhms, compared to o-DCB-reference devices (around 6 MOhms). This low shunt resistance is the 

consequence of the presence of film heterogeneity and pinholes. Optical micrographs of the films 

presented in Figure 4a and b, show that few heterogeneities were detected and might result in the 

increase of leakage current, and as consequence decrease the FF. In addition, the AFM images showed 

rough surface that may also affect the quality of the film and decrease the FF. Improving film quality 

and avoiding the presence of pinholes is then a key parameter to enhance the final efficiencies.  

Dispersions stabilised by C16TAB and pluronic F127 were integrated into devices. Since changing the 

type of stabilisation (ionic or neutral) did not have an impact on the Janus morphology, particles size, 

or photoluminescence quenching, a direct influence of the surfactant type can be investigated.  

Highly heterogeneous films were obtained with C16TAB upon spin coating of the dispersions (Figure 4a, 

b), even though no aggregation was identified prior to use. The poor wettability of the dispersion on 

the substrate, or the residual surfactant concentration could explain such bad film processing. For the 

latter, Colberts et al. evidenced that the concentration of residual surfactant strongly influences the 

film formation. In their case, a too low or too high concentration of SDS resulted in strong dewetting 

during film deposition, decreasing the overall efficiencies.[43] The low photovoltaic performances of 

C16TAB based devices were in accordance with the poor film quality, with a low shunt resistance 

attesting the presence of a large amount of pinholes (Table 1). 
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Figure 4. (a) Micrographs of P3HT:PC61BM active layer, spin coated from nanoparticle dispersions stabilised by SDS, F127 and 
C16TAB, substrate size is 1.5x1.5cm². (b) Micrographs of P3HT:PC61BM NPs films, stabilised by SDS, F127 and C16TAB, after 
annealing at 200°C for 5 minutes. (c) AFM topography images for F127 stabilised dispersions after annealing at 200°C for 5 
minutes, with scan size of 5x5 µm² and 1x1 µm². Thermal Gravimetry analysis of (d) raw materials, and (e) nanoparticle 
dispersions after five washing steps (conditions used for solar cell preparation).  

 

The overall performances of devices processed from dispersions stabilised by pluronic F127 showed 

efficiencies increasing from 0.5% (100°C) to 1.1% (200°C) upon thermal annealing (Table 1). The strong 

increase of VOC after annealing at 200°C was attributed to the sintering of the nanoparticles and better 

film morphology (Figure 4c). Interestingly, the shunt resistance increased by two orders in comparison 

to those stabilised with SDS. It is likely that F127 polymer chains increased the dispersion viscosity, 

resulting in better film formation with less pinholes. Such behaviour has already been observed with 

the addition of polystyrene in organic solvent to improve the thin film formation.[44]  
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With a closer look to the film nanomorphology, no large PC61BM aggregates were identified after 

thermal treatment (Figure 4c). Further proof of the limitation of PC61BM mobility upon annealing can 

be found in the high VOC (0.66V) due to highly distributed domains and the UV-visible absorption 

profiles where the characteristic band of PC61BM at 330 nm was still present for F127-based devices 

while flattened and shifted in the case of SDS-based devices (Figure S6).[45] It appeared that pluronic 

F127 impede material segregation in the film, preventing the formation of large clusters. A possible 

explanation could involve the macromolecular dimension of F127 which decreased the mobility of the 

system. Another one could be that the lone pairs of oxygen atoms in F127 polymeric chains interact 

with the PC61BM molecules, similarly to what was reported with the charge transfer complexation of 

pyridine nitrogen donor atoms of PS-b-P4VP and C60 acceptors.[46,47] However, surface 

heterogeneities can be identified all over the film by AFM with holes of few tenths of nm observed 

(Figure 4c). These holes might be due to the presence of residual F127 surfactant, stabilizing water 

droplet before solvent evaporation and thermal annealing.  

Quite different behaviours were observed upon processing in active layer for all three surfactants, 

even though similar properties were observed at the dispersed state. The reason might lie in the 

surfactant content, which can limit the electronical properties and film formation if in excess.  

The residual surfactant content in the dispersions was then measured by thermal gravimetry analysis 

(TGA, Figure 4d, e). TGA was performed on raw materials and nanoparticle dispersions after the 

centrifugation/filtration cycles. P3HT and PC61BM showed a starting degradation temperature around 

420 and 390°C respectively, and high residual mass after 900°C (30% and 87% respectively). SDS 

degrades from 180 to 290°C, with a residual mass around 22%. On the other hand, C16TAB and Pluronic 

F127 degrade from 200 to 300°C and 340 to 430°C respectively, with almost no residue (below 1%). 

Since the degradation of surfactants occurs at lower temperature than the active materials, 

thermograms of nanoparticles offer a way to quantify the final content of surfactant in the dispersions. 

The calculation methodology is described in the supplementary information. The SDS dispersions 
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showed the lowest proportion of surfactant (around 11% in regards to the total mass: active materials 

+ surfactant), followed by the Pluronic F127 (20%) and finally the C16TAB (almost 50%). Interestingly, 

this trend followed the different performances observed in solar devices, where lower JSC and FF values 

were observed with increased quantity of residual surfactant. 

As a first conclusion, SDS appears to be the most suited surfactant, resulting in the lowest quantity of 

insulating material in the active layer and the best performances. However, shunt resistances in such 

device were very low, and could explain the low FF observed in these devices compared to the o-DCB-

reference devices. Although the quantity of remaining F127 was too high to produce a good device, 

F127 has the interesting advantages to improve the film forming and homogeneity and to limit PC61BM 

aggregation in the film (Figure 5). Since it was not possible to reduce the amount of F127 directly in 

F127-stabilized dispersions without particles aggregation, we decided to introduce a low amount of 

F127 in the formulation, by simply adding it in SDS-based dispersion (the exact procedure is reported 

in supplementary information).  

 

 

Figure 5. Scheme showing the evolution of film morphology upon annealing for nanoparticles stabilised either by SDS or 
Pluronic F127.   
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The F127 content was optimised with the addition of 2, 4 and 6% (weight %) with respect to the active 

material in the dispersion.  

 

Table 2. Photovoltaic performances evolution upon addition of Pluronic F127 in the P3HT:PC61BM dispersion (stabilised by 
SDS). For water-based devices, annealing at 200°C for 5 minutes. Records PCE in brackets. 

Solvent Additive 
Shunt 

R 
(kohm) 

Jsc 
(mA/cm²) 

Voc (V) FF (%) PCE (%) 
Series R 
(ohm) 

o-DCB - 13700 9.3 ± 0.1 0.60 ± 0.01 56 ± 1 3.1 (3.2) 170 

Water (SDS) 

- 20 5.4 ± 0,2 0.63 ± 0,02 46 ± 3 1,6 (1,7) 68 

2% F127 54 5.8 ± 0,3 0.65 ± 0,01 52 ± 8 2.0 (2,3) 34 

4% F127 740 5.6 ± 0.3 0.65 ± 0.01 60 ± 2 2.3 (2.4) 43 

6% F127 53 5.8 ± 0.1 0.62 ± 0.01 55 ± 3 2.0 (2.2) 30 

 

In terms of device performances, a record of 2.44% PCE was achieved for an optimum addition of 4% 

of F127, in comparison with a PCE of 1.7% without addition of F127 (Table 2). The evolution of film 

morphology was then investigated by optical microscopy, AFM and TEM. The addition of F127, led to 

more homogeneous films than the raw dispersion, decreasing the amount and size of PC61BM 

aggregates, as evidenced by AFM (Figure 6a). This effect was also confirmed by a bulk analysis using 

TEM (Figure 6b), in which the dark domains attributed to PC61BM (electron dense material) were 

clearly less numerous after addition of 4% F127 (additional Figure S7). Further increase in the F127 

content did not improved film properties, and the devices showed a lower shunt resistance, VOC and 

FF.  
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Figure 6. (a) AFM topography and (b) TEM images of films casted from aqueous dispersions stabilised by SDS annealed at 
200°C for 5 minutes without addition of F127, with addition of 2%w and 4%w of F127 

 

The main improvement upon addition of F127 was the FF, which strongly increased from 46 ± 3 to 60 

± 2%, whereas VOC and JSC remained similar (Figure 7a). The formation of a more homogeneous film, 

especially without large PC61BM aggregates, was expected to promote higher FF with lower defects at 

the interface between the active layer and the transporting layers. As a consequence, due to the better 

film formation achieved in the presence of pluronic F127 (increasing the viscosity of the dispersion), 

the leakage current decreased leading to an increase of the shunt resistance by more than 20 folds. 

Decrease of the PC61BM aggregation can be attested by UV-visible characterisation (Figure 7b). The 

band at 330 nm commonly attributed to well dispersed PC61BM is strongly flattened in absence of 

pluronic F127. However, its addition resulted in a more intense and defined peak at 330 nm, suggesting 

lower PC61BM aggregation.[48] The change in film morphology did not affect the charge generation in 

the P3HT domain, as attested by External Quantum Efficiency (EQE) measurements (Figure 7c), limited 
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below 40% of conversion. A slight increase at the 350 nm which can be attributed to PC61BM domains 

could indicate that more charges thanks to the addition of pluronic.  

 

Figure 7. (a) J/V curves, (b) UV-Visible absorption spectra and (c) EQE of P3HT:PC61BM devices casted by o-DCB, aqueous 
dispersions stabilised by SDS and aqueous dispersions stabilised by SDS with addition of 4%w of F127.  

The absorption spectrum of o-DCB-reference films showed a quite higher crystallinity of P3HT, with a 

redshift of the main peak at 520 nm and more intense shouldering at 555 and 610 nm. In addition, the 

higher absorbance between 350 and 450 nm for nanoparticle-based devices, which can be attributed 

to PC61BM aggregates, were not present in the case of films casted from o-DCB.[49]  

With a focus on the electronical parameters, NPs-based devices showed higher VOC, in comparison to 

references solar cells. The crystallinity of P3HT could play a significant role, as it was already reported 

in the literature that increased crystallinity can lead to a redshift of the charge-transfer band, resulting 

reducing VOC.[26,50] On the other hand, the higher JSC observed in the case of o-DCB-based devices, is 

due to a significantly higher charge generation in P3HT domain (up to 66% in EQE measurements). For 

JSC, the difference might come either from the presence of surfactant, the non-optimised domain size,  

and/or from lower charge mobility (low crystallinity) resulting in more exciton and/or charge 

recombination.[51] To further avoid the formation of such large domains, the design of nanoparticles 

requiring lower annealing temperatures to achieve sintering should be considered in the future.  

Therefore, even though water-based devices showed lower efficiencies, they showed that with careful 

selection of the initial surfactant molecule and optimisation of the formulation, a strong improvement 

can be achieved. For instance, the previous record for P3HT:PC61BM nanoparticles was reaching 1.5%, 
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resulting from low VOC and FF which can be attributed to unoptimized film morphology.[22] Even 

though this work focuses towards the selection of surfactant for time-zero performance, device 

stability is also a point to consider and a full study will be dedicated to this. Interestingly, recent works 

from us and others reported that water-based solar cells showed slightly higher stability than that of 

references when using SDS,[52] or similar stability in the case of pluronic F127 as a surfactant.[37]  

 

Conclusion 
 

Janus P3HT:PC61BM nanoparticles produced by nanoprecipitation in water and stabilized by different 

surfactants were investigated. The photovoltaic parameters, the active layer morphology and 

absorbance spectra were systematically compared with a reference device made from a o-

dichlorobenzene solution of the same couple P3HT:PC61BM (PCE = 3.2%). Among the three surfactants 

investigated, SDS appeared as the best candidate in terms of device performances, with a maximum 

PCE about 1.7%, while the F127 and CTAB-stabilized nanoparticles showed 1.2% and 0.4%, 

respectively. The explanation behind these higher performances were attributed to the optimum 

balance reached by SDS in terms of residual content for stabilisation and conductivity in the active 

layer. Although the quantity of residual SDS was low, the modest photovoltaic efficiency was mainly 

due to a low JSC, shunt resistance and FF, attributed to poor film morphology, strong PC61BM 

aggregation upon annealing and the presence of few pinholes and strong PC61BM aggregation. In the 

case of F127-based devices, good film forming properties were demonstrated by a high shunt 

resistance, and reduced PC61BM aggregation, attested by AFM and film homogeneity at the 

macroscopic scale. Taking advantage of both SDS and F127 benefits, an optimized formulation was 

achieved by adding 4% of F127 in a SDS-stabilised dispersion. As a consequence, the shunt resistance 

was strongly improved leading to an enhancement of electronical performances (PCE = 2.44%), with 

FF increase from 46 to 62%.  Not only this efficiency is a record for P3HT:PC61BM system deposited 

from a water-based ink (almost 1% higher than the literature), but also reaches efficiencies closer to 
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organic solvent-based devices. This definitely emphasized the relevance of this technology and 

encourage research on this domain through careful selection of surfactant and additives.  
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