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Experimental.

Materials. 3-chlorothiophene was purchased from Matrix scientific (USA). NBS, Pbl,, MAIl and FAI
were purchased from TCl (Japan), PTAA, chlorobenzene, trimethyl tin chloride, and n-BulLi were
purchased from Sigma Aldrich. Tetrahydrofuran, DMF and DMSO were purchased from the Wako
(Japan).

Synthesis of polymer.

Cl
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Scheme 1. Synthetic route for new polymer P2T-Cl.

The key monomers D1 and Al, P2T (polymer) were synthesized according to the reported
procedures®>**, P2T-Cl was characterized by *H NMR, and M, and My of the polymers were
estimated by gel permeation chromatography.

Synthesis of  poly(1-(3"-chloro-3-(2-ethylhexyl)-[2,2':5",2"-terthiophen]-5-yl)-alt-5,7-bis(2-
ethylhexyl)-3-(4-(2-ethylhexyl)thiophen-2-yl)-4H,8H-benzo[1,2-c:4,5-c'[dithiophene-4,8-dione)
(P2T-Cl). The monomers D1 (0.08 g, 0.15 mmol), and Al (0.15 g, 0.15 mmol), were dissolved in
anhydrous CB (5 mL) and purged with nitrogen for 15 min before the addition of Pd.dbas (2.5
mg), (o-tol)sP (5 mg) and continued the purging for 15 min, heated to 120 °C for 30 minutes. After
completion of the reaction, cooled the reaction mixture and precipitated into methanol. Then
Soxhlet extraction was carried out with methanol, hexane, acetone and chloroform, the
chloroform fraction was evaporated and precipitated from methanol to get P2T-Cl (yield=70 %).
GPC: M, = 16.4 kg mol™; PDI = 1.5. H NMR (400 MHz, CDCls): 7.51-7.60 (br, 2H), 7.01-7.10 (br,
3H), 3.30 (br, 4H), 2.75 (br, 4H), 1.77 (br, 4H), 1.23-1.50 (br, 32H), 0.93 (br, 12H).

General Measurement. *H NMR (400 MHz) spectra were measured on a JEOL JNM-ECZS400
spectrometer. Steady-state photo absorption spectra were recorded using a JASCO V-570 UV-vis
spectrophotometer. The molecular weight and polydispersity index (PDI) of polymers were
measured using the size exclusion chromatography (gel permeation chromatography: GPC, a
Shimadzu Corp. LC20AT/CBM-20A/CTO-20A/ SPD-M20A) with polystyrene standards in hot
chloroform (40 °C) as an eluent. Photoelectron yield spectroscopy (PYS) of the polymer films on
indium-tin-oxide (ITO) glass was performed using Bunko Keiki BIP-KV202GD. 2D-GIXRD
experiments were performed on the beam line BL46XU at the SPring-8 (12.39 keV, A =1 A X-ray).
The 2D-GIXRD patterns were monitored with a 2D image detector (Pilatus 300 K). AFM was
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performed using a Bruker Innova AFM microscope. Thicknesses of the polymer films were
measured using a Bruker Dektak XT surface profiler. CA of films were measured using an Asumi
Giken CAME1 with water. TRMC was performed for the polymer:perovskite films prepared on a
quartz substrate.

Device Fabrication.

A FTO layer on a glass substrate was etched with 6 mol dm™ HCl and Zn using masking tape. After
cleaning with detergent, acetone, isopropyl alcohol, and deionized water, a compact TiO; (c-TiO3)
layer was deposited onto the FTO/glass by spray pyrolysis using a solution of titanium
diisopropoxide bis(acetylacetonate) (Tokyo Chemical Industry Co. Ltd, TCI) in ethanol (1 : 14 v/v)

at 450 °C. A 200 nm-thick mesoporous TiO, (mpTiO;) layer (average particle size: 30 nm, anatase)

was deposited onto the compact TiO> layer by spin-coating (slope 3 s, 5000 rpm for 15 s, slope 2
s) of a diluted TiO, paste (PST-30NR-D, GreatCell Solar Ltd.) in ethanol (paste : ethanol =1 :7

w/w), followed by sintering at 500 °C for 20 min. For perovskite deposition, a 1.4 M N,N -

dimethylformamide (DMF, super dehydrated, Wako) : dimethyl sulfoxide (DMSO, super
dehydrated, Wako) = 4 : 1 (v/v%) solution of FAI ((NH2)2CHI), Pbl,, MABr (CH3NH3Br), and PbBr;
with a 0.87 : 0.13 stoichiometry (the amount of FAl was reduced to FAI/Pbl, = 0.95) was prepared
in an N»-filled glovebox. These perovskite precursors of solar cell grade were purchased from
Tokyo Chemical Inc. (TCl) and used as received. Subsequently, a precursor layer was formed by
spin-coating the solution (slope 1's, 1000 rpm for 10 s, slope of 4 s, 4500 rpm for 30 s, slope of 2
s). After 35 s, anti-solvent treatment (chlorobenzene, anhydrous 99.8%, Sigma-Aldrich) was
applied by slowly dropping 180 mL onto the rotating substrate. The perovskite film was annealed

at 100 °C for 30 min. For the deposition of SbSI:Sb,Ss film on mp-TiO2, a DMSO solution of Sbls

and Sb-ethyl xanthate was spin-coated and annealed as described in our report.5! A 25-30 nm-
thick of P2T or P2TCl were deposited by spin-coating of 10 mg / mL chlorobenzene (Sigma-Aldrich,
anhydrous, 99.8%) at 3000 rpm. A 25 nm-thick of PTAA (Aldrich) was deposited by spin-coating
of 10 mg m L ! toluene (Wako, anhydrous, 99.5%) without dopants. Subsequently, a top
electrode (80 nm Au) was deposited through a shadow mask by thermal evaporation in a vacuum
chamber. The solar cell characteristics were measured using an ADCMT Corp., 6241A source
meter unit under air mass 1.5 G solar illumination at 100 mW cm™ (1 sun, monitored by a
calibrated standard cell, Bunko Keiki SM250KD) from a 300 W solar simulator (SAN-EI Corp.,
XES301S). The external quantum efficiency (EQE) spectra were recorded using a Bunko Keiki
model BS-520BK equipped with a Keithley model 2401 source meter. The monochromatic light
power for EQE measurements was calibrated by a silicon photovoltaic cell of a Bunko Keiki model
$1337-1010BQ. Stability test of PSCs was performed by keeping the devices in an environmental
test chamber (ESPEC Corp. SH-222) at 30°C and relative humidity of 60% in darkness.
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Figure S1 (a-c). Small molecule HTM (Spiro-OMeTAD) concentration from 15 different reference
papers, polymer HTM (PTAA and others) concentration from 10 different reference papers and
PCE summary of P3HT based PSCs from 20 different reference papers.
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Figure S2. 'H NMR of P2T-Cl.
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Figures S3. PY spectrum to evaluate HOMO energy level of P2T-Cl.
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Figure S4. (a, b) DFT calculated HOMO and LUMO of repeating unit (P2T-Cl). The alkyl chains

were replaced by methyl for simplicity.

9

Py 2 2
a b 0,044 ° c N
3 3 > j""‘&‘)
924“‘& 3 9 ¢ j’ ot
P p -
AL & e A
N‘ : [+ =Y & fJ’ 9 > » &
0% 0 2,09 s
® 9 \?7 ° a)‘
9 >,
J“ 37?
9 '?o

Figure S5. (a-c) Chemical structure, front-view, and side view of repeating unit of P2T-Cl. The
alkyl chains were replaced by methyl for simplicity.
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Figure S6. (a). TRMC transients (@Zu) of mp-TiOz:perovskite and mp-TiO,: perovskite:P2T; (b)
mp-TiOa:perovskite and mp-TiO,:perovskite:P2T-Cl; (c) mp-TiOz:perovskite and mp-
TiOz:perovskite:PTAA.
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Figure S7. Semilogarithmic plot of normalized nur given by (nsat — Nut) / (Nsat — No) vs time of P2T,
P2T-Cl and PTAA. no and nsat represents the hole transfer yield at the pulse end and the deay end,
respectively. The gray solid lines are fitted line using a streched exponential function.
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Figure S8. (a-c) EQE spectra of P2T, P2T-Cl, and PTAA based PSCs.
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Figure S9 . (a) J-V curve of P2T-Cl based SbSI:Sb,Ss solar cell (b) J-V curve of PTAA (undoped)
based SbSI: Sb,Ss solar cell.
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Figure S10. 2D-GIXRD diffraction line cuts (a-c) P2T (from refernce S4); P2T-Cl and PTAA.
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Figure S11. (a-c) AFM images of P2T, P2T-Cl and PTAA on perovskite surface.
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Table 1. Cost calculation of P2T-Cl (Cost is in USD, chemicals were purchased from Sigma, TCI, Matrix,

BLD, Kanto Japan etc

Chemical Reagen Solvent Solvent Reagent+solve | Product
t cost/ volume / cost/S ntcost/$S cost /
S mL 1g
3-Chlorothiophene /1g 0.86 0.86
NBS/1.5¢g 2.25 2.25
CHCls 20 mL 0.05 0.05
CH3COOH 20 mL 1.56 1.56
CH,Cl, 100 mL 0.26 0.26
Hexane 500 mL 0.79 0.79
Total cost 5.77
Product step 1 (Yield=78%, 1.3g) 4.43
2-tributylstannyl thiophene (2.07 9.81 9.81
8)
Pd (PPhs)s (0.025 g) 0.54
Toluene (10 mL) 0.52
Hexane (1 L) 1.58
CH,Cl, (100 mL) 0.26
Total cost 12.71
Product step 2 (yield = 75%, 0.82 15.5
g)
n-BulLi (4.98 mL) 3.48
Trimethyl tin chloride 7.56
THF (20 mL) 0.54
CH.Cl (100 mL) 0.26
Total Cost 11.84
Product step 3 (yield = 90%, 2.4g) 4.93
3,4-thiophene dicarboxylic acid 5.6
(1g)
Bromine (0.75 mL) 0.04
Acetic acid (10 mL) 0.78
Total cost 6.42
Product step 4 (yield = 81%, 4.0
1.55g)
Thiophene (1g) 0.09
2-ethylhexyl bromide (4.82 g) 1.47
n-BulLi (10.5 mL) 7.35
THF (25 mL) 0.67
Hexane (1 L) 1.58
Total cost 11.16
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Product Step 5 (yield = 68%; 2.5
g)

4.46

AlCl3 (2 g)
Oxalyl chloride (2 mL)
Product 4 (1 g)
Product 5 (1.25 g)
CH,Cl; (200 mL)
Hexane (1 L)
Total cost

Product Step 6 (yield = 68%, 1.25

g)

0.22
1.42

0.52
1.58
3.74

2.99

3-ethylhexyl thiophene (1g)
n-Buli (2.03 mL)

THF (20 mL)
Tibutyltin chloride (1.65)
CH,Cl; (100 mL)

Total cost
Product 7 (yield=80%; 2 g)

21

1.42
0.54
0.66
0.26

23.88

11.94

Product 7 (1g)
Product 6 (1g)
Pd(PPhs)s (25 mg)
Toluene (20 mL)
Hexane (1 L)
Dichloromethane (200 mL)
Total cost
Product 8 (yield =72%; 1g)

0.54
1.04
1.58
0.52
3.68

3.68

Product 8
NBS (0.54)

THF (20 mL)
Hexane (1 L)
CHCl2 (500 mL)
Total cost
Product 9 (yield=63%; 0.75 g)
Product 3 (0.1 g)
Product 9 (0.2 g)
Chlorobenzene (6 mL)
szdba3 (10 mg)
(o-tol)sP (20 mg)
Methanol (200 mL)
Acetone (200 mL)
Hexane (200 mL)
Chloroform (200 mL)
Total cost

0.79
0.03
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2.48
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0.31
0.50
0.79
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Product 10 (yield=70%; 0.145 g) 99.97

Silica gel for total synthesis 75

1 gram of P2T-Cl 231

Regio regular-P3HT (100 mg) / TCI 255
PTAA/Sigma 421

Table S2. Orientations and crystal sizes evaluated by 2D-GIXRD.

le/loop? di/ Lioo / drr/ Loo/

Polymer Rb nm? Ae nme
P27 0.73 15.3 7.3 3.84 2.4
P2T-Cl 1.02 16.7 8.6 3.90 2.9
PTAA N/A N/A N/A N/A N/A

9The portion of polymer orientation in crystallites evaluated from relative intensities
of the (100) diffraction in the out-of-plane (/oor) and in-plane (/ip) direction. The high
lir/loor represents more face-on orientation. ? Interlamellar distance (d.) and crystal
size (L100) evaluated from the out-of-plane (100) diffraction. ‘n-7t stacking distance
(dr-z) and crystal size (Loio) evaluated from the out-of-plane (010) diffraction. No
diffraction peak was observed for PTAA.
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