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ABSTRACT: Naphthalene diimide (NDI)-biselenophene copolymer (PNDIBS) and NDI-

selenophene copolymer (PNDIS) and the fluorinated donor polymer PM6 were used to investigate 

how a fluorinated polymer component affects the morphology and performance of all-polymer 

solar cells (all-PSCs). Although the PM6:PNDIBS blend system exhibits a high open-circuit 

voltage (Voc = 0.925 V) and desired low optical bandgap energy loss (Eloss = 0.475 eV), the overall 

power conversion efficiency (PCE) was 3.1%. In contrast, PM6:PNDIS blends combine a high Voc 

(0.967 V) with a high fill factor (FF = 0.70) to produce efficient all-PSCs with 9.1% PCE. 

Furthermore, the high performance PM6:PNDIS all-PSCs could be fabricated by various solution 

processing approaches and at active layer thickness as high as 300 nm without compromising 

photovoltaic efficiency. The divergent photovoltaic properties of PNDIS and PNDIBS when 

paired respectively with PM6 are shown to originate from the starkly different blend morphology 

and blend photophysics. Efficient PM6:PNDIS blend films were found to exhibit a vertical phase 

stratification along with lateral phase separation while the molecular packing had a predominant 

face-on orientation. Bulk lateral phase separation with both face-on and edge-on molecular 

orientations featured in the poor performing PM6:PNDIBS blend films. Enhanced charge 

photogeneration and suppressed geminate and bimolecular recombinations with 99% charge 

collection probability found in PM6:PNDIS blends strongly differ from the poor charge collection 

probability (66%) and high electron-hole pair recombination seen in PM6:PNDIBS. Our findings 

demonstrate that beyond the generally expected enhancement of Voc, a fluorinated polymer 

component in all-PSCs can also exert a positive or negative influence on photovoltaic performance 

via the blend morphology and blend photophysics. 
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INTRODUCTION 

All-polymer solar cells (all-PSCs), in which the active layer is comprised of a binary blend of 

an electron-donating (donor) polymer and an electron-accepting (acceptor) polymer, have garnered 

significant research efforts over the past several years, leading to great strides in terms of device 

performance.1-4 Although the power conversion efficiency (PCE) of all-PSCs lags the efficiency 

of small molecule non-fullerene acceptors (SM-NFAs) based solar cells,5, 6 all-PSCs have unique 

advantages over SM-NFA devices, including superior photo- and electro-chemical stability,7, 8 

enhanced thermal and mechanical robustness,9-11 and enhanced rheological properties which are 

ideal for large scale film coating.10, 11 These advantages make all-PSCs promising candidates for 

large-scale manufacturing.8, 11-13 The key parameters limiting the device efficiency of all-PSCs 

have long been identified as the generally low fill factor (FF)1-4, 14 and the modest open-circuit 

voltage (Voc).
1-3, 15 The low Voc (< 1V) is mainly due to the large optical bandgap energy loss (Eloss 

= Eg - eVoc > 0.6 eV),1-3, 12 while the poor FF originates primarily from non-optimal blend 

morphology and inefficient charge extraction at the organic/metal interfaces.1-3 Several strategies 

have been explored for tailoring the blend morphology of all-PSCs, including thermal annealing,16-

18 solvent vapor annealing,14 room-temperature aging,8, 19 co-solvents,20 solvent processing 

additives,12, 17, 21, 22 side chain engineering,23-25 and random copolymerization,26-29 whereby some 

systems could achieve near unity internal quantum efficiency (IQE).14, 27, 28 

A potential strategy to improve the Voc of all-PSCs is incorporation of fluorine atoms into 

the molecular structure of either the donor or the acceptor polymer. Fluorination has been 

demonstrated to be an effective molecular design strategy to enhance the photovoltaic properties, 

especially in SM-NFA solar cells.5, 6, 30, 31 Effects of fluorination include lowering the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy 
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levels,32 enhancing the crystallinity of the blend components and forming a favorable blend 

morphology due to F-F intermolecular interactions,29, 33-35 altering the dielectric constant of the 

materials,29, 30, 36, 37 suppressing charge recombination and enhancing charge photogeneration,35, 38 

and increasing charge carrier mobility.39 Despite the impressive performance of SM-NFA solar 

cells based on fluorinated donor polymers, application of such fluorinated donor polymers in all-

PSCs is surprisingly rare; in the few known examples, the fluorinated donor polymers, poly[(2,6-

(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-

(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)], 

(PBDB-TF or PM6) shown in Figure 1a has been paired with various acceptor polymers having a 

ladder-type fused ring co-monomer in their repeating units.21, 40, 41 The pairing of PM6 with such 

fused-ring acceptor polymers such as PZ1,40 PFBDT-IDTIC,21 and PN141 has resulted in high 

performance all-PSCs with PCEs of 10 – 11% and Voc of 0.96 – 1.0V.21, 40, 41  Surprisingly, effects 

of a fluorinated donor polymer on the performance of all-PSCs based on naphthalene diimide 

(NDI) copolymer acceptors have yet to be explored. NDI-arylene copolymer acceptors have been 

widely studied as materials for constructing highly efficient all-PSCs.8, 12, 42-44 Indeed, our group8, 

12, 28 and others13, 45-47 have showed that all-PSCs with PCEs as high as 8-10% can be achieved by 

pairing various NDI-arylene copolymers with the non-fluorinated derivative of PM6, i.e. PBDB-

T. However, because numerous factors determine the compatibility, nanoscale morphology, and 

PCE of all-PSC devices, a priori prediction of how the fluorination of the donor polymer could 

influence the performance of all-PSCs based on NDI-arylene copolymer acceptors is not possible.  
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Figure 1. (a) Molecular structures of donor polymer, PM6, and acceptor polymers, PNDIS and 

PNDIBS. (b) Normalized thin-film optical absorption spectra of the donor and acceptor polymers 

processed from different solvents. (c) HOMO/LUMO energy levels of the donor and acceptor 

polymers. 
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In this paper, we report an investigation of the effects of fluorination of the donor polymer on 

the blend morphology, blend photophysics, and photovoltaic properties of all-PSCs based on NDI-

arylene copolymer acceptors. We found that pairing the fluorinated donor polymer PM6 with two 

different related NDI-arylene copolymers – NDI-biselenophene copolymer (PNDIBS) and NDI-

selenophene copolymer (PNDIS) shown in Figure 1a – resulted in dramatically different outcomes 

and very divergent observations. Contrary to expectations from the known high performance (> 

9% PCE) of PBDB-T:PNDIBS all-PSCs,12 blends of the fluorinated donor polymer PM6 with 

PNDIBS gave rise to substantially inferior photovoltaic properties with a maximum PCE of 3.1%. 

In contrast, blends of PM6 with PNDIS could be used to develop all-PSCs with a maximum PCE 

of over 9%. Furthermore, these efficient PM6:PNDIS blend all-PSCs were found to be relatively 

insensitive to device processing methods and to active layer thickness of up to 300 nm. Detailed 

comparative studies of the PM6:PNDIBS and PM6:PNDIS blend systems show that the divergent 

effects of the fluorinated donor polymer on the photovoltaic properties originate from the stark 

differences in blend morphology and blend photophysics. We show that the PM6:PNDIBS blend 

system exhibits a lateral bulk phase separation in which both face-on and edge-on molecular 

orientations are displayed. In contrast, the bulk thin films of the PM6:PNDIS blend system are 

characterized by prominent vertical phase stratification and some lateral phase segregation in 

conjunction with predominant face-on molecular orientation. The photophysics of PM6:PNDIBS 

blends was characterized by low charge photogeneration rate, high electron-hole pair 

recombination rate, and poor charge collection probability (P(E,T) = 65.5%). In stark difference, 

the PM6:PNDIS blend photophysics featured enhanced charge photogeneration rate, suppressed 

geminate and bimolecular recombinations and near unity charge collection probability (P(E,T) = 

99.1%). These results show that in addition to the generally expected enhancement of Voc, 
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fluorination of a polymer component of all-PSCs can also dramatically influence the blend 

morphology and blend photophysics with consequent net negative or positive impact on the 

photovoltaic efficiency. 

EXPERIMENTAL METHODS 

Materials. The donor polymer, PM6, was purchased from Solarmer Energy Inc (Mn = 14.6 kDa, 

Mw = 38 kDa, Đ = 2.60) (Irwindale, CA, United States) while PNDIS and PNDIBS were previously 

synthesized in our lab.8, 12 Optical absorption spectra were obtained from a PerkinElmer Lambda 

900 UV-vis/near-IR spectrophotometer. Polymer molecular weight information was obtained with 

gel-permeation chromatography (GPC) eluting with chloroform at room temperature (25oC) for 

PNDIS (Mn = 22.1 kDa, Mw = 64.9 kDa, Đ = 2.94) whereas the GPC characterization was done in 

chlorobenzene at room temperature for PNDIBS (Mn = 114.6 kDa, Mw = 218 kDa, Đ = 1.90).  

Cyclic Voltammetry. Cyclic voltammetry (CV) experiments were done on an EG&G Princeton 

Applied Research Potentiostat/Galvanostat (model 273A). A three-electrode cell was used, using 

platinum wire electrodes as both counter and working electrode. Ag/Ag+ (Ag in 0.01 M AgNO3 

solution) was used as a reference electrode. The films of the polymer were coated onto the Pt wires 

by dipping the wires into polymer solutions of the polymers (PM6, PNDIS, and PNDIBS) and 

drying the coated films at 25 °C. All the CV measurements were carried out in 0.1 M 

tetrabutylammonium hexafluorophosphate (Bu4NPF6) electrolyte solution in acetonitrile at a scan 

rate of 50 mV/s. The reduction and oxidation potentials were referenced to the Fc/Fc+ couple by 

using ferrocene as an internal standard. The LUMO and HOMO energy levels were estimated 

using a ferrocene value of −4.8 eV with respect to vacuum level. The LUMO and HOMO energy 

levels were determined using the equations ELUMO = −(eEred-onset + 4.8) and EHOMO = −(eEox-onset + 

4.8), respectively.  
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Fabrication and Characterization of all-PSCs. Solar cells devices were fabricated with an 

inverted architecture of ITO/ZnO/PEI/Blend/MoO3/Ag. ITO-coated substrates (15 Ω/square, 

Shanghai B. Tree Tech, Shanghai, China) were cleaned sequentially in ultrasonic baths with 

acetone, deionized water, and isopropyl alcohol for 30 min, dried using nitrogen gas, and followed 

by 10 mins of O2 plasma cleaning. The ZnO precursor solution was spin-coated onto the ITO and 

followed by thermal annealing at 250 °C for 30 min to make ~30 nm thick ZnO layer. A 0.05 wt% 

solution of polyethylenimine (PEI) in 2-methoxyethanol was spin-coated onto the ZnO layer and 

dried at 120 °C for 10 min. The PM6:PNDIS (1:0.6 wt/wt) blends were prepared in chlorobenzene 

(CB), mixed and stirred overnight at 85oC in the glovebox. A mixture of 0.25% (v/v) of 1,8-

diiodooctane (DIO) and 0.25% (v/v) of 1,8-octanedithiol (ODT) was added into the PM6:PNDIS 

blend solutions. Similarly, the PM6:PNDIBS (1:0.4 wt/wt) blends were prepared in 

chlorobenzene, mixed and stirred overnight at 85oC in the glovebox. 0.5% (v/v) diphenyl ether 

(DPE) was added to the blend solution as a processing additive. For the sake of comparisons, the 

PBDB-T:PNDIS and PBDB-T:PNDIBS blends were prepared in the exact same conditions as the 

optimized PM6:PNDIS and PM6:PNDIBS blends, respectively. In case of device fabrication using 

co-solvents, the PM6:PNDIS (1:0.6 wt/wt) blends were prepared in a mixture of CB and 2-

methyltetrahydrofuran (2-MeTHF) (CB:2-MeTHF) at the optimal ratio of 70:30 (v:v), mixed and 

stirred overnight at 65oC in the glovebox. No processing additive was used when devices were 

processed from CB:2-MeTHF co-solvents. The blend solutions were spin-coated at 1000 rpm for 

50s, followed by thermal annealing at 110oC for 10 min in the Argon-filled glovebox. All the 

active layers had a thickness of 102 ± 3 nm. MoO3 (0.5 nm) and Ag (100 nm) were thermally 

deposited onto the active layer. An aperture mask with area of 3.14 mm2 was applied during 

measurements to define the illuminated device area. After evaporation of the electrode, the 
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photovoltaic cells were tested under AM 1.5G solar illumination at 100 mW/cm2 in ambient air by 

using a solar simulator (Model 16S, Solar Light Co., Philadelphia, PA) with a 200W Xenon Lamp 

Power Supply (Model XPS 200, Solar Light Co., Philadelphia, PA) calibrated by NREL certified 

Si photodiode (Model 1787-04, Hamamatsu Photonics K.K., Japan) and a HP4155A 

semiconductor parameter analyzer (Yokogawa Hewlett Packard, Japan). After the J-V 

measurements, the external quantum efficiency (EQE) spectra were measured by using a solar cell 

quantum efficiency measurement system (Model QEX10, PV Measurements, Inc., Boulder, CO) 

with a 2 mm2 (2 mm × 1 mm) size masked incident light source and TF Mini Super measurement 

apparatus for multiple devices in a single substrate. The EQE system was calibrated with a Si 

photodiode before measurement. 

Fabrication and Characterization of SCLC Devices. Current-voltage (J-V) characteristics of 

the space-charge limited current (SCLC) devices were measured by using a HP4155A 

semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Tokyo). The carrier mobility was 

deduced by fitting the J-V curves to the Mott−Gurney equation,  

𝐽 =  
9

8
𝜀0𝜀𝜇

𝑉2

𝐿3
 

where J is the current density, ε0 is the permittivity of free space, ε is the relative permittivity, μ 

is the zero-field mobility, V is the applied voltage, L is the thickness of active layer.  

The SCLC device structures for electron-only and hole-only were ITO/ZnO/PEI/Blend/LiF 

(1nm)/Al (100nm) and ITO/PEDOT: PSS/Blend/MoO3 (7.5nm)/Ag (100nm), respectively. Each 

active layer of both neat and blend films was processed at the optimized all-PSC device conditions 

as described above and spin-coated at 1000 rpm for 50s and followed by thermal annealing at 

110oC for 10 min inside glovebox.  
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AFM Imaging. Atomic force microscopy (AFM) characterization of the surface morphology 

was done on the active layers of the actual polymer solar cells, used in the photovoltaic 

measurements, by using a Bruker Dimension scanning probe microscope (SPM) system.  

2D-GIWAXS. Grazing incidence X-ray scattering (GIWAXS) experiments were conducted at 

the Japan Synchrotron Radiation Facility SPring-8 by using the beamlines BL46XU. Thin film 

samples of the neat donor polymer (PM6) and acceptor polymers (PNDIS and PNDIBS) were spin-

coated on the top of glass substrates and annealed at 110 °C for 10 min. The binary blend films 

were prepared in the same manner as the actual all-PSC devices on ZnO/PEI-coated ITO 

substrates. The X-ray beam was monochromatized by a double-crystal Si(111) monochromator, 

and the X-ray energy in this experiment was 12.40 keV (λ = 0.1 nm). The angle of incident X-ray 

to sample surface was 0.12° with a Huber diffractometer. The scattered profile from the film 

sample was detected using an area detector (PILATUS 300K) for 1 s at room temperature, and the 

distance between the sample and detector was 175.0 mm. The crystal coherence length (Lc) of 

samples was determined by using the Scherrer equation: Lc = 2πK/Δq, where K is a shape factor 

(typically 0.89) and Δq is the full width at half-maximum (FWHM) of the diffraction peak. Here, 

the Lc (100) was obtained from the FWHM of the (100) diffraction peak in the-plane (qxy) line cut. 

RESULTS AND DISCUSSION 

Optical Properties and Electronic Structure. The thin film absorption spectra of the donor 

polymer PM6 and the acceptor polymers PNDIS and PNDIBS are presented in Figure 1b. Two 

characteristics peaks at around 362 nm and 570 – 620 nm representing π-π* transition and 

intramolecular charge transfer (ICT) band, respectively, were observed in PM6 in agreement with 

prior reports.40, 48 PNDIS exhibits two peaks at about 348 and 618 nm and an absorption onset 

(λonset) at around 740 nm corresponding to an optical bandgap (Eg
opt) of 1.67 eV. PNDIBS has a 
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clearly red-shifted absorption with π-π*  and ICT peaks at 394 and 716 nm, respectively, and an 

λonset at 885 nm (Eg
opt = 1.40 eV). The red-shifted absorption of PNDIBS compared to PNDIS is 

due to the longer conjugation length as well as the effect of the stronger electron-donating nature 

of the biselenophene moiety on the ICT absorption band compared to the selenophene moiety in 

PNDIS. These thin film absorption spectra are in accord with previous reports.8, 12, 20, 49  

The thin film and solution absorption spectra in neat 2-MeTHF and CB:2-MeTHF co-solvents 

are shown in Figures 1b and S1b, respectively, since the CB:2-MeTHF co-solvents will also be 

used to fabricate all-PSC devices. We note that only the absorption profiles of PNDIS in the 

various co-solvents were collected and presented due to the limited solubility of PM6 and PNDIBS 

in 2-MeTHF. Although the thin film absorption spectra of PNDIS deposited from CB, 2-MeTHF, 

and CB:2-MeTHF were virtually similar (Figure 1b), their corresponding solution absorption 

spectra (Figure S1b) showed distinct bathochromic shifts. The ICT band and the λonset of PNDIS 

in 2-MeTHF as well as in CB:2-MeTHF were red-shifted by about 42 nm relative to those in CB. 

Given that the dielectric constant (ε) of 2-MeTHF (ε = 6.97) is larger than of CB (ε = 5.62), the 

observed bathochromic shift of the absorption of PNDIS with increasing solvent polarity reflects 

the greater charge separation and ICT character in the electronic ground state.50, 51 Alternatively, 

the solution absorption spectra indicate that 2-MeTHF is a theta solvent for PNDIS, which means 

PNDIS chains would prefer to stay in 2-MeTHF phase and are likely to undergo conformational 

changes to become less coiled,52, 53 and thereby increase the effective conjugated length. In this 

case, using a mixture of chlorobenzene and 2-methyltetrahydrofuran as co-solvents for device 

processing could enable independent tuning of the aggregation rates of PM6 and PNDIS. In 

particular, the PNDIS chains in the low boiling point solvent, 2-MeTHF (Tb = 80.2oC), undergo a 

quick film-forming kinetics to form relatively pure domains with smaller domain sizes due to the 
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fast evaporation rate of 2-MeTHF whereas the PM6 chains in the higher boiling point solvent, CB 

(Tb = 132oC), slowly aggregate to form its own domains. As a result, the aggregation rates of PM6 

and PNDIS can be independently tailored via their differential solubility in the CB:2-MeTHF co-

solvent and the differential boiling point of the solvents. Use of such a co-solvent system thus 

eliminates the need for processing additives in solution-based active layer fabrication.  

The LUMO and HOMO energy levels of the component polymers shown in Figure 1c were 

measured using cyclic voltammetry, and the resulting oxidation and reduction cyclic 

voltammograms are shown in Figure S2. The LUMO and HOMO energy levels of the donor 

polymer PM6 are found to be -3.48 eV and -5.48 eV, respectively, which are consistent with 

previous report.48 The LUMO energy levels of the acceptor polymers, PNDIS and PNDIBS, are 

essentially identical at -3.87 eV and -3.89 eV, respectively. The HOMO energy level of PNDIBS 

(HOMO = -5.94 eV) is higher lying than that of PNDIS (HOMO = -6.11 eV) mainly due to the 

stronger electron-donating nature of the biselenophene unit relative to the selenophene unit, which 

are also in good agreement with previous reports.8, 12 As Figure 1c suggests, the driving forces for 

exciton dissociation (ΔHOMO and ΔLUMO) are comparable between PM6:PNDIS blends and 

PM6:PNDIBS blends. 

Photovoltaic Properties. The photovoltaic properties of the binary PM6:PNDIS and 

PM6:PNDIBS blends were investigated by fabricating and characterizing all-PSCs with an 

inverted device architecture: ITO/ZnO/PEI/Blend/MoO3/Ag, where polyethyleneimine (PEI) is 

used as the cathode buffer layer.54 Thin film absorption spectra and the energy levels of the blend 

components (PM6, PNDIS, and PNDIBS) are shown in Figures 1b and 1c, respectively. The 

PM6:PNDIS and PM6:PNDIBS all-PSC devices were fully optimized by varying the donor : 

acceptor (D:A) ratio, choice of solvent additives, and thermal annealing at different temperatures 
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(Tables S2 and S3). The optimal processing conditions for the PM6:PNDIS blends included spin-

coating the chlorobenzene blend solution of 1:0.6 (wt:wt) D:A ratio with a mixture of solvent 

processing additives (0.25% (v/v) 1,8-octanedithiol (ODT) and 0.25% (v/v) 1,8-diiodooctane 

(DIO)) followed by thermal annealing at 110oC for 10 min in an Argon-filled glovebox. The 

PM6:PNDIBS blends were optimized separately by spin-coating the chlorobenzene blend solution 

of 1:0.4 (wt:wt) D:A ratio with 0.5% (v/v) diphenyl ether (DPE) solvent processing additive 

followed by thermal annealing at 110oC for 10 min in the glovebox.  The J-V curves and the EQE 

spectra of optimized PM6:PNDIS, PM6:PNDIBS all-PSC devices are presented in Figure 2, and 

the corresponding photovoltaic parameters are summarized in Table 1. The PBDB-T:PNDIS 

devices and PBDB-T:PNDIBS devices were fabricated at the exact same optimal processing 

conditions for the PM6:PNDIS devices and PM6:PNDIBS devices, respectively. The J-V curves 

and the EQE spectra of PBDB-T:PNDIS and PBDB-T:PNDIBS all-PSC devices are shown in 

Figure S3, and the photovoltaic parameters are summarized in Table S1.  

All-PSC devices fabricated from the PM6:PNDIS binary blend at 1:0.6 (wt:wt) D:A ratio had an 

average PCE of 7.55% with a Jsc of 11.89 mA/cm2, a Voc of 0.962 V, and a FF of 0.66 (Table S2). 

Through screening of processing additives, we found that addition of both 0.25% (v/v) of DIO and 

0.25% (v/v) of ODT to the chlorobenzene solvent resulted in significant enhancement in the 

photovoltaic parameters (Jsc, FF, and PCE)  (Table S2). The combination of 0.25% ODT and 

0.25% DIO as solvent additives was found to be more effective than using a single solvent additive 

mainly due to the suppressed aggregation and the optimal domain sizes as evidenced by the 

smoother surface of the blend films from AFM images (Figure S4a) and the increased spatial 

frequency from the power spectral density (Figure S4b). Although the Voc was unaffected by the 

solvent additives (Voc = 0.97 V), the Jsc improved from 11.89 mA/cm2 to 13.45 mA/cm2 while the 
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FF increased from 0.66 to 0.70. As a result, the optimized PM6:PNDIS all-PSC devices exhibited 

a maximum PCE of 9.07% (Table 1). This efficiency (9.1%) seen in PM6:PNDIS blends is the 

highest observed so far for this acceptor polymer in all-PSC devices.8, 20, 49 

Table 1. Photovoltaic Properties of Optimized PM6:PNDIS and PM6:PNDIBS. All Active Layers 

were Thermally Annealed at 110oc for 10 min.   

Blend 
Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

PCEave
(a) 

(%) 

Jsc
calc. 

(mA/cm2) 

Rsh  

(Ωcm2) 

Rs 

(Ωcm2) 

PM6:PNDIS 
13.45 

(13.14±0.13) 

0.967 

(0.960±0. 014) 

0.70 

(0.68±0. 02) 

9.07 

(8.63±0.36) 
13.25 

3546.1 

(2351.8±1053.8) 

6.96 

(8.53±1.14) 

PM6:PNDIBS 
6.72 

(6.32±0.18) 

0.925 

(0.927±0. 005) 

0.50 

(0.50±0. 01) 

3.11 

(2.93±0.08) 
6.52 

581.06 

(551.8±55.95) 

18.35 

(22.29±2.82) 

(a) Average of over 12 devices. 
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Figure 2. (a) J-V curves for the optimized PM6:PNDIS and PM6:PNDIBS devices processed from 

chlorobenzene. (b) EQE spectra for the optimized PM6:PNDIS and PM6:PNDIBS devices 

processed from chlorobenzene.  
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The similarly optimized PM6:PNDIBS blend devices have rather poor photovoltaic properties. 

The best performing PM6:PNDIBS blend devices had a PCE of 3.11% with a low Jsc of 6.72 

mA/cm2, a Voc of 0.925V, and an FF of 0.50 (Table 1). While the marginal drop in Voc is most 

likely due to the lower-lying LUMO energy level of PNDIBS compared to PNDIS (Figure 1c), the 

markedly inferior Jsc and FF can be attributed to the suboptimal morphology of the PM6:PNDIBS 

blends, which likely exaggerated charge recombination and inhibited efficient charge transport. 

Unlike the PM6:PNDIS blends, the use of solvent additives in the processing of PM6:PNDIBS 

blends led to only a marginal improvement in the photovoltaic properties (Table S3); for example, 

raising the PCE from 3.11% to 3.36-3.47% by using either 0.5% (v/v) DPE or DIO. This lack of 

effectiveness of processing additives suggests that the morphology of PM6:PNDIBS blends is 

trapped in a state inaccessible to fine-tuning by various optimization conditions.  

The photovoltaic properties of the PM6:PNDIS and PM6:PNDIBS devices are staggeringly 

different from those of the all-PSC devices fabricated from the non-fluorinated donor polymer, 

PBDB-T. For the sake of comparison, the PBDB-T:PNDIS and PBDB-T:PNDIBS devices were 

fabricated at the exact optimized conditions of the PM6:PNDIS and PM6:PNDIBS devices, 

respectively. The photovoltaic parameters are summarized in Table S1 whereas the J-V curves and 

the EQE spectra are shown in Figure S3. The PBDB-T:PNDIS devices exhibited an average Jsc of 

14.8 mA/cm2, an average Voc of 0.827 V, and an average FF of 0.61, leading to an average PCE of 

7.5%. The PBDB-T:PNDIBS all-PSCs showed comparable device performance relative to the 

PBDB-T:PNDIS devices. In particular, the Jsc and Voc were simultaneously enhanced (Jsc = 15.6 

mA/cm2, Voc = 0.85 V) while the FF was slightly reduced to 0.58; thus, the best performing PBDB-

T:PNDIBS had a PCE of 7.9%. We note that the photovoltaic parameters of PBDB-T:PNDIBS 

all-PSCs are slightly lower than our previous report12 due to the differences in processing 



 17 

conditions. Nevertheless, the observed substantial difference in the photovoltaic properties of the 

fluorinated donor polymer PM6 compared to PBDB-T in all-PSCs is fundamentally interesting. 

The remaining of the manuscript will address the underlying reasons that drive the deviations in 

the device performance of PM6:PNDIS and PM6:PNDIBS blends.  

We also explored an alternative simpler optimization strategy to the device fabrication process 

by using a co-solvent system consisting of chlorobenzene and 2-methyltetrahydrofuran at various 

ratios (Table S4). In addition, we used the CB:2-MeTHF solvent system to examine the effects of 

the active layer thickness on the photovoltaic properties of the PM6:PNDIS all-PSC devices. In 

terms of the overall photovoltaic performance, the CB:2-MeTHF co-solvent processed optimized 

PM6:PNDIS devices (Table 2) are quite comparable to those processed with the aid of processing 

additives (Table 1). The J-V curves for PM6:PNDIS devices processed from CB:2-MeTHF co-

solvents at various active layer thicknesses are presented in Figure 3a. All-PSC devices fabricated 

from the optimized CB:2-MeTHF co-solvents (Table S4) showed an average PCE of 8.41% with 

a high Jsc of 14.13 mA/cm2, a Voc of 0.963 V, and an FF of 0.62 (Table 2). The maximum PCE of 

8.71% (Jsc = 14.72 mA/cm2, Voc = 0.96 V, and FF = 0.61) obtained for a 200-nm active layer is 

quite comparable to the 9.07% achieved with processing additives. These results were achieved 

by utilizing the difference in solubility of the donor and the acceptor polymer in 2-MeTHF to 

independently tune the aggregation rates of PM6 and PNDIS in the blend, enabling the self-

organization of the polymer blends into optimal nanoscale morphology without using solvent 

additives. We conclude that that the PM6:PNDIS blend system is highly versatile, insensitive to 

processing methods, and is capable of  yielding highly efficient all-PSC devices.  

The dependencies of the photovoltaic parameters (Jsc, Voc, FF, and PCE) on the active layer 

thicknesses are shown in Figures 3c – 3f. The Voc is observed to be relatively constant at around 



 18 

0.96 – 0.97V across all thicknesses whereas the FF progressively decreases from 0.63 to 0.58 as 

the thickness increased from 100 to 300 nm. The photocurrent density reaches a maximum value 

of 14.72 mA/cm2 at 200 nm (Figure 3c). The maximum PCE peaks at 8.71% at 200 nm and 

decreases to 8.20% at 300 nm (Table 2 and Figure 3f). The minimal changes of the PCE of 

PM6:PNDIS all-PSC devices with the active layer thickness clearly indicate that this blend system 

is insensitive to both the processing methods and the film thicknesses, which are highly desirable 

for future commercial applications of all-PSCs. 
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Table 2. Photovoltaic Properties of Optimized PM6:PNDIS Devices Processed at the Optimized 

CB:2-MeTHF Co-solvents Without Using a Processing Solvent Additive at Various Active Layer 

Thicknesses. All Active Layers were Thermally Annealed at 110oC for 10 min.  

Blend 
Jsc 

(mA/cm2) 

Voc 

(V) 
FF 

PCEave
(a) 

(%) 

Jsc
calc. 

(mA/cm2) 

Rsh  

(Ωcm2) 

Rs 

(Ωcm2) 

100 

nm 

13.10 

(13.04±0.13) 

0.973 

(0.964±0.005) 

0.626 

(0.629±0.004) 

7.98 

(7.90±0.08) 
13.05 

1052.3 

(942.8±153.0) 

7.39 

(7.35±0.22) 

200 

nm 

14.72 

(14.13±0.77) 

0.964 

(0.963±0. 001) 

0.614 

(0.619±0.028) 

8.71 

(8.41±0.17) 
14.08 

997.0 

(878.5±77.7) 

8.97 

(9.82±0.78) 

250 

nm 

14.20 

(14.09±0.25) 

0.965 

(0.965±0. 001) 

0.592 

(0.591±0.004) 

8.11 

(8.04±0.10) 
13.96 

1046.0 

(1031.1±68.3) 

10.5 

(10.4±0.15) 

300 

nm 

14.60 

(14.12±0.23) 

0.972 

(0.965±0. 004) 

0.578 

(0.574±0.006) 

8.20 

(7.82±0.21) 
14.03 

919.5 

(840.2±77.1) 

11.6 

(11.4±0.33) 

(a) Average of 8 devices. 
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Figure 3. The optimized PM6:PNDIS devices processed from CB:2-MeTHF at various active 

layer thicknesses: (a) J-V curves; (b) EQE spectra; (c-f) Jsc, Voc, FF, and PCE as a function of the 

active layer thickness. 
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The effect of fluorination of the donor polymer on optical bandgap energy loss (Eloss = Eg
opt – 

eVoc) can be examined by considering the present results on PM6:PNDIBS and PM6:PNDIS in 

comparison to prior results on the non-fluorinated donor polymer PBDB-T.12 From the Eg
opt values 

for PM6:PNDIS (1.67 eV) and PM6:PNDIBS (1.40 eV) blends and the observed Voc values (Table 

2), we obtain Eloss values of 0.70 eV for PM6:PNDIS and 0.475 eV for PM6:PNDIBS all-PSCs. 

Although the fluorinated donor polymer leads to a slight reduction (0.14 eV) from the PBDB-T 

blend, the observed Eloss for PM6:PNDIS is still quite large.55, 56 The PNDIBS all-PSCs based on 

the non-fluorinated PBDB-T were found to combine Eloss of 0.55 eV with a moderate PCE of 7.9%. 

Thus, although fluorination results in the expected reduction in Eloss and enhancement of Voc in 

PM6:PNDIBS, there is simultaneously an unexpected dramatic reduction in the photovoltaic 

efficiency from 7.9% to 3.1%. The possible sources of this unexpected huge effect of fluorination 

of the donor polymer on the performance of all-PSCs include blend morphology, blend 

photophysics, and charge transport, which will be examined later.  

The EQE spectra of the optimized PM6:PNDIS and PM6:PNDIBS devices processed from CB 

as well as those processed from CB:2-MeTHF at various thicknesses are shown in Figure 2b and 

Figure 3b, respectively. The photo-response of PM6:PNDIS devices spanned from 740 nm to 300 

nm and rose to a maximum EQE of 82% in the 540 – 590 nm region (Figure 2b). Although it 

covers a much broader range from 300 nm to 840 nm, the EQE spectrum of the optimal 

PM6:PNDIBS devices showed much lower EQE values almost across the entire spectrum with a 

maximum of 37% in the 520 – 570 nm region (Figure 2b). The broad photo-response over the 

entire ranges 300 – 840 nm for PM6:PNDIBS and 300 – 740 nm for PM6:PNDIS blends indicates 

efficient photoinduced electron and hole transfer.57 In the case of PM6:PNDIS  devices processed 

from CB:2-MeTHF co-solvent at various active layer thicknesses (Figure 3b), they showed lower 
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maximum EQE values of around 72 – 75% at 540 – 550 nm compared to those processed from 

CB. However, CB:2-MeTHF processed devices exhibited flatter EQE responses over a broad 

range from 450 nm to 650 nm (Figure 3b) and thus resulted in a slightly higher Jsc as observed in 

Table 2. The variations of the EQE spectra at certain wavelengths with increasing active layer 

thickness have been observed in prior reports ranging from fullerene-based devices to all-polymer 

solar cells and non-fullerene organic solar cells;58-62 these variations can be rationalized by the 

inhomogeneous blend composition distribution in thicker films and optical interferences.63-65 The 

corresponding photocurrent obtained from integration of the EQE spectra for PM6:PNDIS and 

PM6:PNDIBS blends were 13.25 mA/cm2 and 6.52 mA/cm2, respectively, which matched well 

with the values obtained from the J-V measurement (Table 1) within 2-4% error. The calculated 

Jsc from the EQE spectra of PM6:PNDIS based devices fabricated from CB:2-MeTHF co-solvents 

at various thicknesses were similarly in good agreement with the J-V measurements. 

Charge Photogeneration and Charge Recombination. To elucidate the striking difference 

between the photovoltaic performance of PM6:PNDIS and PM6:PNDBS devices, the 

photoinduced charge generation rate and charge collection behavior of the optimized devices were 

characterized by measuring the photocurrent current (Jph = Jilluminated - Jdark) as a function of 

effective voltage (Veff = Vbias – Vapplied). As shown in Figure 4a, the optimized PM6:PNDIS devices 

exhibited a field-independent charge photogeneration rate beyond 0.5V, which is consistent with 

previously observed systems that have FF higher than 0.65.66-68 This result suggests that nearly all 

generated excitons effectively diffused to the donor/acceptor interface to form exciplexes69 and 

instantaneously dissociated into free charges that are collected at the two electrodes and thereby 

effectively suppressing geminate recombination.66 In contrast, the PM6:PNDIBS devices 

exhibited increasing photocurrent with increasing electric field, suggesting significant electron-
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hole pair recombination. As a result, the charge photogeneration rate of PM6:PNDIS (8.58 x 1027 

m-3s-1) was found to be 1.3-fold higher than that of PM6:PNDIBS (6.40 x 1027 m-3s-1). The charge 

collection probability (P(E,T)) at short-circuit condition was also calculated to be 99.1% and 

65.5% for PM6:PNDIS and PM6:PNDIBS, respectively. The superior and near unity P(E,T) 

observed in PM6:PNDIS devices suggest that almost all dissociated charges were collected at the 

two electrodes, which is in agreement with the high Jsc and FF.  

We also performed charge recombination analysis by characterizing the light-intensity 

dependence of Jsc and Voc. The relationship between Jsc and the incident light intensity (Plight) can 

be generally described as Jsc ∝ Plight
α, where α represents the degree of bimolecular 

recombination.66, 67 The value of α for the optimized PM6:PNDIBS blends (α = 0.95) deviated 

slightly from unity as shown in Figure 4b suggesting that some degree of bimolecular 

recombination can be expected in these devices. However, the optimized PM6:PNDIS devices 

exhibited an α value of 1.01 indicative of highly suppressed bimolecular recombination, which is 

in good accordance with the observed higher Jsc and FF. The relationship between Voc and Plight 

which can be generalized as 𝑉𝑜𝑐 ∝ 𝑠 × ln (𝑃𝑙𝑖𝑔ℎ𝑡). The proportional coefficient s usually varies 

between 1 and 2 representing either a dominating bimolecular recombination (s = 1kT/q) or a 

preferable trap-assisted recombination (s = 2kT/q).66 The data in Figure 4c show that PM6:PNDIS 

devices follow a trap-assisted recombination (s = 1.48 kT/q) whereas PM6:PNDIBS devices have 

a s of 1.21kT/q which suggests that bimolecular recombination governs its charge recombination 

kinetics.  
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Figure 4. (a) Jph-Veff curves, (b) Jsc dependency on incident light intensity , and (c) Voc dependency 

on incident light intensity for the optimized PM6:PNDIS and PM6:PNDIBS blend devices. All 

blends were processed under optimized conditions from chlorobenzene. 

Charge Transport Properties. We investigated the charge transport properties of PM6:PNDIS 

and PM6:PNDIBS blend films and neat films of the individual components by the space-charge 

limited current (SCLC) method. Single-carrier devices were fabricated in the following device 

architectures: ITO/PEDOT:PSS/Blend/MoO3/Ag for hole-only devices and 

ITO/ZnO/PEI/Blend/LiF/Al for electron-only devices. The resulting J-V curves were fitted to the 

Mott-Gurney equation to extract the charge carrier mobilities. The J-V curves and their fit lines for 

neat and blend films are shown in Figures S6 and S7, respectively, while the carrier mobilities are 

summarized in Table 3.  

The neat films of the donor polymer PM6 showed a relatively high hole mobility (µh) of  1.2 x 

10-4 cm2/Vs, which is in agreement with prior reports.21, 40, 41 The electron mobility (µe) of neat 

films of PNDIS and PNDIBS was found to be 1.24 x 10-4 cm2/Vs and 2.13 x 10-4 cm2/Vs, 

respectively, which are also in agreement with reported values.8, 12, 20, 49 The slightly higher 

electron mobility in neat PNDIBS films can be explained by its higher crystallinity compared to 

PNDIS as evidenced by GIWAXS and AFM results to be discussed below. In PM6:PNDIBS blend 

films, µh and µe were 1.98 x 10-4 cm2/Vs and 7.28 x 10-5 cm2/Vs, respectively. Compared to the 

PM6:PNDIBS blends, the hole mobility of the PM6:PNDIS blends increased by 1.6-fold to 3.25 x 

10-4 cm2/Vs; however, the electron mobility was lowered to 1.89 x 10-5 cm2/Vs. The asymmetric 

charge transport observed in PM6:PNDIS indicated that further optimization to improve the device 

performance is feasible.  
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Effects of the co-solvent processing on the bulk charge carrier mobilities of PM6:PNDIS blends 

were also examined. The µh was found to increase from 3.25 x 10-4 cm2/Vs when processed from 

CB to 4.11 x 10-4 cm2/Vs when processed from the CB:2-MeTHF co-solvents. Similarly, the bulk 

µe for blends processed from CB:2-MeTHF was significantly increased by almost an order of 

magnitude to 1.36 x 10-4 cm2/Vs. As explained earlier, the solubility differences of the blend 

components in the co-solvent system (CB:2-MeTHF) and the boiling point differences of the two 

solvents enable independent tuning of the aggregation rates and thereby, higher domain purity can 

be achieved as evidenced by the increased surface roughness observed in AFM images (Figure 

S5). Thus, the observed higher hole and electron mobilities for blends processed from the CB:2-

MeTHF co-solvent can be rationalized by the optimal blend morphology featuring higher domain 

purity and optimal domain sizes, which is consistent to previous study demonstrating enhanced 

charge carrier mobility for blends processed from 2-MeTHF.70 Furthermore, the observed higher 

hole and electron mobilities for blends processed via the CB:2-MeTHF co-solvent technique are 

in good agreement with the efficient photovoltaic device performance even for thick film active 

layers.  

Table 3. SCLC Mobilities of Neat Films of PM6, PNDIS, and PNDIBS and Blend Films of 

PM6:PNDIS and PM6:PNDIBS. All Active Layers were Processed at Optimal Conditions.  

Neat or Blend Films µe (cm2/Vs) µh (cm2/Vs) µh / µe 

PM6 - 1.20 x 10-4 - 

PNDIS 1.24 x 10-4 - - 

PNDIBS 2.13 x 10-4 - - 

PM6:PNDIS (CB) 1.89 x 10-5 3.25 x 10-4 17.2 

PM6:PNDIBS (CB) 7.28 x 10-5 1.98 x 10-4 2.72 
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PM6:PNDIS (CB:2-MeTHF) 1.36 x 10-4 4.11 x 10-4 3.03 

 

Vertical Phase Stratification. Interestingly, we found that the electron mobility of PM6:PNDIS 

blends varied by orders of magnitude depending on the direction of bias voltage. As shown in 

Figure 5a, the PM6:PNDIS electron-only devices exhibited asymmetric J-V behavior under 

positive and negative bias, which was not observed in the PM6:PNDIBS devices (Figures 5b and 

5d). Observation of such asymmetric electron injection behavior has previously been attributed to 

the vertical phase stratification of the active layer.71 In the present case, vertical phase segregation 

in the blend means that PNDIS was buried near the ZnO/PEI interface and PM6 accumulated near 

the top surfaces, and thus, forming a significant energetic barrier at the Al electrode and inhibiting 

electron injection into the active layer (Figure 5c).71 

Additional characterizations using time-of-flight secondary ion mass spectroscopy (TOF-SIMs) 

and contact angle measurements further confirmed a greater degree of vertical phase separation in 

the PM6:PNDIS blends. Figure 6 shows the vertical composition distribution of F- and CN-, which 

are representative of the donor polymer (PM6) and the acceptor polymers (PNDIS and PNDIBS), 

respectively, from the top air surface to the bottom ZnO/PEI interface. The profile of CN- in the 

PM6:PNDIS blends clearly showed a gradient with increasing concentration towards the ZnO/PEI 

interface (Figure 6a), whereas the concentration of CN- in the PM6:PNDIBS blends remained 

constant across the active layer thickness (Figure 6b). Moreover, the profile of F- in the 

PM6:PNDIS blends exhibited a sharp decline as t/tactive layer approached unity (Figure 6a), which 

indicated that the donor polymer PM6 was depleted at the cathode interface. On the other hand, as 

shown in Figure 6b, the concentration of F- in the PM6:PNDIBS blends stayed nearly unchanged 

throughout the active layer thickness. These results strongly suggest that a greater degree of 

vertical phase separation exists in the PM6:PNDIS blends, where the acceptor polymer 
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concentration gradually increases and accumulates at the cathode interface. This result is in 

agreement with the asymmetric J-V behavior under different voltage bias direction.  

The surface energy of the donor polymer and the acceptor polymers and the Flory-Huggins 

interaction parameters of the respective blends were investigated and are summarized in Table S5 

via contact angle measurements on their neat films with diiodomethane and water as the wetting 

liquids shown in Figure S8. As summarized in Table S5, the surface energy (γ) of the donor 

polymer PM6 was found to be 37.05 mN/m which is comparable to that of PNDIBS (γ = 37.46 

mN/m), suggesting a homogenous blend distribution across the active layer thickness in very good 

agreement with the J-V behaviors and the TOF-SIMs analysis. The estimated Flory-Huggins 

interaction parameter was also calculated based on the empirical equation 𝜒𝑑𝑜𝑛𝑜𝑟,𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟 =

𝐾(√𝛾𝑑𝑜𝑛𝑜𝑟 − √𝛾𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟)
2
, where K is a constant. A small χdonor, acceptor value means a highly 

miscible blends while a large χdonor, acceptor value suggests phase separation in blend films.27  The 

χdonor, acceptor value for the PM6:PNDIBS blends was found to be extremely low at 0.00113K (Table 

S5) suggesting excessively miscible blends, which would be detrimental to domain purity. As a 

result, the PM6:PNDIBS devices suffered from poor charge photogeneration and significant 

charge recombination. On the other hand, the higher surface energy of PNDIS (γ = 39.08 mN/m) 

(Table S5) compared to PM6 indicated that the donor polymer PM6 would migrate towards the air 

interface while the acceptor polymer PNDIS would be preferentially buried at the bottom 

interface.72 The χdonor, acceptor value of the PM6:PNDIS blends increased over 20-fold compared to 

that of the PM6:PNDIBS blends, suggesting that optimal blend miscibility was achieved and 

thereby, enhancing the domain purity. The results of these characterization techniques collectively 

show that there is a greater degree of vertical phase separation and better domain purity in the 

PM6:PNDIS blends, which is beneficial for charge extraction and suppression of bimolecular 
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charge recombination. This result is in excellent agreement with the near unity charge collection 

probability and the negligible charge recombination, leading to the observed higher Jsc and FF in 

the PM6:PNDIS all-PSCs.71, 73, 74 

Figure 5. (a) J-V curves for electron-only SCLC PM6:PNDIS devices under positive and negative 

bias. (b) J-V curves for electron-only SCLC PM6:PNDIBS devices under positive and negative 

bias. (c) Schematics for electron injection in PM6:PNDIS devices under positive and negative bias. 

(d) Schematics for electron injection in PM6:PNDIBS devices under positive and negative bias. 

All blends were processed under optimized conditions from chlorobenzene.  
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Figure 6. (a) TOF-SIM profiles of F- and CN- for PM6:PNDIS devices across the active layer 

thickness. (b) TOF-SIM profiles of  F- and CN- for PM6:PNDIBS devices across the active layer 

thickness. All blends were processed under the optimized conditions from chlorobenzene. 
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Figure 7. AFM height (a, b) and phase (c, d) images (2 μm x 2 μm) of the surfaces of PM6:PNDIS 

(a, c) and PM6:PNDIBS (b, d) blend films processed from optimized conditions in chlorobenzene. 

The scale bars are 500 nm.  

Surface and Bulk Morphology. The surface morphology of neat and blend films was investigated 

by atomic force microscopy (AFM) imaging (Figures 7 and S9). Although neat films of both of 

the acceptors showed relatively smooth surfaces (Rq ~ 1.1 nm), neat films  of PNDIS showed a 

rather amorphous surface with no distinct features while neat films of PNDIBS exhibited 

homogenous fibrillar structures indicative of the highly crystalline nature of this polymer (Figure 

S9).12 Despite the clear differences in the surface morphology of neat PNDIS and PNDIBS films, 

their blend films (PM6:PNDIS and PM6:PNDIBS) showed similar morphology with distinctive 

needle-like features with comparable surface roughness (Rq ~ 2 nm) and domain size (~ 22 – 25 

nm) (Figure 7).  

To gain more insights into the bulk morphology of the blend films, 2D-grazing incident wide-

angle X-ray scattering (2D-GIWAXS) measurements were carried out on both the neat films and 

blend films. The 2D-GIWAXS images and the corresponding line cuts for the neat donor and 

acceptor films are presented in Figure S10, while those of the blend films are shown in Figure 8. 

The peak positions as well as the d-spacings for both the neat and blend films are summarized in 

Table S6. The neat films of donor polymer PM6 exhibit distinct (100) diffraction peaks in both the 

in-plane (IP) and the out-of-plane (OOP) directions at around 0.30 Å−1 and 0.33 Å−1 (Figures S10d 

and S10e), which corresponds to a d-spacing of 19.04 – 20.94 Å, respectively (Table S6). The 

(010) peaks were also present in both IP and OOP directions of neat PM6 films, centering at 1.68 

– 1.71 Å−1 (Figure S10d and S10e) with a d-spacing of 3.67 – 3.74 Å. The pronounced (100) and 

(010) diffraction peaks in both the IP and the OOP directions indicate the coexistence of both face-
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on and edge-on molecular orientations in neat PM6 films, which is consistent with previous 

reports.40  

Figure 8. 2D-GIWAXS patterns of (a) PM6:PNDIS blend film and PM6:PNDIBS blend film. (b) 

In-plane (IP) and out-of-plane (OOP) line-cuts GIWAXS patterns for PM6:PNDIS and 

PM6:PNDIBS blend films. 

Neat films of PNDIS and PNDIBS had intense (100) diffraction peaks in the IP direction at qxy 

of 0.29 and 0.26 Å−1, respectively, corresponding to d-spacings of 21.67 Å and 24.17 Å (Table 

S6). The larger lamellar distance observed in neat PNDIBS films can be attributed to its longer 2-

octyldodecyl side chains relative to the 2-hexyldecyl side chains in PNDIS. These lamellar packing 
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distances in both PNDIS and PNDIBS are significantly shorter than expected from their alkyl chain 

lengths, clearly indicating interdigitation of the alkyl side chains between adjacent polymer 

backbones.75 Higher order reflections of the lamellar packings were also present in the neat 

acceptor polymer films as evidenced by the (200) peaks in the IP direction (Figure S10b). 

Pronounced (010) peaks in the OOP direction were also observed in both PNDIS and PNDIBS 

neat films  (qz = 1.57 – 1.58 Å−1) with a π- π stacking distance of 3.98 – 4.00 Å (Table S6). 

Compared to PNDIS, PNDIBS exhibited slightly broader and more intense (100) and (010) peaks 

in the IP and OOP directions, respectively. While PNDIBS had a rather weak (100) peak in the 

OOP direction, PNDIS exhibited a more pronounced (100) diffraction peak at 0.29 Å−1. These 

observations collectively suggested that PNDIBS predominantly adopted face-on molecular 

orientation while PNDIS exhibited mixed face-on and edge-on populations.  

In the blend films, the (100) peaks in the OOP direction, which mainly originated from the PM6 

donor polymer, became sharper, more intense, and shifted to a lower qz value (qz = 0.31 – 0.32 

Å−1)  that lied between the qz values of the donor and the acceptor polymers (Table S6); thereby 

suggesting well-mixed blends. Pronounced (100) diffraction peaks in the IP direction were also 

observed (qxy = 0.29 Å−1) in both PM6:PDNIS and PM6:PNDIBS blends. Moreover, the lamellar 

face-on (200) ordering peaks were preserved in PM6:PNDIS blend but disappeared in 

PM6:PNDIBS blend (Figure 8b). The crystal coherence length (Lc) calculated using Scherrer 

equation was found to be 10.5 nm and 8.1 nm for PM6:PNDIS and PM6:PNDIBS blends, 

respectively. The higher Lc values and the presence of highly ordered lamellar peaks observed in 

PM6:PDNIS blends indicated that PNDIS retained its crystallinity upon blending with the donor 

polymer PM6 while the crystallinity of PNDIBS decreased in blend films. Moreover, the Lc of 

PM6:PNDIS blends (10.5 nm) is comparable to the typical exciton diffusion length76, 77 enabling 
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highly efficient exciton diffusion and charge photogeneration as explained earlier. Compared to 

the neat acceptor polymer films, the (010) peaks in the OOP direction shifted to higher qz values 

of 1.69 Å−1 for PM6:PNDIBS blends and 1.71 Å−1 for PM6:PNDIS blends. The observation of 

sharp and intense (100) and (010) peaks in the IP and OOP directions, respectively, in the 

PM6:PNDIS blends clearly show that the polymer chains exhibit preferential face-on molecular 

orientation in the blends, which is favorable for charge transport across the electrical contacts. 

CONCLUSIONS 

We have investigated how a fluorinated donor polymer (PM6) influences the photovoltaic 

properties, blend morphology, and blend photophysics of all-PSCs based on NDI-arylene 

copolymer acceptors. We found that pairing of PM6 respectively with PNDIS and PNDIBS led to 

dramatically different photovoltaic, blend morphology, and blend photophysics results. 

PM6:PNDIS all-PSCs combined the expected enhancement in Voc (0.967 V) with high fill factor 

(0.70) to enable 9.1% PCE due to the vertical phase stratification and predominant face-on 

molecular orientations in the blend nanomorphology. In addition, the blend photophysics of 

PM6:PNDIS featured high charge photogeneration rate, strongly suppressed geminate and 

bimolecular recombinations, and near unity charge collection probability. However, despite a 

favorable low optical bandgap energy loss (0.475 eV) and enhanced Voc (0.925 V) in 

PM6:PNDIBS all-PSCs, compared to similar blends of the non-fluorinated PBDB-T, they showed 

poor performance (3.1% PCE) that originated from bulk phase separation with both face-on and 

edge-on molecular orientations, poor charge collection probability (66%) and high electron-hole 

recombination rate. These results show that in addition to the expected enhancement of Voc, a 

fluorinated polymer in all-PSCs can also dramatically influence the blend morphology and blend 

photophysics with consequent negative or positive impact on the photovoltaic performance. The 
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results also demonstrate that PM6:PNDIS all-PSCs are promising efficient devices that are robust 

to various processing methods and to active layer thicknesses of up to 300 nm. 
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