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Materials

The SnO: nanoparticle precursor was purchased from Alfa Aesar (tin (IV) oxide, 15% in H2O
colloidal dispersion). Formamidinium iodide (FAI) and methylammonium chloride (MACI), The Cesium
iodide (Csl) was purchased from Aladdin. 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (Spiro-OMeTAD), lithium bis (trifluoromethanesulfonyl) imide (LiTFSI) were purchased
from Xi'an Polymer Light Technology. The Lead bromide (PbBr2) was obtained from Shanghai Macklin
Biochemical Co., Ltd. N,N-dimethylmethanamide (DMF, 99.9%), dimethyl sulfoxide (DMSO, 99.9%), 4-t-
butylphenylammonium iodide (tBP), acetonitrile (ACN) and Chlorobenzene (CB) were purchased from
Advanced Election Technology Co., Ltd. Trioctylphosphine oxide (TOPO, 99%), Isopropanol (IPA) and
Lead iodine (Pbl2, 99.999%) were purchased from Sigma-Aldrich.
Wide-bandgap perovskite precursor preparation

In 1 milliliter of mixed DMF and DMSO (v/v = 4:1) solvents, 178.78 mg of FAI, 67.6 mg of Csl,
374.56 mg of Pbly, 178.91 mg of PbBr,, and 32.67 mg of MACI were mixed to form the 1.3 M wide-
bandgap perovskite precursor solution of FA(.sCso2Pb(lo.75Bro.25)3. The optimized solution was mixed with
RbI (2 mg, 4 mg, 6 mg) and stirred for 6 hours before using.
Wide-bandgap perovskite solar cell fabrication

The ITO substrates were subjected to a cleaning process involving conductive glass cleaning agent, DI
water, acetone, and isopropanol for 20 minutes using ultrasonic processing. Subsequently, the ITO

substrate underwent UVO treatment for 20 minutes. Following this, the SnO» nanoparticle solution (with a
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ratio of SnO» nanoparticle solution to DI water of 1:3) was spin-coated onto the substrate at 4000 rpm for
30 seconds and annealed at 150 °C for 30 minutes in dry air. After cooling to room temperature, the SnO>
substrates were placed in UVO for 10 minutes. The FA¢.83Cso.17Pb(lo.75Bro.25)3 precursor was spin-coated
onto the SnO; film at 1000 rpm for 10 seconds, followed by 5000 rpm for 35 seconds, and then 200 pl of
CB was rapidly dropped onto the rotating film in the last 5 seconds. Subsequently, the film was
immediately annealed in air for ten minutes. Then, 30 puL of FAI solution (4 mg/ml in IPA) was dropped
onto the perovskite film at 3000 rpm for 30 seconds and annealed at 100 °C for 10 minutes to construct
surface heterojunction (SHJ). Following this, 30 uL of TOPO (1 mg/ml in IPA) was spin-coated onto the
SHJ film at 3000 rpm for 30 seconds. The hole transporting layer was then prepared by spin-coating a
mixture solution of Spiro-OMeTAD (72.3 mg), Li-TSFI (35 pL) solution (260 mg Li-TSFI in 1 ml ACN),
and tBP (30 pL) in CB (1 mL) onto the film. Finally, 50 nm of gold was evaporated onto the top to serve as
electrodes. The size areas of small-scale device were 0.0441 cm?, a 0.0404 cm? non-reflective mask was
used to define the accurate active cell area while measuring. And the size areas of large-scale device were
1.210 cm?, and a 1.02 cm? non-reflective mask was used to define the accurate active cell area while
measuring.
Relative narrow-bandgap (~1.55 eV) perovskite solar cell preparation

We applied two-step sequential deposition method to fabricate the ~1.55 eV PSCs. The substrate
cleaning and preparation technology of electron transport layer SnO> is consistent with the above method.
After that, 1.5 M of Pbl, in (DMF:DMSO = 9.5: 0.5) was spin coated onto SnO> at 1500 rpm for 30 s, and
then annealed at 70 °C for 1 min, then the mixture solution of FAI: MAI: MACI (90 mg: 9 mg: 9 mg in 1
ml [PA) was spin coated onto the Pbl; at spin rate ranging of 2000 rpm for 30 s, and a thermal annealing of
150 °C for 15 min in ambient air condition (30—40% humidity) was processed. Following this, 30 pL of
TOPO (1 mg/ml in IPA) was spin-coated onto the SHJ film at 3000 rpm for 30 seconds. The hole
transporting layer Spiro-OMeTAD was then prepared by spin-coating onto the film. Finally, 50 nm of gold
was evaporated onto the top to serve as electrodes.
Simulation method

The numerical calculation was performed by a one-dimensional simulator as implemented in the Solar
Cell Capacitance Simulator program (SCAPS, developed by the University of Gent) that solves the
equations governing the behavior of semiconductor materials in steady state conditions, including the
Poisson equation, electron and hole continuity equations, drift and diffusion currents equation. Originally,
the program was developed specifically for analyzing cell structures made of CulnSe; and the CdTe family.
However, recent advancements have expanded the program's capabilities to include the analysis of
crystalline solar cells from the Si and GaAs family, as well as perovskite solar cells. We, therefore, applied
this device simulator to analyze the impact of various parameters on the performance of perovskite solar
cells.

The Poisson equation describes the relationship between the electric field (E)and the space charge

density (o ):
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Where, is the electrostatic potential, is the elementary charge, is the static relative
permittivity of the medium, () is the electron (hole) density, ¥ ( 7) is the density of ionized donors
(acceptors), and is the possible defect (Acceptor or donor) density.

The electron and hole continuity equations in steady state are given by:

oJ
_”+G_Un(n’p):0 (2)
ox
oJ
-—L+G-U,(n,p)=0 (3)
ox
, are the electron and hole current densities; () I1s the net recombination rates; is the

electron-hole generation rates.
Under the influence of an electric field, a few carriers will experience drift, leading to the occurrence
of the drift phenomenon. Additionally, there will be the generation of diffusion current due to the

concentration gradient. The relationship between drift and diffusion currents is given by the continuity

equation:
J,=qnu,E+qD Vn 4)
J,=qnu,E+qD Vp (5)
is the elementary charge, is electron mobility, is hole mobility, and is the diffusion
coefficient of electrons, is the diffusion coefficient of holes.

The equations for calculating short-circuit current and open-circuit voltage are as follows:
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15( ) is the illumination amplitude at wavelength,  is the speed of light, is the Planck constant.

0 is reverse saturated non-ideal diode current, is ideal factor, and  is temperature.
The FF is calculated as follows:
=l (®)
JV,
Here, and are the current density and voltage at the maximum power points. Efficiency ,
normalized to input power, is defined as:
g = Lo FE 9)

Device characterization

A 3Kv field-emission scanning electron microscope (Zeiss Sigma300) was used to take the SEM
characterization images of the films. The positions of the perovskite crystal peaks (Rigaku S3 D/MAX-
2400) were ascertained by XRD investigation. Using a Varian Cary 5000 spectrophotometer, the UV

absorption characteristics of perovskite films were determined. AFM (Bruker Multimode8) was used to



assess the film's surface roughness, and SEM (Zeiss Sigma300) was used to determine the device's cross-
section shape. Utilizing PL spectral equipment (FLS980 spectrometer (UK)) and time-resolved PL spectral
equipment (F900 spectrometer (UK)), the carrier lifetime data of the thin films were acquired. By utilizing
the Keithley 2400 source measurement unit, the J-V characteristics of perovskite solar cells were analyzed.
The measurements were carried out under a simulated AM 1.5 G spectrum (Newport 94023A S/N:525).
Within a nitrogen glove box, both reverse scan (1.4 V—0 V, step 0.02 V) and forward scan (0 V—1.4 V,
step 0.02 V) were conducted on the photovoltaic cells. The Thermo Scientific ESCALab 250Xi instrument,
powered by 200 W monochromated Al Ka (1486.6 e¢V) radiation, was utilized to acquire the EDS data.
Employing Hel (21.22 eV) radiation lines, Ultraviolet photoelectron spectroscopy (UPS) spectra were
acquired using the Thermo Scientific ESCALab 250Xi instrument.
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Fig. S1. Cross-sectional SEM of the WBG solar cells without/with Rbl.
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Fig. S2. EDS of perovskite films with Rbl.
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Fig. S3. XPS of perovskite films without/with RbI.
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Fig. S4. a) The corresponding bandgap calculated with Tauc equation of the WBG perovskite
films doped with different concentrations of Rbl. b) The bandgaps statistics of the WBG

perovskite films doped with different concentrations of Rb
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Fig. S6. J-V curves of RbI optimized p-i-n inverted PSCs.
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Fig. S7. a) UV-vis absorption spectra and b) The corresponding bandgap calculated with Tauc
equation of the perovskite films without/with SHJ.
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Fig. S8. Illuminated J-V curves of the WBG solar cell devices without/with SHJ.
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Fig. S9. SEM images of without and with TOPO passivated perovskite film.
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Fig. S10. AFM images of without and with TOPO passivated perovskite film.
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Fig. S11. XPS full spectra of the perovskite films without/with TOPO.
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Fig. S12. UV-vis absorption spectra without and with TOPO passivated perovskite film.
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Fig. S14. UPS spectra of the perovskite films without/with TOPO.
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Fig. S15. The Charge transport properties between perovskite layer and Spiro-OMeTAD with
and without TOPO passivation (a) PL spectra. (b) TRPL spectra.
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Fig. S17. The J-V hysteresis study of without and with TOPO passivated PSCs.
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Fig. S19. J-V curves of TOPO passivated PSCs with the bandgap of 1.55 eV.
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Table S1. Fitted fast and slow decay components for the TRPL measurements of perovskite

films with different concentrations of Rbl.

Sample 1 (ns) | 12 (ns) | A1 (%) | A2 (%) | Taverage (NS)
Without RbI 2.5 69.4 4.2 95.8 66.6
2 mg/ml Rbl 3.6 92.2 4.3 95.7 88.4
4 mg/ml Rbl 5.2 156.8 5.6 94.4 148.1
6 mg/ml Rbl 4.3 106.4 4.8 95.2 101.5
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Table S2. Photovoltaic performance of the WBG solar cell devices doped with different

concentrations of Rbl.

Sample Voc (V) | Jsc (mA/em?) | FF (%) PCE (%)
0 mg/ml Rbl 1.164 18.98 69.22 15.29
2 mg/ml Rbl 1.189 20.34 73.78 17.84
4 mg/ml Rbl 1.233 21.46 76.01 20.11
6 mg/ml Rbl 1.204 21.69 73.64 19.24

30




Table S3. Photovoltaic performance of the WBG solar cell devices without and with SHJ.

Sample Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Without SHJ 1.229 21.25 76.58 19.98
With SHJ 1.254 22.53 76.13 21.52
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Table S4. Fitted fast and slow decay components for the TRPL measurements of perovskite

films without and with TOPO passivated.

Sample 1 (ns) | 12 (ns) | A1 (%) | A2 (%) | Taverage (NS)
Without TOPO 103.7 393.7 48.0 52.0 242.9
With TOPO 326.8 1072.0 473 52.7 679.3

32




Table S5. A summary of the detail performance parameters of reported WBG PSCs in this

work and in the literatures.

System | Year | Voc | PCE Perovskite Component Eg Voc Ref
deficits
2016 1.24 21.6 | Rbo.os(Cso.0sMAFA)o.95Pb(lo.83Bro.17) | 1.63 0.39 [1]
3
2016 1.04 12.59 MAPDbDo.75Sn0.25(10.4Bro.6)3 1.73 0.69 [2]
MA 2017 1.15 17.2 FAo.33MAo.17Pb(I0.6Bro.4)3 1.72 0.57 [3]
System 2018 | 1.146 | 16.0 FA0.4Cs05sMAo.1Pb(10.83Br0.17)3 1.699 0.553 [4]
2018 1.25 19.3 FA0.83Cs0.12MA0.05Pb(10.6Bro.4)3 1.74 0.49 [5]
2020 1.26 18.38 | KI-Cso.0sMAo.16FA0.79Pb(l0.75Bro2s)s | 1.75 0.49 [6]
2020 | 1.196 | 21.0 | (FA0.64MA0.20Cs0.15)Pbo.go(l0.79Bro2)3 | 1.68 0.484 [7]
2022 1.22 | 22.28 (CsMAFA)Pb(I, Br); 1.67 0.45 [8]
2023 1.20 | 23.23 (CsMAFA)Pb(I, Br); 1.63 0.43 [9]
DMA 2019 1.20 19.2 FA0.6Cs03DMA.1Pb(Io.sBro2)3 1.7 0.5 [10]
System ["5022 1.33 20.1 Cs0.3FA0.6sDMA,.1Pb(Io.7Bro3)3 1.75 0.48 [11]
2016 1.20 17.1 FAo,g3CSo,17Pb(10,6BI'0,4)3 1.74 0.54 [12]
2017 1.24 18.1 FAo,]5CS0,85Pb(Io,73BI‘0,27)3 1.72 0.48 [13]
2017 1.25 18.27 FA08Cs0.2Pb(10.7Br0.3)3 1.75 0.5 [14]
2018 1.23 17.8 FA0.83Cs0.17Pb(I0.6Bro.4)3 1.75 0.52 [15]
MA 2018 1.22 20.7 Cs0.2FA0.8Pb(10.75Bro.25)3 1.65 0.5 [16]
Sgif:m 2019 | 124 | 18.19 FAo5Cs02Pb(I0Bros)s 175 | 0.51 [17]
2020 | 1.197 16.4 FA08Cs0.2Pb(l0.6Bro.4)3 1.77 0.573 [18]
2021 1.19 | 20.31 FA08Cs0.2Pb(I0.8Br0.2)3 1.68 0.49 [19]
2022 1.22 17.0 FAo.83Cs0.17Pb(I0.6Bro.4)3 1.79 0.57 [20]
2023 1.25 19.66 Cs0.2FAosPb(10.6Bro.4)3 1.77 0.52 [21]
2024 | 1.30 | 23.35 FA0.5Cs02Pb(lo.75Bro.25)3 1.685 | 0.385 | This
work
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Table S6. Photovoltaic performance of the narrow bandgap (1.55 eV) solar cell devices

without and with TOPO.
Sample Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Without TOPO 1.133 23.98 78.76 21.57
With TOPO 1.162 24.38 83.09 23.50
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Table S7. The listed materials are used for the simulation of the device, and all the parameters

related to its electrical and optical properties were taken from published references.?>2¢

Material Parameters HTL TOPO | Perovs ETL ITO
kite
Thickness(nm) 150 7 Variable 50 200
Bandgap, Eg(eV) 3.0 1.668 1.668 3.5 3.5
Electron affinity, y(eV) 2.2 3.76/3.7 3.76 4.0 4
0
Dielectric permittivity, & 3 6.5 6.5 9 9
CB effective density of 2.8x10Y | 2.8x10'" [ 2.8x10'" [ 2.2x10'8 | 2.2x10'8
states, Nc(cm™)
VB effective density of 1.0x10" | 1.8x10" | 1.8x10" | 1.8x10" [ 1.8x10'
states, Nv((cm™)
Electron thermal 1x107 1x107 1x107 1x107 1x107
velocity(cm/s)
Hole thermal velocity(cm/s) 1x107 1x107 1x107 1x107 1x107
Electron mobility, p, 1.2x10* 20 20 1.0x10? 2
(cm?/Vs)
Electron mobility, pt, 2.0x10% 10 20 10 1
(cm?/Vs)
Shallow donor density, ND 0 0 0 1.0x10'7 | 2.0x10"
(em™)
Shallow acceptor density, 2.0x10" | Variable 0 0 0
NA (cm™)
Defect density, Nt(cm™) 1.0x10% | Variable | 5.0x10'* [ 1.0x10' | 1.0x10'

The electron and hole trapping cross section of the perovskite layer and the TOPO layer are
10-15 cm?. The characteristic energy of each layer is 0.1 eV, and the defect state of
perovskite absorption layer accords with Gaussian neutral distribution. The reference defect
energy level in the TOPO and perovskite layer is 0.65 eV above the valance band. The
energy level with respect to the reference of hole transport layer, electron transport layer
and ITO is 0.6 eV. The metal work function of the left and right working contact points are

5.1eVand 4.4 ¢eV.
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Table S8. The storage stability of the TOPO passivated solar cell in ultra dry air (25 & 3 °C,
relative humidity (RH) of =~10%) and in dark.

Storage time (hours) | Voc (V) | Jsc (mA/ecm?) | FF (%) | PCE (%)

0 1.275 22.59 79.22 22.82
144 1.277 22.48 78.32 22.49
264 1.276 22.52 77.75 22.32
360 1.272 22.61 77.32 22.24
504 1.269 22.63 76.94 22.09
672 1.269 22.64 76.62 22.01
816 1.267 22.58 76.32 21.84
1008 1.265 22.67 76.01 21.79
1320 1.265 22.57 75.92 21.71
1632 1.265 22.43 76.33 21.66
1872 1.263 22.55 75.84 21.60
2556 1.262 22.64 75.35 21.53
3408 1.260 22.68 75.29 21.48
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