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S1 Experimental Section
[bookmark: _Hlk168828592]S1.1 Synthesis of piperazinium chloride (PCl)
Piperazine (3.74 g, 46 mmol) was dissolved in ethanol (30 mL) and placed in an ice-water bath. 38% hydrochloric acid solution in water (4.41 g, 46 mmol) was added dropwise and reacted for 30 minutes. The ethanol solvent was then rotary evaporated under reduced pressure, and the residual solid was washed with ethyl acetate for 5 times and subsequently dried for 12 hours to obtain PCl as white sheet-like crystal (4.20 g, 74.6%). 1H NMR (600 MHz, DMSO-d6): δ 7.17 (s, 2H), 2.91 (s, 8H), 13C NMR (400 MHz, DMSO-d6) δ 43.11 (Fig. S2).
[bookmark: _Hlk168828612]S1.2 Synthesis of piperazinium bromide (PBr)
PBr was synthesized similar to PCl. Piperazine (3.62 g, 42 mmol) was dissolved in ethanol (30 mL) and placed in an ice-water bath. 48% hydrobromic acid solution in water (7.08 g, 42 mmol) was added dropwise and reacted for 30 minutes. The ethanol solvent was then rotary evaporated under reduced pressure, and the residual solid was washed with ethyl acetate for 5 times and subsequently dried for 12 hours to obtain PBr powders (6.12 g, 87.2%). 1H NMR (600 MHz, DMSO-d6): δ 6.74 (s, 2H), 2.92 (s, 8H), 13C NMR (400 MHz, DMSO-d6) δ 43.11 (Fig. S3).
S1.3 DFT calculation
S1.3.1 ESP and dipole moment calculation
[bookmark: _Hlk134438305]The theoretical calculations were performed via the Gaussian 16 suite of program. The structures of the studied molecules (denoted by M+) were fully optimized at the B3LYP-D3BJ/def2-SVP level of theory. The vibrational frequencies of the optimized structures were carried out at the same level. The structures were characterized as a local energy minimum on the potential energy surface by verifying that all the vibrational frequencies were real. The dipole moment of the molecule was calculated with a larger basis set def2-TZVPD basis set. The Visual Molecular Dynamics (VMD) program was used to plot the color-filled iso-surface graphs to visualize the molecular electrostatic potential (MESP).
S1.3.2 Formation energy of VI calculation
First-principles calculations based on density functional theory (DFT) were performed by using the Vienna Ab initio Simulation Package. The projector augmented wave (PAW) method was employed to describe the ion-electron interaction, and the generalized gradient approach (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional was used to describe the electron-electron exchange correlation. The van der Waals interaction was also considered in this study by using DFT-D3 correction. The cutoff energy for the plane wave basis sets was defined as 450 eV. The 2×2 supercell of FAPbI3 associated with 3×3×1 Morkhost-Pack k-point grids were used. The geometry optimization was converged if the maximum force on each atom is less than 0.03 eV Å−1. A vacuum region of 15 Å was added along the z-direction to avoid interactions between slabs. The whole systems were fully relaxed, except that the bottom layer was fixed.
S1.4 Calculation Methods
S1.4.1 Calculation of the quasi-fermi level splitting (QFLS) based on the PLQY
To investigate the open-circuit voltage potential for every individual stack e.g., surface treatments and depositing C60 layer, the internal QFLS values of 1.68-eV bandgap perovskite films on a bare glass substrate and glass/ITO/MeO-2PACz substrates were calculated by PLQY measurements [S1]:

Here, QFLS is the difference between the electron and hole quasi-Fermi levels in the perovskite layer, KB is the Boltzmann constant, and T is the temperature (300 K). JG is the generated current density under illumination, in this case, approximated to the short-circuit current density JSC (20.8 mA cm−2) of devices. J0,rad is the dark radiative recombination saturation current density. According to the detailed balance at open-circuit conditions, the J0,rad can be calculated by the following equations:


External quantum efficiency (EQE) of the p-i-n PSCs and the emitted spectral photon flux are calculated when the device is in equilibrium with the black-body radiation (T = 300 K). E is the photo energy, h is the Plank constant, and c is the light speed in vacuum. Based on the above equations, the J0,rad was calculated similarly as 2.656 × 10−23 A m−2 for all systems independent of the surface treatment. Subsequently, combined with the PLQY value of the samples, the QFLS of the samples can be obtained.
S1.4.2 Trap density of states (tDOS) measurement
The tDOS can be deduced pursuant to the following equations:


where Vbi is the built-in potential, e is the elementary charge, W is the depletion width,  is the frequency and C is the capacitance. The Vbi and W can be inferred from the Mott–Schottky analysis [S2].
S1.4.3 Calculation of interface defect density (NSS)
An expanded equivalent circuit model and corresponding admittance spectroscopy analysis was introduced as follows:
[image: ]
Where RSS is the resistance that a charge needs before being captured by the interface defect, CSS reflects the interface defects response. The relationship between CSS and the interface defect density (NSS) is:

where q is the elementary charge and A is the device active area (0.16 cm2). With this theoretical model, the experimental admittance measurements can be fitted by using the following formula:

Where G is the admittance and ω is the angular frequency. In this case, the CSS and the NSS can be then calculated from the admittance spectra.
S1.4.4 Calculation of VOC loss induced by non-radiative recombination (∆VOC,nr)
In a real perovskite solar cell, additional non-radiative recombination loss should be considered according to the following equation:

in which ∆VOC,nr refers to the non-radiative recombination loss, and EQEEL refers to the external quantum efficiency of electroluminescence under an injection current density equal to JSC.
S1.4.5 FF deficit analysis
The FF deficit in devices has considerable contributions from two main reasons: the trap-assisted non-radiative recombination loss and charge transport loss. By deducing the maximum FF (FFmax), according to the following empirical equation, the above two losses could be separately quantified:
,
where
.
The ideality factors (n) were extracted from the VOC as a function of light intensity on a logarithmic scale, which were shown in Figure 4g. Accordingly, the trap-assisted non-radiative recombination loss and charge transport loss can be distinguished and quantified.
S1.4.6 Residual stress measurement
The macro-residual stress (σ) within perovskite films can be deduced by fitting 2θ as a function of sin2 according to the following equation:

Where  is the in-plane macro-residual stress within the perovskite film,  and  are the Young’s modulus and the Poisson’s ratio, respectively. 0 is the diffraction peak for a strain-free perovskite crystal plane.  is the corresponding diffraction peak under different tilt angles (). By fitting 2 as a function of sin2,  can be deduced from the slope of the fitting line.
S2 Supplementary Figures and Tables
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Fig. S1 J–V curves of champion devices treated with 0 (control), 0.1, 0.15, 0.3 and 0.5 mg mL−1 of PCl
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Fig. S2 Characterisation of PCl after synthesis. a) 1H NMR in DMSO-d6 (signal at 2.50 ppm corresponds to the DMSO solvent). b) 13C NMR DMSO-d6 (signal at 40.00 ppm corresponds to the DMSO solvent)
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Fig. S3 Characterisation of PBr after synthesis. a) 1H NMR in DMSO-d6 (signal at 2.50 ppm corresponds to the DMSO solvent). b) 13C NMR DMSO-d6 (signal at 40.00 ppm corresponds to the DMSO solvent)
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Fig. S4 The distribution of a) electrostatic potential (ESP) and b) dipole moment (μ) of piperazinium cation
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[bookmark: _Hlk178765446]Fig. S5 The photographys of perovskite films for buried interface characterization. The bottom surface samples of perovskite films were fabricated with the following method: the upper surface of the prepared perovskite film was partly pasted together with a ITO glass through UV glue. After the glue is solidified, the film was peeled off from the ITO/MeO-2PACz substrate, then the bottom surface of perovskite film for characterization was got. Notably, unless otherwise stated, all samples for buried interface characterization are peeled off from the ITO/MeO-2PACz substrate
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Fig. S6 C 1s and N 1s XPS spectra of the upper surfaces for control, PCl, PBr and PI films
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Fig. S7 N 1s XPS spectra of PCl, PBr and PI powders
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Fig. S8 C 1s and N 1s XPS spectra of the buried interfaces for control, PCl, PBr and PI films
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Fig. S9 Br 3d and I 3d XPS spectra of the PBr and PI films
[image: ]
Fig. S10 XPS mapping images and corresponding fine spectra of Cl 2p at the buried interface for the (a) control and (b) PCl-modified perovskite films. In comparison with the control film, XPS mapping reveals a greater Cl intensity at the buried interface for the PCl-modified perovskite film, which is consistent with the fine spectra of Cl 2p extracted from the XPS images. These results intuitively and collectively confirm the diffusion of Cl to the buried interface upon post-treatment
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Fi. S11 Cl 2p XPS spectra of the buried interface for the control and PCl-treated perovskite deposited on NiOX/MeO-2PACz substrate. No visible Cl signal is detected at the buried interface in the control film, but apparent Cl peaks are probed in the PCl case, which indicates the accumulation of Cl at the buried interface regardless of the introduction of NiOX HTL
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Fig. S12 a,b) ToF-SIMS depth profiles for the PBr-treated perovskite film deposited on ITO/MeO-2PACz substrate. c,d) ToF-SIMS depth profiles for the PI-treated perovskite film deposited on ITO/MeO-2PACz substrate.
Notably, no significantly higher signals of Br− and I− ions from PBr and PI films are detected on the upper surface compared to the control film, possibly due to the low concentration of PBr and PI (only 1.2 mmol mL−1) and the high noise level caused by the occurrence of Br− and I− ions inherent to the perovskite itself [S3, S4]. The two films appear to exhibit uniformly consistent distributions of Br− and I− signals with the control film throughout the entire perovskite films. To differentiate the Br− and I− ionic signals from PBr and PI treatments from those originating in the perovskite itself, the depth profiles of Br− and I− ions were individually plotted using linear coordinates[5], as shown in Fig. S12b, d.
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Fig. S13 1H nuclear magnetic resonance (NMR) spectra of PX (X = Cl, Br, I) and corresponding mixtures of PX (X = Cl, Br, I)/PbI2. 
[bookmark: _Hlk174904768]The chemical shift of the hydrogen peak position of the -NH2+- group in the piperazinium cation gradually increase from 6.67 ppm for PI to 6.74 and 7.17 ppm for PBr and PCl, respectively, indicating a decrease in the shielding effect due to the substitution of Br− and Cl− anions [S6]. Since Cl− has a higher electron-withdrawing ability than I− and Br−, the electrostatic interaction between -NH2+- and Cl− reduces the electron cloud density of hydrogen in the amino group [S7]. After mixing PbI2 with PBr and PI in solvent, a slight offset in the chemical shift of the hydrogen peak associated with -NH2+- is observed, indicating a weak ion exchange reaction of PBr and PI with PbI2. However, after adding PbI2 into the PCl solution, the chemical shift of the hydrogen peak associated with -NH2+- dramatically down-shifted from 7.17 ppm to 6.84 ppm, substantiating a stronger ion exchange of PCl with PbI2 compared to PBr and PI.


[image: ]
Fig. S14 FTIR spectra of the pristine perovskite film and PX (X = Cl, Br, I) powders.
In order to investigate the distribution of piperazinium cation on the perovskite upper surface, AFM-IR was employed in this work. A feature peak at 1461 cm−1 was selected for AFM-IR measurements to exclusively display piperazinium cations on the perovskite film surface.
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Fig. S15 a) IR images and corresponding b) AFM topography images of piperazinium cation in PCl, PBr and PI films. 
For IR images, the yellow regions correspond to the 1461 cm−1 feature peak signal of piperazinium cation. The piperazinium cation signals were mainly detected at the grain boundaries for all samples, implying that grain boundaries rather than grain surfaces are seriously defective [S8], but are successfully healed by piperazinium cations.
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Fig. S16 Top-view SEM images of the top surface for PBr and PI perovskite films
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Fig. S17 I 3d XPS spectra of upper surfaces for control, PCl, PBr and PI perovskite films
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Fig. S18 Pb 4f and I 3d XPS spectra of the original PbI2, PCl/PbI2, PBr/PbI2, and PI/PbI2 films
To prove that PCl is more reactive with PbI2, we used X-ray photoelectron spectroscopy (XPS) to evaluate the chemical interactions of the original PbI2, PCl/PbI2, PBr/PbI2, and PI/PbI2 films. As shown in the Pb 4f XPS spectra and Table S5, the Pb 4f spectrum of the control PbI2 film exhibits two prominent peaks at 143.05 and 138.18 eV, corresponding to Pb 4f5/2 and Pb 4f7/2, respectively. In the PbI2 films treated by PI, PBr and PCl, the binding energies of the two Pb 4f peaks were measured at 143.33 and 138.46 eV for PI-treated, 143.53 and 138.66 eV for PBr-treated, and 143.58 and 138.71 eV for PCl-treated PbI2 films. The gradually increased binding energies of the Pb 4f peaks from the PI- to PCl-treated PbI2 films confirm the progressively enhanced defect passivation ability. Notably, the I 3d peak of the PbI2 films treated with PI, PBr and PCl shifted to a higher binding energy compared to that of the control PbI2 film, which may be attributed to the incorporation of Cl− inducing changes in the overlapping density of the Pb−I electron cloud [S9].
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Fig. S19 N 1s XPS spectra of a) PCl powders and PCl/PbI2 film, b) PBr powders and PBr/PbI2 film and c) PI powders and PI/PbI2 film
[bookmark: _Hlk184049206]In comparison with PI-treated and PBr-treated PbI2 films, the N 1s of PbI2 film treated with PCl exhibits greater binding energy shifts, indicating that the chemical environment of piperazinium cations is altered by Cl− anions [S10, S11], making it easier to bond with undercoordinated Pb2+.
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[bookmark: _Hlk183855669][bookmark: _Hlk184049444]Fig. S20 a) Cl 2p XPS spectra of PCl powders and PCl/PbI2 film; b) Br 3d XPS spectra of PBr powders and PBr/PbI2 film; c) I 3d XPS spectra of PI powders and PI/PbI2 film. The larger binding energy offset for Cl− anions compared to Br− and I− anions suggests a stronger ionic bonding of Pb―Cl than Pb―Br and Pb―I [S12, S13], which contributes to a better passivation effect [S5].
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Fig. S21 Atomic force microscopy (AFM) images of control, PCl, PBr and PI perovskite films. The root mean square surface roughness was marked in the images
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Fig. S22 Top-view SEM images of the buried interface for PBr and PI perovskite films
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Fig. S23 I 3d XPS spectra of buried interfaces for control, PCl, PBr and PI films
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Fig. S24 Grazing incident wide-angle X-ray scattering (GIWAXS) patterns of a) control, b) PCl-treated, c) PBr-treated and (d) PI-treated perovskite films. The incidence angle is 0.2°
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Fig. S25 The (001) out-of-plane line cuts of GIWAXS images of the control, PCl, PBr, and PI perovskite films
The peak area ratio of perovskite (001)/PbI2 for the control, PCl, PBr and PI films derived from the (001) out-of-plane line cuts of GIWAXS images (Fig. S24) are 4.31, 7.48, 5.36 and 5.28, respectively, which implies that the crystal crystallinity of perovskite films at the top region is gradually improved. Additionally, excessive PbI2 in the position at |q| = 0.88 Å−1 gradually decreases after PI, PBr, and PCl treatment. This result is consistent with the measurements from SEM images. The PbI2 signal that gradually decreases after PI, PBr, and PCl treatment indicates stronger interaction of PCl with PbI2.
.[image: ]
Fig. S26 GIXRD patterns with different tilt angles for a) control, b) PCl, c) PBr and d) PI perovskite films
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Fig. S27 The C–F profiles of the control, PCl, PBr and PI devices
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Fig. S28 The formation energy of VI (PbI2-terminated surface) in control, PCl, PBr and PI perovskite surface
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Fig. S29 a) Transient photovoltage (TPV), b) Transient photocurrent (TPC) decay curves of control, PCl, PBr and PI devices
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Fig. S30 KPFM images of the top surface for the control, PCl, PBr and PI perovskites
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Fig. S31 a) UV–vis absorption spectra and corresponding b) Tauc plots of control, PCl, PBr and PI perovskite films
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Fig. S32 Energy level diagram of upper surfaces for control, PCl, PBr, and PI perovskite films, reference to the vacuum level


[image: ]
Fig. S33 Energy level diagram of buried interfaces for control, PCl, PBr, and PI perovskite films, reference to the vacuum level
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Fig. S34 Mott–Schottky plots for control, PCl, PBr, and PI devices. The curves on top of the data were obtained by linear fitting the drop region of Mott–Schottky plots, and the built-in electric field was extracted via the intercept of the straight line with the x axis
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Fig. S35 Energy band diagrams of the PBr film, illustrating the negative surface dipole arrangement, band bending and built-in electric field distribution. EV, EC, WF, Evac, LUMO and HOMO represent the valence band maximum, conduction band minimum, work function, vacuum energy level, lowest unoccupied molecular orbital and highest occupied molecular orbital, respectively.
[image: ]
Fig. S36 Energy band diagrams of the PI film, illustrating the negative surface dipole arrangement, band bending and built-in electric field distribution. EV, EC, WF, Evac, LUMO and HOMO represent the valence band maximum, conduction band minimum, work function, vacuum energy level , lowest unoccupied molecular orbital and highest occupied molecular orbital, respectively.
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Fig. S37 Device architecture of the perovskite single-junction PSCs
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Fig. S38 J–V curves of champion devices treated with 0.14, 0.20, 0.41 and 0.68 mg mL−1 of PBr
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Fig. S39 J–V curves of champion devices treated with 0.17, 0.26, 0.52 and 0.87 mg mL−1 of PI
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Fig. S40 Statistical distributions of PV parameters for control, PCl, PBr and PI PSCs. The data were based on the J–V results from 25 cells
[image: ]

Fig. S41 Steady-state output of PCEs for the champion control, PCl-treated, PBr-treated and PI-treated PSCs measured at maximum power points and illuminated under 1 sun AM 1.5G
[image: ]
Fig. S42 EQE characteristic spectra and the corresponding integrated JSC profiles of the champion control, PCl-treated, PBr-treated and PI-treated PSCs. The extracted integrated JSCs were 20.62, 20.79, 20.68, and 20.49 mA cm−2, respectively.
[image: ]
Fig. S43 a) J–V curves of the champion 1.63 eV (left) and 1.65 eV (right) PSCs post-treated with PCl. b) EQE spectra of 1.63 eV (left) and 1.65 eV (right) PSCs
[image: ]
Fig. S44 J-V curves and corresponding photovoltaic parameters of the PCl-treated PSCs with different hole transport layer substrates
[image: ]
[bookmark: _Hlk175589528]Fig. S45 EL spectra of the PBr-treated and PI-treated PSCs under different applied voltage biases
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Fig. S46 XRD patterns of control, PCl, PBr and PI perovskite films in air ambient (25–35 ℃, 40–60%RH) for various times
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Fig. S47 XRD patterns of control, PCl, PBr and PI perovskite films heated at 85 ℃ in N2 (10%RH)
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Fig. S48 The humidity stability of the unencapsulated control, PCl, PBr, and PI PSCs in ambient air (30 ± 5 ℃, 40–60%RH)
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Fig. S49 The thermal stability of the unencapsulated control, PCl, PBr, and PI PSCs under constant heating at 85 °C in N2 (10%RH)
[image: ]
[bookmark: _Hlk172216358]Fig. S50 Continuous MPP tracking of the unencapsulated control, PCl, PBr, and PI PSCs under 1-sun illumination with a white light-emitting diode (100 mW cm−2) in ambient air (30 ± 5 °C, 40–60% RH)
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Fig. S51 a) Top-view and b) cross-section (front side) SEM images of the SHJ bottom cell
[image: ]
Fig. S52 Cross-section (rear side) SEM image of the SHJ bottom cell
[image: ]
Fig. S53 Photographs of the large-area (1.04 cm2) monolithic PVSK/Si TSCs
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Fig. S54 Steady-state output of PCE for the champion large-area (1.04 cm2) PCl-based PVSK/Si TSCs
[image: ]
Fig. S55 Statistical distributions of PV parameters for control and PCL PVSK/Si TSCs. The data were based on the J–V results from 25 tandems
[image: ]
Fig. S56 The certified result of the PCl-based monolithic PVSK/Si TSCs (without encapsulation, 1.04 cm2) measured at SIMIT. The device exhibited certified PCEs of 30.54% (VOC = 1.897 V, JSC = 20.27 mA cm−2, FF = 79.41%) under reverse scan and of 30.70% (VOC = 1.912 V, JSC = 20.28 mA cm−2, FF = 79.15%) under forward scan. After the 5 min steady-state MPP tracking, the stabilized PCE of 30.4% (under a VMPP of 1.638 V) was recorded
[image: ]
Fig. S57 J‒V curves of one of the best unencapsulated PCl-based PVSK/Si TSCs after 2304 hours of storage in N2
[image: ]
Fig. S58 Cross-section SEM images of PCl-based PVSK/Si TSCs. a) after 755 hours of MPP tracking in ambient air; b) after 2304 hours of storage in N2
Table S1 J‒V parameters of perovskite single-junction solar cells treated with 0 (control), 0.10, 0.15, 0.30 and 0.50 mg mL−1 of PCl
	Concentration
[mg mL−1]
	VOC
[V]
	FF
[%]
	JSC
[mA cm−2]
	PCE
[%]

	Control
	1.141
	80.2
	20.7
	19.0

	0.10
	1.226
	83.2
	20.9
	21.3

	0.15
	1.254
	85.6
	20.8
	22.3

	0.30
	1.250
	82.4
	20.9
	21.5

	0.50
	1.256
	79.3
	20.9
	20.8


Table S2 Slopes of the fitted lines in Fig. 2g and the corresponding residual stresses
	Sample
	Slope
	Stress (MPa)

	Control
	−0.03300
	13.83

	PCl
	0.00131
	−0.55

	PBr
	−0.00102
	0.43

	PI
	−0.02675
	11.18


Table S3 PLQY and the correspondingly derived QFLS values for different stacks
	Stacks
	PLQY (%)
	QFLS (eV)

	Neat perovskite
	0.01211
	1.251

	MeO-2PACz/perovskite
	0.0029
	1.214

	MeO-2PACz/perovskite/PCl
	0.01587
	1.258

	MeO-2PACz/perovskite/PBr
	0.00899
	1.243

	MeO-2PACz/perovskite/PI
	0.00679
	1.236

	MeO-2PACz/perovskite/C60
	0.00059
	1.173

	MeO-2PACz/perovskite/PCl/C60
	0.01527
	1.257

	MeO-2PACz/perovskite/PBr/C60
	0.00823
	1.241

	MeO-2PACz/perovskite/PI/C60
	0.00538
	1.230




Table S4 The TRPL fitted parameters of the glass/ITO/MeO-2PACz/perovskite/PX (X=Cl, Br and I)/C60 stack by bi-exponential fitting. The incident excitation light was irradiated from C60 side
	Devices
	A1
	τ1
[ns]
	A2
	τ2
[ns]
	τavg
[ns]

	Control
	1.99
	1.19
	0.24
	11.09
	2.25

	PCl
	0.56
	10.01
	0.51
	42.01
	25.26

	PBr
	0.50
	7.19
	0.60
	16.93
	12.50

	PI
	0.80
	4.40
	0.35
	14.76
	7.55



Table S5 The TRPL fitted parameters of the glass/ITO/MeO-2PACz/perovskite/PX (X=Cl, Br and I)/C60 stack by bi-exponential fitting. The incident excitation light was irradiated from glass/ITO side
	Devices
	A1
	τ1
[ns]
	A2
	τ2
[ns]
	τavg
[ns]

	Control
	0.5
	67.63
	0.39
	10.14
	42.44

	PCl
	0.12
	16.89
	0.5
	116.43
	97.16

	PBr
	0.27
	24.30
	0.32
	107.26
	69.30

	PI
	0.29
	20.85
	0.21
	108.65
	57.73



Table S6 J‒V parameters of perovskite single-junction solar cells treated with 0.14, 0.20, 0.41 and 0.68 mg mL−1 of PBr
	Concentration
[mg mL−1]
	VOC
[V]
	FF
[%]
	JSC
[mA cm−2]
	PCE
[%]

	0.14
	1.223
	83.0
	20.4
	20.7

	0.20
	1.238
	83.8
	20.7
	21.5

	0.41
	1.242
	80.4
	20.6
	20.6

	0.68
	1.248
	78.2
	20.6
	20.1



Table S7 J‒V parameters of perovskite single-junction solar cells treated with 0.17, 0.26, 0.52 and 0.87 mg mL−1 of PI
	Concentration
[mg mL−1]
	VOC
[V]
	FF
[%]
	JSC
[mA cm−2]
	PCE
[%]

	0.17
	1.218
	82.4
	20.3
	20.5

	0.26
	1.224
	82.7
	20.6
	20.8

	0.52
	1.225
	82.0
	20.5
	20.6

	0.87
	1.238
	79.4
	20.7
	20.3



[bookmark: _Hlk175424113]Table S8 Photovoltaic parameters derived from the J−V curves of the champion control, PCl, PBr and PI single-junction PSCs and the statistical results of VOC, JSC, FF, and PCE.
	Device
	Scans
	VOC
[V]
	JSC
[mA cm−2]
	FF
[%]
	PCE
[%]
	SPO
[%]

	Control
	Forward
	1.138
	20.7
	80.1
	18.9
	18.8

	
	Reverse
	1.141
	20.7
	80.2
	19.0
	

	
	Average
	1.137±0.011
	20.6±0.13
	79.8±0.79
	18.6±0.26
	

	PCl
	Forward
	1.251
	20.8
	85.5
	22.2
	21.8

	
	Reverse
	1.254
	20.8
	85.6
	22.3
	

	
	Average
	1.249±0.004
	20.7±0.21
	84.4±0.41
	21.6±0.30
	

	PBr
	Forward
	1.233
	20.7
	82.3
	21.0
	20.9

	
	Reverse
	1.238
	20.7
	83.8
	21.5
	

	
	Average
	1.233±0.003
	20.6±0.17
	83.7±0.30
	21.0±0.28
	

	PI
	Forward
	1.224
	20.5
	82.3
	20.6
	20.4

	
	Reverse
	1.224
	20.6
	82.7
	20.8
	

	
	Average
	1.219±0.003
	20.6±0.19
	82.7±0.50
	20.5±0.22
	





[bookmark: _Hlk175401763]Table S9 Summary of reported state-of-the-art 1.68 eV PSCs and comparisons of their VOC × FF relative to the S-Q limit. N* = (VOC × FF)/(VOC,SQ × FFSQ).
	VOC
[V]
	FF
[%]
	JSC
[mA cm−2]
	PCE
[%]
	N*
[%]
	Refs.

	1.272
	82.01
	21.09
	22.00
	82.0
	[S14]

	1.262
	82.7
	20.9
	21.8
	82.1
	[S15]

	1.239
	82.5
	21.16
	21.63
	80.4
	[S16]

	1.248
	83.9
	21.11
	22.10
	82.3
	[S17]

	1.26
	82.6
	20.5
	21.3
	81.8
	[S18]

	1.24
	83.07
	21.18
	21.82
	81.0
	[S19]

	1.25
	84.5
	21.5
	22.7
	83.0
	[S20]

	1.27
	78.86
	20.51
	20.58
	78.7
	[S21]

	1.242
	82.97
	20.41
	21.02
	81.0
	[S22]

	1.24
	83.44
	20.81
	21.53
	81.3
	[S23]

	1.22
	82.35
	21.84
	22.02
	79.0
	[S24]

	1.25
	83.9
	21.02
	22.06
	82.5
	[S25]

	1.21
	83.7
	20.6
	20.9
	79.6
	[S26]

	1.202
	82.0
	20.73
	20.43
	77.5
	[S27]

	1.216
	82.87
	22.18
	22.35
	79.2
	[S28]

	1.21
	82.1
	20.3
	20.18
	78.1
	[S29]

	1.22
	77.22
	20.38
	19.24
	74.1
	[S30]

	1.19
	81.8
	20.94
	20.31
	76.5
	[S31]

	1.19
	83.1
	21.84
	21.6
	77.7
	[S32]

	1.236
	83.7
	20.6
	20.9
	81.3
	[S33]

	1.2
	81.47
	20.39
	19.88
	76.9
	[S34]

	1.207
	80.8
	20.8
	20
	76.7
	[S35]

	1.19
	80.07
	20.54
	19.6
	74.9
	[S36]

	1.2
	84
	20.79
	20.96
	79.2
	[S27]

	1.215
	84.28
	20.59
	21.1
	80.5
	[S26]

	1.202
	82.39
	21.33
	21.13
	77.9
	[S37]

	1.204
	81.73
	20.72
	20.39
	77.4
	[S38]

	1.218
	80.6
	80.6
	20.2
	77.2
	[S39]

	1.23
	78.71
	20.45
	19.79
	76.1
	[S40]

	1.21
	76
	17.97
	16.53
	72.3
	[S41]

	1.185
	80.5
	21.28
	20.3
	77.8
	[S42]

	1.20
	81.02
	20.94
	20.38
	76.4
	[S43]

	1.196
	81.5
	21.65
	21.1
	76.6
	[S44]

	1.16
	82.9
	20.09
	19.28
	75.6
	[S45]

	1.22
	81.46
	20.98
	20.77
	78.1
	[S46]

	1.28
	81.71
	19.87
	20.78
	82.2
	[S47]

	1.22
	76.9
	20.6
	19.3
	73.8
	[S48]

	1.21
	83.7
	20.6
	20.9
	79.6
	[S49]

	1.185
	83.53
	21.66
	21.44
	77.8
	[S50]

	1.26
	84.0
	19.5
	20.6
	83.2
	[S51]

	1.293
	79.43
	20.84
	21.41
	80.7
	[S52]

	1.236
	86.67
	21.12
	22.63
	84.2
	[S53]

	1.234
	81.22
	20.90
	20.95
	78.8
	[S54]

	1.25
	83.1
	22.31
	23.05
	81.7
	[S55]

	1.175
	81.81
	22.45
	21.58
	75.6
	[S56]

	1.18
	81.76
	22.56
	21.76
	75.9
	[S7]

	1.17
	79.8
	21.2
	19.8
	73.4
	[S57]

	1.254
	85.6
	20.8
	22.3
	84.4
	This work


Table S10 Photovoltaic parameters of reported state-of-the-art PVSK/Si TSCs with efficiencies exceeding 30%, alongside their associated passivation strategies.
	[bookmark: _Hlk175422745]VOC
[V]
	FF
[%]
	JSC
[mA cm−2]
	PCE
[%]
	Target
	Strategy
	Surface structure of silicon
	Refs.

	1.91
	79.8
	20.47
	31.25
	Top surface
	FBPAc additive
	Micron-scale pyramid
	[S58]

	1.98
	81.18
	20.24
	32.5
	Top surface
	PI post-treatment
	Planar
	[S21]

	1.949
	80.5
	20.9
	32.8
	Recombination layer
	Amorphous IZO interconnect
	Submicron-pyramid
	[S59]

	1.91
	79.29
	20.47
	31.01
	Top surface
	CF3-TEA dynamic spray coating
	Micron-scale pyramid
	[S60]

	1.903
	78.7
	20.1
	30.0
	Top surface
	Urea additive
	Micron-scale pyramid
	[S61]

	1.97
	77.71
	20.08
	30.8
	Buffer layer
	Sn-doped In2O3 buffer
	Planar
	[S62]

	1.81
	82.91
	20.01
	30.1
	Top surface
	F-PMAI post-treatment
	Micron-scale pyramid
	[S63]

	1.87
	83.33
	20.65
	32.13
	Buried interface
	CsPbCl3 seed layer
	Micron-scale pyramid
	[S64]

	1.899
	80.59
	20.54
	31.42
	Top surface
	Binary 2D perovskite post-treatment
	Submicron-pyramid
	[S54]

	1.929
	81.54
	19.58
	30.80
	Buried interface
	Potassium sorbate additive
	Planar
	[S14]

	1.953
	79.9
	19.8
	30.9
	Buried interface
	SiO2-NPs post-treatment + FBPAc additive
	Planar
	[S65]

	1.985
	81.6
	21.02
	34.0
	Bulk
	THTZ-H+ additive
	Submicron-pyramid
	[S66]

	1.96
	81.0
	20.4
	32.5
	Bulk
	OAmI additive
	Submicron-pyramid
	[S67]

	1.96
	78.64
	20.01
	30.78
	Top surface
	CcPF6 post-treatment
	Submicron-pyramid
	[S47]

	1.80
	85.4
	20.0
	30.7
	Texture design
	Pyramid micro/nano-reconstruction
	Micro/nano-pyramid
	[S68]

	1.9
	79.8
	20.12
	30.5
	Hole transport layer
	ALD Cu-NiOX
	Submicron-pyramid
	[S69]

	1.918
	80.9
	20.3
	31.5
	Dual-interface
	PCl post-treatment
	Submicron-pyramid
	This work


Table S11 Summary of MPP stability for monolithic perovskite/silicon tandems reported in press releases or the literature
	Structure
	Environment
	Encapsulation
	Light condition
	PCE retention
	Refs.

	p-i-n
	In ambient air; 20–30% RH; 25 ℃
	no
	Two-lamp (halogen and xenon) (100 mW cm−2)
	T92=61 h
	[S70]

	p-i-n
	In ambient air;
25–35%RH; 30 ℃
	no
	1-sun illumination
	T92=100 h
	[S71]

	p-i-n
	In ambient air;
30–40%RH; 25 ℃
	no
	LED with wavelengths of 470 and 940 nm
	T95.5=300 h
	[S72]

	p-i-n
	In N2 atmosphere; 25±1 ℃
	no
	1-sun illumination
	T90=100 h
	[S73]

	p-i-n
	In ambient air; 55 ℃
	no
	1-sun illumination
	T100=2 h
	[S74]

	p-i-n
	In ambient air; 20%RH; 25 ℃
	no
	1-sun illumination
	T98=300 h
	[S75]

	p-i-n
	In ambient air
	no
	1-sun illumination
	T99=4.3 h
	[S76]

	p-i-n
	In N2 atmosphere; 25±1 ℃
	no
	1-sun illumination
	T118.2=100 h
	[S77]

	p-i-n
	In N2 atmosphere; 25 ℃
	no
	White LED light source
(940 nm LED light for extra compensation)
	T98=200 h
	[S29]

	p-i-n
	In ambient air; 40–70%RH; 20–35 ℃
	no
	Xenon lamp
(100 mW cm−2)
	T93.6=450 h
	[S78]

	p-i-n
	In ambient air; 40–70%RH; 20–40 ℃
	no
	Xenon lamp
(100 mW cm−2)
	T90=64 h
	[S79]

	p-i-n
	In ambient air; 25–75%RH, most often ≈60%RH; 20–35 ℃
	no
	Xenon lamp
(100 mW cm−2)
	T86.6=306 h
	[S80]

	p-i-n
	In N2 atmosphere; 25 ℃ 
	no
	1-sun illuminations
	T80=1200 h
	[S81]

	p-i-n
	In ambient air; 30–40%RH; 25℃
	no
	1-sun illuminations
	T100=700 h
	[S63]

	p-i-n
	In ambient air; 25%RH; 25℃
	no
	1-sun illuminations
	T96=527 h
	[S54]

	p-i-n
	In N2 atmosphere; 25 ℃ 
	no
	1-sun LED illumination
	T90=1200 h
	[S82]

	p-i-n
	In ambient air; 30–50%RH; 25℃
	no
	1-sun illumination (without a UV filter)
	T85=84 h
	[S65]

	p-i-n
	In ambient air; 50%RH; 75℃
	no
	1-sun illumination
	T82=5 h
	[S66]

	p-i-n
	In ambient air; 40%RH; 25℃
	no
	1-sun illumination
	T90.6=100 h
	[S83]

	p-i-n
	In N2 atmosphere; 25 ℃
	no
	1-sun illumination
	T95=280 h
	[S84]

	n-i-p
	In N2 atmosphere; 25 ℃
	no
	1-sun LED illumination
	T80=700 h
	[S85]

	p-i-n
	In ambient air; 40–60%RH; 25–35 ℃
	no
	1-sun xenon-lamp illumination (without a UV filter)
	T80=755 h
	This work
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