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Supplementary Figure 1. Photographic images of perovskite films processed with different

conditions showing wettability issues with certain SAMs.

(a) ITO/Me-4PACz SAM/neat perovskite. 0.5 mg/mL Me-4PACz in ethanol was spin-coated on
ITO substrate at 4000 rpm for 30 s and annealed at 100 °C for 10 min. The neat perovskite film
was spin-coated on ITO/SAM at 2000 rpm for 2 s and 4000 rpm for 20 s.

(b) ITO/Me-4PACz SAM/neat perovskite. 0.5 mg/mL Me-4PACz in ethanol was spin-coated on
ITO substrate at 4000 rpm for 30 s and annealed at 100 °C for 10 min. The neat perovskite film
was spin-coated on ITO/SAM at 4000 rpm for 22 s.

(c) ITO/Me-4PACz SAM/neat perovskite. 1 mg/mLMe-4PACz in ethanol was spin-coated on ITO
substrate at 4000 rpm for 30 s and annealed at 100 °C for 10 min. The neat perovskite film was
spin-coated on ITO/SAM at 2000 rpm for 2 s and 4000 rpm for 20 s.

(d) ITO/Me-4PACz SAM/neat perovskite. 1 mg/mL Me-4PACz in ethanol was spin-coated on
ITO substrate at 4000 rpm for 30 s and annealed at 100 °C for 10 min. The neat perovskite film
was spin-coated on ITO/SAM at 4000 rpm for 22 s.

(e) ITO/neat perovskite. The neat perovskite film was spin-coated on ITO at 2000 rpm for 2 s and
4000 rpm for 20 s.

(F) ITO/target perovskite processed with 0.5 mg/mL Me-4PACz in precursor. The target perovskite

film was spin-coated on ITO at 2000 rpm for 2 s and 4000 rpm for 20 s.



(9) ITO/Me-4PACz SAM/neat perovskite washed off/ redeposited neat perovskite. The perovskite
film processed with the same condition in panel A was washed off with DMF and redeposited neat
perovskite at 2000 rpm for 2 s and 4000 rpm for 20 s.

(h) ITO/Me-4PACz SAM/neat perovskite washed off/ redeposited neat perovskite. The perovskite
film processed with the same condition in panel B was washed off with DMF and redeposited neat
perovskite at 2000 rpm for 2 s and 4000 rpm for 20 s.

(i) I1TO/target perovskite washed off/ redeposited neat perovskite. The perovskite film processed
with the same condition in panel F was washed off with DMF and redeposited neat perovskite at

2000 rpm for 2 s and 4000 rpm for 20 s.



Supplementary Figure 2. Photographic images of perovskite films processed with different
conditions. (a to d) Photographic images of ITO/perovskite processed with 0.5 mg/mL 2PACz in
the precursor. The perovskite film was spin-coated on ITO at 2000 rpm for 2 s and 4000 rpm for
20 s. (e to h) Photographic images of ITO/2PACz SAM/neat perovskite. 1 mg/ml 2PACz in ethanol
was spin-coated on ITO substrate at 4000 rpm for 30 s and the neat perovskite film was spin-coated

on ITO/SAM at 2000 rpm for 2 s and 4000 rpm for 20 s.
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Supplementary Figure 3. UV-Vis absorption spectra for neat and target perovskite films.
UV-Vis absorption spectra for the neat perovskite film and the target perovskite film processed

with Me-4PACz in precursor.



Supplementary Figure 4. The morphology of perovskite films processed with different Me-
4PACz concentrations in precursor. SEM images of (a) neat perovskite film, (b) perovskite film
processed with 0.5 mg/mL Me-4PACz in precursor, (c) perovskite film processed with 1 mg/mL
Me-4PACz concentrations in precursor, and (d) perovskite film processed with 2 mg/mL Me-

4PACz in precursor.
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Supplementary Figure 5. AFM topography images and c-AFM dark current mapping of
perovskite films processed with different Me-4PACz concentrations in precursor. AFM
topography images (a) and c-AFM dark current mapping (b) of neat perovskite film. AFM
topography images (c) and c-AFM dark current mapping (d) of perovskite film processed with 0.5
mg/mL Me-4PACz in precursor. AFM topography images (e) and c-AFM dark current mapping
(F) of perovskite film processed with 1 mg/mL Me-4PACz in precursor. AFM topography images
(9) and c-AFM dark current mapping (h) of perovskite film processed with 2 mg/mL Me-4PACz

in precursor.
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Supplementary Figure 6. Me-4PACz concentration-dependent J-V characteristics of 1.55 eV
PSCs. Me-4PACz concentration-dependent device J-V characteristics for

Cs0.05(FA0.98MA0.02)0.95Pb(l0.98Bro.o2)3 (Ec ~1.55 eV) devices with and without Me-4PACz in

precursor.

Supplementary Figure 7. SEM cross-section image of target 1.56 eV PSC. SEM cross-section

image of a target Cso.05(FA0.92MA0.08)0.95Pb(lo.92Broos)s (Ec ~1.56 eV) PSC (without surface

passivation treatment) processed with 0.5 mg/mL Me-4PACz in precursor.
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Supplementary Figure 8. Me-4PACz concentration-dependent J-V characteristics of 1.56 eV
PSCs. Me-4PACz concentration-dependent device J-V characteristics for
Cs0.05(FA0.92MA0.08)0.95Pb(l0.92Bro.0s)3 (Ec ~1.56 eV) devices with and without Me-4PACz in

precursor.
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Supplementary Figure 9. PV performance of target 1.56 eV PSC. J-V curve of a target

Cs0.05(FA0.92MA0.08)0.95Pb(l0.92Bro.08)3 (Ec ~1.56 eV) PSC fabricated with 0.5 mg/mL Me-4PACz

in perovskite precursor.
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Supplementary Figure 10. XPS spectra for P 2p on ITO-coated substrates with neat or target
perovskite film removed. The perovskite films with (target) or without (neat) Me-4PACz were
cast and then removed with DMF. (a, b) XPS spectra for P 2p on ITO substrates with the target

perovskite film and neat perovskite film washed off, respectively.
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Supplementary Figure 11. PV performance of neat PSCs (1.55 eV) fabricated on the
substrates with intermediate-phase/perovskite film washed off. J-V characteristics of the neat

PSCs (1.55 eV) fabricated on substrates with intermediate-phase/perovskite film washed off.
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Supplementary Figure 12. In situ observation of PL evolution of neat and target perovskite
film during the crystallization process. (a, b) The evolution of PL intensity after quench
(antisolvent dropping) of neat (a) and target (b) perovskite films, respectively. The in situ PL was
measured on the spin-coater with a custom-built fiber optic-based PL spectrometer. (c, d) The
evolution of PL intensity vs. time after quench (antisolvent dropping) of neat (c) and target (d)

perovskite films, respectively.
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Supplementary Figure 13. The electrostatic potential and crystal structure of 1TO/Me-
4PACz interface. Planar averaged electrostatic potential (top) and crystal structure (bottom) of

the ITO/Me-4PACz interface calculated by DFT.

[y
=}
)

o
©

o
=

I
~

Work function change (eV)
o
[N

o
o

Supplementary Figure 14. Work function changes of SAM modified ITO calculated by DFT.
Changes in work function as evaluated by DFT for ITO substrate with modification by different

phosphonic acids.
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Supplementary Figure 15. Kelvin probe force potential profiling of solar cell devices. (a)
AFM image of a cross-section of control perovskite device. (b to d) Potential profiling (b),
potential difference (c), and electrical field difference (d) of neat perovskite device. (¢) AFM image
of a cross section of target perovskite device. (f to h) Potential profiling (f), potential difference

(9), and electrical field difference (h) of target perovskite device.
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Supplementary Figure 16. Band diagram of the target PSCs under short-circuit condition.
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Supplementary Figure 17. TRPL of perovskite films on ITO and ITO/PTAA substrates.
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Supplementary Figure 18. PV performance of target wide bandgap (1.68 eV) PSCs without
surface passivation. J-V curves of the target wide bandgap (1.68 eV) PSCs without surface

passivation treatment fabricated with Me-4PACz in perovskite precursor.
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Supplementary Figure 19. XPS spectra for P2p and F1s on target perovskite film with and
without surface passivation. (a, b) XPS spectra for P2p and F1s on target perovskite film. (c, d)
XPS spectra for P2p and F1s on target perovskite film with CFs-PEAI and MAI surface

passivation. SP: surface passivation.
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Supplementary Figure 20. PV performance of target wide bandgap (1.68 eV) PSCs with

surface passivation. J-V curves of the target wide bandgap (1.68 eV) PSCs with surface

passivation treatment fabricated with Me-4PACz in perovskite precursor.
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Supplementary Figure 21. PV performance of target 1.8 eV PSCs with surface passivation.

J-V curves of the target Cso.15FA0.ssPb(lo.6Bro.s)s 1.8 eV PSCs with surface passivation fabricated

with Me-4PACz in perovskite precursor.
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Supplementary Figure 22. The PV parameters distribution of 44 target 1.55 eV devices with

surface passivation. (a) Voc, (b) Jsc, (c) FF, (d) PCE.
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Supplementary Figure 23. EQE spectrum of the target champion PSC. EQE spectrum of the

champion 1.55 eV device with surface passivation.
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Supplementary Figure 24. The PV parameters distribution of 20 blade-coated (1-cm?) 1.55

eV devices with surface passivation. (a) Voc, (b) FF, (c) Jsc, (d) PCE.
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Supplementary Figure 25. PV performance of PSCs fabricated with 2PACz or Me-4PACz in
precursor. J-V curves from both forward (F) and reverse (R) scan of the perovskite devices on

ITO/2PACz, and perovskite devices fabricated with 2PACZ and Me-4PACz in the perovskite

precursor.
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Supplementary Figure 26. PV parameters analysis for 102 devices fabricated with different
phosphonic acids in perovskite precursor. (a) Jsc, (b) Voc, (c) FF, (d) PCE, (e) Chemical
structure of different phosphonic acids. The box plots in a—d show the mean, median line, and
25%~75% box limits with 1.5x interquartile range whiskers. The mean values are connected to
show the trend. The number of samples measured for the PSCs with 2PACz, MeO-2PACz, Me-

2PACz, MeO-4PACz, Me-4PACz, and Me-6PACz is 18, 18, 18, 18, 18, and 12, respectively.
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Supplementary Table 1. Extracted TRPL lifetime of Fig. 2h. Bi-exponential fitting method

with the equation y(t) = Awexp(-t/t1) + Azexp(-t/t2) + Yo was used. The average lifetime can be

calculated with the equation tavg = (41712 + A212%)/(A1T1 + A212).

Samples 71 (NS) T2 (NS) Tave (NS)
Neat 49.1 372.7 304.95
0.5 mg/ml 56.1 589.8 520.46
2 mg/ml 40.4 487.3 416.64

Supplementary Table 2. Extracted TRPL lifetime of Supplementary Fig. 17. Bi-exponential

fitting method with the equation y(t) = Aiexp(-t/t1) + Azexp(-t/t2) + Yo was used.

Samples T1 (NS) T2 (NS)

Neat on ITO 12.8 98.5
Targeton ITO 79.8 614.8
Neat on ITO/PTAA 13.2 43.5
Target on ITO/PTAA 10.2 70.1
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Supplementary Table 3. Summary of high-performance inverted PSCs.

HTL/HSC and
Year perovskite fabrication PCE MPP-stability Ref.
method
Two-step (layer by 0 86% of initial 1
2017 layer) 21.0% PCE, 26 hour
2018 T""O'Stlzsgs‘yer Y 215%  Noloss, 20 hour 2
2020 Two-step (layer by 23.0% No loss, 1000 3
layer) ' hour
Two-step (layer by 0 No loss, 1000 4
2022 layer) 23.91% hour
Two-step (layer by 0 >90% of initial 5
2022 layer) 24.3% PCE, 1000 hour
Two-step (layer by 0 >98% of initial 6
2022 layer) 250% " pcE 1500 hour
Two-step (layer by 0 >87% of initial 7
2022 layer) 2537% PCE, 2400 hour
o .
2022 One-step 24.5% >90% of initial this work

PCE, 1200 hour

Note: “HTL” represents hole-transport layer; “HSC” represents hole-selective contact; “Two-Step
(sequential)” represents depositing HTL/HSC and perovskite sequentially; “One-step” represents
depositing HTL/HSC and perovskite simultaneously in one coating procedure.

Supplementary Table 4. Summary of the photovoltaic parameters of 44 target 1.55 eV PSCs

with surface passivation. The parameters listed in parentheses are the maximum values. The plus-

minus sign () represents the standard deviation.

Voc (V) FF (%) Jsc (MA/cm?) PCE (%)
1.18+0.02 82.59+0.96 24.59+0.18 23.87+0.52
(1.19) (84.15) (24.89) (24.50)
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