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Abstract

In this work we report on the eco-friendly processing of PBDTTPD:PC71:BM organic solar cells using water-based
nanoparticle (NP) dispersions. The polymer:fullerene NPs are prepared using the miniemulsion-solvent
evaporation method, despite employing high-boiling solvents. Polymer solar cells are fabricated from these
blend NPs and the device characteristics are studied in function of annealing time and temperature. The
photoactive layer formation is carefully analyzed using atomic force microscopy (AFM). Annealing for longer
times significantly increases the power conversion efficiency (PCE), up to 3.8%, the highest value reported for
surfactant based NP solar cells. Our work shows that the low bandgap polymer PBDTTPD has the ability to afford
reasonable efficiencies in NP solar cells in combination with PC71BM and paves the way to a truly eco-friendly

processing of organic photovoltaics (OPVs).
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1. Introduction

In the last decade, organic solar cells have seen an increasing interest because they offer a suite of appealing
properties, being light-weight, flexible, colorful, solution processable and applicable to large areas [1]. Donor-
acceptor type low bandgap polymers (LBPs) with more efficient solar light harvesting capabilities have emerged
as the most prominent electron donor materials in bulk heterojunction (BHJ) OPVs (in conjunction with fullerene
acceptors) [2]. A plethora of such polymers have already been synthesized and applied in polymer solar cells,

nowadays reaching PCEs beyond 11% [1, 3]. Among the high-efficiency polymers, PBDTTPD (poly[(benzo[1,2-



b:4,5-b'ldithiophene)-alt-(4H-thieno[3,4-c]pyrrole-4,6(5H)-dione)]) - with 2-ethylhexyloxy and octyl side chains
on the BDT and TPD units, respectively (see Figure 1) - is one of the most suitable materials toward upscaling. It
has been demonstrated to give an average PCE of 7% [4,5,6], and we have recently reported an optimized
continuous flow synthesis of this polymer, allowing reproducible large-scale production in a sustainable way [7].
PBDTTPD has also shown good thermo- and excellent photostability [4, 6]. Moreover, its ‘synthetic complexity’
versus efficiency ratio is close to the workhorse material P3HT [8].

One of the pivotal concerns of OPV technology is the need for hazardous organic solvents such as chloroform,
chlorobenzene or o-dichlorobenzene to process the photoactive layer. Although greener solvents (such as xylene,
anisol, ...) are compelling alternatives [9,10,11], the solubility of the LBP is a limiting factor. In this aspect, water-
based NP dispersions of the active layer materials, requiring only small amounts of halogenated solvents for
particle formation, are obviously very attractive, as ultimately large area device fabrication using aqueous ‘solar
paint’ is in all likelihood highly favored. Using this approach, the active layer morphology formation and
deposition are separated into two different processes. Therefore, no organic solvents are required anymore for
active layer deposition and large areas can be coated in an eco-friendly way. Furthermore, as the production of
colloidal particles by solvent evaporation using a closed loop solvent extraction process is already in practice on
an industrial scale, using the nanoparticle approach, the evaporated solvent can more easily be caught up and
recovered than when using the traditional approach. Also, as the solid content of the dispersions can be easily
tuned by concentrating or diluting the dispersion by addition or removal of water, large stocks of concentrated
dispersions can be prepared at once and later diluted to the needed concentration and viscosity requirements
for deposition of the active layer using different coating techniques [12] just before use. Such flexibility in large-
scale fabrication of devices eases the hurdles in manufacturing with respect to health, environment and handling
safety. Several research groups have synthesized NP dispersions for OPV devices, using the miniemulsion or the
reprecipitation method, mainly employing P3HT and polyfluorenes, and more recently also a few LBP
[13,14,15,16,17]. With the reprecipitation technique, wherein no surfactant is used, a maximum efficiency of 4%
was reached using blend NPs consisting of P3HT and the fullerene acceptor ICBA [13]. For the surfactant based
NPs, the reported maximum PCE is 2.6%, using the polymer donor P(TBT-DPP) and ICBA [16]. Usually low-boiling
solvents have been used for NP formation. It is worth to note that, with solubility issues in low-boiling solvents,
especially when increasing the molecular weight (MW), limited LBPs (mostly low MW) have been used for particle
formation. In this regard, our group recently reported the synthesis of PCDTBT:PC71:BM blend NPs employing a
high MW polymer [18]. In this preceding work, the combined miniemulsion and emulsion/solvent evaporation
technique developed by Kietzke et al. [14] was optimized for using o-dichlorobenzene (a high-boiling solvent) in
the dispersed phase. Using these NPs, a PCDTBT:PC71BM solar cell with a top efficiency of 1.9% was fabricated
[18].

Previously, with the in house synthesized PBDTTPD polymer, an excellent overall average PCE of 7.2% was
obtained for standard BHJ OPV devices, which could even be improved to a record efficiency of 9.1% by using an
ionic polythiophene-based cathodic interlayer [7]. In the present work, we have used this material to prepare

PBDTTPD:PC7:BM blend NPs by adapting our previously reported procedure combining the miniemulsion and the



emulsion/solvent evaporation technique (as PBDTTPD is a polymer with solubility issues and could not be

dissolved in any of the low-boiling solvents).

2. Materials and methods

2.1 Materials

[6,6]-Phenyl-C71-butyric acid methyl ester (PC71BM; purity >99%) was obtained from Solenne. Chlorobenzene
(purity >99%) was acquired from Sigma Aldrich and sodium dodecyl sulfate (SDS) from Merck. Zinc oxide (ZnO)
nanoparticles were obtained from Nanograde and indium thin oxide (ITO) glass slides (20 Q sq-1) from Kintec.
The PBDTTPD polymer was prepared by Stille polycondensation in a continuous flow synthesis setup as reported

previously [7].

2.2 PBDTTPD:PC7:BM nanoparticle synthesis

PBDTTPD:PC71BM (1:1.5) blend NPs were prepared using the miniemulsion and emulsion/solvent evaporation
technique. The donor polymer PBDTTPD (75 mg) and the fullerene acceptor PC7:BM (112 mg) were dissolved in
chlorobenzene (6 g) by magnetic stirring (500 rpm) at 80 °C in a nitrogen environment (total concentration 35
mg/mL). An aqueous phase consisting of SDS surfactant (37 mg; 0.4 wt%) in water (9 g) was added to this solution.
After magnetic stirring at 1000 rpm for 1 h, the miniemulsion was obtained by ultrasonication for 180 s (30 s
pulse, 20 s pause) at 60% amplitude using a Branson 450W digital sonifier (1/4” tip). The obtained miniemulsion
was transferred to three round bottom flasks with a wide neck and left for 7 h at 60 °C (based upon full
evaporation of a CB reference sample within 6 h and particle size evolution measured using dynamic light
scattering after certain time intervals from a dispersion used as a control and treated identically to the sample).
To compensate for the water loss during evaporation, additional water was added every hour to the
miniemulsion. Excess surfactant was removed by multiple washing steps using Millipore membrane tubes
(MWCO 30 kDa). The NPs were visualized using a Tecnai Spirit transmission electron microscope from FEIl at an
acceleration voltage of 120 keV. The hydrodynamic size was measured by dynamic light scattering using a

Brookhaven Instruments Zetapals.

2.3 PBDTTPD:PC7:BM NP device fabrication and characterization

Patterned ITO glass slides were cleaned with detergent, water, acetone and boiling isopropanol, and then treated
with UV-ozone for 30 min. A ZnO nanoparticle layer was spincoated on top (0.1 wt% in isopropanol, 4000 rpm)
and annealed at 150 °C for 10 min in a nitrogen atmosphere. Afterwards, the PBDTTPD:PC71:BM (1:1.5) NP layer
was deposited by spincoating of the NP dispersion (250 pL, 2000 rpm; 4% solid content). The layer was annealed
in a nitrogen environment at different annealing temperatures to eliminate the residual water and to optimize

film formation. The average thickness of the active layer of all devices ranged from 120 to 140 nm, as measured



by profilometry (DektakXT stylus profiler from Bruker). Finally, the substrates were transferred to a vacuum
chamber to evaporate MoQs/Al electrodes on top of the active layer (active area 0.03 cm?). The thickness of the
MoOs and aluminum layers was measured to be 20 and 120 nm, respectively, using a quartz crystal monitor. All
solar cells were characterized under AM1.5 illumination. The NP layer before and after annealing at different
temperatures was imaged, in tapping mode, using a Bruker Multimode 8 atomic force microscope. Only the AFM
images of the reference devices were corrected with a low band pass filter in order to remove streaks. The cross

section of the device architecture was visualized using a Quanta 200FEG-SEM from FEI.

For the reference device fabrication, PBDTTPD (8 mg) and PC71BM (12 mg) were dissolved in a chlorobenzene:1-
chloronaphthalene (95:5 vol%) solution or in pure chlorobenzene with a total concentration of 20 mg/mL. The
solution was stirred overnight at 80 °C in a nitrogen atmosphere. The active layer was spincoated on top of the
Zn0 layer at a processing temperature of 115 °C. The average thickness of the active layer of all devices ranged
from 90 to 110 nm, as measured by profilometry. To dry the active layer, the samples were placed in a vacuum
chamber with a pressure of 5 x 10”7 mbar for 1.5 h. Afterwards, the MoOs/Al top electrode was evaporated on

top in the same way as for the NP devices.

3. Results and discussion

Blend NPs in a 1:1.5 PBDTTPD:PC71BM weight ratio were made using the procedure as visualized in Figure 1. As
the highest device efficiencies reported in literature were achieved using chlorobenzene (CB) as the prime
solvent [5], the latter was chosen here as the solvent for the dispersed phase. CB was evaporated at 60 °C and
the loss of water during evaporation was compensated by adding water to the continuous phase. Although CB is
still used for NP preparation, the quantity is approximately half of the amount generally used for spincoating the
PBDTTPD:PC7:BM active layer. A TEM image of the blend NPs is presented in Figure 1, visualizing the size and
morphology. PBDTTPD and PC71BM are materials with similar TEM absorption contrast and therefore no phase
separation can be observed. The average size of the particles was 32 nm, with a PDI of 0.108, as measured by
dynamic light scattering. The average particle size from AFM (Figure 2A), measured through grain statistics using
the Gwyddion software on a 1x1 pm? scan area, was approximately 35 nm. The solid content obtained after

synthesis was around 0.4%, as additional water was added during NP fabrication.
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Figure 1. Schematic overview of the PBDTTPD:PC7:BM NP preparation (top), TEM image of the NPs (bottom left)
and chemical structures of PBDTTPD (bottom middle) and PC7:BM (bottom right).

Polymer solar cells were then made out of the NP dispersions. As PEDOT:PSS is not compatible with spincoating
of water-based dispersions, an inverted device architecture ITO/ZnO/PBDTTPD:PC71:BM/Mo0Q3/Al was used here.
The active layer was deposited by spincoating the NP ink onto the ZnO layer. As can be seen from the AFM image
in Figure 2(A), a nicely covered area of NPs was obtained. Afterwards, the layer was annealed at different
temperatures to optimize active layer formation. Finally, MoOs and the top electrode were evaporated on top
to finish the devices. In Figure 2(B), a cross-section back scattered electrons (BSE) - scanning electron microscope

(SEM) image is shown to visualize the device built-up.
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Figure 2. (A) AFM image showing the coverage of the PBDTTPD:PC7:BM NP film after spincoating. (B) Cross-
section BSE-SEM image of the best PBDTTPD:PC7:BM NP solar cell (20 min annealing at 180 °C).



The device characteristics after annealing the NP films at different temperatures (for 4 min) are listed in Table 1.
As PBDTTPD has a glass transition temperature of 143 °C (see Figure Al), an annealing temperature ranging from
150 to 200 °C was chosen. A clear rise in PCE from 0.3 to 2% can be seen when increasing the annealing
temperature up to 180 °C. This trend is characterized by an increase in open-circuit voltage (Voc; from 130 to 530
mV), short-circuit current density (Jsc; from 8.73 to 9.02 mA/cm?) and fill factor (FF; from 28 to 41%). Annealing
at higher temperatures again lowers the PCE. The further rise in Vo is overcompensated by the strong reduction

in Jsc.

Table 1. J-V characteristics for the best PBDTTPD:PC71BM NP devices after thermal treatment at different

temperatures and times (with the average values + standard deviations over 4 devices in parentheses).

Thermal treatment Voc Jsc FF PCE
[mV] [mA/cm?] [%] [%]
150 °C -4 min 130 8.73 28 0.3
(90+50) (6.16£3.50) (2742) (0.2+0.2)
160 °C -4 min 240 9.13 32 0.7
(200+30) (9.9340.82) (31+1) (0.6+0.1)
170 °C—4 min 430 9.53 38 1.6
(340+70) (9.31+0.32) (36£2) (1.2+0.3)
180 °C -4 min 530 9.02 41 2
(500%30) (8.75+0.59) (40+1) (1.840.2)
190 °C -4 min 600 7.53 40 1.8
(580+40) (7.41+0.21) (4041) (1.7+0.1)
200 °C -4 min 630 6.87 39 1.7
(580+60) (7.05+0.20) (39+0) (1.6+0.1)
180 °C —20 min 860 9.99 44 3.8
(764+136) (10.45+0.64) (40+6) (3.210.8)

In Figure 3, an AFM image of the NP layer before and after annealing at 180 °C is shown. After annealing, the
layer is far from uniform yet and a particle-like morphology can still clearly be observed. The AFM images after
annealing at different temperatures are all quite similar (see Figure A2), as expected from the comparable Js
values obtained. The increase in Vo, especially above 160 °C, could point to a better coverage of the substrate.

This is also supported by the reduction of the leakage current for higher annealing temperatures, as suggested
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by the dark current-voltage characteristics (presented in Figure A4). Although annealing at temperatures above
180 °C did not grant a homogeneous layer, the thermal treatment clearly promotes an overall smoothening of
the film, which might result in an unfavorable compositional drift toward a less optimal morphology for higher

temperatures (as further described in Appendix A).
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Figure 3. AFM image of a PBDTTPD:PC7:BM NP film without annealing (A) and after annealing for 4 min at 180 °C
(B).

A longer annealing time was then applied to further improve the device characteristics. The NP layer was
annealed for 20 minutes at 180 °C, which resulted in a strong efficiency increase to a maximum of 3.8% (Voc =
860 mV, Jsc = 9.99 mA/cm?, FF = 44%, 3.2 + 0.8% average PCE; Table 1, Figure 4B). Mainly the Vo increased
substantially, with minor improvements in Jsc and FF as well. AFM analysis shows that the particle morphology is
still recognizable, but the active layer is now smoother (Figure 4A), illustrating that annealing for a longer time

further improves layer formation.
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Figure 4. AFM image of the NP film (A) and J-V curve (B) for the best PBDTTPD:PC71.BM NP solar cell after 20 min

annealing at 180 °C.

To allow proper comparison, reference inverted polymer solar cells were made by spincoating the active layer
materials from solution (see Table A1), using an optimal processing solvent mixture of CB and 1-
chloronaphthalene (CN) (95:5) [5,19]. This resulted in a best PCE of 6.1% and an average PCE of 5.8 + 0.4% (Table

A1, Ref 1). A reference device was also made from pure CB solution, without the CN additive, affording a maximal



PCE of 3.9% (Table A1, Ref 2), very close to the best NP device. Furthermore, annealed reference devices were
made without the additive, resulting in a best PCE of 4.3% when annealing at 180 °C for 4 minutes (Table A1, Ref
3) and 3.7% when annealing for 20 minutes (Table A1, Ref 4). Thermal annealing does not affect the efficiency
significantly, whereas for the NP based solar cells, it is a necessary step toward layer formation. Nonetheless, the
PCEs are very close when comparing the results without CN additive. AFM scans of the reference films show that
the blends tend to assume a more fibrillary structure when deposited from pure CB solution (Figure A3), as
opposed to the round features still visible for the (annealed) NP cast films. The characteristic shape of the latter

might reflect the need to revise the (post)processing treatments to achieve optimal film formation.

4. Conclusions

To conclude, we have shown that PBDTTPD:PC71BM blend NPs can effectively be synthesized using the
combination of miniemulsion and emulsion/solvent evaporation. As PBDTTPD is a material with solubility issues
in standard low-boiling solvents, the NP preparation protocol was optimized for the use of chlorobenzene in the
dispersed phase. Annealing the NP solar cells for 20 minutes at 180 °C afforded the best PCE of 3.8% and further
improvements might be achievable by optimizing the film deposition and annealing protocol. These results
definitely demonstrate the high potential of the NP approach for an eco-friendly preparation of organic solar

cells and present an important leap forward toward affordable and highly effective solar paint [15].
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