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1. General Experimental Details 

Methods and Materials: All reagents from commercial sources were used without further 

purification. Solvents were dried and purified using standard techniques. Reactions were carried 

out under nitrogen atmosphere when appropriate. Microwave-assisted reactions were performed 

in a Biotage Initiator (Initiator+). Flash chromatography was performed with analytical-grade 

solvents using Silicycle Silica Flash P60 (particle size 40-63 μm, 60 Å, 230 – 400 mesh) silica 

gel. Flexible TLC plates PE SilG/UV 250 μm from Whatman were used for TLC; compounds 

were detected by UV irradiation, staining with I2 and/or KMnO4. Recycling GPC in THF or 

ethanol-blended chloroform was carried out through a set of two JAIGEL-4H-40 preparative 

SEC columns mounted on a LC-9130NEXT (JAI) system equipped with coupled UV-254NEXT 

and RI-700NEXT detectors. All compounds were characterized by NMR spectroscopy on Bruker 

Avance III Ultrashield Plus instruments using a 400 MHz proton frequency at the given 

temperatures (cf. details in Section 2. Synthetic Procedures). The spectra were referenced to the 

internal standard TMS. High-resolution mass spectrometry (HRMS) data was recorded using a 

Thermo Scientific - LTQ Velos Orbitrap MS. 
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2. Synthetic Procedures 

 

Scheme S1. Synthesis of 2,5-dibromo-3,4-difluoro-thiophene [2F]T (4). 

Compound 4 ([2F]T) was synthesized according to a previously reported protocol.[1]  

3,4-Dibromothiophene-2,5-diyl-bis(trimethylsilane) (2): Intermediate 2 was synthesized 

according to our previously adapted method.[2] The product was obtained as a colorless oil, 22.0 

g (72% yield). 1H NMR (CDCl3, 400MHz): δ (ppm)= 0.40 (18H); 13C NMR (CDCl3, 100 MHz): 

δ (ppm)= 140.8, 122.3, -1.1; HRMS (+APPI, m/z) calcd. for C10H18Br2SSi2 [M]+: 383.90290; 

found, 383.90370. 

3,4-Difluorothiophene-2,5-diyl-bis(trimethylsilane) (3): Intermediate 3 was synthesized 

according to our previously adapted method.[2] The product was obtained as a colorless oil, 10.0 

g (71% yield). 1H NMR (CDCl3, 400MHz): δ (ppm)= 0.35(18H); 13C NMR (CDCl3, 100MHz): δ 

(ppm)= 150.1 (dd, J = 23.7, 261.7 Hz), 120.9 (dd, J = 7.6, 17.1 Hz); 19F NMR (CDCl3, 376 

MHz): δ (ppm)= -130.47; HRMS (+APPI, m/z) calcd. for C10H18F2SSi2 [M]+: 264.06303; found, 

264.06209. 

2,5-Dibromo-3,4-difluoro-thiophene (4): The synthesis of 4 was adapted from a previously 

reported protocol;[1] specifically, the reflux was carried out in chloroform, as opposed to 

dichloromethane, and 4 was purified by recycling GPC in THF prior to being engaged in the 

polymerization reactions. The purified product was obtained as a colorless oil, 7.0 g (83% yield). 
13C NMR (CDCl3, 100MHz): δ (ppm)= 143.1 (dd, J = 21.6, 265.7 Hz), 90.4 (dd, J = 7.6, 16.8 

Hz); 19F NMR (CDCl3, 376 MHz): δ (ppm)= -130.84; HRMS (+APPI, m/z) calcd. for C4Br2F2S 

[M]+: 275.80500; found, 275.80597. 
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Compound 6 (BDT(T)) was synthesized according to our previously adapted method.[3]  

4,8-bisBis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene (5): Intermediate 5 

was obtained as a yellow solid, 1.22 g, (82% yield). 1H NMR (CDCl3, 400 MHz): δ (ppm)= 7.64 

(d, J = 5.6 Hz, 2H), 7.45 (d, J = 5.6 Hz, 2H), 7.29 (d, J = 3.2 Hz, 2H), 6.89 (d, J = 3.2 Hz, 2H), 

2.86 (d, J = 6.8 Hz, 4H), 1.67 (m, 2H), 1.45-1.24 (m, 16H), 0.97-0.90 (m, 12H). 13C NMR 

(CDCl3, 100 MHz): δ (ppm)= 145.7, 139.0, 137.2, 136.5, 127.7, 127.4, 125.3, 124.1, 123.4, 41.5, 

34.3, 32.5, 28.9, 25.7, 23.0, 14.1, 10.9. HRMS (+ESI, m/z): calcd. for C34H42S4 [M]+: 

578.21639; found, 578.21616. 

4,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6diyl)bis 

(trimethylstannane) (6): The synthesis of 6 was adapted from our previously reported 

method;[3] The product was obtained as yellow crystals, 1.05 g (83% yield). 1H NMR (CDCl3, 

400 MHz): δ (ppm)= 7.69 (m, 2H), 7.32 (d, J = 3.5 Hz, 2H), 6.90 (d, J = 3.5 Hz, 2H), 2.87 (m, 

4H), 1.69 (m, 2H), 1.46-1.33 (m, 16H), 0.97-0.90 (m, 12H) 0.39 (m, 18H). 13C NMR (CDCl3, 

100 MHz): δ (ppm)= 145.5, 143.3, 142.4, 138.1, 137.4, 131.3, 127.6, 125.4, 122.5, 41.6, 34.4, 

32.6, 29.1, 25.9, 23.2, 14.3, 11.1, -8.2. HRMS (+APPI, m/z): calcd. for C40H58S4Sn2 [M]+.: 

906.1459; found, 906.1452. 
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The general procedures for the polymerization of the polymers PBDT[2H]T and PBDT[2F]T 

were described in details in our prior published work.[2]  

General procedure for the polymerization of PBDT(T)[2F]T: [2F]T (4) (80.6 mg, 0.29 

mmol) was combined with BDT(T) (6) (262.3 mg, 0.29 mmol), 

tris(dibenzylideneacetone)dipalladium (7.9 mg, 8.7×10-3 mmol) and tri-o-tolylphosphine (11.5  

mg,  3.8×10-2 mmol) in a 10 mL microwave reaction vial. The reaction vial was quickly 

subjected to five vacuum-nitrogen cycles. Then, freshly degassed chlorobenzene (5 mL) was 

added to the vial and the reaction mixture was stirred in an oil bath at 140 °C for 2 days. The 

mixture was then slowly precipitated into methanol (100 mL). The precipitate was filtered 

through a Soxhlet thimble and purified via consecutive Soxhlet extractions with methanol (6 h), 

followed by dichloromethane (12 h), and the polymer was finally collected with chlorobenzene. 

The chlorobenzene solution was concentrated by evaporation, precipitated into methanol (100 

mL), and the polymer residues were filtered off and dried overnight under vacuum. 
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Table S1. SEC analyses, optical bandgap (Eopt), ionization potential (IP, estimated by PESA, cf. 

details in the next SI section) and electron affinity (EA) (inferred from Eopt and IP) of the 

PBDT[2H]T, PBDT[2F]T and PBDT(T)[2F]T polymers used in this study. 

Polymer Mn [kDa] Mw [kDa] PDI Eopt [eV] IP [eV] EA [eV] 

PBDT[2H]T 28 48 1.7 2.1 5.03 2.93 

PBDT[2F]T 13 28 2.1 2.1 5.29 3.19 

PBDT(T)[2F]T a 32 b 49 1.5 2.0 5.22 3.22 

 15 22.5 1.5    

 58 92.8 1.6    

a Several batches of the polymer PBDT(T)[2F]T with various molecular weights (MW) are 

provided as those are discussed in later sections in the Supporting Information (cf. PV 

Performance Data section and Table S7). b Batch used throughout the device characterization 

study.  
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3. Photoelectron Spectroscopy in Air (PESA) Measurements 

Photoelectron spectroscopy in air (PESA) measurements were recorded using a Riken Keiki 

PESA spectrometer (Model AC-2) with a power setting of 10 nW and a power number of 0.3. 

Samples for PESA were prepared on glass substrates. 

 

Figure S1. PESA curves for neat films of (a) PBDT(T)[2F]T and (b) ITIC. PESA-inferred 

ionization potentials (IPs) are reported on the plots and in Table S1 above. 
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4. Device Fabrication and Characterization 

The solar cells were prepared on glass substrates with tin-doped indium oxide (ITO, 15 Ω sq−1) 

patterned on the surface (device area: 0.1 cm2). Substrates were first scrubbed with a dilute 

Extran 300 detergent solution to remove organic residues before being immersed in an ultrasonic 

bath of dilute Extran 300 for 15 min. Samples were rinsed in flowing deionized water for 5 min 

before being sonicated (Branson 5510) for 15 min each in successive baths of acetone and 

isopropanol. Next, the samples were dried with pressurized nitrogen before being exposed to a 

UV−ozone plasma for 20 min. A thin layer (~25nm) of amorphous ZnO[4] was spin-cast onto the 

UV-treated samples, dried on a hot plate at 170 °C for 20 minutes, and the substrates were then 

transferred into a dry nitrogen glovebox (< 3 ppm O2). 

All solutions were prepared in the glovebox using the various polymer donors synthesized in our 

laboratories and the SM acceptor ITIC purchased from Solarmer. Optimized devices were 

obtained by dissolving the polymers and ITIC in chlorobenzene using polymer:ITIC ratios of 5:5 

(wt/wt) for the PBDT(T)[2F]T and PBDT[2H]T polymers and a ratio of 6:4 (wt/wt) for the 

PBDT[2F]T polymer. The polymer:ITIC blend solutions were stirred overnight at 115 °C and 

then the temperature of the mixtures was lowered to 90 °C prior to solution-casting onto the 

substrates. The effects of additives, blend ratios, and thermal annealing on device performance 

were also examined. 

The active layers were spin-cast from the solutions at 90 °C at an optimized speed of 1500 rpm 

in a time period of 30 s, using a programmable spin-coater from Specialty Coating Systems 

(Model G3P-8), resulting in films of 65 to 80 nm in thickness. Next, the samples were placed in 

a thermal evaporator for evaporation of 7-nm thick layers of MoO3 deposited at a rate of 0.3 Å 

s−1, and 120-nm thick silver electrodes deposited at a rate of 3-4 Å s−1; pressure of less than 

2x10-6 Torr. Following electrode deposition, samples underwent J−V testing. 

Solar cell J-V measurements were performed in the glovebox with a Keithley 2400 source meter 

and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5 G, with a KG-5 

silicon reference cell certified by Newport. The external quantum efficiency (EQE) 

measurements were performed at zero bias by illuminating the device with monochromatic light 

supplied from a Xenon arc lamp in combination with a dual-grating monochromator. The 
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reflectance measurements for internal quantum efficiency (IQE) measurements were performed 

using the same setup for EQE measurements. The number of photons incident on the sample was 

calculated for each wavelength by using a silicon photodiode calibrated by NIST. All light-

intensity dependence measurements on J-V curves, transient photovoltage (TPV), charge 

extraction (CE) analyses, and metal-insulator-semiconductor CELIV (MIS-CELIV) experiments 

were performed using the all-in-one measurement system PAIOS 3.2 (Fluxim). PAIOS 3.2  

employs many different device characterization techniques in steady-state and transient modes. 

A function generator controls the light source: a white LED (rise/fall time 100 ns). A second 

function generator controls the applied voltage. The current and the voltage of the solar cell are 

measured with a digitizer. The current is measured via the voltage drop over a 20 Ω resistor or a 

transimpedance amplifier, depending on the current amplitude. 

The sensitive EQE spectra were collected at short-circuit under focused monochromatic 

illumination from a Xenon arc lamp. The light beam was modulated by an optical chopper (275 

Hz). The device output current was measured as a function of incident photon energy using a 

lock-in amplifier (Stanford Instruments SR 830). The lamp intensity was calibrated with Ge and 

Si photodiodes. 
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5. Additional PV Device Performance Data 

5.1 PBDT[2X]T Polymers 

Table S2. PV performance of the polymer donor PBDT[2H]T in inverted BHJ devices with the 

SM acceptor ITIC. Active layers cast from CB, using various donor/acceptor (D/A) ratios. 

Average values across >10 devices (device area: 0.1 cm2).b 

D/A 
Ratio 

Annealing a VOC 

[V] 
JSC  

[mA/cm2] 
FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

6:4 N 0.81±0.01 6.5±0.12 38±1.2 2.0 ± 0.1 2.1 
 Y 0.82±0.004 6.7±0.21 40±0.8 2.2 ±  0.1 2.3 

5:5 N 0.77±0.02 6.6±0.17 39±1.1 2.0 ± 0.1 2.1 
 Y 0.77±0.02 7.3±0.28 41±1.2 2.3 ± 0.1 2.5 

4:6 N 0.77±0.01 6.4±0.14 38±0.8 1.9 ± 0.1 2.0 
 Y 0.75±0.02 6.9±0.26 39±0.7 2.0 ± 0.1 2.2 

a Annealing at 160°C prior to top electrode deposition, b Standard deviations calculated with the 

following equation (S1): 

  



N

i
ix

N 1

21   (S1)

where σ is the standard deviation, μ is the arithmetic average value of the devices’ PCE, N is the 

total number of devices used in the determination of the standard deviations. 

Table S3. PV performance of the polymer donor PBDT[2F]T in inverted BHJ devices with the 

SM acceptor ITIC. Active layers cast from CB, using various donor/acceptor (D/A) ratios. 

Average values across >10 devices (device area: 0.1 cm2) 

D/A 
Ratio 

Annealing a VOC 

[V] 
JSC  

[mA/cm2] 
FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

6:4 N 0.93±0.03 11.3±0.14 53±1.0 5.6±0.2 5.8 
  Y 0.96±0.006 10.6±0.26 53±1.5 5.3±0.1 5.4 

5:5 N 0.94±0.01 11.4±0.10 44±1.2 4.8±0.2 5.0 
  Y 0.95±0.002 10.8±0.18 51±2.4 5.2±0.2 5.4 

4:6 N 0.93±0.002 10.7±0.75 44±2.3 4.3±0.5 4.7 
  Y 0.94±0.003 10.9±0.14 47±2.3 4.9±0.2 5.2 

a Annealing at 160°C prior to top electrode deposition 
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5.2 PBDT(T)2[F]T Polymer 

Table S4. PV performance of the polymer donor PBDT(T)[2F]T in direct BHJ devices with the 

SM acceptor ITIC (ITO/PEDOT:PSS/Polymer:ITIC/Ca/Al). Active layers cast from CB, using 

various donor/acceptor (D/A) ratios. Average values across >10 devices (device area: 0.1 cm2). 

D/A 
Ratio 

Annealing a VOC  
[V] 

JSC  
[mA/cm2] 

FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

6:4 N 0.94±0.003 14.2±0.09 58±0.8 7.7±0.13 7.9 
  Y 0.92±0.005 14.1±0.28 57±1.5 7.4±0.13 7.6 

5:5  N 0.93±0.003 14.5±0.22 56±0.8 7.6±0.02 7.7 
  Y 0.91±0.005 14.6±0.14 57±1.2 7.6±0.20 7.9 

4:6 N 0.94±0.006 12.3±0.31 58±1.3 6.7±0.13 6.8 
  Y 0.91±0.006 13.0±0.50 58±1.3 6.8±0.16 7.1 

a Annealing at 160°C prior to top electrode deposition 

Table S5. PV performance of the polymer donor PBDT(T)[2F]T in inverted BHJ devices with 

the SM acceptor ITIC. Active layers cast from CB, using various donor/acceptor (D/A) ratios. 

Average values across >10 devices (device area: 0.1 cm2). 

D/A 
Ratio 

Annealing a VOC [V] JSC  
[mA/cm2] 

FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

6:4 N 0.97±0.003 14.2±0.06 59±0.1 8.1±0.01 8.1 
  Y 0.93±0.02 15.8±0.72 59±1.9 8.6±0.16 8.9 

5:5  N 0.96±0.01 15.2±0.36 59±0.8 8.6±0.19 8.9 
  Y 0.94±0.01 15.7±0.61 62±1.2 9.1±0.32 9.8 

4:6 N 0.91±0.003 4.8±0.26 52±2.6 6.9±0.31 7.1 
  Y 0.88±0.004 16.0±0.55 53±3.1 7.5±0.43 8.2 

a Annealing at 160°C prior to top electrode deposition 
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Table S6. PV performance of the polymer donor PBDT(T)[2F]T in inverted BHJ devices with 

the SM acceptor ITIC for various annealing temperatures.a,b  

Annealing 
Temperature [°C]  

VOC  
[V] 

JSC  
[mA/cm2] 

FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

No annealing 
80 
100 
120 
140 
160 

0.96±0.007 15.1±0.59 58±1.9 8.4±0.36 8.9 
0.95±0.01 14.6±0.23 61±1.3 8.5±0.16 8.7 

0.95 14.6 61 8.4 8.4 
0.96 14.7 62 8.7 8.7 

0.94±0.003 14.8±0.41 62±0.5 8.7±0.19 8.9 
0.93±0.001 14.7±0.05 64±0.4 8.7±0.08 8.8 

180 0.87±0.009 13.9±0.41 58±1.4 7.0±0.45 7.3 
200 0.79±0.01 12.8±0.33 55±1.2 5.5±0.23 6.0 

a Annealing time is 10 minutes prior to top electrode deposition, b D/A ratio is 5:5 and solvent is 

CB 

Table S7. PV performance of the polymer donor PBDT(T)[2F]T in inverted BHJ devices with 

the SM acceptor ITIC for various polymer molecular weights. Average values across >10 

devices (device area: 0.1 cm2). a,b 

Mn [kDa] (PDI[%]) VOC  
[V] 

JSC  
[mA/cm2] 

FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

15 (1.5) 0.94±0.01 15.6±0.46 54±2.5 8.0±0.11 8.2 
32 (1.5) 0.94±0.01 15.7±0.61 62±1.2 9.1±0.32 9.8 
58 (1.6) 0.90±0.01 15.4±0.15 51±0.7 7.1±0.1 7.3 

a Annealing at 160°C for 10 minutes prior to top electrode deposition, b D/A ratio is 5:5 and 

solvent is CB 

Note: The molecular weight (MW) of the polymer PBDT(T)[2F]T used throughout this study is 

higher than that of PBDT[2F]T (see Table S1). However, it should be noted from Table S7 that 

PBDT(T)[2F]T-based devices fabricated from batches of MW comparable to that of PBDT[2F]T 

(Mn:13 kDa, PDI: 2.1) maintain higher figures of merit, with JSC values >15 mA/cm2 and PCEs 

of ca. 8%; see figures of merit for PBDT[2F]T-based BHJ solar cells provided in Table S3. 
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Table S8. PV performance of the polymer donor PBDT(T)[2F]T in inverted BHJ devices with 

the SM acceptor ITIC; blends cast with various solution-processing additives. Average values 

across >10 devices (device area: 0.1 cm2).a 

Additive b VOC [V] JSC  
[mA/cm2] 

FF  
 [%]  

Avg. PCE 
[%] 

Max. PCE  
[%] 

0.5% DIO 0.96±0.01 14.1±0.03 61±0.3 8.2±0.03 8.3 
1% DIO 0.96±0.01 12.0±0.22 63±0.3 7.2±0.17 7.4 

0.8% DPE 0.95±0.01 14.7±0.08 59±2.1 8.3±0.25 8.5 
1% DPE 0.96±0.01 14.5±0.01 61±0.8 8.5±0.05 8.6 
1% CN 0.97±0.01 14.0±0.03 58±0.6 7.8±0.04 7.8 

a D/A ratio is 6:4 and solvent is CB, b DIO: 1,8-diiodooctane, DPE: diphenyl ether, CN: 1-
chloronaphthalene. 

Table S9. PV performance of the polymer donor PBDT(T)[2F]T:PC71BM in inverted BHJ 

devices with the fullerene acceptor PC71BM. Active layers cast from CB, using various 

donor/acceptor (D/A) ratios, without additives. Average values across >10 devices (device area: 

0.1 cm2).a  

D/A Ratio VOC  
[V] 

JSC  
[mA/cm2] 

FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

6:4 0.93±0.005 10.5±0.09 55±0.6 5.4±0.07 5.5 
5:5 0.88±0.03 10.0±0.32 60±2.8 5.3±0.22 5.5 
4:6 0.78±0.006 9.6±0.16 66±0.5 5.0±0.13 5.2 

a The devices were annealed at 110 °C for 10 minutes prior to top electrode deposition.  

Table S10. PV performance of the polymer donor PBDT(T)[2F]T in inverted BHJ devices with 

the fullerene acceptor PC71BM. Active layers cast from CB, using various amounts of additive 

(DIO and CN), no annealing. Average values across >10 devices (device area: 0.1 cm2).a 

Additive b VOC  
[V] 

JSC  
[mA/cm2] 

FF  
[%] 

Avg. PCE 
[%] 

Max. PCE  
[%] 

0.5% DIO 0.84±0.003 10.3±0.2 68±0.8 5.9±0.10 5.9 
1% DIO 0.83±0.004 10.4±0.1 68±2.0 5.8±0.16 5.9 

2.5% DIO 0.83±0.008 10.4±0.1 68±0.5 5.8±0.15 6.0 
5% DIO 0.83±0.009 10.0±0.2 63±2.4 5.2±0.19 5.4 
0.5% CN 0.88±0.002 10.6±0.1 67±0.1 6.2±0.03 6.3 
1% CN 0.89±0.004 10.6±0.1 66±1.6 6.2±0.16 6.4 

2.5% CN 0.88±0.007 10.5±0.2 68±0.5 6.3±0.15 6.5 
5% CN 0.88±0.012 10.5±0.2 65±2.2 6.0±0.18 6.1 

a D/A ratio is 5:5, b DIO: 1,8-diiodooctane, CN: 1-chloronaphthalene. 
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6. JSC Modeling via Transfer Matrix 

 

Figure S2. Maximum theoretical JSC plots vs. active layer thickness; curves simulated via 

transfer matrix for optimized blends of PBDT[2H]T, PBDT[2F]T and PBDT(T)[2F]T with the 

SM acceptor ITIC; a reference PBDT(T)[2F]T:PC71BM device (optimized) is shown for 

comparison. All device configurations are inverted. The model assumes 100% IQE. 

Transfer matrix modeling was used to simulate the maximum theoretical JSC plots as a function 

of active layer thickness (thickness range: 0-500 nm) for optimized blends of PBDT[2HT], 

PBDT[2F]T and PBDT(T)[2F]T with the SM acceptor ITIC; the model assumes 100% internal 

quantum efficiency (IQE). The transfer matrix code for these simulations was developed by 

George F. Burkhard and Eric T. Hoke; code available from: http://web.stanford.edu/group/ 

mcgehee/transfermatrix/index.html. The optical constants n and k for the active layers were 

collected by variable angle spectroscopic ellipsometry (VASE) with an M-2000 ellipsometer 

(J.A. Woolam Co., Inc). The active layers were cast on clean silicon substrates coated with SiO2 

(51 nm) according to the device casting conditions described earlier in Section 4. Device 

Fabrication. The VASE measurements were performed with incident angles being varied from 

45 to 75° in steps of 10° relative to the samples. The software Complete Ease (J.A. Woolam Co., 

Inc) was used to process all collected data, and the optical constants n and k were inferred from 

the B-splines model.[5] 
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7. Internal Quantum Efficiency (IQE) 

The internal quantum efficiency (IQE) of optimized BHJ devices made with PBDT[2X]T and 

PBDT(T)[2F]T was calculated from Equation S3:  

 )%1/( AbsorptionParasiticREQEIQE   (S2) 

The EQE spectra were collected from optimized BHJ devices with the following configuration:  

Glass/ITO/a-ZnO[4]/Polymer:ITIC/MoO3/Ag (details given in Section 4). The reflectance (R%) 

spectra were collected with the integrating sphere using the same EQE system. The parasitic 

absorption was obtained from transfer matrix modeling.[6] 

 

Figure S3. EQE, IQE, reflectance (R) and parasitic absorption of optimized BHJ devices of (a) 

PBDT(T)[2F]T:ITIC (5:5) (b) PDBT[2F]T:ITIC (6:4) and (c) PBDT[2H]T:ITIC (5:5) devices. 

The IQE can also be estimated as the ratio of experimental JSC to the maximum theoretical JSC 

obtained from transfer matrix model simulation. Furthermore, the IQE can be separated into two 
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contributions which are (i) charge generation efficiency (ηgen) and (ii) charge collection (and 

transport) efficiency (ηcoll): 

 

max,max, SC

ph

sat

ph

SC

sat
collgen J

J

J

J

J

J
IQE 


















   (S3) 

Table S11. Estimated IQE, and charge generation (ηgen) and collection (ηcoll) efficiencies based 

on the experimental photocurrent (Jph, in this particular case is taken at short-circuit), max. 

theoretical (JSC) and saturation current in reverse bias (Jsat). All current densities are in unit of 

mA cm-2 and the efficiencies are in %. 

Polymer Thickness [nm] ,   	     

PBDT[2H]T 80 19.6 11.5 7.2 59 63 37 
PBDT[2F]T 70 18.9 14.1 11.3 75 80 60 

PBDT(T)[2F]T 65 20.0 17.7 16.0 90 90 80 
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8. Light-Intensity Dependence on J-V curves, TPV and CE Analyses 

The TPV technique using PAIOS is based on monitoring the photovoltage decay upon a small 

optical perturbation during different constant bias light-intensity (using the same white LED for 

TPC measurements) and under open-circuit condition. Variable bias light intensities lead to a 

range of VOC to be studied. A small optical perturbation (<3% of the VOC, so that ΔVOC ≪ VOC) is 

applied. The subsequent voltage decay is then also recorded to directly monitor nongeminate 

charge carrier recombination. The photovoltage decay kinetics of all devices follows a mono-

exponential decay: 	 	 /  where t is the time and τ is the charge carrier lifetime.  

 

Figure S4. J-V curves vs. light intensity for the optimized BHJ devices of (a) PBDT[2H]T:ITIC; 

(b) PBDT[2F]T:ITIC; (c) PBDT(T)[2F]T:ITIC. (d) VOC vs. light intensity plots for 

PBDT(T)[2F]T and PBDT[2X]T-based BHJ solar cells inferred from the J-V curves of Fig. S4a-

c. 

The charge extraction (CE) technique was used to measure the charge carrier density n under 

open-circuit voltage condition. The device is illuminated and kept at open-circuit. After light is 
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turned off, the voltage is set to zero or taken to short-circuit condition within a few hundreds of 

nanoseconds to extract the charges. To obtain the number of extracted charges, the current is 

integrated. Using the charge carrier lifetime obtained from TPV and charge carrier density from 

CE, the charge carrier lifetimes and charge carrier densities can be plotted (such as in Fig. 3d). 

The charge carrier lifetime follows a power law relationship with charge density: . The 

nongeminate recombination constant krec (Fig. 3e) are then inferred from the carrier lifetimes and 

densities according to 	 	1/ 1 ,[7] where λ is the recombination order determined 

from Fig. 3d. 

 

Figure S5. (a,b,c) Transient photovoltage decay vs. light intensity for the optimized BHJ devices 

of (a) PBDT[2H]T:ITIC (5:5 wt/wt), (b) PBDT[2F]T:ITIC (6:4 wt/wt), (c) PBDT(T)[2F]T:ITIC 

(5:5 wt/wt). (d) Charge carrier lifetime τ vs. light intensity, determined from the TPV data of 

(a,b,c) measured under open-circuit. The light intensity is given in max. power of LED source 

(100% ≈ 200 mW/cm2).  
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9. Open-Circuit Voltage (VOC) Loss Analysis 

Based on the detailed balance theory,[8] the voltage loss in solar cells (both organic and 

inorganic) can be attributed to three factors (see also energy diagram shown in Figure S6) shown 

in a following equation:[9] 
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Where we can calculate the value of the Shockley-Queisser (SQ) open-circuit voltage limit, 

VOC,SQ, according to the following equation [9]: 
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ϕAM1.5 is the flux density of AM1.5 spectrum and ϕBB is the blackbody emission flux density 

given by [8]: 
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Similarly, the VOC when all the recombination is radiative, VOC,rad,  is calculated according to [9]: 
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Table S12. VOC loss analysis on the various material systems examined in this work: 

PBDT[2H]T, PBDT[2F]T, PBDT(T)[2F]T blends with ITIC. All values are in unit of volts. 

Material 
system 

Eopt/e VOC,SQ VOC,rad VOC Eopt/e - 
VOC 

Eopt/e - 
VOC,SQ 

ΔVOC,abs ΔVOC,nr 

PBDT[2H]T 1.59 1.31 1.22 0.79 0.8 0.28 0.09 0.43 
PBDT[2F]T 1.59 1.31 1.29 0.94 0.65 0.28 0.02 0.35 

PBDT(T)[2F]T 1.59 1.32 1.26 0.94 0.65 0.27 0.06 0.32 
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10. Electron-Energy Loss Spectroscopy (EELS) and Transmission Electron 
Microscopy (TEM) Imaging 

TEM studies and Electron Energy Loss Spectroscopy (EELS) analyses were performed using a 

FEI Titan 80-300 TEM equipped with an electron monochromator and a Gatan Imaging Filter 

(GIF) Quantum 966. The microscope was operated at 80 kV to minimize electron beam induced 

damages of polymers and to increase EELS signal/noise ratio. The EELS maps were acquired in 

Scanning TEM (STEM) mode as so called spectrum imaging (SI). To resolve the spectral 

features, the monochromator was tuned to obtain an energy resolution of 100 meV. 

Each material (donor and acceptor components) used in the study has a distinct footprint in neat 

films looking at the EELS patterns in the energy ranges of 1-8 eV (cf. Fig. S6g-8g). In the range 

1-3 eV, these relevant features result from inter-band transitions and have the same physical 

origin (related to the energy-band structure) as the optical transitions involved in the UV-vis 

absorption spectra (Fig. 1a). The low-loss EELS structure of the SM acceptor ITIC is 

significantly different from that of the SM donor counterparts: PBDT(T)[2F]T, PBDT[2F]T, and 

PBDT[2H]T. Those inherent spectral differences allow for a reliable fitting (as a linear 

combination) of the signatures from the individual components into the EELS data obtained from 

the component mix in blend films. Essentially, the maps constructed in this manner, from the 

fitting coefficients, represent the distribution of the components over the blended specimen. 
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Figure S6. EELS mapping of PBDT[2H]T-based BHJ thin-films. (a,d) Dark-field STEM images 

of the polymer donor PBDT[2H]T and the SM acceptor ITIC in optimized blend film. (b,e) 

Corresponding EELS maps emphasizing ITIC-rich domains in PBDT[2H]T:ITIC blend film. 

(c,f) Corresponding EELS maps emphasizing PBDT[2H]T-rich domains in PBDT[2H]T:ITIC 

blend film. Note: (a,b,c) images pertaining to area different than that relative to (d,e,f) images. 

(g) Low-loss EELS spectra after zero-loss peak subtraction in neat films of  PDBT[2F]T and 

ITIC, respectively. Scale bars: 500 nm. 

 

Figure S7. EELS mapping of PBDT[2F]T-based BHJ thin-films. (a,d) Dark-field STEM images 

of the polymer donor PBDT[2F]T and the SM acceptor ITIC in optimized blend film. (b,e) 

Corresponding EELS maps emphasizing ITIC-rich domains in PBDT[2F]T:ITIC blend film. (c,f) 

corresponding EELS maps emphasizing PBDT[2F]T-rich domains in PBDT[2F]T:ITIC blend 

film. (a,b,c) images pertaining to area different than relative to (d,e,f) images. (g) Low loss 
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EELS after zero loss peak subtraction of neat PDBT[2F]T and ITIC, respectively. Scale bars: 500 

nm. 

 

Figure S8.  EELS mapping of PBDT(T)[2F]T-based BHJ thin-films. (a,d) Dark-field STEM 

images of the polymer donor PBDT(T)[2F]T and the SM acceptor ITIC in optimized blend film. 

(b,e) Corresponding EELS maps emphasizing ITIC-rich domains in PBDT(T)[2F]T:ITIC blend 

film. (c,f) corresponding EELS maps emphasizing PBDT(T)[2F]T-rich domains in 

PBDT(T)[2F]T:ITIC blend film. (a,b,c) images pertaining to area different than relative to (d,e,f) 

images. (g) Low loss EELS after zero loss peak subtraction of neat PDBT(T)[2F]T and ITIC, 

respectively. Scale bars: 500 nm. 
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11. Photoluminescence (PL) Quenching Measurements 

 

Figure S9. Photoluminescence (PL) quenching of the polymer donors PBDT[2X]T (with X=H 

or F) and PBDT(T)[2F]T in the presence of ITIC as in optimized BHJ thin films (Solid lines: PL 

spectra of neat films; dotted lines: PL spectra of blend films cast from optimized conditions 

defined in Table 1). (a,c,e) Excitation of the polymer-rich domains: 500 nm; (b,d,f) excitation of 

the ITIC-rich domains: 680 nm. 
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12. Dynamic Secondary-Ion Mass Spectroscopy (D-SIMS) 

Depth profiling experiments were performed on a Dynamic SIMS instrument from Hiden 

Analytical company (Warrington-UK) operated under ultra-high vacuum conditions, typically 

10-9 torr. A continuous Ar+ ion beam was employed at an energy of 2 keV to sputter the surface 

while the selected emitted ions ascribed to F, O, CN, S, ZnO and Si were sequentially collected 

using a MAXIM spectrometer equipped with a quadrupole analyzer. The raster of the sputtered 

area is estimated to be 500 × 500 µm2. In order to avoid the edge effect during depth profiling 

experiments, it is necessary to acquire data from a small area located in the middle of the eroded 

region. Using an adequate electronic gating, the acquisition area from which the depth profiling 

data were extracted was approximately 50 × 50 µm2. Assuming a constant sputter rate, the 

conversion of sputtering time to sputtering depth scales was carried out by measuring the depth 

of the crater generated at the end of the depth profiling experiment using a stylus profiler from 

Veeco company. 
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13. MIS-CELIV Mobility Measurements 

“Metal-insulator-semiconductor” diode devices were fabricated using the following 

architectures: Glass/ITO/MgF2/Polymer:ITIC/Ca/Al and Glass/ITO/MgF2/Polymer:ITIC/ 

MoO3/Ag for hole-only and electron-only diodes, respectively. A 70 nm layer of magnesium 

fluoride (MgF2) was evaporated on top of ITO substrates under a 1×10–7 mbar vacuum. After 

deposition of the active layer on the MgF2-coated substrates, as electron [hole] injection contact, 

5 nm of Ca [7 nm MoO3] followed by 100 nm of Al [100 nm Ag] were deposited via thermal 

evaporation in a vacuum chamber at a base pressure of 1×10–7 mbar. The thickness of the active-

layer was measured using a Tencor surface Profilometer.  

 

Figure S10. MIS-CELIV transients for neat films of (a) PBDT[2H]T, (b) PBDT[2F]T, and (c) 

PBDT(T)[2F]T in hole-only diodes with a voltage offset. Upon applying the voltage offset, the 

extraction current goes to a higher value closer to the displacement current of the insulator 

layer. The time at which the current transient reaches a maximum value (for small offset  ∆

) or 2J0 (for ∆ 2 , corrected via a factor of 4/π) is related to the carrier transit time. 
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MIS-CELIV measurements were carried out using a PAIOS 2.1 system (Fluxim) set up in a 

nitrogen-filled glovebox. The PAIOS system can generate the CELIV triangle pulse with 

adjustable voltage slope and offset. The triangle CELIV pulse extracts the injected charge 

carriers traveling across the whole semiconductor film thickness. The current transient starts 

from the displacement level which is defined by the product of total capacitance of the structure 

and slope of the voltage. At low offset voltage the current peaks at the transit time of the 

corresponding carrier type (electrons or holes). By applying larger offsets (moderate values) the 

current peaks at times greater than the transit time and current level. Upon applying a large 

offset, the current increases to the displacement current of the dielectric capacitor due to 

screening of the electric field in the semiconductor. In this case the time t2j0 corresponds to the 

carrier transit time as described in the literature.[10-11] 
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Figure S11. MIS-CELIV transients for (a) PBDT[2H]T:ITIC hole-only, (b) PBDT[2H]T:ITIC 

electron-only, (c) PBDT[2F]T:ITIC hole-only, (d) PBDT[2F]T:ITIC electron-only, (e) 

PBDT(T)[2F]T:ITIC hole-only, (f) PBDT(T)[2F]T:ITIC electron-only devices with and without a 

voltage offset. 
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The electron and hole mobilities were determined from the following equation:[10-11] 
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with   when ∆ , or   when ∆ 2 . 

Table S13. MIS-CELIV carrier mobility estimates for neat films of the polymer donors 

PBDT[2X]T and PBDT(T)[2F]T and for optimized BHJ active layers with PBDT[2X]T, 

PBDT(T)[2F]T, and the SM acceptor ITIC. 

Device μh 
[cm2V-1s-1] 

μe 

[cm2V-1s-1] 
μh/ μe 

 

Neat PBDT(T)[2F]T (7.6±0.9) × 10–5 - - 

Neat PBDT[2F]T (9.2±0.4) × 10–6 - - 

Neat PBDT[2H]T (2.2±0.1) × 10–6 - - 

PBDT(T)[2F]T:ITIC (3.0±0.5) × 10–5 (1.2±0.2) × 10–5 2.5 

PBDT[2F]T:ITIC (1.5±0.2) × 10–5 (1.0±0.1) × 10–5 1.5 

PBDT[2H]T:ITIC (5.7±0.6) × 10–6 (2.2±0.9) × 10–5  0.3 
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