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Methods

Materials. Lead iodide (PbI2, 99.999%) and tin (IV) oxide (SnO2) colloid precursor were 

purchased from Alfa Aesar; Cesium iodide (CsI, 99.999%), Cesium bromide (CsBr, 99.999%), 

chlorobenzene (CB, 99.8%), anhydrous dimethyl sulfoxide (DMSO, ≥ 99.9%), N, N-

dimethylformamide (DMF, 99.8%), 4-tert-butylpyridine (tBP), tris(2-(1H-pyrazol-1-yl)-4-tert-

butylpyridine)cobalt(iii)-tris(bis(trifluoromethylsulfonyl) imide) (FK209) and 

bis(trifluoromethylsulfonyl)amine lithium salt (Li-TFSI) were purchased from Sigma Aldrich. 

Anhydrous methanol, ethanol (>99.5%) and isopropyl alcohol (IPA, 99.5%) were purchased 

from Acros; Spiro-MeOTAD (99.8%) was purchased from Xi’an Polymer Light Technology 

Corp. All materials and reagents were used as received without further purification.

Perovskite precursor preparation. x M (x=0.95, 1, 1.05, 1.1) PbI2 and 1 M CsBr were 

dissolved in a mixture of DMF and DMSO (1:9 v/v), followed by magnetically stirred at 70 °C 

for ~ 12 hours (hrs) till the cloudy solution yields to transparent yellow solution. CsI was 

dissolved in mixed solvent (methanol:ethanol=1:4 by volume) with a concentration of 1, 2, 3 and 

5 mg mL-1. 

Fabrication of perovskite solar cells. 40 nm SnO2 layer is spin-coated onto pre-cleaned and 

UV-Ozone treated ITO-coated glass substrates from SnO2 colloid solution with the concentration 

of 2 mg mL-1 at 3000 RPM for 30 seconds (s), followed with thermal annealing at 150 °C for 30 

minutes (min) on the hotplate in ambient atmosphere. After the SnO2/ITO substrate transformed 

into the N2 glovebox, CsPbI2Br is spin-coated on the top of the which at spin-speed of 1500 

RPM for 15 s and 5000 RPM for 45 s continuously, followed with thermal annealing firstly at 

low temperature of 50 ℃ till the color of the thin film transformed into light brown and second 

high temperature of 260 ℃ for 5 mins on the hotplate. For the target PSCs fabricated with 

CsPbI2Br/CsPbI3 thin film, CsI was spin-coated on the top of CsPbI2Br thin film, followed at 

300 °C annealing treatment for 3 min. It was worthy noticed that IPA was dropped onto 

the as-cast perovskite precursor film with last 20 s finishing the spinning-perovskite films. For 

deposition of hole-transporting material, Spiro-MeOTAD was dissolved in chlorobenzene with a 

concentration of 80 mg/mL, then 35 µL of lithiumbis (trifluoromethanesulfonyl) imide in 

acetonitrile (260 mg/mL) and 30 µL of 4-tert-butylpyridine was added into the Spiro-MeOTAD 
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solution. The mixture was coated onto the perovskite film at 3500 RPM for 30 s to form a Spiro-

MeOTAD hole-transporting layer. Finally, the counter electrode was deposited by thermal 

evaporation of 80-nm-thick gold under a pressure of 2x10-6 mbar. The active area was measured 

to be 0.045 cm2.

Characterization of perovskite thin films. UV-vis absorption and photoluminescence (PL) 

spectra of thin films were recorded on a HP 8453 spectrophotometer and FLS920 

spectrofluorimeter (Edinburgh Instruments), respectively. A 150 W, ozone-free xenon arc lamp 

was used in PL measurements. Scanning electron microscope (SEM) images were obtained by 

using a field emission scanning electron microscope (JEOL-7401). Thicknesses of thin films 

were measured by Dektak 150 surface profilometer. The X-ray photoelectron spectroscopy (XPS) 

measurements are performed on an ESCALAB MK II (VG Co., Ltd, England) spectrometer, 

with Al Ka excitation radiation under ultrahigh vacuum condition. UPS measurements were 

performed in a high vacuum chamber with a He(I) (21.21 eV) discharge lamp and have a 

resolution of 0.1 eV. A −10 V bias was applied to the sample to enable accurate determination 

of the low-kinetic-energy photoelectron cut-off.

Characterization of perovskite solar cells. The J-V characteristics of PSCs were measured by a 

Keithley model 2400 source measure unit (Newport, Oriel AM 1.5G, 100 mW/cm2). The light 

intensity of 100 mWcm-2 was calibrated by a silicon reference cell. The external quantum 

efficiency (EQE) is obtained by using EQE measurement system. The cells were connected to a 

digital oscilloscope (Tektronix TDS 3052C) and the input impedance of the oscilloscope was set 

to 1 MΩ and 50 Ω, respectively, for monitoring the charge density decay and charge extraction 

time. The transient photovoltage was measured under 0.3 sun background illumination. An 

attenuated laser pulse (500 nm) was used as a small perturbation to the background illumination 

on the device. The laser-pulse-induced photovoltage variation (DV) was smaller than 5% of the 

VOC produced by the background illumination. The transient photocurrent was measured by 

applying 500 nm laser pulses with a pulse width of 120 fs and a low pulse energy to short circuit 

devices in the dark. The laser pulses were generated from an optical parametric amplifier 

(TOPAS-Prime) pumped by amode-locked Ti:sapphire oscillator seeded regenerative amplifier 

with a pulse energy of 1.3 mJ at 800 nm and a repetition rate of 1 kHz (Spectra Physics Spitfire 

Ace).
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Table s1. A summary of the detail performance parameters of reported CsPbI2Br PSCs

Device structure Bandgap 
(eV)

Voltage
 (V)

Eloss
 (V)

Efficiency
 (%)

Refs

ITO/PEDOT:PSS/CsPbI2Br/PCBM/BCP/Ag 1.90 1.06 0.84 6.8 1
FTO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Ag 1.92 1.11 0.81 9.84 2
FTO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Ag 1.90 1.10 0.80 10.34 3
FTO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Au 1.92 1.23 0.69 10.7 4
FTO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Au 1.92 1.19 0.73 10.3 5

FTO/c-TiO2/CsPbI2Br/P3HT/Au 1.90 1.01 0.89 7.7 6
FTO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Ag 1.90 1.13 0.77 10.5 7
ITO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Au 1.92 1.05 0.87 9.08 8

FTO/NiOx/CsPbI2Br/ZnO@C60/Ag 1.92 1.14 0.78 13.3 9
FTO/NiMgLiO/CsPbI2Br/PCBM/BCP/Ag 1.90 0.98 0.92 9.14 10
ITO/SnO2/CsPbI2Br/Spiro-MeOTAD/Au 1.90 1.10 0.80 10.99 11
ITO/SnO2/CsPbI2Br/Spiro-MeOTAD/Au 1.92 1.22 0.70 14.21 12
FTO/SnO2/CsPbI2Br/Spiro-MeOTAD/Ag 1.91 1.29 0.62 12.34 13

ITO/NiOx/CsPbI2Br/C60/BCP/Ag 1.90 1.05 0.85 10.4 14
ITO/SnO2/ZnO/CsPbI2Br/Spiro-MeOTAD/MoO3/Ag 1.92 1.23 0.69 14.6 15

FTO/c-TiO2/CsPbI2Br/Carbon 1.91 1.15 0.76 10 16
FTO/c-TiO2/m-TiO2/CsPbI2Br/Spiro-MeOTAD/Au 1.91 1.24 0.67 12.52 17

FTO/c-TiO2/CsPbI2Br/CsPbI3 QDs/PTAA/Au 1.91 1.20 0.71 14.45 18
FTO/c-TiO2/CsPbI2Br/CsPbX3/PTAA/Au 1.91 1.22 0.69 14.81 19

FTO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Ag 1.91 1.07 0.84 12.6 20
ITO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Au 1.92 1.23 0.69 16.07 21

FTO/NiOx/ln-CsPbI2Br/ZnO@C60/Ag 1.92 1.15 0.77 13.57 22
FTO/SnO2/CsPbI2Br/P3HT/Spiro-MeOTAD/Au 1.90 1.02 0.88 5.3 23

FTO/c-TiO2/m-TiO2/CsPbI2Br/P3HT/Au 1.90 0.96 1.083 7.7 24
FTO/c-TiO2/CsPbI2Br/CsPbI2Br QDs/PTAA/Au 1.91 1.11 0.80 11.88 25

FTO/c-TiO2/m-TiO2/CsPbI2Br/HTM/Au 1.91 1.17 0.74 12 26
ITO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Au 1.91 1.19 0.72 12.39 27
FTO/c-TiO2/CsPbI2Br/Spiro-MeOTAD/Au 1.91 1.21 0.70 9.5 28
ITO/SnO2/CsPbI2Br/Spiro-MeOTAD/Ag 1.91 1.06 0.85 13.09 29
FTO/TiO2/CsPbI2Br/Spiro-OMeTAD/Au 1.92 1.18 0.74 13.54 30

FTO/Nb2O5/CsPbI2Br/Carbon 1.90 1.24 0.66 12 31
ITO/SnO2/CsPbI2Br/Carbon 1.92 1.27 0.65 10.42 32

ITO/SnO2/CsPbI2Br/Spiro-MeOTAD/Ag 1.91 1.23 0.68 14.15 33
ITO/ETL/CsPbI2Br/PDCBT/MoO3/Ag 1.92 1.30 0.62 16.2 34
FTO/c-TiO2/m-TiO2/CsPbI2Br/HTL/Au 1.92 1.31 0.61 14.86 35

ITO/NiOx/CsPbI2Br/c‐Nb2O5/ETL/Bphen/Ag 2.00 1.08 0.92 11.17 36
FTO/TiO2/CsPbI2Br/Spiro-OMeTAD/Au 1.97 1.10 0.87 5.7 37

ITO/SnO2/CsPbI2Br/P3HT/Ag 1.91 1.14 0.77 12.22 38
ITO/SnO2/CsPbI2Br/PMMA/Carbon 1.91 1.20 0.71 10.95 39

FTO/NiMgLiO/CsPbI2Br/PCBM/BCP/Ag 1.92 1.08 0.84 11.05 40
ITO/TiO2/CsPbI2Br NC/P3HT/Au 1.82 1.32 0.50 12.02 41

ITO/SnO2/CsPbI2Br/Spiro-MeOTAD/Au 1.92 1.32 0.60 15.5 This work
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Table s2 Performance parameters of PCSs dependent on the concentration of CsI

CsI
(y mg/mL)

VOC
(V)

Eloss
(V)

JSC
(mA cm-2)

FF
(%)

PCE (%)
(Best)

PCE (%)
(Average)

0 1.12 0.80 15.78 75.5 13.34 12.15
1 1.18 0.74 15.80 74.9 13.96 12.76

2 1.32 0.60 15.86 75.2 15.50 14.48

3 1.14 0.78 14.45 71.8 11.83 10.29

5 1.08 0.84 11.34 65.2 7.98 6.06

Table s3 Atom contents of perovskite thin films

Elements Control Target-100nm Target

Wt% At% At ratio Wt% At% At ratio Wt% At% At ratio

Cs 18.89 19.72 1.00 20.01 20.45 1.00 19.71 20.55 1.00

Pb 31.07 20.28 1.03 30.85 20.22 0.99 29.99 20.06 0.98

I 38.59 40.12 2.03 38.44 41.14 2.01 43.36 47.35 2.30

Br 11.45 19.88 1.01 10.70 18.18 0.89 6.94 12.04 0.59
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Fig. s1 The schematic illustration of SnO2/CsPbI2Br and SnO2/CsPbI2Br/(CsPbI2Br)1-

x(CsPbI3)x thin films
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Fig. s2 EDX results of (a) control film, (b) target film with surface 100 nm scraped off and (c) 

target film.
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Fig. s3 EDX top view element mapping of (a) control film, (b) target film with surface 100 

nm scraped off and (c) target film.
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Fig. s4 XPS results of control (a) and target (f) thin film. corresponding (b, g) Cs 3d, (c, h) 

Pb 4f, (d, i) I 3d, and (e, j) Br 3d core-level spectra.
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Fig. s5 The J–V characteristics of control and target PSCs measured from different scan 
direction.
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Fig. s6 The EQE spectrum and integrated JSC of the PSCs with different concentration of 
CsI.
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Fig. s7 The histograms of performance parameters of the control and target PSCs.
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