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Methods
Materials
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Iodized 3-pyridinecarboximidamide (3API) was synthesized by dissolving 1 g of pyridecarboximidamide (98%, Damas-beta) and 2.25 g hydroiodic acid (HI, 57 wt.% in water, Aldrich) in 10 mL ethanol followed by stirring at 0 ℃ for 6 h for crystallization. The obtained 3API crystals was dissolved in ethanol for recrystallization. The resulting product was dried at 50 ℃ in a vacuum oven for 24 h. 3APBr and 3APCl were obtained via a similar fabrication procedure.
Formamidinium iodide (FAI), Pb (II) iodide (PbI2), and spiro-OMeTAD were procured from Advanced Election Technology Co., Ltd. Methylammonium chloride (MACl) and phenylethylammonium iodide (PEAI) were obtained from Xi’an Polymer Light Technology Co. Chlorobenzene (CB) (anhydrous, 99.8%) and isopropanol (IPA) (anhydrous, 99.5%) were purchased from Sinopharm Chemical Reagent Co., Ltd. N,N-dimethylformamide (DMF) (anhydrous, 99.8%) and dimethyl sulfoxide (DMSO) (anhydrous, ≥99.9%) were obtained from Alfa Aesar Inc. 4-tert-butylpyridine (t-BP, 99%), bis(trifluoromethane)sulfonamide lithium salt (Li-TFSI, 99.95% trace metals basis), HI solution (55–58 wt.% in water), HBr solution (48 wt.% in water), and HCl (37 wt.% in water), were purchased from Aladdin.

Perovskite film preparation and device fabrication
Perovskite solar cells (PSCs) were fabricated with a planar n-i-p structure of fluorine-doped tin oxide (FTO)/c-TiO2/FAPbI3/Spiro-OMeTAD/Au. FTO glass substrates were cleaned by ultrasonication in a special cleaning concentrate (Hellmanex III (Sigma–Aldrich) mixed with ultrapure water at a volume ratio of 1–1.5:100) and ultrapure water for 20 min. After that, they were cleaned sequentially with IPA and ethanol for 20 min. Finally, the substrates were dried under a nitrogen flow and treated with ultraviolet (UV) light for 15 min before the deposition of c-TiO2. c-TiO2 layers were prepared by chemical bath deposition on FTO substrates. Before spin coating, FTO/c-TiO2 substrates were annealed at 200 ℃ for 30 min in air and treated with UV-ozone for 15 min. To fabricate the FAPbI3 perovskite thin film, a precursor solution (1.5 M) was prepared by dissolving PbI2 and FAI in a solvent mixture of DMF and DMSO (volume ratio: 4:1). 3-APX (X = I, Br, Cl) were added to the precursor solutions at different concentrations ranging from 0 to 8 mol.%. MACl (34.4 mg) was added to all perovskite precursor solutions. For each sample, 70 μL of the filtered solution was spread over the FTO/c-TiO2 substrate at 6000 rpm for 50 s. During spin coating, 1 mL of diethyl ether was dripped after spinning for 10 s using a pipette. The film was annealed on a hot plate at 150 °C for 10 min to obtain a black film, and after cooling to room temperature (25 °C), the perovskite film was spin-coated with PEAI dissolved in IPA (20 mM) at 3000 rpm for 30 s without further processing. The hole-transporting layer was deposited onto the top of the perovskite layer at a spin rate of 5000 rpm for 30 s using a spiro-OMeTAD solution, which consisted of 90 mg spiro-OMeTAD, 36 μL t-BP, 22 μL Li-TFSI (520 mg Li-TFSI in 1 mL acetonitrile), and 1 mL CB. Finally, an 80-nm Au electrode was vapor-deposited on the top of the spiro-OMeTAD layer, and the fabricated device was oxidized for 24 h.

Device characterization
J–V characteristics of the fabricated devices were obtained using a Keithley 2400 SourceMeter under ambient conditions at room temperature. Both reverse scans (1.7→0 V, step: 0.02 V, delay time: 20 ms) and forward scans (0→1.7 V, step: 0.02 V, delay time: 20 ms) were conducted. The power output of the lamp was calibrated using a National Renewable Energy Laboratory traceable KG5-filtered silicon reference cell. The external quantum efficiency (EQE) was measured on a QE-R system (Enli Technology Co., Ltd.) using a 300-W Xe lamp as the light source. The monochromatic light intensity for EQE measurements was calibrated using a reference silicon photodiode. The maximum power point (MPP) tracking were obtained using solar cell aging test system (Shenzhen Lancheng Technology Co., Ltd.) under a simulated continuous AM1.5G illumination (100 mW/cm2).

Material characterization
UV-visible absorption spectra were acquired on a PerkinElmer UV-Lambda 950 instrument. Steady-state (excitation wavelength: 510 nm, front-side excitation) and time-resolved (excitation wavelength: 510 nm, front-side excitation) photoluminescence (PL) spectra were recorded with a PicoQuant FT-300 spectrometer. X-ray diffraction (XRD) studies were performed using a DX-2700BH diffractometer (Dandong Haoyuan Instrument Co., Ltd.). Grazing incidence wide-angle scattering (GIWAXS, λ = 1.24 Å, incidence angle: 0.40°) was performed at the National Facility for Protein Science in Shanghai. Scanning electron microscopy (SEM) images were obtained using a Hitachi SU-8020 field-emission scanning electron microscope (Japan). Atomic force microscopy (AFM) images were obtained by a Bruker Dimension Icon instrument (USA). X-ray photoelectron spectroscopy (XPS) was performed on a photoelectron spectrometer (ESCALAB Xi+, Thermo Fisher Scientific). Fourier transform infrared (FTIR) spectra were recorded with a Bruker VERTEX 70 infrared spectrophotometer using KBr sheets. 1H and 13C nuclear magnetic resonance spectra were recorded on a JNM–ECZ400R/S1 apparatus (JEOL, Japan). Capacitance–voltage (C–V) measurements were performed on an electrochemical workstation (Modulab XM, USA). The built-in potential (Vbi) was further calculated according to the Mott–Schottky equation C−2 = 2(Vbi−Va)/A2eεε0NA, where NA and Va are the carrier concentration and applied voltage, respectively; ε0 and ε denote the vacuum permittivity and dielectric constant of the perovskite, respectively; and e represents the electron charge.1,2
Temperature-dependent conductivity measurements were performed using a Keysight 4200 source meter to determine the ion migration activation energies (Ea) of perovskite films at different temperatures (188–333 K).3 The devices were placed in a manual dark probe station equipped with a temperature controller to obtain a required temperature, and the sweep voltage range was 0-3 V. The value of Ea was further calculated according to the Nernst–Einstein relation 4,5 σT = σ0exp(–Ea/kBT), where σ0 is the constant, kB is the Boltzmann constant, and T is the temperature (K).
Defect density (Ndefects) and charge mobility (μelectron) were determined from the electron-only dark J–V curves obtained by a space charge-limited current (SCLC) method. The device architecture was FTO/c-TiO2/perovskite/PCBM/Ag. Ndefects was calculated according to the equation Ndefects = (2εε0VTFL)/(eL2),6 where ε0 and ε denote the vacuum permittivity and dielectric constant of the perovskite, and e and L represent the electron charge and thickness of the perovskite film, respectively. μelectron was computed according to the Mott–Gurney law μelectron = (8L3K)/(9εε0)7 where K denotes the slope of the Child regime.

[bookmark: _Hlk73437148]DFT calculations
First-principles calculations were performed in the framework of the density functional theory (DFT) using the program package CASTEP, plane-wave ultra-soft pseudopotential (PW–USPP) method, and Perdew–Burke–Ernzerhof (PBE) form of the generalized-gradient approximation (GGA) exchange–correlation energy functional. Structural optimizations of FAPbI3 and MAPbI3 were conducted using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm by allowing all atomic positions to relax. To calculate the total energies of 3AMP, 3AMPY, 3AP, BA, and PEA ions, they were placed inside a 10 Å × 10 Å × 10 Å lattice while allowing their atomic positions to vary. The simulations stopped when the total energies converged to 10−5 eV/atom, forces on each unconstrained atom were smaller than 0.03 eV/Å, stresses were lower than 0.05 GPa, and displacements were less than 0.001 Å. The plane-wave cutoff, Ecut, was set to 340 eV. K-point meshes of 4×4×4, 3×3×2, and 1×1×1 were used for the Brillouin zone sampling of FAPbI3, MAPbI3, 3AMP, 3AMPY, 3AP, BA, and PEA ions.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Absorption energy: To calculate the adsorption energies of 3AMP, 3AMPY, 3AP, BA, and PEA ligands on the FAI-terminated FAPbI3 (001) surface, we modeled the first five layers of this surface. To obtain the most stable structure, structural optimization was performed by fixing the bottom three layers and setting the thickness to 15 Å vacuum. Adsorption energies were calculated by the following equation:


[bookmark: _Hlk76106444]where Eadsorption-system, EFAPbI3_001, and Et[adsorbate] represent the total energies of the adsorption system, FAI-terminated FAPbI3 (001) surface, and adsorbate, respectively.
[bookmark: _Hlk76107237]Defect formation energy: The formation energy of I− vacancy defects in the perovskites with 3AMP, 3AMPY, 3AP, BA, and PEA ligands on the FAI-terminated FAPbI3 (001) surface was calculated by the following equation:


where Edefect-system, Eperfect-system, and Et[I] represent the total energies of the defect system, the perfect system, and a single I atom, respectively.
[bookmark: _Hlk76107265][bookmark: _Hlk76133372]Transition state (TS): To determine the migration energy barriers of I− ions on the FAI-terminated FAPbI3 (001) and MAI-terminated MAPbI3 (001) surfaces, we performed TS searches using the complete linear synchronous transit/quadratic synchronous transit method.
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Supplementary Fig. 1| (3AP)PbI4 structure.

 
Supplementary Fig. 2| FTIR spectra of 3AP and 3AP+PbI2 compounds.
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Supplementary Fig. 3| Temperature-dependent conductivities of the perovskite films without ligands (denoted as control) and with (b) 3AMP, (c) 3AMPY, (d) 3AP, (e) BA, and (f) PEA ligands.
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Supplementary Fig. 4| Certification of the PSCs with 3API at the National Institute of Metrology, China. The PCE is 24.8% (VOC = 1.176 V, ISC = 1.844 mA, FF = 83.1%) at the reverse scan. The PCE is 23.0% (VOC = 1.137 V, ISC = 1.839 mA, FF = 80.0%) at the forward scan. The aperture area of the device is 7.274 mm2.


[image: ]
Supplementary Fig. 5| The line-plot file of GIWAXS of control and with 3AP films. 
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Supplementary Fig. 6| AFM images of the (a) control and (b) 3API-based perovskite films.
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Supplementary Fig. 7| Tauc plots of the perovskite films with and without 3API.
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Supplementary Fig. 8| Mott–Schottky plots of the control and 3AP-based PSCs.
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Supplementary Fig. 9| SEM images and the corresponding grain size distributions of the perovskite films with 3APX (X = Br, Cl).
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Supplementary Fig. 10| AFM images of the perovskite films with (a) 3APBr and (b) 3APCl.
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Supplementary Fig. 11| PL maps of the perovskite films (a) without additives and with (b) 3API, (c) 3APBr, and (d) 3APCl.
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Supplementary Fig. 12| TRPL profiles of the perovskite films with 3APX (X = Br, Cl).

[image: ]
Supplementary Fig. 13| SCLC analyses of the fabricated devices. (a) Electron-only devices with the FTO/c-TiO2/perovskite/PCBM/Ag architecture. Dark J–V curves of the devices with (b) 3APBr and (c) 3APCl.
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Supplementary Fig. 14| Current density–voltage (J–V) curves obtained for the devices with 3APX (X = Br, Cl).


Supplementary Table 1| Structural parameters of the (3AP)PbI4 single crystal.
	
	(3AP)PbI4

	Empirical formula
	C6 H9 I4 N3 Pb

	Formula weight
	837.95

	Temperature
	190(2) K

	Wavelength
	1.34139 Å

	Crystal system
	Monoclinic

	Space group
	C2/c

	Unit cell dimensions
	a = 17.0883(11) Å, α = 90°
b = 9.4534(6) Å, β = 101.866(2)°
c = 19.6226(12) Å, γ = 90°

	Volume
	3102.1(3) Å3

	Z
	8

	Density (calculated)
	3.588 g/cm3

	Absorption coefficient
	57.068 mm-1

	Independent reflections
	2759 [Rint = 0.0604]

	Final R indices [I > 2σ(I)]
	Robs = 0.1413, wRobs = 0.0.3501

	R indices [all data]
	Rall = 0.1443, wRall = 0.3532

	Largest diff. peak and hole
	6.663 and -5.303 e·Å-3



Supplementary Table 2| Interlayer distances of some molecular ligands.
	
	Interlayer distance (Å)

	3AP
	3.4534

	3AMP
	3.8573

	3AMPY
	3.7106

	BA
	5.4209

	PEA
	12.2104


Supplementary Table 3| Adsorption energies, I− defect formation energies, and energy barriers of I− diffusion calculated for the FAPbI3 (001) (FAI-terminated) and MAPbI3 (001) (MAI-terminated) systems with/without 3AMP, 3AMPY, 3AP, BA, PEA ligands.
	Adsorption system
	Adsorption energy (eV)
	Defect formation energy (eV)
	Energy barrier (eV)

	FAPbI3_001
	–
	1.422
	0.737

	MAPbI3_001
	–
	1.075
	0.688

	FAPbI3_3AMP
	−2.784 
	3.574
	0.907

	FAPbI3_3AMPY
	−2.988 
	3.791
	0.966

	FAPbI3_3AP
	−3.135 
	3.812
	1.467

	FAPbI3_BA
	−2.968 
	3.716
	1.293

	FAPbI3_PEA
	−2.498 
	3.584
	0.861





Supplementary Table 4| Perovskite photovoltaic parameters of the devices containing 0%, 4%, and 8% mol.% 3API.
	
	PCE (%)
	VOC (V)
	JSC (mA cm–2)
	FF (%)

	Control
	max
	22.76
	1.123
	24.94
	81.30

	
	average
	22.08±0.56
	1.115±0.006
	24.78±0.17
	79.93±1.73

	With 3API
4 mol %
	max
	25.29
	1.181
	26.04
	82.21

	
	average
	24.52±0.34
	1.169±0.005
	25.69±0.24
	81.64±0.61

	With 3API
8 mol %
	max
	23.71
	1.151
	25.36
	81.24

	
	average
	23.41±0.30
	1.150±0.008
	25.24±0.17
	80.64±0.35




Supplementary Table 5| Parameter statistics of the PSCs with 3APX (X = Br, Cl).
	
	PCE (%)
	VOC (V)
	JSC (mA cm–2)
	FF (%)

	With 3APBr
	max
	24.66
	1.172
	25.85
	81.41

	
	average
	23.85±0.33
	1.164±0.006
	25.57±0.29
	80.16±0.68

	With 3APCl
	max
	24.63
	1.169
	25.87
	81.44

	
	average
	24.06±0.29
	1.167±0.002
	25.64±0.20
	80.42±0.60


[bookmark: OLE_LINK7][bookmark: OLE_LINK8]
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