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Materials and methods 
 
Materials: All compounds and solvents were purchased from Sigma-Aldrich unless 
indicated otherwise. Ag evaporation slugs, Mo and W evaporation boats were purchased 
from R.D. Mathis. 
 
Cyclic Voltammetry (CV): All electrochemical measurements were performed using a CH 
Instruments potentiostat in a standard three-electrode configuration equipped with a 
silver wire pseudo-reference, platinum wire counter electrode and glassy carbon working 
electrode. The cyclic voltammetry experiments were performed in an anhydrous solution 
of dichloromethane (CH2Cl2) with ~ 0.1 M tetrabutylammoniumhexafluorophosphate 
(TBAPF6) supporting electrolyte. Samples were scanned at a rate of 100 mV/s following a 
dry N2 purge to deoxygenate the solution. Solution CV measurements were carried out 
with a sample concentration of ~ 0.5 mg/mL in CH2Cl2. Estimations of the energy levels 
were obtained by correlating the onset (Eox Fc/Fc+, Ered Fc/Fc+) to the normal hydrogen 
electrode (NHE), assuming an ionization potential of 4.80 eV for Fc/Fc+.1 
 
E(Ionization Potential) = - (Eox+4.80), E(Electron Affinity) = - (Ered+4.80) 
 
UV-Visible Spectroscopy (UV-vis): All absorption measurements were recorded using an 
Agilent Technologies Cary 60 UV-vis spectrometer at room temperature. All solution UV-
vis experiments were run in chloroform (CHCl3) using 2 mm quartz cuvettes and diluted 1 
wt/v% solutions. Thin-films were prepared by spin-coating 1 wt/v% solutions from CHCl3 
onto Corning glass micro slides. Prior to use, glass slides were cleaned with soap and 
water, acetone and isopropanol, and followed by UV/ozone treatment using a Novascan 
UV/ozone cleaning system.  
 
Power Conversion Efficiency (PCE) and External Quantum Efficiency (EQE): The current 
density-voltage (J-V) curves were measured by a Keithley 2420 source measure unit. The 
photocurrent was measured under AM 1.5 illumination at 100mW/cm2 under a Solar 
Simulator (Newport 92251A-1000). The standard silicon solar cell (Newport 91150V) was 
used to calibrate light intensity. EQE was measured in a QEX7 Solar Cell Spectral 
Response/QE/IPCE Measurement System (PV Measurement, Model QEX7, USA) with an 
optical lens to focus the light into an area about 0.04cm2, smaller than the dot cell. The 
silicon photodiode was used to calibration of the EQE measurement system in the 
wavelength range from 300 to 1100 nm. 
 
Atomic Force Microscopy (AFM): AFM measurements were performed by using a TT2-
AFM (AFM Workshop) in tapping mode and WSxM software with an 0.01-0.025 Ohm/cm 
Sb (n) doped Si probe with a reflective back side aluminum coating. Samples for AFM 
measurement were the same ones that were used to collect the respective device 
parameters and EQE profiles. 
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Synthesis 
 
Materials Synthesis: Small molecule acceptor PDI-DPP-PDI was synthesized according to 
our previously reported literature procedure.2 P3HT was provided by Brilliant Matters and 
PCDTBT was provided by the research group of Mario Leclerc. PDTT-BOBT was provided 
by the research group of Jong-Cheol Lee and synthesized according to their published 
procedure.3 
 

 
Electrochemical properties 
 

 
Figure S1. Cyclic voltammogram of PDI-DPP-PDI (left) with ferrocene reference (right). 

 

 
Figure S2. Cyclic voltammogram of PDTT-BOBT (left) with ferrocene reference (right). 
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Figure S3. Cyclic voltammogram of PCDTBT (left) with ferrocene reference (right). 

 

 
Figure S4. Cyclic voltammogram of P3HT (left) with ferrocene reference (right). 
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Active Layer Processing 
 

To investigate the use of solvent vapour annealing as a post-deposition processing 
technique glass substrates were cleaned by sequentially ultra-sonicating detergent and 
de-ionized water, acetone and isopropanol followed by exposure to UV/ozone for 15 
minutes. Thin-films of PX:PDI-DPP-PDI (X= P3HT, PCDTBT, PDTT-BOBT) in a 40:60 blend 
ratio were cast at 1500 rpm for 60s from a 1 wt/v% solution in chloroform.  

The as-cast devices were subject to solvent vapour annealing by containing a 
raised as-cast substrate within a screw cap glass jar with 0.5 mL of CHCl3 as the solvent in 
the bottom of the jar. Substrates were left exposed to the solvent vapour for two-minute 
intervals until no significant changes in the absorption profile were observed by UV-vis 
spectroscopy. We recognized that uninterrupted solvent vapour annealing exposure led 
to a more rapid change in the UV-vis profile than the two-minute interval screening and 
therefore the optimal solvent vapour annealing time was determined based on the time 
interval two minutes before the UV-vis profile did not significantly change. 
 

 
Figure S5. Optical absorption profiles for P3HT:PDI-DPP-PDI to screen solvent vapour 
annealing times. Suggested optimal time for screening: 4 minutes. 
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Figure S6. Optical absorption profiles for PCDTBT:PDI-DPP-PDI to screen solvent vapour 
annealing times. Suggested optimal time for screening: 8 minutes. 
 

 
Figure S7. Optical absorption profiles for PDTT-BOBT:PDI-DPP-PDI to screen solvent 
vapour annealing times. Suggested optimal time for screening: 4 minutes. 
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Device Fabrication 

 
Devices were fabricated using ITO-coated glass substrates cleaned by sequentially 

ultra-sonicating detergent and de-ionized water, [NaOH] and de-ionized water, acetone 
and isopropanol followed by exposure to UV/ozone for 30 minutes. 

ZnO was deposited as a sol-gel precursor solution in air following the method of 
Sun et al.4 The room temperature solution was filtered and spin-cast at a speed of 4000 
rpm for 60 seconds and then annealed at 200 °C in air for 15 minutes. 

Active layer solutions of P3HT or PCDTBT or PDTT-BOBT and PDI-DPP-PDI or 
PC61BM were prepared in air with a total concentration 10 mg/mL in chloroform unless 
indicated otherwise. Individual solutions were stirred overnight at room temperature. 
Where indicated, active layer materials were combined in varying ratios without filtration 
of the individual solutions and cast at room temperature in air at a speed of 1500 rpm for 
60 seconds. 

Post-deposition solvent vapour annealing where indicated was carried out by 
containing a raised as-cast substrate within a screw cap glass jar with 0.5 mL of CHCl3 as 
the solvent in the bottom of the jar. Substrates were left exposed to the solvent vapour 
for a pre-determined time. 

The substrates were then transferred to an N2 atmosphere glovebox overnight 
before evaporating MoO3 and Ag the following day. In a bell jar, 10 nm of MoO3 followed 
by 100 nm of Ag were thermally deposited under vacuum (1x10-6 Torr). The active areas 
of resulting devices were 0.09 cm2 unless indicated otherwise. Completed devices were 
then tested in air using a Newport 92251A-1000 AM 1.5 solar simulator which had been 
calibrated using a standard silicon solar cell (Newport 91150V) to obtain an irradiance 
level of 1000 W/m2. 
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Device screening 
 

 
Figure S8. Current voltage curves for P3HT:PDI-DPP-PDI as-cast and 4 minute solvent 
vapour annealing with chloroform. 
 

 
Figure S9. Optical absorption profiles (left) and EQE profiles (right) for P3HT:PDI-DPP-PDI 
as-cast and 4 minute solvent vapour annealing with chloroform. 
 
Table S1. Device statistics for P3HT:PDI-DPP-PDI screening. 
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Figure S10. Current voltage curves for PCDTBT:PDI-DPP-PDI as-cast and 4 minute solvent 
vapour annealing with chloroform. 
 

 
Figure S11. Optical absorption profiles (left) and EQE profiles (right) for PCDTBT:PDI-DPP-
PDI as-cast and 4 minute solvent vapour annealing with chloroform. 
 
Table S2. Device statistics for PCDTBT:PDI-DPP-PDI screening. 
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Figure S12. Current voltage curves for PDTT-BOBT:PDI-DPP-PDI as-cast and 4 minute 
solvent vapour annealing with chloroform. 
 

 
Figure S13. Optical absorption profiles (left) and EQE profiles (right) for PDTT-BOBT:PDI-
DPP-PDI as-cast and 4 minute solvent vapour annealing with chloroform. 
 
Table S3. Device statistics for PDTT-BOBT:PDI-DPP-PDI screening. 
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Device optimization 

 
 
Figure S14. Current voltage curves for PDTT-BOBT:PDI-DPP-PDI (40:60) optimization of 
solution concentration upon solvent vapour annealing with chloroform for 4 minutes. 
 
Table S4. Device statistics for PDTT-BOBT:PDI-DPP-PDI concentration optimization. 

 
 
 

 
Figure S15. Optical absorption profiles for varying concentrations as-cast (left) and 4 
minute solvent vapour annealed (right). 
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Figure S16. Current voltage curves for PDTT-BOBT:PDI-DPP-PDI optimization of as-cast 
active layer ratios. 
 
Table S5. Device statistics for PDTT-BOBT:PDI-DPP-PDI as-cast ratio optimization. 
 

 
 

 
Figure S17. Optical absorption profiles (left) and external quantum efficiencies (right) for 
varying as-cast ratios. 
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Figure S18. Current voltage curves for PDTT-BOBT:PDI-DPP-PDI optimization of 4 minute 
solvent vapour annealed active layer ratios. 
 
Table S6. Device statistics for PDTT-BOBT:PDI-DPP-PDI 4 minute solvent vapour annealed 
ratio optimization. 

 
 

 
Figure S19. Optical absorption profiles (left) and external quantum efficiencies (right) for 
4 minute solvent vapour annealed ratios. 
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0.99 7.83 43.36 3.35 0.98 7.48 42.11 3.07

Ratio Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

50/50 0.9893 8.9182 43.9447 3.8770

50/50 0.9885 7.9472 45.2703 3.5565

50/50 0.9924 9.0329 44.5496 3.9935
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Figure S20. Current voltage curves for PDTT-BOBT:PDI-DPP-PDI optimization of solvent 
vapour annealing time. 
 
Table S7. Device statistics for PDTT-BOBT:PDI-DPP-PDI solvent vapour annealing time 
optimization. 
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SVA time Voc (V) Jsc (mAcm-2) FF (%) PCE (%) SVA time Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

As-cast 1.0305 4.7000 35.0188 1.6960 8 min 0.980054 6.2043 43.9815 2.6743

As-cast 1.0151 4.4829 35.6468 1.6222 8 min 0.9810 7.0040 43.0570 2.9585

As-cast 1.0221 4.7098 33.4419 1.6098 8 min 0.9913 6.9986 44.3997 3.0805

As-cast 1.0187 4.6322 33.9017 1.5998 8 min 0.9759 6.1310 43.4825 2.6017

1.02 4.63 34.50 1.63 0.98 6.58 43.73 2.83

SVA time Voc (V) Jsc (mAcm-2) FF (%) PCE (%) SVA time Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

2 min 0.9914 8.4383 45.0551 3.7693 10 min 0.9812 5.3126 40.9750 2.1360

2 min 0.9996 8.5338 45.1022 3.8474 10 min 0.9868 6.0473 41.3064 2.4650

2 min 0.9881 8.5832 42.5332 3.6073 10 min 0.9954 5.5738 43.2779 2.4010

2 min 0.9912 8.4812 44.0632 3.7044 10 min 0.9880 6.1082 41.1083 2.4808

0.99 8.51 44.19 3.73 0.99 5.76 41.67 2.37

SVA time Voc (V) Jsc (mAcm-2) FF (%) PCE (%) SVA time Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

4 min 0.9946 9.1318 43.7196 3.9707 12 min 0.9983 5.8707 40.4327 2.3696

4 min 0.9975 8.9313 45.7378 4.0748 12 min 0.9900 5.4648 40.7199 2.2031

4 min 0.9916 9.1309 43.6771 3.9547 12 min 0.9944 5.8665 39.7573 2.3192

4 min 1.0028 9.0826 45.5793 4.1515 12 min 0.9847 5.2994 40.2751 2.1017

1.00 9.07 44.68 4.04 0.99 5.63 40.30 2.25

SVA time Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

6 min 0.9800 7.5873 43.7829 3.2555

6 min 0.9929 8.0028 45.1120 3.5845

6 min 0.9823 7.7177 43.4511 3.2941

6 min 0.9986 8.1026 44.9001 3.6330

0.99 7.85 44.31 3.44
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Figure S21. Optical absorption profiles (left) external quantum efficiencies (right) for 
solvent vapour annealing time. 

 

 
Figure S22. AFM images for solvent vapour annealing time optimization. 
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Figure S23. Current voltage curves for PDTT-BOBT:PDI-DPP-PDI optimization of device 
size. 
 
Table S8. Device statistics for PDTT-BOBT:PDI-DPP-PDI device size optimization. 
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Voltage (V)

0.03 cm2

0.05 cm2

0.09 cm2

0.10 cm2

0.20 cm2

0.28 cm2

0.36 cm2

Device Size Voc (V) Jsc (mAcm-2) FF (%) PCE (%) Device Size Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

0.03 cm2 1.0066 8.4351 44.6788 3.7938 0.10 cm2 1.0025 7.2040 45.2296 3.2665

0.03 cm2 1.0010 7.7522 45.1306 3.5022 0.10 cm2 0.9980 7.2769 44.8873 3.2597

0.03 cm2 0.9997 7.9933 44.8326 3.5826 1.00 7.24 45.06 3.26

0.03 cm2 1.0076 8.3503 44.9422 3.7813

1.00 8.13 44.90 3.66 Device Size Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

0.20 cm2 1.0016 7.5947 45.0781 3.4291

Device Size Voc (V) Jsc (mAcm-2) FF (%) PCE (%) 0.20 cm2 1.0000 7.3386 45.1426 3.3128

0.05 cm2 0.9997 8.2852 44.9271 3.7212 1.00 7.47 45.11 3.37

0.05 cm2 1.0014 9.0421 44.3718 4.0179

0.05 cm2 1.0032 9.2411 44.8447 4.1575 Device Size Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

0.05 cm2 1.0026 8.6569 44.6916 3.8789 0.28 cm2 1.0053 7.4500 46.1658 3.4575

0.05 cm2 0.9948 8.7498 43.2284 3.7627 0.28 cm2 0.9973 7.6634 43.9780 3.3610

0.05 cm2 0.9943 9.0254 43.7668 3.9276 0.28 cm2 0.9965 7.2637 44.3312 3.2089

0.05 cm2 0.9961 9.0246 43.9616 3.9519 1.00 7.46 44.82 3.34

1.00 8.86 44.26 3.92

Device Size Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

Device Size Voc (V) Jsc (mAcm-2) FF (%) PCE (%) 0.36 cm2 1.0044 7.2511 45.8913 3.3423

0.09 cm2 0.9892 8.8941 44.1323 3.8829 0.36 cm2 1.0019 7.1621 45.5944 3.2718

0.09 cm2 0.9926 9.2197 43.3003 3.9625 1.00 7.21 45.74 3.31

0.09 cm2 0.9916 9.2109 42.6365 3.8943

0.99 9.11 43.36 3.91
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Table S9. Device statistics for PDTT-BOBT:PDI-DPP-PDI  
devices in final optimized screening. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Processing Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

As-cast 1.0294 5.3697 34.8453 1.9261

As-cast 1.0258 4.8641 34.1100 1.7019

As-cast 1.0229 4.8362 34.2848 1.6960

As-cast 1.0276 5.4073 34.4377 1.9136

1.03 5.12 34.42 1.81

Processing Voc (V) Jsc (mAcm-2) FF (%) PCE (%)

SVA 4 min 0.9906 9.8910 45.6477 4.4728

SVA 4 min 0.9880 9.1990 45.4850 4.1341

SVA 4 min 0.9901 9.5116 43.5553 4.1018

SVA 4 min 0.9980 9.9120 44.5890 4.4110

0.99 9.63 44.82 4.28



19 

 

Control Devices 

 
Figure S24. Current voltage curves for PTB7-Th:PDI-DPP-PDI control devices. 
 

 
Figure S25. Optical absorption profiles (left) external quantum efficiencies (right) for 
PTB7-Th:PDI-DPP-PDI. 
 
Table S10. Device statistics for PTB7-Th:PDI-DPP-PDI control devices. 
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Best in Literature 0.98 11.32 50.1 5.6
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Figure S26. Current voltage curves for PDTT-BOBT:PC61BM control devices. 

 

 
Figure S27. Optical absorption profiles (left) external quantum efficiencies (right) for 
PDTT-BOBT:PC61BM. 
 
Table S11. Device statistics for PDTT-BOBT:PC61BM control devices. 
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Device Stability 
 
Thermal Stability – The thermal stability of PDTT-BOBT:PDI-DPP-PDI was measured by 
heating a device at 80 °C in air for 60 minutes. At 10, 20, 40 and 60 minute intervals the 
device performance was measured once the device had reached room temperature. The 
EQE profiles were obtained from the initial device and at the end of the thermal 
experiments. 

 
Figure S28. Current voltage curves for PDTT-BOBT:PC61BM control devices (left) and 

EQE profiles (right). 
 
Table S12. Device statistics for PDTT-BOBT:PC61BM thermal stability measurements. 
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Air/Light Stability – The air and light stability of PDTT-BOBT:PDI-DPP-PDI was measured 
from three different devices. One device was left in air with no light exposure, a second 
was left in air under ambient light and a third was left in air in direct sunlight. Device 
performance, absorption profiles and EQE profiles were measured 14 days after exposure 
to these various conditions. 

 

 
Figure S29. Current voltage curves for PDTT-BOBT:PDI-DPP-PDI air/light stability devices 
(top) and their respective external quantum efficiencies (bottom). 

 
Table S13. Device results for PDTT-BOBT:PDTT-BOBT  
air/light stability measurements. 
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Figure S30. Optical absorption profiles of PDTT-BOBT:PDI-DPP-PDI under air/light 
stability conditions with and without UV-light protection. 
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Figure S30. Current voltage curves for PDTT-BOBT:PC61BM air/light stability devices 
(left) and their respective external quantum efficiencies (right). 
 
Table S13. Device results for PDTT-BOBT:PC61BM 
air/light stability measurements. 

 
 

 

 
Figure S32. Optical absorption profiles of PDTT-BOBT:PC61BM under air/light stability 
conditions. 
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Active layer thickness 
 
The active layer thickness was measured by atomic force microscopy. A thin-film of PDTT-
BOBT:PDI-DPP-PDI cast on an ITO/glass substrate was cut down to the substrate with a 
scalpel and it scanned at 50X50 mm, then the thickness of the film was measured by 
measuring the profile left from the scalpel using Gwyddion software program.  

 
 

 
 
Figure S33. Plot measuring the active layer thickness of PDTT-BOBT:PDI-DPP-PDI cast 
with optimized processing conditions onto an ITO/glass substrate. 
 

The active layer thickness was measured by atomic force microscopy. A thin-film of PDTT-
BOBT:PDI-DPP-PDI cast on an ITO/glass substrate was cut down to the substrate with a 
scalpel and it scanned at 50X50 mm, then the thickness of the film was measured by 
measuring the profile left from the scalpel using Gwyddion software program.  
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Solution UV-vis spectra 
 
 

 
 
Figure S34. Solution and thin-film optical absorption profiles of PDI-DPP-PDI. Full 
characterization data can also be found in our previous work.2,5 
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