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Table S1. Performance characteristics of FTO/cp-TiO2/mp-TiO2/perovskite/HTLs/Au devices for 

EtCz-3EHCz with different oxidized dopants, EH44-ox and EtCz-3EHCz-ox formulation 

optimization. Perovskite films were deposited from a precursor solution with a stoichiometry of 

Cs0.05(MA0.13FA0.87)0.95Pb(I0.83Br0.17)3. For each condition, 12 devices are fabricated. 

EtCz-3EHCz 

(wt%) 

tBp 

(L/mL) 

EH44-ox 

(wt%) 

Total 

(mg/mL) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

70 20 30 25 20.95±0.12 1.050±0.018 0.495±0.015 10.89±0.31 

76 20 24 25 21.32±0.09 1.054±0.016 0.534±0.009 12.00±0.40 

82 20 18 25 21.82±0.13 1.065±0.007 0.702±0.007 16.31±0.18 

88 20 12 25 21.53±0.08 1.061±0.004 0.698±0.009 15.94±0.20 

94 20 6 25 21.42±0.14 1.056±0.015 0.636±0.013 14.38±0.39 

100 20 0 25 21.25±0.10 1.049±0.012 0.524±0.012 11.68±0.28 

82 17.5 18 25 20.68±0.10 1.041±0.012 0.617±0.011 13.28±0.17 

82 20 18 25 20.95±0.08 1.053±0.009 0.684±0.012 15.10±0.15 

82 22.5 18 25 21.28±0.16 1.062±0.010 0.707±0.021 15.98±0.36 

82 25 18 25 22.02±0.17 1.070±0.010 0.731±0.009 17.22±0.52 

82 27.5 18 25 21.46±0.08 1.051±0.019 0.681±0.008 15.36±0.42 

82 25 18 20 21.54±0.11 1.036±0.009 0.641±0.008 14.30±0.28 

82 25 18 22.5 21.71±0.15 1.068±0.017 0.695±0.011 16.11±0.46 

82 25 18 25 22.02±0.17 1.070±0.010 0.731±0.009 17.22±0.52 

82 25 18 27.5 21.48±0.09 1.061±0.013 0.658±0.016 15.00±0.43 

82 25 18 30 21.39±0.19 1.053±0.008 0.636±0.015 14.36±0.39 

 

EtCz-3EHCz 

(wt%) 

tBp 

(L/mL) 

EtCz-

3EHCz-ox 

(wt%) 

Total 

(mg/mL) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

75 20 25 25 21.20±0.09 1.062±0.021 0.521±0.022 11.63±0.22 

80 20 20 25 21.62±0.15 1.054±0.016 0.583±0.013 13.47±0.31 

85 20 15 25 22.00±0.09 1.061±0.005 0.721±0.016 17.12±0.25 

90 20 10 25 21.51±0.15 1.058±0.007 0.708±0.012 16.12±0.24 

95 20 5 25 21.03±0.13 1.044±0.009 0.621±0.009 13.62±0.27 

100 20 0 25 20.01±0.07 1.031±0.016 0.536±0.011 11.13±0.15 

85 17.5 15 25 20.13±0.08 1.031±0.009 0.652±0.015 13.55±0.26 

85 20 15 25 22.00±0.09 1.050±0.011 0.721±0.016 17.12±0.25 

85 22.5 15 25 21.65±0.12 1.035±0.009 0.710±0.012 15.91±0.31 

85 25 15 25 21.21±0.13 1.010±0.011 0.701±0.008 15.02±0.15 
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85 27.5 15 25 20.50±0.08 1.012±0.013 0.650±0.012 13.50±0.22 

85 20 15 20 21.61±0.10 1.044±0.008 0.541±0.021 12.21±0.44 

85 20 15 22.5 21.70±0.15 1.060±0.005 0.691±0.014 15.90±0.22 

85 20 15 25 22.00±0.09 1.061±0.005 0.721±0.016 17.12±0.25 

85 20 15 27.5 21.55±0.10 1.057±0.004 0.652±0.025 14.85±0.32 

85 20 15 30 21.42±0.11 1.041±0.011 0.603±0.029 13.44±0.23 

 

Table S2: Work functions from photoelectron spectroscopy in air (PESA) for different HTLs 

with instrument precision of +/- 0.02 eV. 

Sample Name Work Function (eV) 

Spiro with Li doped 5.09 

EtCz-3EHCz 4.90 

EH44-ox 5.41 

EtCz-3EHCz-ox 5.28 

EtCz-3EHCz+EH44-ox 5.19 

EtCz-3EHCz+EtCz-3EHCz-ox 5.25 

 

 

 

Figure S1: Energy level alignment for different HTLs compared with other layers of PSCs, 

including Spiro-OMeTAD, EtCz-3EHCz, EH44-ox, EtCz-3EHCz-ox, EtCz-3EHCz+EH44-ox, 

and EtCz-3EHCz+EtCz-3EHCz-ox. 
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Table S3: The raw materials cost comparison of Spiro-OMeTAD and EtCz-3EHCz+EH44-ox. 

Materials $/g mg $/mL Sum ($/mL) 

Spiro-OMeTAD 124.60  72.30  9.01  

9.12  LiTFSI 3.57  9.10  0.03  

FK102 12.74  6.00  0.08  

EtCz-3EHCz 66.87  21.50  1.42  
1.86  

EH44-ox 145.26  3.00  0.44  

 

 
Figure S2. J–V curves (forward and reverse scan) of PSCs based on different HTLs, Spiro-

OMeTAD and EtCz-3EHCz+EH44-ox. 

 

 

Figure S3. J–V curves (reverse scan) of champion PSCs based on EtCz-3EHCz HTL doped with

 different radical cation salts. 
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Figure S4. AFM images on perovskite layer: (a) Spiro-OMeTAD film, (b) EtCz-3EHCz+EH44-

ox film. 
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Synthetic methods and characterization of EtCz-3EHCz and EtCz-3EHCz-ox: 

Synthetic methods for the preparation of 9-(2-ethylhexyl)-N2,N2,N7,N7-tetrakis(4-

methoxyphenyl)-9H-carbazole-2,7-diamine bis(trifluoromethanesulfonyl)imide (EH44-ox) have 

been reported.[1]  

Synthesis of EtCz-3EHCz: 

Synthetic methods for 9-ethyl-N2,N7-bis(9-(2-ethylhexyl)-9H-carbazol-3-yl)-N2,N7-bis(4-

methoxyphenyl)-9H-carbazole-2,7-diamine (EtCz-3EHCz) are identical to that of EHCz-3EtCz 

as previous report.[2] Characterization is summarized below.  

General Alkylation Procedure:  

The general procedure was used for all carbazole alkylations. To a 105 oC oven-dried 

Schlenk flask, the selected bromocarbazole (1 eq) and potassium carbonate (3 eq) were added, 

followed by three vacuum/argon cycles. Anhydrous dimethylformamide (DMF) was added via 

syringe, and the reaction was heated at 80 oC for 1 hr. Then, ethyl bromide (3 eq) was added via 

syringe and the reaction was heated to 100 oC for 24 h. After the reaction was complete per thin 

layer chromatography (TLC) analysis, it was cooled to room temperature, poured into excess 

deionized water, and extracted with ethyl acetate. The organic portions were dried with 

anhydrous magnesium sulfate, filtered, and concentrated via rotary evaporator. The crude 

reaction mixture was purified via column chromatography (100% hexanes), and concentrated to 

afford white solids.  

a. 3-bromo-9-(2-ethylhexyl)-9H-carbazole  



S7 
 

 

1H NMR (500 MHz, DMSO-d6) δ 8.38 (d, J = 1.9 Hz, 1H), 8.19 (dd, J = 7.8, 1.1 Hz, 1H), 

7.72 – 7.39 (m, 4H), 7.20 (t, J = 7.4 Hz, 1H), 4.21 (d, J = 7.5 Hz, 2H), 1.94 (p, J = 6.7, 6.2 Hz, 

1H), 1.45 – 0.97 (m, 7H), 0.81 (t, J = 7.5 Hz, 3H), 0.74 (t, J = 7.1 Hz, 3H).  

 

Figure S5. 1H NMR for 3-bromo-9-(2-ethylhexyl)-9H-carbazole. 
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b. 2,7-dibromo-9-ethyl-9H-carbazole  

 

 

1H NMR (500 MHz, DMSO-d6) δ 8.12 (d, J = 8.2 Hz, 2H), 7.91 (d, J = 1.7 Hz, 2H), 7.36 

(dd, J = 8.2, 1.7 Hz, 2H), 4.44 (q, J = 7.1 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H). 1.94 g (89%) 

 

Figure S6. 1H NMR for 2,7-dibromo-9-ethyl-9H-carbazole 
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Asymmetric Diarylamine Synthesis: 

9-(2-ethylhexyl)-N-(4-methoxyphenyl)-9H-carbazol-3-amine  

 

Sodium tert-butoxide (1.2 eq), p-anisidine (1.2 eq), aryl bromide (1 eq), and bis(tri-t-

butylphosphine)palladium (3.0 mol%) were added to an oven-dried Schlenk flask, followed by 

three vacuum/argon cycles. Anhydrous 1,4-dioxane was added via syringe and the reaction was 

heated to 80 oC. After 24 hours, the reaction was complete per thin layer chromatography (TLC) 

analysis and was cooled to room temperature, poured into excess deionized water, and extracted 

with ethyl acetate. The organic portions were dried with anhydrous magnesium sulfate, filtered, 

and concentrated via rotary evaporator. The crude reaction mixture was purified using the flash 

chromatography system (0-20% EtOAc in hexanes gradient), and concentrated to afford golden 

oil. 2.83 g (85%) 1H NMR (500 MHz, DMSO-d6) δ 8.02 (dd, J = 7.6, 0.9 Hz, 1H), 7.74 (d, J = 

2.2 Hz, 1H), 7.64 (s, 1H), 7.47 (d, J = 8.3 Hz, 1H), 7.45 – 7.33 (m, 2H), 7.16 (dd, J = 8.7, 2.2 Hz, 

1H), 7.10 (ddd, J = 7.9, 7.0, 0.9 Hz, 1H), 6.99 (d, J = 8.9 Hz, 2H), 6.83 (d, J = 8.9 Hz, 2H), 4.19 

(d, J = 7.5 Hz, 2H), 2.01 – 1.93 (m, 1H), 1.41 – 1.07 (m, 8H), 0.86 (t, J = 7.4 Hz, 3H), 0.79 (t, J 

= 7.1 Hz, 3H). 
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Figure S7. 1H NMR for 9-(2-ethylhexyl)-N-(4-methoxyphenyl)-9H-carbazol-3-amine. 
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Comment 1

Comment 2

Acquisition Parameter

2017-11-24T13:40:59.222-07:00 Date of acquisition

Acquisition method name D:\Roshan\Method\RP_700-3500_Da.par 

Aquisition operation mode Reflector 

POS Voltage polarity

Number of shots 2500 

Name of spectrum used for calibration  

PeptideCalibStandard mono Calibration reference list used

Instrument Info

D:\Schloemer\TS-2-163\20171124-TS162-rp-nomatrix\0_K5\1\1SRef 

printed: 11/24/2017 1:42:35 PMBruker Daltonics flexAnalysis

 

Figure S8. MALDI TOF-MS for 9-(2-ethylhexyl)-N-(4-methoxyphenyl)-9H-carbazol-3-amine: 

expected m/z: 400.57; actual m/z: 400.366. 
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Hole-Transport Material Synthesis: 

EtCz-3EHCz (9-ethyl-N2,N7-bis(9-(2-ethylhexyl)-9H-carbazol-3-yl)-N2,N7-bis(4-

methoxyphenyl)-9H-carbazole-2,7-diamine)  

 

2,7-dibromo-9-(2-ethylhexyl)-9H-carbazole (EHCz) (1 eq), sodium tert-butoxide (2.2 eq), 

and bis(tri-t-butylphosphine)palladium (3.0 mol%) were added to an oven-dried Schlenk flask, 

followed by three vacuum/argon cycles. Diarylamines (2.2 eq) were sparged under argon in 20 

mL anhydrous 1,4-dioxane for 30 min, and added to the reaction mixture. The reaction volume 

was doubled with more anhydrous 1,4-dioxane added via syringe and the reaction was heated to 

80 oC. After 24 hours, the reaction was complete via thin layer chromatography (TLC) analysis 

and 1 mL bromobenzene was added to the reaction to react with trace residual diarylamine to 

improve purification ease. After 1 hour, the reaction was allowed to cool to room temperature, 

poured into excess deionized water, and extracted with ethyl acetate. The organic portions were 

dried with anhydrous magnesium sulfate, filtered, and concentrated via rotary evaporator. The 

crude reaction mixture was purified using the flash chromatography system (0-20% EtOAc 

gradient in hexanes with 1 mL triethylamine added to cartridge before equilibration) and/or 

column chromatography (0-20% EtOAc gradient in hexanes and 1% triethylamine), and 

concentrated to afford golden oil. The oil was dissolved in minimal EtOAc, precipitated in acidic 
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methanol (1-2 drops 5% HCl in ~200 mL cold MeOH), and filtered to afford a pale-yellow solid. 

2.147 g (40%) 

1H NMR (500 MHz, DMSO-d6) δ 7.97 (dd, J = 7.9, 1.1 Hz, 2H), 7.89 (d, J = 2.2 Hz, 2H), 

7.73 (d, J = 8.5 Hz, 2H), 7.49 (dd, J = 8.6, 7.3 Hz, 4H), 7.40 (ddd, J = 8.3, 7.1, 1.2 Hz, 2H), 7.21 

(dd, J = 8.7, 2.2 Hz, 2H), 7.07 (t, J = 7.5 Hz, 2H), 7.03 (d, J = 8.9 Hz, 4H), 6.89 (d, J = 2.0 Hz, 

2H), 6.86 (d, J = 9.1 Hz, 4H), 6.69 (dd, J = 8.4, 1.9 Hz, 2H), 4.21 (d, J = 7.4 Hz, 4H), 3.84 (d, J 

= 7.0 Hz, 2H), 3.71 (s, 6H), 1.97 (p, J = 7.4, 6.3 Hz, 2H), 1.43 – 1.08 (m, 16H), 0.97 (t, J = 7.1 

Hz, 3H), 0.85 (t, J = 7.4 Hz, 6H), 0.75 (t, J = 7.1 Hz, 6H). 

Figure S9. 1H NMR for EtCz-3EHCz (9-ethyl-N2,N7-bis(9-(2-ethylhexyl)-9H-carbazol-3-yl)-

N2,N7-bis(4-methoxyphenyl)-9H-carbazole-2,7-diamine). 
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13C NMR (126 MHz, DMSO-D6) δ 155.34, 147.30, 142.35, 141.46, 141.42, 140.50, 137.83, 

125.72, 123.42, 122.28, 120.98, 117.39, 115.27, 55.73, 39.29, 30.71, 28.55, 26.88, 24.27, 23.03, 

13.72.

 

Figure S10. 13C NMR for EtCz-3EHCz (9-ethyl-N2,N7-bis(9-(2-ethylhexyl)-9H-carbazol-3-yl)-

N2,N7-bis(4-methoxyphenyl)-9H-carbazole-2,7-diamine). 
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Comment 1

Comment 2

Acquisition Parameter

2017-12-01T10:42:21.801-07:00 Date of acquisition

Acquisition method name D:\Roshan\Method\RP_700-3500_Da.par 

Aquisition operation mode Reflector 

POS Voltage polarity

Number of shots 1500 

Name of spectrum used for calibration  

PeptideCalibStandard mono Calibration reference list used

Instrument Info

D:\Schloemer\TS-2-165\20171201-TS165-aftercol2\0_F3\1\1SRef 

printed: 12/1/2017 10:48:03 AMBruker Daltonics flexAnalysis

 

Figure S11. MALDI TOF-MS of EtCz-3EHCz (9-ethyl-N2,N7-bis(9-(2-ethylhexyl)-9H-

carbazol-3-yl)-N2,N7-bis(4-methoxyphenyl)-9H-carbazole-2,7-diamine): expected m/z: 992.37; 

actual m/z: 991.566 

 

Synthesis of EtCz-3EHCz-ox: 

Synthesis and purification of 9-ethyl-N2,N7-bis(9-(2-ethylhexyl)-9H-carbazol-3-yl)-N2,N7-

bis(4-methoxyphenyl)-9H-carbazole-2,7-diamine bis(trifluoromethanesulfonyl)imide (EtCz-

3EHCz-ox) is identical to previously reported methods.22  
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As for purity characterization, common techniques (NMR, MALDI-TOF MS, etc.) are 

insufficient to discriminate between pristine HTM and HTM-ox, UV-Vis absorption 

spectroscopy can be used because the methoxy-functionalized radical cation triarylamine gives 

characteristic absorbance at c.a. 500 nm. 

 

 

Figure S12. Thermal gravimetric analysis (TGA) (a) and differential scanning calorimetry (DSC 

(b) of pristine EtCz-3EHCz. 
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