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[bookmark: OLE_LINK4]1. Materials
Lead iodide (PbI2, 99%) and Lead brommide (PbBr2, 98%) were purchased from Tokyo Chemical Industry. Formamidinium iodide (FAI, 99.9%), methylammonium chloride (MACl, 99.9%), and methylammonium bromide (MABr, 99.9%) were obtained from Advanced Election Technology. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, Mn  15.00025.000) was purchased from Xi’an Polymer Light Technology Corporation. Tin (II) chloride dihydrate (SnCl2·2H2O, 99.99%) and thioglycolic acid (C2H4O2S) were obtained from Sigma-Aldrich. Urea (CO(NH2)2), potassium chloride (KCl), hydroiodic acid (HI, ca. 55 wt%), tris(dibenzylideneacetone)dipalladium (Pd2(dpa)3), 4-isopropyl-4’-methyldiphenyliodonium tetrakis(pentafluorophenyl)borate (TPFB), tri-tert-butylphosphine tetrafluoroborate (tt-BP·HBF4), N-Phenyl-4-biphenylamine (P-DPA), N-Phenyl-2-naphthylamine (N-DPA), trifluoroacetic acid (TFA), 2-(4-bromophenyl)ethylamine (4-Br-PEA), and di-tert-butyl decarbonate were purchased from Energy Chemical. Anhydrous chlorobenzene (CB), dimethyl sulfoxide (DMSO), and N,N-dimethylformamide (DMF) were obtained from J&K Scientific.


2. Synthesis
Scheme S1. Synthetic route for N-TPEAI and P-TPEAI.
[image: ]
(a) DCM, di-tert-butyl decarbonate, ice bath, RT, 18 h, yield: 96%; (b) N-phenyl-2-naphthylamine, Pd2(dba)3, tri-tert-butylphosphine tetrafluoroborate, sodium tert-butoxide, dry toluene, 120 C, 18 h, yield: 57%; (c) N-phenyl-4-biphenylamine, Pd2(dba)3, tri-tert-butylphosphine tetrafluoroborate, sodium tert-butoxide, dry toluene, 120 C, 18 h, yield: 66%; (d) Ethyl acetate, HI, ice bath, 1 h, RT, 2 h, yield: 70%; (e) Ethyl acetate, HI, ice bath, 1 h, RT, 2 h, yield: 72%.
The synthetic routes for N-TPEAI and N-TPEAI are depicted in Scheme S1. Compound 1 was prepared according to a previous report [1].
Synthesis of N-TPEA-Boc [2]
N-Phenyl-2-naphthylamine (722.7 mg, 3.30 mmol), tris-(dibenzylideneacetone)dipalladium(0) (90 mg), compound 1 (1018 mg, 3.40 mmol), sodium tert-butoxide (220 mg), and tri-tert-butylphosphine tetrafluoroborate (26 mg) were dissolved into anhydrous toluene (5 mL) in a 50 mL two-necked flask. The reaction was heated to 120 C for 18 h. After cooling to RT, the mixture was extracted with brine water and dichloromethane. The organic phase was collected and the solution was evaporated under reduced pressure. The crude product was purified by column chromatography (silica gel, ethyl acetate (EA)/ PE = 1:10, v/v) to give a white solid (823 mg, 57%).  1H NMR (DMSO-d6, 400 MHz): δ 7.83 (d, 2H, J = 8.58 Hz), 7.68 (d, 1H, J = 7.80 Hz), 7.437.35 (m, 3H, J = 9.37 Hz), 7.31 (dd, 2H, J = 8.19 Hz), 7.17 (dd, 3H, J = 8.19 Hz), 7.076.99 (m, 5H, J = 7.80 Hz), 6.90 (t, 1H, J = 5.07 Hz), 3.193.14 (m, 2H, J = 7.42 Hz), 2.67 (t, 2H, J = 7.41 Hz), 1.37 (s, 9H). HRMS (ESI, m/z): [M+H]+ calcd for C29H31N2O2+, 439.2386; found, 439.2379. [M+Na]+ calcd for C29H30N2O2Na+, 461.2205; found, 461.2195. 
Synthesis of P-TPEA-Boc
N-Phenyl-4-biphenylamine (808.9 mg, 3.30 mmol), tris-(dibenzylideneacetone)dipalladium(0) (90 mg), compound 1 (1018 mg, 3.40 mmol), sodium tert-butoxide (220 mg), and tri-tert-butylphosphine tetrafluoroborate (26 mg) were dissolved into anhydrous toluene (5 mL) in a 50 mL two-necked flask. The reaction was heated to 120 C for 18 h. After cooling to RT, the mixture was extracted with brine water and dichloromethane. The organic phase was collected and the solution was evaporated under reduced pressure. The crude product was purified by column chromatography (silica gel, EA/ PE = 1:10, v/v) to give a white solid (1010 mg, 66%).  1H NMR (DMSO-d6, 400 MHz): δ 7.64 (d, 2H, J = 7.34 Hz), 7.59 (d, 2H, J = 8.44 Hz), 7.487.42 (m, 2H, J = 7.33 Hz), 7.31 (dd, 3H, J = 8.07 Hz), 7.17 (d, 2H, J = 8.08 Hz), 7.076.99 (m, 7H, J = 8.44 Hz), 6.90 (t, 1H, J = 5.50 Hz), 3.183.13 (m, 2H, J = 6.97 Hz), 2.66 (t, 2H, J = 7.34 Hz), 1.37 (s, 9H). HRMS (ESI, m/z): [M+Na]+ calcd for C31H32N2O2Na+, 487.2361; found, 487.2359.
Synthesis of N-TPEAI
N-TPEA-Boc (438.2 mg, 1.0 mmol) was dissolved in 100 ml ethyl acetate, and the reaction was cooled in ice bath for 1 h. Hydroiodic acid (2.0 mmol, ca. 55%) aqueous solution was dropped in the reaction and then the mixture was warmed to RT. After stirring for 2 h, the solution was evaporated under reduced pressure to obtain a white solid (327 mg, 70%). 1H NMR (DMSO-d6, 400 MHz): δ 7.97 (s, 3H), 7.857.82 (m, 2H, J = 4.63 Hz), 7.68 (d, 1H, J = 7.98 Hz), 7.447.38 (m, 3H, J = 9.24 Hz), 7.33 (dd, 2H, J = 7.98 Hz), 7.21 (dd, 3H, J = 8.40 Hz), 7.097.02 (m, 5H, J = 7.99 Hz), 3.06 (t, 2H, J = 7.14 Hz), 2.85 (t, 2H, J = 8.41 Hz).
Synthesis of P-TPEAI
P-TPEA-Boc (464.2 mg, 1.0 mmol) was dissolved in 100 ml ethyl acetate, and the reaction was cooled in ice bath. Hydroiodic acid (2.0 mmol, ca. 55%) aqueous solution was dropped in the reaction and then the mixture was warmed to RT. After stirring for 2 h, the solution was evaporated under reduced pressure to obtain a pale yellow solid (354 mg, 72%). 1H NMR (DMSO-d6, 400 MHz): δ 8.02 (s, 3H), 7.667.58 (m, 4H, J = 5.85 Hz), 7.44 (dd, 2H, J = 7.31 Hz), 7.33 (dd, 3H, J = 7.31 Hz), 7.24 (d, 2H, J = 8.40 Hz), 7.097.03 (m, 7H, J = 8.04 Hz), 3.05 (t, 2H, J = 8.05 Hz), 2.86 (t, 2H, J = 8.41 Hz).


3. Device Fabrication
All the solar cell fabrication processes were conducted in ambient conditions (RH: 20%–30%, room temperature). The FTO glass substrates were cleaned with detergent, deionized water, acetone, and ethanol, respectively. The SnO2 electron transport layer was deposited onto the FTO substrates by a chemical bath deposition (CBD) method [3]. CBD solution was prepared by dissolving urea (625 mg), HCl (37 wt%, 625 L), thioglycolic acid (12.5 L), and SnCl2·2H2O (137.5 mg) in 50 mL deionized water. The cleaned FTO substrates were soaked in CBD solution, and heated at 88 C for 4 h. Then, the SnO2-deposited FTO subtrates were ultrasonically cleaned with deionized water and IPA, followed by annealing at 170 C for 1 h. Subsequently, the subtrates were spin-coated with KCl aqueous solution (10 mmol/mL) at 3000 rpm for 30 s and annealed at 100 °C for 10 min. 
The FAPbI3 films were fabricated according to a previous report [3]. The perovskite precursor solution was composed of 1.53 M PbI2, 1.4 M FAI, 0.5 M MACl, and 0.0122 M MAPbBr3 in 1 mL DMF and DMSO mixed solution (v/v, 8:1). After the SnO2/FTO substrates were treated with oxygen plasma, the perovskite films were formed on SnO2 by spin-coating 40 L of perovskite precursor solution at 2000 rpm for 10 s and 6000 rpm for 30 s. During the second spin-coating step, 200 L of chlorobenzene was dripped onto the substrates after 10 s. The obtained perovskite films were annealed at 100 C for 50 min, then cooling down to ca. 60 C for 30 min. Perovskite films should be cooled down to room temperature before other operations. For 2D/3D perovskites, N-TPEAI or P-TPEAI (24 mg/ mL) in chloroform (CF) were spin-coated on the perovskite films at 5000 rpm for 30 s, and then the films were annealed at 120 C for 7 min. Subsequently, PTAA (30 mg/ mL) solution doped with 11% TPFB (mass ratio) in chlorobenzene was spin-coated on the perovskite films at 4000 rpm for 30 s, followed by annealing at 80 C for 5 min [4]. Finally, 100-nm-thick gold counter electrode was deposited by thermal evaporation.


4. Characterizations
1H NMR spectra were measured on Bruker spectrometers at 400 MHz (Fällanden, Switzerland). Chemical shifts were calibrated with tetramethylsilane (TMS) as the internal standard. UV-vis absorption spectra were recorded by an Agilent 8453 spectrophotometer. Steady state and time-resolved photoluminescence spectra were collected by FLS1000 (Edinburgh, UK) with exaction = 450 nm and emission = 800 nm. The lifetimes were determined by fitting the kinetics with bi-exponential function: Y = A1exp(–t/τ1) + A2exp(–t/τ2) + y0. The 2D-GIWAXS was performed at BL17B1 and BL02U2 beamline of SSRF using the X-ray wavelength of 1.24 Å. Two-dimensional patterns were acquired by a PLATUS 2M detector mounted vertically at a distance ~306 mm from the sample with a grazing incidence angle of 0.3 and an exposure time of 10 s. 
X-ray photoelectron spectroscopy (XPS) were obtained by using ESCALAB250Xi (Thermo Scientific, UK) and ultraviolet photoelectron spectroscopy (UPS) was measured using a VGScientaR4000 analyzer and a HeI discharge lamp (21.22 eV). The work functions (WF) and valence band maximum (VBM) were determined from the cutoff and Fermi edge of UPS spectra by using the equations: WF = 21.22 eV − Ecutoff and VBM = 21.22 eV − (Ecutoff − Eedge). The top-view and cross-sectional SEM images were characterized with a scanning electron microscope (SEM, JEOL JSM-7900F). Atomic force microscopy (AFM), conductive atomic force microscopy (C-AFM), and Kelvin probe force microscopy (KPFM) were measured by an atomic force microscopy (JPK Nanowizard 4XP, Bruker). 
The cyclic voltammetry (CV) measurements were performed with a CHI 660E electrochemistry workstation. The redox potentials of N-TPEA-Boc and P-TPEA-Boc were measured in acetonitrile with tetrabutylammonium hexafluorophosphate (TBAPF6, 0.1 M) as the supporting electrolyte. A glassy carbon electrode with a surface area of 0.785 cm2 was used as the working electrode. The counter electrode was a platinum wire and an Ag/AgCl electrode was used as the reference electrode. The redox potentials were calibrated with Fc/Fc+ as an external standard. The HOMOs of N-TPEA-Boc and P-TPEA-Boc were measured according to a previously reported method [4].
The J–V characteristics of the devices were recorded by using a Keithley 2400 under 100 mW cm−2 (AM 1.5G) (Newport USA, 94023A). The light intensity was calibrated each week by a standard Si reference cell (SER. No: 506/0358) certified by National Renewable Energy Laboratory (NREL). JV curves were measured in a glove box filled with nitrogen. A mask with an aperture (0.075 cm2) smaller than the active area of the square solar cell (0.20 cm2) was applied on top of the devices. The J–V curves were obtained by the reverse scan (1.35 V to  0.2 V). The step voltage and delay time were fixed at 50 mV and 200 ms, respectively. For the measurements of the hysteresis, the J–V curves were recorded through forward scan (–0.2 V – 1.35 V) or reverse scan (1.35 V – –0.2 V) directions. The external quantum efficiency (EQE) measurements were obtained by TLS-300XR (Newport) without background illumination. After treated by background, the integral current density (Jint) are calculated with the equation: , in which q is electronic charge,  is wavelength, IPCE() is obatined from EQE data, photon() is photon flux density spectrum of a standard light source (obtained from NREL, AM 1.5G, 100 mW cm−2). The transient photocurrent (TPC) decay, the transient photovoltage (TPV), Mott-Schottky plots, and the linear relationship between Voc and light intensity was characterized by PAIOS 3.2. 
The SCLC characterization was performed with hole-only devices (FTO/PEDOT:PSS/perovskite/PTAA/Ag), and the voltage was scanned from 0 to 5 V with step size of 20 mV under a dark condition. The hole mobility was calculated by fitting the curve using Mott-Gurney law in Child’s regime with the equation J(V) = 9εε0μV2/8d3, where ε is the dielectric constant of the material (normally taken to approach 14 for perovskites), μ is the hole mobility, V is the applied bias, and d is the film thickness (640 nm). The defect density was calculated using equation Nt = 20rVTFL/qd3, where VTFL is the onset voltage of the trap filled limit region and q is the elemental charge.
[bookmark: OLE_LINK12]Fill factor (FF) loss in the best-performing devices were determined by two main factors, non-radiative loss and charge transport loss [5, 6]. The maximum FF (FFmax) can be empirically calculated according to the following equation: 

where , nid is ideality factor, KB is Boltzmann constant, T is temperature, q is elementary charge. The ideality factors were extracted from the Voc as a function of light intensity on a logarithmic scale (Fig. S30).
The MPP tracking stability tests of PSCs without encapsulations were conducted under continuous 1-sun illumination (100 mW cm−2, AM 1.5 G, MT-PV-16, Tianjin Meto), following the ISOS-L-2 testing protocol (Light source: LED lamp; temperature: 65C; atmosphere: nitrogen; load: MPP). The device area for the stability test is 0.04 cm2. The step voltage was 20 mV. The J–V curves were automatically recorded with a reverse scan each hour. The MPP stability tests were implemented without active cooling and the devices were performed at 65°C. 


5. Calculational Method
All calculations regarding the structures in this study were performed using density functional theory (DFT) with the generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and the projector augmented-wave (PAW) pseudopotential method, as implemented in the VASP software package [79]. The plane-wave basis set was truncated at an energy cutoff of 500 eV. Electronic self-consistency was reached when the total energy change fell below 1×10-5 eV, and ionic relaxations proceeded until all forces were less than 0.05 eV Å⁻¹ after simultaneous optimization of both atomic positions and cell parameters. To accurately capture the effects of weak interactions, both spin polarization and spin–orbit coupling (SOC) were included in the calculations. Additionally, the Grimme DFT-D3 [10] dispersion correction with a zero-damping function was applied to account for van der Waals interactions. Formation enthalpies at 0 K were computed as [11]: 

where ,  and  are the total energies of the perovskite, the organic halide precursor, and lead diiodide, respectively-each obtained from fully relaxed structures under the above convergence criteria.
All quantum chemical calculations were performed using the Gaussian 09 software package [12]. The geometry optimizations and subsequent electronic structure analyses were carried out at the B3LYP/6-311G level of theory [13, 14]. To account for dispersion interactions, the Grimme’s DFT-D3 empirical dispersion correction with Becke–Johnson damping was applied throughout the calculations [15]. Binding energies were computed as the difference in total energies between the optimized complex and its constituent monomers, with basis set superposition error (BSSE) correction applied using the counterpoise method where relevant [16]. The binding energy (Eb), representing the energy required to dissociate molecule A from molecule B, was computed as follows,
Eb = E(A/B)  EA  EB
Hole transfer integral (HTI) was calculated as half of the energy gap between the HOMO and HOMO1 for the combination states [1719]. 
HTI = (IX  IN)/2 = (N  X)/2
where Ii and i (i = X and N) are the ionization potential and the eigenvalue of the canonical MO i (i = X and N), respectively. When X is HOMO1, HTI in such cases is given by
HTI = (EHOMO  EHOMO1)/2


6. Supplementary Figures












Fig. S1 1H NMR spectrum of N-TPEA-Boc (DMSO-d6, 400 MHz).
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[bookmark: OLE_LINK10]Fig. S2 HRMS spectrum of N-TPEA-Boc. 















Fig. S3 1H NMR spectrum of P-TPEA-Boc (DMSO-d6, 400 MHz). 
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Fig. S4 HRMS spectrum of P-TPEA-Boc.
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Fig. S5 1H NMR spectrum of N-TPEAI (DMSO-d6, 400 MHz).














Fig. S6 1H NMR spectrum of P-TPEAI (DMSO-d6, 400 MHz).
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[bookmark: _Hlk197870748]Fig. S7 XRD patterns of (N-TPEA)2PbI4 and (P-TPEA)2PbI4 2D perovskite films.
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Fig. S8 Schematic illustration of the geometrical structures of N-TPEA+ cation pairs in (N-TPEA)2PbI4 2D perovskites from DFT calculations.
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Fig. S9 Schematic illustration of the geometrical structures of P-TPEA+ cation pairs in (P-TPEA)2PbI4 2D perovskites from DFT calculations.
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Fig. S10 Calculated binding energy and hole transfer integral of a N-TPEA+/PTAA, b P-TPEA+/PTAA, and c DPA-PEA+/PTAA.
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Fig. S11 XRD pattern of FAPbI3 film. 
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Fig. S12 2D GIWAXS pattern of FAPbI3 film.
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Fig. S13 PL mapping of FAPbI3, P-TPEAI-treated, and N-TPEAI-treated perovskite films.
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[bookmark: _Hlk205539426]Fig. S14 The partial enlarged details of TRPL kinetics at the initial stage of a N-TPEAI and b P-TPEAI treated perovskites with residual errors. 
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Fig. S15 a Steady-state PL and b TRPL kinetics of pristine and treated perovskite films with PTAA as HTLs.
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Fig. S16 I−V curves of the hole-only devices measured under dark conditions.
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Fig. S17 Top-view SEM images of a control, b N-TPEAI-treated, and c P-TPEAI-treated perovskite films.
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Fig. S18 AFM images of a control, b N-TPEAI-treated, and c P-TPEAI-treated perovskite films.
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Fig. S19 XPS spectra of perovskite films with and without treatment, and the details of peaks are presented. 
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Fig. S20 Cyclic voltammograms of a Fc/ Fc+ (Fc = Ferrocene), b N-TPEA-Boc, and c P-TPEA-Boc in acetonitrile, potential versus Ag/AgCl. 
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Fig. S21 Normalized UV-vis absorption spectra of a N-TPEAI and P-TPEAI in chloroform; b pure (N-TPEA)2PbI4 and (P-TPEA)2PbI4 2D perovskites on the glass substrates. c UV-vis absorption spectra of pristine, N-TPEAI-treated, and P-TPEAI-treated perovskite films.
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Fig. S22 The schematic of the energy levels of N-TPEA and P-TPEA ligands with inorganic layer [PbI6]4.


[image: 手机屏幕的截图

AI 生成的内容可能不正确。]
[bookmark: OLE_LINK1]Fig. S23 Cross-sectional SEM image of P-TPEAI-treated PSCs. The different functional layers are delineated with colored bands for clarity.
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Fig. S24 J–V curves of a control, b N-TPEAI-treated, and c P-TPEAI-treated PSCs measured at different scan directions under 100 mW cm‒2 (AM 1.5G). 
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Fig. S25 J–V curves of the best-performing DPA-PEAI-treated PSCs with PTAA as HTL measured under 100 mW cm‒2 (AM 1.5G).
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Fig. S26 JV curves characteristics of the N-TPEAI or P-TPEAI treated Spiro-OMeTAD based devices measured under 100 mW cm‒2 (AM 1.5G).
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Fig. S27 Steady-state tests of PCE and Jint at maximum power point voltage of PSCs. The stabilized PCEs of control, N-TPEAI-treated and P-TPEAI-treated devices are 21.19%, 24.59%, and 25.54%, respectively, with the correspounding current density of 23.29, 24.35, and 24.55 mA cm2.
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Fig. S28 Statistical boxplots of PCE, Voc, Jsc, and FF values of 20 PSCs (made in one run), in which N, D, P represent N-TPEAI, DPA-PEAI and P-TPEAI treated devices. The average PCEs of control, N-TPEAI-treated, DPA-PEAI-treated and P-TPEAI-treated devices are 20.61  0.75%, 24.52  0.32%, 24.11  0.42%and 25.64  0.25%, respectively, with the average Voc of 1.056  0.035 V, 1.183  0.006 V, 1.174  0.008 V and 1.192  0.004 V, the average Jsc of 25.45  0.14 mA cm2, 25.88  0.09 mA cm2, 25.78  0.20 and 25.87  0.11 mA cm2, the average FF of 76.72  2.35%, 80.07  0.93%, 79.68  0.95% and 83.13  0.89%.
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Fig. S29 EQE spectra of PSCs and the corresponding integrated Jsc. The integrated Jsc of control, N-TPEAI-treated and P-TPEAI-treated devices are 24.90 mA cm2, 25.34 mA cm2, and 25.38 mA cm2, respectively (within 5% deviation).
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Fig. S30 Light intensity dependence of Voc for PSCs with and without treatment. The ideality factor nid is derived from the slope of the linear fit of the semilogarithmic plot.
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Fig. S31 Transient photovoltage decay of PSCs with and without treatment.
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Fig. S32 The water contact angles for control, P-TPEAI and N-TPEAI treated perovskite films.


[image: 图表, 折线图

AI 生成的内容可能不正确。]
Fig. S33 Photostability tracking under the open-circuit condition of PSCs in air atmosphere (~15°C, 2530% RH). The initial PCE of control, N-TPEAI-treated, and P-TPEAI-treated devices are 17.8%, 21.7%, and 23.3%, respectively.


7. Supplementary Tables
Table S1. Parameters of simulated (P-TPEA)2PbI4 and (N-TPEA)2PbI4 2D perovskites.
	
	(P-TPEA)2PbI4
	(N-TPEA)2PbI4

	a
	6.30 Å
	6.27 Å

	b
	6.17 Å
	6.24 Å

	c
	29.12 Å
	27.15 Å

	
	87.07
	85.35

	
	92.04
	86.59

	
	92.86
	89.85

	PbIPb angle (axis a)
	171.42
	163.42

	PbIPb angle (axis b)
	162.65
	176.22

	PbI bond distance (axis a)
	3.15/ 3.17 Å
	3.19/ 3.17 Å

	PbI bond distance (axis b)
	3.12/ 3.12 Å
	3.12/ 3.12 Å

	PbI bond distance (axis c)
	3.10/ 3.30 Å
	3.20/ 3.08 Å

	Average PbI bond distance (horizontal)
	3.14 Å
	3.17 Å



1. 

Table S2. Parameters of N-TPEA+ cation pairs in simulated (N-TPEA)2PbI4 2D perovskites.
	Naphthalene rings
	NN1
	NN2

	Angle between planes
	86.5
	86.5

	Minimum C/C atom distance
	3.63 Å
	3.15 Å

	Centroid-to-centroid distance
	5.69 Å
	6.05 Å

	Centroid of plane 1atoms of plane 2
	5.137.36 Å
	3.998.47 Å

	Centroid of plane 2atoms of plane 1
	3.768.00 Å
	5.486.59 Å

	Binding energy (eV)
	15.80381
	15.67768

	HOMO (Hartree)
	0.26003
	0.26248

	HOMO1 (Hartree)
	0.26972
	0.26619

	Hole transfer integral (meV)
	131.8
	50.5




Table S3. Parameters of P-TPEA+ cation pairs in simulated (P-TPEA)2PbI4 2D perovskites.
	Phenyl rings
	PP1
	PP2

	Angle between planes
	27.9
	27.9

	Minimum C/C atom distance
	3.06 Å
	3.18 Å

	Centroid-to-centroid distance
	4.30 Å
	4.53 Å

	Centroid of plane 1atoms of plane 2
	3.205.54 Å
	3.595.68 Å

	Centroid of plane 2atoms of plane 1
	3.795.16 Å
	3.975.40 Å

	Binding energy (eV)
	16.41694
	16.15165

	HOMO (Hartree)
	0.26165
	0.25918

	HOMO1 (Hartree)
	0.27038
	0.26717

	Hole transfer integral (meV)
	118.8
	108.7



2. 

Table S4. Calculated binding energy and hole transfer integral of N-TPEA+/PTAA, P-TPEA+/PTAA and DPA-PEA+/PTAA.
	[bookmark: _Hlk198973636]
	N-TPEA+/PTAA
	P-TPEA+/PTAA
	DPA-PEA+/PTAA

	Binding Energy (eV)
	0.751
	1.264
	0.531

	HOMO (Hartree)
	0.06485
	0.06117
	0.06778

	HOMO1 (Hartree)
	0.17832
	0.17677
	0.17788

	Hole Transfer Intergral (meV)
	1543.8
	1572.8
	1498.0



3. 

Table S5. The fitted carrier lifetime of perovskite films derived from the TRPL measurements upon 450 nm excitation.
	Perovskite
	A1
	1 (ns)
	A2
	2 (ns)
	avg (ns)

	FAPbI3
	137
	158
	2508
	1760
	1677

	N-TPEAI-treated FAPbI3
	391
	26.3
	2589
	513
	449

	P-TPEAI-treated FAPbI3
	466
	7.3
	2601
	857
	728

	FAPbI3/PTAA
	496
	147
	2221
	868
	736

	N-TPEAI-treated FAPbI3/PTAA
	406
	3.2
	2845
	468
	410

	P-TPEAI-treated FAPbI3/PTAA
	513
	2.6
	2831
	578
	490



4. 

Table S6. The parameters derived from the SCLC measurements based on hole-only devices.
	Perovskite
	VTFL (V)
	Ntrap (1014 cm3)
	mh (105 cm2V1s1)

	Control
	0.45
	16.9
	4.85

	N-TPEAI-treated
	0.22
	8.28
	33.7

	P-TPEAI-treated
	0.15
	5.65
	45.5



5. 

Table S7. Cyclic voltammetry and UV-vis absorption analysis of different ligands and perovskite films.
	
	Eon-set (eV) (vacuum)
	HOMO (eV)
	LUMO (eV)
	Bandgap (eV)

	N-TPEAI
	0.85 eV
	5.28
	2.14
	3.14

	P-TPEAI
	0.82 eV
	5.25
	1.86
	3.39

	(N-TPEA)2PbI4
	
	
	
	3.00

	(P-TPEA)2PbI4
	
	
	
	2.74

	FAPbI3
	
	
	
	1.54

	N-TPEAI treated FAPbI3
	
	
	
	1.54

	P-TPEAI treated FAPbI3
	
	
	
	1.54



6. 

Table S8. Photovoltaic parameters of PSCs with varied concentrations of N-TPEAI treatment measured under 100 mW cm–2 illumination (AM 1.5G).
	Devices
	Voc (V)
	Jsc (mA cm–2)
	FF (%)
	PCE (%)

	2 mg/ mL
	1.182
	25.93
	79.72
	24.42

	3 mg/ mL
	1.182
	25.90
	81.83
	25.05

	4 mg/ mL
	1.186
	25.82
	80.13
	24.53



7. 

Table S9. Photovoltaic parameters of PSCs with varied concentrations of P-TPEAI treatment measured under 100 mW cm–2 illumination (AM 1.5G).
	Devices
	Voc (V)
	Jsc (mA cm–2)
	FF (%)
	PCE (%)

	2 mg/ mL
	1.193
	25.86
	81.91
	25.26

	3 mg/ mL
	1.196
	25.94
	83.65
	25.95

	4 mg/ mL
	1.196
	25.93
	81.73
	25.34



8. 

Table S10. Photovoltaic parameters of PSCs measured at different scan directions under 100 mW∙cm–2 illumination (AM 1.5G).

	Devices
	
	Voc 
(V)
	Jsc
(mA cm–2)
	FF
(%)
	PCE
(%)
	HI

	Control
	reverse
	1.096
	25.50
	77.60
	21.69
	6.41

	
	forward
	1.044
	25.50
	76.23
	20.30
	

	N-TPEAI-treated
	reverse
	1.182
	25.90
	81.83
	25.05
	3.03

	
	forward
	1.174
	25.83
	80.10
	24.29
	

	P-TPEAI-treated
	reverse
	1.201
	25.91
	83.96
	26.13
	2.68

	
	forward
	1.197
	25.85
	82.16
	25.43
	



9. 

Table S11. Summary of some representative photovoltaic performance of PTAA-based PSCs with PCE >22%.
	
	Device structure
	Voc (V)
	Jsc (mA cm2)
	FF (%)
	PCE (%)
	Reference

	n-i-p
	FTO/SnO2/perovskite/PYBA/PTAA/Au
	1.17
	25.47
	80.68
	24.04
	[20]

	n-i-p
	FTO/TiO2/CNF-CsFAMA-based PSK/PTAA/Au
	1.14
	24.00
	82
	22.44
	[21]

	n-i-p
	ITO/SnO2/Cs0.05FA0.85MA0.10Pb(I0.95Br0.05)3/PTAA (Li-BCF)/Au
	1.144
	23.91
	81
	22.29
	[22]

	n-i-p
	ITO/SnO2/FA0.9MA0.05Cs0.05PbI3/Br4TmI/PTAA/Au
	1.13
	25.73
	78.96
	22.90
	[23]

	n-i-p
	FTO/SnOx/SnO2/FA–based PSK/OAI/HFTF-PTAA/Au
	1.14
	25.2
	83.7
	24.0
	[24]

	n-i-p
	ITO/SnO2/MA0.10Cs0.05FA0.85Pb(I0.95Br0.05)3/PTAA (Li-CYCLIC)/Au
	1.151
	23.96
	80.6
	22.23
	[25]

	n-i-p
	FTO/TiO2/Cs0.06FA0.94PbI3/PTAA (PEA-TFSI)/Au
	1.05
	25.6
	82
	22.1
	[26]

	n-i-p
	FTO/bl-TiO2/mp-TiO2:PSK composite layer/PSK upper layer/PTAA/Au 
	1.11
	25.0
	81.7
	22.6
	[27]

	n-i-p
	FTO/c-TiO2/perovskite/MeO-PEAI/PTAA/Au
	1.148
	25.74
	80.44
	23.76
	[28]

	n-i-p
	ITO/SnO2/perovskite/4TeI/PTAA/Au
	1.137
	24.9
	83.8
	23.7
	[29]

	n-i-p
	ITO/SnO2/perovskite/Cl4TmI/PTAA/Au
	1.125
	25.96
	84.32
	24.63
	[4]

	n-i-p
	ITO/SnO2/perovskite/OAI CeOx/PTAA/Au
	1.19
	25.4
	82.3
	24.93
	[30]

	n-i-p
	ITO/SnO2/perovskite/MeQAPyBF4/PTAA/Ag
	1.195
	25.72
	85.15
	26.17
	[31]

	p-i-n
	ITO/PTAA/ FA0.95Cs0.05PbI3 (PSP)/PEAI or OAI/BAI+PDAI2/C60/ BCP/Ag
	1.164
	26.14
	85.74
	26.09
	[32]

	p-i-n
	ITO/NiOx/PTAA/TAPT/perovskite/PCBM+C60/BCP/Cr/Cu
	1.159
	26.09
	81.2
	24.57
	[33]

	p-i-n
	ITO/PTAA/ZrO2/Cs0.05FA0.95PbI3/C60/BCP/Cu
	1.192
	25.88
	82.9
	25.56
	[34]

	p-i-n
	[bookmark: OLE_LINK21]ITO/ PTAA (-6T)/perovskite/ C60/BCP/Ag
	1.10
	25.01
	80.97
	22.23
	[35]

	p-i-n
	ITO/PTAA/perovskite/PEAI/C60/BCP/Ag
	1.12
	25.43
	84.81
	24.15
	[36]

	p-i-n
	ITO/PTAA/perovskite/FcTc2/C60/BCP/Ag 
	1.184
	25.68
	82.32
	25.0
	[37]

	n-i-p
	FTO/SnO2/perovskite/P-TPEAI/PTAA/Au
	1.201
	25.91
	83.96
	26.13
	This work
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