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S1 Supplementary Figures and Tables
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Fig. S1 The parameter statistics of PSCs prepared by VQ and GQ method under different TU addition concentrations for a JSC, b VOC, c FF
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Fig. S2 EQE and integrated current density spectra of the PSCs based on different TU addition concentration a VQ method, b GQ method
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[bookmark: OLE_LINK53][bookmark: OLE_LINK54]Fig. S3 Cross-sectional SEM images of PSCs based on control prepared by GQ and VQ methods
 [image: ]
Fig. S4 Cross-sectional SEM images of PSCs with TU prepared by GQ and VQ methods
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Fig. S5 Top-surface SEM images and the corresponding crystal size statistics of perovskite film prepared by a GQ-w/o TU, b GQ-TU, c VQ-w/o TU, d VQ-TU 
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Fig. S6 Top-surface AFM images of the perovskite films with TU prepared by a GQ method, b VQ method
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Fig. S7 The optimized structures of defective for FAPbI3-TU (S-Pb2+), FAPbI3-BM-TU(N-Pb2+)
[image: ]
Fig. S8 The XPS spectra of a O 1s, b N 1s, c I 3d in perovskite films before and after BM-TU treatment
Supplementary Note S1
The change of element valence is probed through X-ray photoelectron spectroscopy (XPS) characterization. As shown in Fig. 3e, f, the pure BM-TU shows two S 2p peaks at 162.4 and 161.3 eV, while the BM-TU-PbI2 only has a strongly inhibited S 2p peak at 160.6 eV, indicating that BM-TU strongly interacts with PbI2. At the same time, the BM-TU addition leads to pronounced shifts of Pb 4f peaks from 142.6 and 137.8 eV to 143.0 and 138.2 eV, respectively. The shifts towards lower binding energies suggest an increased electron cloud density at Pb2+, which is stemmed from the acceptance of electrons from S and thus forming strong Pb-S bonds [S1]. Similarly, after BM-TU modification, the O 1s peak was split and transferred to a lower binding energy, and the N 1s peak in BM-TU was inhibited, which further confirmed that the customized multi-site functional group reacted with PbI2 (Fig. S8a, b) [S2]. Meanwhile, I 3d peak displays a tiny shift, indicating that the chemical environment of I is also varied (Fig. S8c). It may be due to the change of Pb2+ coordination environment that affects the Pb-I bond coupling, and also from the interaction between BM-TU and I.[1] The same evidence has been shown for the binding of BM-TU molecules to the surface of Al2O3 films. As revealed in Fig. 3g, h, the O 1s peak on BM-TU moves in the direction of lower binding energy, while the Al 2p peak in Al2O3 moves in the direction of higher binding energy, indicating the interaction between BM-TU and Al2O3 film.
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Fig. S9 The FTIR spectra of C=S stretching vibrations for BM-TU and BM-TU@Perovskite
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Fig. S10 The optical photo of solution for Al2O3/IPA, Al2O3/IPA+DMF, BM-TU- Al2O3/IPA+DMF
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[bookmark: OLE_LINK123][bookmark: OLE_LINK124]Fig. S11 The cross-sectional SEM image of PSC with BM-TU 
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Fig. S12 The flow diagram of perovskite film prepared by gas extraction under BM-TU modification
[image: ]
Fig. S13 The XRD patterns of the top and bottom film surfaces with and without BM-TU modification
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Fig. S14 The absorption data of the top perovskite films without and with BM-TU modification
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Fig. S15 The UPS spectra of perovskite films with or without TU modification
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Fig. S16 Confocal PL mapping (5 × 5 μm2) of a control and b BM-TU-modiffed perovskite flms at the buried bottom interface
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[bookmark: OLE_LINK5][bookmark: OLE_LINK19]Fig. S17 SEM crystal size labeling diagrams a control, d BM-TU-modified, Crystal size statistics b control, e BM-TU-modified, AFM maps of c control, f BM-TU-modified perovskite film on top surface
Supplementary Note S2
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK164][bookmark: OLE_LINK165]Figure S16 shows the 2D, 3D confocal photoluminescence mapping and CCD distribution of the bottom perovskite films with and without BM-TU modification respectively. The PL mapping of BM-TU modified perovskite film has relatively uniform and strong spatial PL signal, indicating reduced nonradiative recombination after BM-TU modification [S3, S4]. The SEM images of Fig. S17 show that the perovskite films with or without BM-TU modification all present pinhole-free crystals with high crystallinity, smooth surface and large grains. From the crystal distribution diagram obtained by SEM images, it can be seen that the grain size of the perovskite film deposited without BM-TU modification is randomly distributed, with an average of 954 nm (Fig. S17a, b). Surprisingly, in the BM-TU-modified perovskite film, the grain size becomes more uniform and the average size is greatly enhanced to 1257 nm (Fig. S17 d, e). The surface roughness of perovskite film was revealed by atomic force microscope (AFM), which shows a significantly increase from 30.607 nm to 35.408 nm after BM-TU modification (Fig. S17c, f), providing better interface contact for efficient carrier transport and extraction processes in the device.
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Fig. S18 The individual parameters of photovoltaic performance of a control and b BM-TU-modiffed PSCs
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Fig. S19 The control, TU-modiffed and BM-TU-modiffed device for a statistical distribution of the PCE, VOC, JSC and FF. b Reverse scanning J−V curve
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Fig. S20 The control and BM-TU-modiffed device for EQE and integrated current density spectra
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Fig. S21 The reverse and obverse side of the measured sample
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Fig. S22 The certification report with the I-V curves of our best PSC determined by the Chinese national PV industry measurement and testing center
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[bookmark: OLE_LINK55][bookmark: OLE_LINK56]Fig. S23 The certification report of the MPPT of the PSC of Fig. 4f determined by the Chinese national PV industry measurement and testing center
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[bookmark: OLE_LINK20][bookmark: OLE_LINK22]Fig. S24 The PL spectra of the upper perovskite films deposited on glass without and with BM-TU modification
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Fig. S25 The VOC as a function of light intensities for the control and modified PSCs
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Fig. S26 The design of the P1–P2–P3 pattern
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Fig. S27 The forward and reverse curve test results of the perovskite solar module
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Fig. S28 The thermal stability with and without BM-TU modified unencapsulated devices for 85 ℃
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Fig. S29 The storage stability for 60 PSCs
Supplementary Tables
Table S1 The binding energy between perovskite, Al2O3 and passivation atom was calculated by DFT
	Sample
	TU(S)
	BM-TU(N)
	BM-TU(S)
	BM-TU(O)

	FAPbI3 (Pb)
	-1.125
	-1.968
	-2.056
	-1.380

	Al2O3(Al)
	/
	/
	-1.987
	-1.568


Table S2 TRPL fitting results by two-component exponential decay model
	[bookmark: OLE_LINK66]Sample
	τave / ns
	τ1 / ns
	τ2 / ns
	A1
	A2
	I0

	Control
	297.68
	129.80
	332.23
	142.51
	270.58
	1.766

	BM-TU
	530.99
	152.51
	575.44
	125.36
	282.92
	7.662


Calculation of τave: τave = (A1τ12+A2τ22)/(A1τ1+A2τ2)
It is worth noting that the curves were fitted by two-component exponential decay equation and the fitted parameters are summarized in Table S2. Thereinto, the can be derived from the formula , in which the and represent the fast and slow decay lifetime, respectively.
Table S3 Summary of PCE for solar modules based on blade coating in recent years
	Area [cm2]
	 VOC [V]
	JSC[mA cm-2]
	FF [%]
	PCE [%]
	References

	10 (Ap) 
	6.870
	3.55
	76.90
	18.80
	[S5]

	12.4 (Ap)
	5.948
	5.01
	77.55
	23.09
	[S6]

	12.53 (Ap)
	7.140
	3.98
	78.90
	22.40
	[S7]

	14.08 (Ap)
	7.700
	2.98
	71.00
	16.37
	[S8]

	15.90 (Ap)
	7.520
	2.70
	73.03
	14.82
	[S9]

	18.00 (Ap)
	5.360
	4.17
	63.20
	14.13
	[S10]

	20.25 (Ap)
	7.000
	3.01
	73.10
	15.28
	[S11]

	22.40 (Ap)
	8.130
	3.16
	80.00
	21.40
	[S12]

	25.03(Ap)
	8.120
	3.28
	72.30
	19.30
	[S13]

	29.54 (Ap)
	8.715
	2.83
	75.41
	18.60
	[S14]

	35.80 (Ap)
	11.700
	2.045
	77.30
	18.50
	[S15]

	37.83 (Ap)
	12.910
	1.72
	69.00
	15.29
	[S8]

	44.40 (Ap)
	12.908
	1.829
	76.20
	18.00
	[S14]

	[bookmark: OLE_LINK194][bookmark: OLE_LINK195]49.60 (Ap)
	16.500
	1.034
	54.70
	9.30
	[S16]

	53.60 (Ap)
	11.830
	1.80
	62.00
	13.32
	[S17]

	60.84 (Ap)
	14.910
	1.68
	80.61
	20.18
	This work

	63.70 (Ap)
	18.974
	1.15
	76.00
	16.40
	[S18]

	66.00 (Ac)
	14.400
	1.40
	61.20
	12.60
	[S19]

	[bookmark: OLE_LINK196][bookmark: OLE_LINK197]81.00 (Ap)
	15.460
	1.71
	76.30
	20.15
	[S20]

	205 (Ap)
	20.895
	1.01
	72.00
	15.30
	[S12]
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