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Insights into Bulk Heterojunction Organic Solar Cells Processed from Green Solvent

Keywords: green solvents, organic photovoltaics, impedance spectroscopy, recombination dynamics, solid-state NMR green

The environmental impact of solution processed organic solar cells (OSCs) can be mitigated by introducing so-called green solvents during the fabrication processes. However,

Introduction

The past five years have witnessed considerable research attention and rapid development of solution-processed bulk heterojunction (BHJ) organic solar cells (OSCs), owing to their low cost, mechanical flexibility and potential for a wide range of clean energy applications. 1,2 In particular, significant improvement in power conversion efficiencies (PCEs) of over 18% is recently achieved, with this trend expected to continue. 3,4 High performance OSCs are commonly processed with halogenated solvents such as chlorobenzene (CB), o-dichlorobenzene and chloroform despite being considered highly hazardous to human health and the environment. 5 Accepted Article 
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This article is protected by copyright. All rights reserved the conventional chlorinated solvent. Other green solvents such as 2-Methyl THF and (R)-(limonene could certainly be a possible focus for our future study. 10,22,23 The chemical structures and energy diagram of PPDT2FBT and PC 61 BM are shown in Figure 1. The efficient and cost-effective conjugated polymer, PPDT2FBT (M w =82 kg mol -1 ), is synthesized by a water-based method of direct (hetero)arylation polymerization (DHAP) with few steps, which can potentially facilitate the scaled-up production of organic solar cells. 24 The optimized PPDT2FBT:PC 61 BM devices show an increase of PCE from 7.0 ± 0.1% when processed from CB to 9.1 ± 0.1% when processed with o-XY. This is quite noteworthy, since in most cases either a similar or a reduced PCE are observed when solar cells are fabricated with green solvents compared to their counterparts processed with halogenated solvents. 9,[25][26][27][28] Analysis of photovoltaic properties and charge dynamics reveals that the high-performance system processed from o-XY benefits from more efficient charge transport and smaller recombination losses. This work provides insight into the mechanisms that lead to the improved performance of green-solvent-processed devices. 
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The optoelectronic properties of organic solar cells are intimately related to the BHJ morphology and solid-state organization of donor-acceptor moieties, determining charge carrier dynamics including generation, recombination, and extraction processes. 29 By analyzing BHJ morphologies at different length scales, we can evaluate the impact of solid-state organization on the charge transport and device properties. First, we employ Atomic Force Microscopy (AFM) to study the surface morphology of the PPDT2FBT:PC 61 BM films cast from CB at room temperature and o-XY under hot processing conditions at 110 o C (Figure 2a, 2b). 30 Both blend films show relatively smooth surface with similar root-mean-square (RMS) values of 1.58 nm for CB and 2.13 nm for o-XY. With high-resolution scans (1 µm  1 µm), the height profile shows that the film cast from o-XY exhibits smaller topographic features. Next, we examine the molecular orientation and long-range molecular ordering in the BHJ films using Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS). The 2D GIWAXS images of the blend films are shown in Figure 2c and 2d, and the corresponding linecuts are shown in Figure S3 of the Supporting Information. The detailed analysis of the pristine films can be found in the Supporting Information (Figure S1,S2). Both blend films cast from CB and o-XY display considerably similar molecular ordering characteristics based on the GIWAXS results. Each film contains the isotropic PC 61 BM producing a scattering halo near 1.3 Å 1 (d-spacing of 0.5 nm)

with coherence lengths values of L c ≈ 2 nm. In both BHJ films, the dominant features corresponding to the π-π stacking motif with face-on orientation are identified with scattered intensities at 1.64 Å 1 (d-spacing of 0.38 nm) in each direction with no significant difference in the π-π stacking L c values between them. This result suggests that charge transport can occur both in the in-plane and out-of-plane directions in the photoactive layers, which signifies that the utilization of a green solvent does not detrimentally affect the BHJ molecular packing. 31 The This article is protected by copyright. All rights reserved main differences between the two BHJ films are in the lamellar L c values. Lamellar stacking peaks are present near 0.3 Å 1 in both directions with a higher order reflection near 0.6 Å 1 . The lamellar L c values of the film vary from 6.9 nm (CB) to 3.7 nm (o-XY). The L c for in-plane lamellar stacking decreases by 3.1 nm and that of the higher order reflection for out-of-plane lamellar stacking decreases by 2.1 nm. However, the same peaks are present in both BHJ film,

showing that molecular ordering is largely maintained regardless of the processing solvents.

Thus, we employ more advanced techniques for insights on more nuanced morphological traits, such as the D:A interfacial area, the domain sizes, and the composition variations, which monotonically relate to the domain purity.
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This article is protected by copyright. All rights reserved The Resonant-Soft X-ray Scattering (RSoXS) technique is employed to gain insights into the morphological features including the domain sizes as well as the D:A composition variation of the BHJ blends on a length scale ranging from 10 nm to over 500 nm. [32][33][34] The Lorentzcorrected and film thickness-normalized RSoXS profiles of both systems at a photon energy of 283.8 eV are shown in Figure S4 (Supporting Information), which show apparent differences in both the position and the intensity of the peak. The peak for the film cast from CB exists at q ≈ 0.069 nm 1 , whereas the blend prepared from o-XY shows a peak at q ≈ 0.138 nm 1 with a significantly smaller intensity. The corresponding long period of the o-XY cast film (~46 nm) is about half of the value of the CB processing film (~91 nm). Since the domain size can be roughly estimated as half of the long period, the green-solvent-processed films show smaller domains (~23 nm) than the CB processed films (~45.5 nm), which is consistent with the surface topography observed in AFM measurement. The average smaller domains predominantly existing in the o-XY processed devices could result in better charge generation due to larger D:A interfacial areas than those of CB processed devices. To further investigate the relative average purity of the domains, the RMS composition variation is obtained from the integration of the scattering intensities. The relatively lower value for the RMS composition variation (0.66) in the o-XY processed BHJ films indicates a lower average domain purity and a higher degree of molecular intermixing of the donor and acceptor, which would enable efficient charge generation in the BHJ layer. 35 Such differences in the average domain purity are likely resulted from kinetic
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This article is protected by copyright. All rights reserved compounds and blends using 2D To further understand the role of green solvent processing on the BHJ morphology and therefore the device performance, photophysical properties of solar cells fabricated with the inverted device architecture of ITO/ZnO/PPDT2FBT:PC 61 BM/MoO x /Ag are analyzed and compared. Under the background of solar cell study, we optimize the additive and the casting temperature for each solvent to compare the difference between green solvent-casted and CBcasted OSCs with best performance for each case. Details of the optimization can be found in Table S2. It is worth mentioning that an eco-compatible additive, panisaldehyde (AA), has been chosen as the green solvent additive regarding the health and environmental hazards of common chlorinated additives such as DIO and 1-chloronaphthalene (1-CN). 23 The current density-voltage (J-V) characteristics of the PPDT2FBT:PC 
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This article is protected by copyright. All rights reserved and o-XY in Figure 4a indicate an increase of the short-circuit current from 12.5 ± 0.3 mA cm 2 to 15.6 ± 0.2 mA cm 2 and an increased PCE from 7.0 ± 0.1% to 9.1 ± 0.1% using green solvent processing. The average PCE values from 20 devices under the optimized conditions are provided in Table 1. The increase in the J SC is in agreement with the morphology results discussed above, in which smaller domain sizes and higher D:A interfacial areas observed in o-XY processed blends should lead to better charge generation. Furthermore, the active layer of the o-XY processed device is thicker than that of the CB cast device (276 nm vs. 238 nm), thus there may be more photons absorbed, resulting in more photogenerated carriers and higher J SC . optical transfer-matrix based model. [49][50][51][START_REF] Laquai | Elementary Processes in Organic Photovoltaics[END_REF] The comparison shows that processing with o-XY is beneficial for a thick active layer, since at positions  200 nm from the bottom electrode the generation rate is higher in the o-XY processed film (G = 2.03.9 × 10 21 cm 3 s 1 ) than the CB processed film (G = 0.82.9 × 10 
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This article is protected by copyright. All rights reserved linear relationship with a slope of s = kT/q (k is the Boltzmann-constant, T is the absolute temperature, and q is the elementary charge), the dominant loss mechanism is bimolecular recombination. 21,56 Deviations of the slope may indicate the presence of trap states (bulk traps:

s > kT/q; surface traps: s < kT/q). In both systems, the slope of the V OC vs. light intensity is equal to s = 1.2 kT/q (Figure 4b), which is a sign for the presence of trap-assisted Shockley-Read-Hall (SRH) recombination via deep traps in the bulk. A more advanced approach based on capacitance spectroscopy is required to complement the qualitative results obtained from the V OC vs. light intensity plots. Thus, we use a comprehensive analytical model based on a combination of Langevin and Shockley-Read-Hall theory to quantify the total non-geminate recombination losses, including bimolecular recombination as well as bulk and surface trap-assisted recombination, which can provide valuable information on the charge recombination and extraction dynamics. 42,[56][START_REF] Vollbrecht | A[END_REF][58][59][60][61][62] To get quantitative insights into the non-geminate recombination dynamics, capacitance spectroscopy is applied to determine the charge carrier density in the active layer under different operational biases and light intensities. 63,64 A small AC signal (40 mV) is applied to prevent its effect on the impedance and maintain the steady state properties of the system during the measurement under different illumination as well as DC bias and frequency. Considering the effect of the series resistance of the device as well as the parasitic inductance of the connecting cables, 65 the measured capacitance of the BHJ layer is corrected and can be described by the following Equation 1.

𝐶 ��� = - � � [ � �� � �� � (� � �� � ) � �(�"��� � ) � ], (1) 
Here, 𝐿 � is the inductance of the connecting cables, 𝜔 = 2πν is the angular frequency of the AC signal, and 𝑍 � as well as 𝑍 �� are the real and imaginary components of impedance, respectively.
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In the dark, the corrected capacitance measured under a large reverse bias (3 V) shows a horizontal line, which is equivalent to a frequency independent capacitance. From this, we can determine the geometrical capacitance (C g ) of the active layer. Voltage-dependent impedance spectroscopy is performed to yield the charge carrier density n (Figure 5), via integration of the chemical capacitance C chem using the following equations.

𝑛(𝑉

��� ) = 𝑛 ��� + � ��� ∫ 𝐶 ���� � ��� � ��� d𝑉 ��� , (2) 
𝑛 ��� = � ��� 𝐶 ��� (𝑉 � -𝑉 ��� ), (3) 
where V 0 is the forward bias at which the photocurrent is equal to zero, A is the device area (0.094 cm 2 ), L is the thickness of the active layer, V sat is the reverse bias at which the photocurrent saturates (3 V), and C sat is the internal capacitance, which is determined by the difference of the corrected capacitance in the dark and under illumination at V sat . 31,66,67 The obtained charge carrier density at V OC under 100 mW cm 2 illumination in devices using green solvent processing show a higher value (n = 5.9 × 10 16 cm 3 ) than that of the corresponding reference devices (n = 1.2 × 10 16 cm 3 ). To further understand the device performance, the effective mobility μ eff under 100 mW cm 2 illumination (Figure S14) is calculated with the following equation.

𝜇 ��� (𝑛, 𝑉 ��� ) = �(�)� ���(�)[����� ��� ] , (4) 
where V cor is the corrected voltage considering the voltage drop over the series resistance (𝑉 ��� = 𝑉 ������� -𝐽(𝑉)𝑅 ������ ), and J(V) is the current density obtained from the J-V curves.

With the effective mobilities, the devices prepared from o-XY have a significantly higher value (μ eff = 2.16 × 10 3 cm 2 V 1 s 1 ) in comparison to their counterparts prepared from CB (μ eff = 4.45 × 10 4 cm 2 V 1 s 1 ). To further yield quantitative results for the recombination dynamics, we model the recombination current density J rec using the charge carrier density n and compare the model to the experimental values of the recombination current density J rec obtained from J-V curves. 42,56,68,69 Details of this modeling can be found in the Supporting Information.

The Langevin coefficient ξ, the density of deep traps in the bulk N t,b , and the density of surface traps N t,s are used as fitting parameters to compare the calculated J rec,sum over five different intensities with the experimental results. The fitted J rec,sum is in good agreement with the experimental recombination current density J rec for all tested illumination intensities without having to individually adjust the fitting parameters for each intensity (for green solvent cast devices: ξ = 0.0278, N t,b = 9.26 × 10 12 cm 3 ; For CB cast devices: ξ = 0.0061, N t,b = 2.81 × 10 14 cm 3 ; for both systems, N t,s is smaller than 10 9 cm 2 , which is negligible in the fitting). Moreover, the respective recombination coefficients are further calculated with the fitted trap densities.

Both blends show similar bimolecular recombination coefficients ranging from k bm = (2.586.59) 
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This article is protected by copyright. All rights reserved × 10 12 cm 3 s 1 and bulk-trap assisted recombination coefficients ranging from k bulk = (1.106.56) × 10 4 s 1 across the voltage range from 2 V to V OC . Furthermore, the recombination dynamics discussed above can also be verified by fitting the light intensity dependent behavior of the V OC , which is already introduced in the scope of Figure 4b. In essence, the relevant recombination parameters that have been determined above can be gauged via the experimental V OC at different light intensities and a reasonable correspondence between the experimental and fitted V OC can be observed; a detailed description can be found in the SI (Figure S17). As the recombination coefficients between the blends are quite similar, this alone cannot explain the device performance differences. Therefore, we further quantify the average extraction time of charge carriers (τ ex ), as shown in Figure 6a, to obtain a comprehensive understanding of the charge carrier dynamics using the following equation:

𝜏 �� = ���(�) �(�) . ( 11 
)
The o-XY processed devices have a much faster average extraction time τ ex = 0.090.74 µs from 2 V to V OC , compared with the devices processed from CB (τ ex = 0.265.6 µs), which is consistent with the higher effective mobility. Meanwhile, the charge recombination lifetime (τ rec ) can be further described by the following equation:

𝜏 ��� = 𝜏 �� + 𝜏 ���� = � � �� � � + � � ���� � = � � �� � + � � ���� . ( 12 
)
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The devices prepared from Based on our study, donors and acceptors with comparable good solubility in green solvent, and the corresponding film cast from green solvent shows a well-maintained, or even improvement of the favorable BHJ morphology can be suitable for green solvent processing.

Conclusions

In summary, we investigate differences in the BHJ morphology and the subsequent changes of the optoelectronic properties of PPDT2FBT:PC 
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Experimental section

Material synthesis. The PPDT2FBT polymer was synthesized by direct (hetero)arylation polymerization (DHAP) according to previously recorded biphasic conditions. 24,72 In a 20 mL microwave vial, 211.0 mg (0.296 mmol, 1 eq) of Accepted Article solution mixture is stirred for 10 minutes and precipitated in a 10% HCl:methanol (1:9) solution.

The precipitate is filtered through a 0.45

Accepted Article

The precipitate is filtered through a 0.45 methanol and hexanes, then extracted by chloroform. The polymer solution is reduced to 20

Accepted Article This article is protected by copyright. All rights reserved EQE measurements were conducted with an EQE system, in which the monochromatic light intensity was calibrated using a Si photodiode. The spectral distributions of the real and imaginary components of the impedance of all devices were measured by an impedance analyzer (Solartron SI 1260A) in the dark and under different illumination intensities. To prevent the effect of the AC signal on the impedance during the measurement, a small amplitude AC signal (40 mV) was applied.

Topographic Characterization. All topographic measurements were obtained using an Asylum MFP-3D operating in closed loop mode mounted atop an Olympus inverted optical microscope under an inert atmosphere. Furthermore, n+ diamond coated silicon AFM tips with a resonant frequency of ~20 kHz and a force constant of ~0.5 N m 1 were used (NanoSensors). All images were obtained at a force of 2 nN. First order image flattening was performed on the morphology images and the measured morphology heights were offset to set the scale start point to 0 nm using Asylum Research AFM software version 14, programmed with IGOR Pro.

GIWAXS. All GIWAXS measurements were performed at the Advanced Light Source at

Lawrence Berkeley National Lab on the 7.3.3 beamline. The sample was scanned with an incidence angle of 0.12° and a photon energy of 10 keV (λ = 1.24 Å), while under a helium environment to minimize beam damage and reduce air scattering. The width of the incident Xray beam is about 1 mm, and silver behenate was used to calibrate the lengths in the reciprocal space. A 2D detector (PILATUS 2 M from Dectris) with a sample-to-detector distance of 276.9 mm was used to collect the images. The Nika software package for Igor (by Wavemetrics) and the Igor script WAXStools were used to process the figures. 73,74 RSoXS. All RSoXS measurements were performed at the Advanced Light Source at Lawrence Berkeley National Lab on the 11.0.1 beamline following the previously established
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Lawrence Berkeley National Lab on the 7. This article is protected by copyright. All rights reserved protocols. 25 The samples were performed in a transmission geometry with linearly polarized photons under high vacuum (1 × 10-7 torr) and two -dimensional scattering patterns were collected on a cooled (-4 5 °C) CCD with PS300 used for geometry calibration. The Nika software package for Igor (by Wavemetrics) were used for data processing. 73,74 Solid-state NMR spectroscopy. Spin This article is protected by copyright. All rights reserved 1 H-detected 2D 1 H- 13 C HETCOR spectra were acquired with 160 t 1 increments, each by coadding 32 transients in PC 61 BM, 64 transients in PPDT2FBT and 80 transients in the case of blends. The 1 H and 13 C experimental shifts were calibrated with respect to neat TMS using adamantane as an external reference (higher ppm 13 C resonance, 35.8 ppm, and the 1 H resonance, 1.8 ppm).
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Figure 1 .

 1 Figure 1. (a) Molecular structures and (b) energy level diagram of PPDT2FBT and PC 61 BM.

Figure 2 .

 2 Figure 2. 1 µm  1 µm AFM topography images of PPDT2FBT:PC 61 BM films cast from (a) CB
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 3 Figure 3. Solid-state 1 H-detected 2D 13 C-1 H heteronuclear correlation NMR spectra of

H
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 11 Double-Quantum-Single-Quantum (DQ-SQ) correlation NMR spectroscopy.1 H DQ signals can be excited for dipolar coupled 1 H-1 H pairs at the sub-nm (<0.5 nm) distances. In a 2D DQ-SQ spectrum, on-diagonal and off-diagonal signals correspond to the through-space dipole-dipole interactions between chemically equivalent and nonequivalent protons, respectively. The analysis of 1 H DQ-SQ spectra of neat donor and acceptor materials, and their blends is given in FigureS10of the Supporting Information. Although 1 H DQ-SQ spectra of blends contain overlapped 1 H signals from donor and acceptor molecules, subtle differences in the off-diagonal intensities, which originate from H-H proximities between aliphatic-and aromatic groups of donor and acceptor molecules, further corroborate the different donor-acceptor molecular orientations at the BHJ interfaces of OPV blends processed from CB and o-XY solvents. These differences in molecular orientations and intermolecular interactions at D:A interfaces are expected to influence the charge transport in BHJ blends, leading to different PCE values in their OSCs.

Figure 4 .

 4 Figure 4. (a) J-V curves of the PPDT2FBT:PC 61 BM solar cells processed from o-XY and CB under AM 1.5 G illumination at 100 mW cm -2 and (b) V OC vs. light intensity.

  illumination at 100 mW cm Accepted Article G illumination at 100 mW cm Average photovoltaic performances of 20 OSCs based on Accepted Article Average photovoltaic performances of 20 OSCs based on processed with o Accepted Article processed with o XY and CB under 100 Accepted Article XY and CB under 100 Accepted Article This article is protected by copyright. All rights reserved o-XY 15.6 ± 0.2 0.80 ± 0.005 0.72 ± 0.01 9.1 ± 0.1 To further corroborate the above analysis on the increase in the J SC , we calculate charge generation rate from the optical properties of the blend films processed with CB (238 nm) and o-XY (276 nm). First, the reflectance and transmittance spectra are measured (Figure S11 in the Supporting Information). While the extinction coefficient k remains unaltered, we find a slightly decreased refractive index n for the o-XY processed film (n = 1.15-1.30) compared to the CB processed film (n = 1.19-1.38) in the range of 300 nm to 700 nm, causing a reduced reflectance of the incident light. Next, the spatially dependent generation rate is simulated based on the device architecture and the optical properties of the CB and the o-XY processed film with an

Figure(

  Figure

  Accepted Articlespectroscopy is applied to determine the charge carrier density in the active layer under different operational biases and light intensities. effect of the series resistance of the device as well as the parasitic inductance of the connecting Accepted Article effect of the series resistance of the device as well as the parasitic inductance of the connecting

Figure 5 .

 5 Figure 5. The voltage-dependent charge carrier density of PPDT2FBT:PC 61 BM devices
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 716 Figure 6. (a) Charge carrier lifetime τ rec and extraction time τ ex , and (b) voltage-dependent

θ

  of the investigated devices.
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  This article is protected by copyright. All rights reserved traditional (CB) and green (o-XY) solvents. Comparable good solubility of PPDT2FBT and PC 61 BM in green solvent, and the corresponding film cast from green solvent with a wellmaintained molecular ordering, and even improvement of the favorable BHJ morphology can be suitable for green solvent processing. The characterization of the BHJs at different length scales using AFM, GIWAXS, and RSoXS techniques indicate the presence of a well-mixed phase morphology with increased D:A interfacial areas and smaller domain sizes for the o-XY processed blend. 2D ssNMR spectroscopy results reveal that the PC 61 BM molecules are intercalated into the sidechain regions of the donor polymers, in particular, the green-solventprocessed BHJ morphology exhibits specific 2D correlations that favor better intermixing and orientation of PC 61 BM molecules in the vicinity of the PPDT2FBT aromatic core. These features of molecular packing facilitate the charge generation efficiency and transport in the greensolvent-processed devices. Hence, the optimized PPDT2FBT:PC 61 BM devices processed with o-XY solvent exhibit a higher charge mobility, a faster charge extraction, and a higher PCE (9.1 ± 0.1%) compared to the CB cast devices (7.0% ± 0.1%). Non-geminate recombination and extraction dynamics are determined by employing a quantitative analytical model based on capacitance spectroscopy. A higher charge carrier density and effective mobility are observed in the solar cells prepared from o-XY. As a result, smaller competition factors stemming from slow non-geminate recombination and fast charge extraction are shown over the studied voltage range

  methanol and hexanes, then extracted by chloroform. The polymer solution is reduced to20 Accepted Article mL and poured into methanol prior to filtration with a Accepted Article mL and poured into methanol prior to filtration with a solubilized in toluene and washed at reflux over Accepted Article solubilized in toluene and washed at reflux over trihydrate scavenger solution to remove the catalytic residues. The organic phase is washed 5Accepted Articletrihydrate scavenger solution to remove the catalytic residues. The organic phase is washed 5 times with boiling nanopore water to remove the remaining salts. The organic phase is reduced,Accepted Articletimes with boiling nanopore water to remove the remaining salts. The organic phase is reduced,Accepted Article poured into methanol, andAccepted Article poured into methanol, andThis article is protected by copyright. All rights reserved PL120 with a Styrene-DVB gel column. The eluent was 1, 2, 4-trichlorobenzene (TCB), heated at 110°C. The calibration was performed using a monodisperse polystyrene standard.Fabrication and characterization of organic solar cell devices.All the devices were fabricated /PPDT2FBT:PC 61 BM/MoO 3 /Ag. Photovoltaic devices were fabricated according to the following procedures. ITO substrates (purchased from Thin Film Devices, Inc.) were cleaned by detergent, then sequentially ultrasonicated in DI water, acetone and isopropanol for 30 min.Tetrahydrofuran (THF) and diethyl zinc were mixed in a volume ratio of 5:1 and spin-coated on the clean ITO substrates at 4000 rpm for 30s, followed by 15 min annealing at 150 °C to make the ZnO film. Solutions (total concentration of 40 mg/mL) of PPDT2FBT:PC 61 BM in a 1:1.5 weight ratio were prepared in either CB with 1 vol% DIO processing additive or o-XY, which was stirred and kept at elevated temperatures (CB at 60 °C, o-XY at 80 °C) over night. Prior to spin casting, 1 vol% p-anisaldehyde (AA, 98%) was added as the solvent additive to the stock o-XY solution and the solution was heated up to 110°C. On the top of the ZnO layer, the hot blend solution was spin-coated (CB: 1100 rpm, o-XY: 1400 rpm, 60 s) to form active layers, of which the thickness was measured by an Ambios XP-100 stylus profilometer. The MoO 3 /Ag (7 nm/120 nm) electrode with an active area of 0.094 cm 2 was then deposited on top of the active layer by thermal evaporation in high vacuum (<10 6 torr).Device measurements. All the photovoltaic and electrical measurements were conducted inside a glovebox under nitrogen atmosphere. Photovoltaic characteristics were measured with a high-quality optical fiber to guide the light from the solar simulator equipped with a Keithley 2635A source measurement unit. J-V curves were measured under AM 1.5G illumination (100 mW•cm-2 

  under an inert atmosphere. Accepted Article microscope under an inert atmosphere. resonant frequency of ~20 kHz and a force constant of ~0.5 N m Accepted Article resonant frequency of ~20 kHz and a force constant of ~0.5 the measured morphology heights were offset to set the scale start point Accepted Article and the measured morphology heights were offset to set the scale start point to 0 nm using Accepted Article to 0 nm using Asylum Research AFM software version 14, programmed Accepted Article Asylum Research AFM software version 14, programmed Accepted Article GIWAXS.

  3.3 beamline. The sample was scanned with an incidence angle of 0.12° and a photon energy of 10 keV (λ = 1.24 Å), while under a helium Accepted Article incidence angle of 0.12° and a photon energy of 10 keV (λ = 1.24 Å), while under a helium environment to minimize beam damage an Accepted Article environment to minimize beam damage an ray beam is about 1 mm, and silver behenate was used to calibrate the lengths in the reciprocal Accepted Article ray beam is about 1 mm, and silver behenate was used to calibrate the lengths in the reciprocal space. A 2D detector (PILATUS 2 M from Dectris) with a sample Accepted Article space. A 2D detector (PILATUS 2 M from Dectris) with a sample mm was used to Accepted Article mm was used to collect the images. The Nika software package for Igor (by Wavemetrics) and Accepted Article collect the images. The Nika software package for Igor (by Wavemetrics) and

  Accepted ArticleNMR experiments were carried out by co for the neat PPDT2FBT material and 5 s and PPDT2FBT:PCAccepted Articlefor the neat PPDT2FBT material and 5 s and PPDT2FBT:PC Accepted Article XY, respectively. In the case of PC Accepted Article XY, respectively. In the case of PC H relaxation delays were of 6 s

Table 1 .

 1 Average photovoltaic performances of 20 OSCs based on PPDT2FBT:PC 61 BM and processed with o-XY and CB under 100 mW•cm -2 AM 1.5 G illumination.

	Accepted Article provided in Accepted Article provided in				
	Solvent	J SC (mA cm 2 )	V OC (V)	FF	PCE (%)
	CB	12.5 ± 0.3	0.79 ± 0.002	0.70 ± 0.01	7.0 ± 0.1
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	Accepted Article . discussed above Accepted Article discussed above, Accepted Article , in which smaller domain sizes Accepted Article in which smaller domain sizes processed Accepted Article processed blend Accepted Article blends Accepted Article s should Accepted Article should processed Accepted Article

processed device is thicker than that of the CB cast device (276 nm vs. 238 nm), thus there Accepted Article device is thicker than that of the CB cast device (276 nm vs. 238 nm), thus there more photons absorbed Accepted Article more photons absorbed Accepted Article . Accepted Article . ( Accepted Article

  21 cm 3 s 1 ). Next, we simulate the maximum, theoretical shortcircuit current density J SC,theo based on the generation rate (Figure S12, Supporting Information) and compare it with the experimentally determined saturated photocurrent density J ph,sat , to obtain information on geminate recombination losses.[START_REF] Baran | [END_REF][54][55] A ratio of J ph,sat /J SC,theo = 0.995-1.018 is found for both films, which indicates the absence of geminate recombination losses in both

	films. generation rate Subsequently, we focus on understanding the losses caused by non-geminate Accepted Article Accepted Article generation rate from the optical properties of the blend films processed with CB (238 Accepted Article from the optical properties of the blend films processed with CB (238 nm Accepted Article nm).
	recombination in OSCs processed from CB and o-XY. The dominant non-geminate

recombination mechanism in the solar cells is qualitatively determined by analyzing the opencircuit voltage (V OC ) dependence on the light intensity (I). Generally, if the V OC -lnI plot shows a

  61 BM systems processed from

	Accepted Article  Accepted Article 4.1×10 Accepted Article 4.1×10  Accepted Article 4 Accepted Article 4 , while the devices prepared from CB show significantly large Accepted Article , while the devices prepared from CB show significantly large 1.34 Accepted Article 1.34). T

J

  SC and FF values. Ultimately, this work demonstrates that it is possible to obtain high PCEs for devices processed from green solvent, which are expected to pave the way towards cleaner commercialization and industrial-scale fabrication of OSCs.

	Accepted Article suitable for green solvent processing Accepted Article suitable for green solvent processing AFM, GI Accepted Article AFM, GIW Accepted Article WAXS, and Accepted Article AXS, and morphology Accepted Article morphology with Accepted Article with increased D:A interfacial area Accepted Article increased D:A interfacial area processed Accepted Article processed blend Accepted Article blend. Accepted Article . 2D ssNMR spectroscopy results reveal that the Accepted Article 2D ssNMR spectroscopy results reveal that the intercalated into the sidechain regions of the donor polymers Accepted Article intercalated into the sidechain regions of the donor polymers processed BHJ morphology exhibit Accepted Article processed BHJ morphology exhibit orientation of Accepted Article orientation of PC Accepted Article PC 61 Accepted Article 61 BM Accepted Article BM of molecular packing Accepted Article of molecular packing processed Accepted Article processed devices Accepted Article devices solvent Accepted Article solvent exhibit a Accepted Article exhibit a higher char Accepted Article higher char ) compared to Accepted Article ) compared to the Accepted Article the extraction dynamics Accepted Article extraction dynamics ar Accepted Article ar capacitance spectroscopy. Accepted Article capacitance spectroscopy. the solar cells prepared from o Accepted Article the solar cells prepared from o geminate recombination and fast Accepted Article geminate recombination and fast V Accepted Article V OC Accepted Article OC V OC V Accepted Article V OC V ) for the green Accepted Article ) for the green FF Accepted Article FF values Accepted Article values.

  ) are then added to the mixture and the vial is sealed. The reaction is stirred for 15 minutes at room temperature, then heated at 100 °C for 20 h with vigorous stirring. The reaction is then cooled down to 70 °C and the resulting polymer is diluted with 10 mL of xylene. The polymer ) are then added to the mixture and the vial is sealed. The reaction is stirred for 15 minutes Accepted Article [0.2]) are then added to the mixture and the vial is sealed. The reaction is stirred for 15 minutes at room temperature, then heated at 100 °C for 20 h with vigorous stirring. The reaction is then

	1,4-dibromo-2,5-bis[(2-hexyldecyl)oxy]-benzene, 5,6-difluoro-4,7-di-2-thienyl-2,1,3-benzothiadiazole, Pd(OAc) 2 , 16.6 mg (0.0472 mmol, 0.16 eq) of P(o-OMePh) 3 , 1.635 g (11.8 mmol, 40 eq) of 99.5 mg (0.296 mmol, 1 eq) of 2.6 mg (0.0118 mmol, 0.04 eq) of K 2 CO 3 and 30.2 mg (0.296 mmol, 1 eq) of pivalic acid are added. The vial is then purged under vacuum and filled with argon. Degassed water (1.5 mL, [0.2]) and degassed toluene (1.5 mL, [0.2]solution mixture is stirred for 10 minutes and precipitated in a 10% HCl:methanol (1:9) solution. The precipitate is filtered through a 0.45 µm nylon filter and washed on a Soxhlet apparatus with methanol and hexanes, then extracted by chloroform. The polymer solution is reduced to 20-30 mL and poured into methanol prior to filtration with a 0.45 µm nylon filter. The polymer is solubilized in toluene and washed at reflux overnight in a sodium diethyldithiocarbamate trihydrate scavenger solution to remove the catalytic residues. The organic phase is washed 5 times with boiling nanopore water to remove the remaining salts. The organic phase is reduced, poured into methanol, and filtered, as previously mentioned. The polymer is vacuum-dried to yield a purple solid. (Yield 79%) M n =39 kg mol -1 ; M w =82 kg mol -1 ; Đ=2.1; λ max absorption=648 Accepted Article microwave vial, 211.0 Accepted Article microwave vial, 211.0 1,4-dibromo-2,5-bis[(2-hexyldecyl)oxy]-benzene, 99.5 Accepted Article 1,4-dibromo-2,5-bis[(2-hexyldecyl)oxy]-benzene, 99.5 5,6-difluoro-4,7-di-2-thienyl-2,1,3-benzothiadiazole, Accepted Article 5,6-difluoro-4,7-di-2-thienyl-2,1,3-benzothiadiazole, 2 Accepted Article 2 , 16.6 Accepted Article , 16.6 mg (0.0472 mmol, 0.16 Accepted Article mg (0.0472 mmol, 0.16 and 30.2 Accepted Article and 30.2 mg (0.296 Accepted Article mg (0.296 vacuum and filled with argon. Degassed wa Accepted Article vacuum and filled with argon. Degassed wa [0.2]Accepted Article at room temperature, then heated at 100 °C for 20 h with vigorous stirring. The reaction is then cooled do Accepted Article cooled down to 70 °C and the resulting polymer is diluted with 10 wn to 70 °C and the resulting polymer is diluted with 10 Accepted Article solution mixture is stirred for 10 minutes and precipitated in a 10% HCl:methanol (1:9) solution.
	nm. Size exclusion chromatography measurements were performed using a Varian Instrument

Solid state NMR spectroscopy.

  -coated PPDT2FBT and PC 61 BM neat materials and PPDT2FBT:PC 60 BM blends processed from CB and o-XY solvents were scratched off from the glass substrates and packed into either 1.3 mm (outer diameter) zirconia rotors fitted with Vespel ® caps. All fast MAS (50 kHz) 1D 1 H,13 C, and 2D 1 H-13 C NMR experiments were carried out on a Bruker Avance Neo (18.8 T, Larmor frequencies of 1 H and 13 C were 800.1 MHz and 201.2 MHz, respectively) spectrometer with 1.3 mm H-X probehead. Single-pulse 1 H MAS NMR experiments were carried out by co-adding 32 transients.1 H relaxation delays were of 2 s for the neat PPDT2FBT material and 5 s and PPDT2FBT:PC 61 BM blends processed from CB and o-XY, respectively. In the case of PC 61 BM acceptor molecules processed from CB and o-XY, the 1 H relaxation delays were of 6 s and 30 s, as determined from saturation recovery measurements and analyses. All 1D 13 C{ 1 H} cross polarization (CP)-MAS experiments of neat materials and blends were carried out by co-adding 2048 transients. 2D 1 H-1 H double-quantumsingle-quantum (DQ-SQ) spectra of neat compounds and PPDT2FBT:PC 60 BM blends were acquired using a one rotor period Back-to-Back (BaBa) sequence.75,76 2D 1 H-1 H DQ-SQ spectra of PPDT2FBT neat materials and PPDT2FBT:PC 61 BM blends were acquired using 200 t 1 increments, each by co-adding 16 transients, using the States method to achieve sign discrimination in the vertical indirect dimension with a rotor-synchronized t 1 increment of 40 µs corresponds to two rotor periods 2  r . 2D 1 H-1 H DQ-SQ spectra of PC 61 BM materials processed from CB and o-XY were acquired using 80 t 1 increments, each by co-adding 16 transients. The Bruker Avance Neo (18.8 T, Larmor frequencies of Accepted Article out on a Bruker Avance Neo (18.8 T, Larmor frequencies of 201.2 MHz, respectively) spectrometer with 1.3 mm H Accepted Article 201.2 MHz, respectively) spectrometer with 1.3 mm H NMR experiments were carried out by co

	Accepted Article software package for Igor (by Wavemetrics) Accepted Article software package for Igor (by Wavemetrics) Solid Accepted Article Solid-Accepted Article -Solid-Solid Accepted Article Solid-Accepted Article state NMR spectroscopy. PPDT2FBT:PC Accepted Article PPDT2FBT:PC 60 Accepted Article 60 BM blends processed from Accepted Article BM blends processed from substrates and Accepted Article substrates and packed into either 1.3 mm (outer diameter) zirconia rotors Accepted Article packed into either 1.3 mm (outer diameter) zirconia rotors caps Accepted Article caps. Accepted Article . All fast MAS (50 All fast MAS (50 Accepted Article out on a
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