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Experimental Section

Materials: Bismuth iodide (Bil;), Bismuth bromide (BiBr3), Cesium iodide (Csl),
Chlorobenzene (CB), N, N-dimethylformamide (DMF) and Dimethyl sulfoxide
(DMSO), Nickel acetate tetrahydrate (Ni(CH;COO),*4H,0), Ethanol (20 proof grade),
Ethanolamine (NH,CH,CH,OH) (>99.5% purity grade) were obtained from Sigma-
Aldrich and used as received. PC¢BM was obtained from Lumtec.

Device Fabrication: 0.225 M various Cs3;Bilo,Bry (x=1, 2, 3, 4, 6) precursor
solutions were prepared by dissolving according Csl, Bil; and BiBr; in the mixed
solvent of DMF and DMSO (Vpumr: Vpumso=4:1). Cs;Bi;Brg precursor solution was
prepared by dissolving according CsBr, Bil; and BiBr; in the mixed solvent of DMF
and DMSO (Vpmr: Vpmso=4:1). The above solutions were heated at 60 °C and stirred
over 2 hours. NiOy precursor solution was obtained by dissolving 248.8 mg
Ni(CH3C00),°4H,0 in 10 mL ethanol (20 proof grade) with 60 uL ethanolamine.

The patterned ITO glass substrates were cleaned for 20 minutes in an ultrasonic bath
with acetone, isopropanol and ethanol respectively. NiOy layer was deposited by spin
coating at 2000 rpm for 40 seconds in the air, then followed by annealing at 300 °C
for 1 hour.

Next, deposition of the Cs3;Biylg(Bry films were performed in N, glovebox. The
Cs;Bi,lo4Bry solutions with different content of Br were filtered and dropped onto
glass/ITO/ PEDOT:PSS substrates with the speed of 3500 rpm for 50 s. The CB-free
Cs;Bi,lyBry films were obtained after annealing at 200 °C for 10 min. The Cs;Bi,l.
«Bry films with CB treatment were fabricated by drop-casting chlorobenzene solvent
at the 10 s of the spinning process and following same annealing process. PCs;BM
layers were spin coated on perovskite films and annealed at 100 °C for 10 min. Then,
10 nm Cg4y and 5 nm BCP were evaporated on the top of Cs;Bi,leBry films. Finally,
80 nm Ag was evaporated as top electrode through the shadow masks by thermal
evaporation to finish the device fabrication.

Characterizations: X-ray diffraction (XRD) spectra were collected using Rigaku
MiniFlex600 X-ray diffractometer (Cu Ka, 1.5406 A). The absorption spectra were
taken using a Shimadzu ultraviolet-visible spectrophotometer (UV-3600). Top-view
and cross-section morphology of perovskite films were analyzed by TESCAN MIRA3
scanning electron microscope. The current density-voltage (J-V) curves were
measured by a Keithley 2400 sourcemeter under AM1.5 spectrum (100 mW/cm?)
using the xenon arc lamp of an Oriel Sol3A solar simulator. Light intensity was
calibrated using a monocrystalline Si-cell. The devices were measured in reverse scan
from 1.2 V to -0.2 V with 0.1 mV intervals and 10 ms delay time, and forward scan
from -0.2 V to 1.2 V with identical interval and delay time. The EQE spectra were



recorded with by an Enli Technology (Taiwan) EQE measurement system (QE-R)
with the calibration for light intensity by a standard single-crystal Si-cell. Room
temperature PL spectra were measured by Spectrofluorometer (FS5, Edinburgh
instruments) with 405 nm pulsed laser.

Computational methods: Density functional theory (DFT) calculations were
performed within the Perdew-Burke-Ernzerhof parametrization of the generalized
gradient approximation, as implemented in the Vienna ab initio simulation package
(VASP). The project augmented wave (PAW) method and the plane wave basis set
are employed with an energy cutoff of 350 eV. All the atoms and the lattice vectors
are fully relaxed until the force on each atom is less than 0.01 eV/A. For the Brilloin

zone integration, we used the 6 X 6x2 and 6x6x4 k-point mesh for the P6;/mmc and P

3m primitive cells, respectively. we have employed the PBE functional with spin-
orbit-coupling (SOC). Given the fact that the calculated band gap by PBE+SOC is
underestimated compare to experimental data, we have used scissor operator to
compensate the band gap error.
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Figure S1. a, b) UPS spectra Cs;Bi,ly, Cs;BiI¢Br; and Cs;Bi,Bry films, respectively.
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Figure S2. the projected density states for a) Cs;Bi,ly (P63/mmc) and b) Cs;Bi,Bry (P-3m)
calculated by PBE+SOC approach.
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Figure S3. a-f) Top view SEM images of Cs;Bi,l,.,Bry films with various Br contents.
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Figure S4. a-f) Top view SEM images of Cs;Bi,ly Bry films with various Br contents by CB

treatment.
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Figure S5. the J-V curves of champion devices for CB-free Cs;Bi,14Br; film.
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Table S1 the scissor operator estimated by the calculated band gap at I point.

CS3Bi219 Gap(F-F)

Cs;Bi,Bry Gap (I'-IN)

P63;/mmc P3m P63;/mmc P3m
PBE 2.43 2.00 3.22 2.71
PBE+SOC 1.89 1.42 2.63 1.94
SOC(scissor  0.54 0.58 0.59 0.77
operator)
Table S2 the summary of progress of Bi-based PSCs.
PCE Vgoc JscmA FF E, . Fabrication
Ref.
Absorber © ) em-) ©) (V) Architecture method e
. FTO/TiO,/absorber/ spin coating, 1
MA;Bilp 0.08 0.69 0.37 3221 spiro-OMeTAD/Ag gas-assisted
ITO/TiOy/mp-TiOy/
MA;Bi,]g 0.42 0.67 1.00 63 2.1 absorber/spiro-OMeTAD/ spin coating 2
MoO;/Ag
FTO/c-TiOy/mp-TiO,/
MA;Bi,], 3.17 1.01 4.02 78 - absorber/spiro-OMeTAD/ evaporation
Au
. ITO/PEDOT:PSS/absorber/  evaporation 3
MA;Bi, g 0.39 0.83 1.39 34 22 Ceo/BCP/Ag spin-coating
. . solvent-
. FTO/TiOy/mp-TiOy/ . . 4
MA;Bi] 0.36  0.65 1.10 50 2.1 absorber/spiro-OMeTAD/Au engineering
spin-coating
. FTO/TiO,/mpTiO,/ . ) s
MA;Bi,1, 0.31 0.51 0.94 61 - absorber/spiro-OMeTAD/Au spin coating
. FTO/TiO,/mp-TiO,/ . . 6
MA;Bi]g 0.26 0.56 0.83 49 - absorber/spiro-OMeTAD/Au spin coating
. FTO/TiO,/mp-TiO,/ . : ;
MA;BI1,1, 0.19 0.35 1.16 46 2.1 absorber/P3HT/Au spin coating
MA;Bi,1 0.12 0.68 0.52 33 2.1 absorber/spiro-OMeTAD/Ag spin coating
. FTO/Ti0,/mp-TiO,/
(MAB3]? lo)o 0.08 0.57 0.27 50 - absorber/PTAA/PIDT- spin coating ?
( 1 3)0.8 DFBT/Ag
Cs;Bily 109 085 215 60 22 FTO/TIO;/mp-TiO/ spin coating  ©

absorber/spiro-OMeTAD/Ag



CuBil, 0.82 0.63

Cs;Biyl 021 0.49 0.67 64 2.0 absorber/spiro-OMeTAD/Au spin coating
Cs:Biy 320 086 578 64 23 FTOMIO. | absorber spin coating
CsBisl, 040 031 340 38 1.77 Fo f;gznf;gf/fgz/ spin coating
CsBislyg 1.51 046 4.75 69 1.77 FTO/TiOy/absorber/Carbon spin coating
Cs,AgBiBry, 243  0.98 3.93 63 221 absg;{)gr//cs;ig-zénl\l/?gf];// Ay  SPin coating
Cs;,AgBiBry 251 1.01 38 65 - Sgggli\%ﬁsgfﬁfg/ﬁg spin coating
AgBibl, 122 056 330 67 187 Fafg fgg;ﬁ?ﬁ%ﬁ/ spin coating
AgBils; 21 049 680 63 185 PO/ 0mp- T10:/ spin coating
e
AgBil, 089 084 237 45 186 FTOMIOs absorber! spin coating
s v wr @ TOUIORTON
CHNBIL, 09 06 271 54 198 K C(;Egagg;éoﬂ spin coating
FTO/TiO,/ absorber/

2.19 57 267 spin coating

Spiro-OMeTAD/Au
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