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Fig. S1 Chemical Structures of PDAI2 (a) and 4APyCl (b)
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Fig. S2 Gaussian electrostatic potential of 4APy+
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Fig. S3 XRD of PbI2, PDAI2, PDAI2:PbI2 mixture and 4APyCl:PbI2 mixture
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Fig. S4 XRD patterns of 3D/PDAI2 with different concentration of PDAI2
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Fig. S5 XRD of PbI2, 4APyCl, 4APyCl:PbI2 mixture
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Fig. S6 XRD of PbI2, 4APyI, 4APyI:PbI2 mixture
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Fig. S7 SEM images of perovskites with different post-treatments
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Fig. S8 AFM images of perovskite films with different post-treatments
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Fig. S9 Grain size distribution and average grain size of perovskite films with different post-treatments
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Fig. S10 Crystal structure of 2D perovskite 4APyPbI4
Note S1 During the crystal synthesis, HI further protonates the nitrogen atom on the pyridine ring of 4APy+, converting it into 4APy2+, which then reacts with PbI2 to form the DJ-type 2D perovskite 4APyPbI4. In contrast, DMF does not protonate 4APy+ during the synthesis process, resulting in the formation of slender 1D perovskite crystals, (4APy)2PbI4. The single-crystal XRD results of (4APy)2PbI4 are consistent with the GIWAXS data of the 3D/4APyCl sample (Fig. 2e).
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Fig. S11 The photoelectric properties of the 1D perovskite (4APy)2PbI4
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Fig. S12 Tauc plot of perovskites with different post-treatment
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Fig. S13 The stability of 1D perovskite (4APy)2PbI4 in air
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Fig. S14 UPS results of perovskite films with different post-treatments
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Fig. S15 Energy band structure diagram with a unified vacuum energy level
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Fig. S16 EC-EF value of perovskite films with different post-treatments
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Fig. S17 Cross-sectional SEM image of device of Figure 5a
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Fig. S18 Reverse and forward J-V scan of champion PSCs with 4 structures of Figure 5b
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Fig. S19 EQE curve of PSC with 3D/PDAI2/1D heterojunction of Figure 5b (Integral JSC is 24.00 mA cm-2)
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Fig. S20 Stabilized power output of PSC with 3D/PDAI2/1D heterojunction of Figure 5b
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Fig. S21 Box plots of a VOC, b JSC, c FF and d PCE of PSCs with different PDAI2 concentrations
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Fig. S22 Box plots of a VOC, b JSC, c FF and d PCE of PSCs with different 4APyCl concentration
[bookmark: _Hlk209449883]Table S1. Crystal data and structure refinement for (4APy)2PbI4 single crystal.
	Compound
	(4APy)2PbI4

	Empirical formula
	C12H16I4N6Pb

	Formula weight
	959.10

	Temperature [K]
	226(7)

	Crystal system
	monoclinic

	Space group (number)
	 (14)

	a [Å]
	4.0389(7)

	b [Å]
	10.4245(19)

	c [Å]
	21.865(4)

	α [°]
	90

	β [°]
	94.015(17)

	γ [°]
	90

	Volume [Å3]
	918.3(3)

	Z
	2

	F(000)
	848


Table S2 Atomic coordinates and Ueq [Å2] for (4APy)2PbI4 single crystal
	Atom
	x
	y
	z
	Ueq

	Pb1
	0.500000
	1.000000
	0.500000
	0.0300(10)

	I2
	0.0374(16)
	0.9918(4)
	0.5961(3)
	0.1249(17)

	I1
	0.5432(15)
	0.7285(6)
	0.49780(19)
	0.151(2)

	C5
	1.1212(16)
	0.6685(3)
	0.35225(18)
	0.026(3)

	H5
	1.123896
	0.690961
	0.393917
	0.032

	N3
	1.1839(19)
	0.7370(3)
	0.24835(12)
	0.032(3)

	N2
	0.8233(18)
	0.4796(10)
	0.42806(16)
	0.031(4)

	H2A
	0.785914
	0.421111
	0.455121
	0.037

	H2B
	0.785077
	0.559884
	0.435819
	0.037

	C3
	0.959(2)
	0.5257(4)
	0.26737(9)
	0.029(4)

	H3
	0.869556
	0.448107
	0.251653
	0.035

	C6
	1.230(2)
	0.7533(5)
	0.30844(10)
	0.033(4)

	H6
	1.343917
	0.827365
	0.322620
	0.039

	C1
	0.9341(15)
	0.4476(2)
	0.37704(13)
	0.031(4)

	C4
	1.0481(16)
	0.6234(3)
	0.2295(2)
	0.033(4)

	H4
	1.012000
	0.610388
	0.186976
	0.039

	C2
	1.0075(19)
	0.5480(3)
	0.33106(10)
	0.030(3)

	N1
	0.999(3)
	0.3286(3)
	0.3612(4)
	0.025(4)

	H1A
	0.967095
	0.265788
	0.386323
	0.030

	H1B
	1.074728
	0.312874
	0.325647
	0.030


Ueq is defined as 1/3 of the trace of the orthogonalized Uij tensor.
Table S3 Fitting parameters of the TRPL spectra for the PVK films with different surface treatment
	Sample
	 (ns)
	 (ns)
	A1 (%)
	 (ns)
	A2 (%)

	3D
	783.96
	97.99
	19.89
	804.70
	80.11

	3D/1D
	2901.55
	130.01
	9.70
	2914.83
	90.30

	3D/PDAI2/1D
	3301.49
	191.26
	4.83
	3310.60
	95.17


Note S2
TRPL decay curves are fitted by bi-exponential function:
                                                                                 
where  and  represent the lifetimes of charge carriers in distinct relaxation pathways, A1 and A2 are corresponding decay amplitudes. The average carrier lifetime  are calculated by function:
      
Table S4 Photovoltaic parameters of Champion PSCs with 4 structures of Figure 5b
	Structure
	Scan
	Voc (V)
	Jsc (mA·cm-2)
	FF (%)
	PCE (%)
	HI

	3D
	R
	1.102
	24.3
	82.9
	22.2
	0.05

	
	F
	1.100
	23.9
	79.9
	21.0
	

	3D/PDAI2
	R
	1.156
	25.2
	81.2
	23.6
	0.03

	
	F
	1.141
	24.7
	81.3
	22.9
	

	3D/1D
	R
	1.115
	25.3
	84.0
	23.7
	0.03

	
	F
	1.116
	25.0
	82.4
	23.0
	

	3D/PDAI2/1D
	R
	1.167
	25.0
	83.3
	24.3
	0.02

	
	F
	1.154
	24.7
	83.5
	23.8
	


R represents Reverse scan, and F represents Forward scan.
Table S5 Photovoltaic parameters PSCs of Figure 5f
	Structure
	Scan
	Voc (V)
	Jsc (mA·cm-2)
	FF (%)
	PCE (%)
	HI

	3D/PDAI2/1D
	R
	1.170
	26.0
	84.9
	25.8
	0.01

	
	F
	1.170
	25.9
	84.4
	25.6
	


R represents Reverse scan, and F represents Forward scan.
[bookmark: _Hlk210554442]

[bookmark: _Hlk212105513]Table S6 Summary of recently reported PSCs containing 3D/1D heterojunction (PCE>20%)
	1D ligand
	Device (Bulk/Interface)
	PCE (%)
	Refs.

	DEAECl
	n-i-p (Bulk)
	22.90 
	[S1]

	HABr
	n-i-p(Bulk)
	21.20 
	[S2]

	TPI
	p-i-n(Bulk)
	22.90 
	[S3]

	 EMIMTFA
	n-i-p(Bulk)
	22.14 
	[S4]

	TA-NI
	n-i-p(Interface)
	23.84 
	[S5]

	Me3SI
	n-i-p(Bulk)
	22.07 
	[S6]

	CBAH
	n-i-p(Interface)
	21.95 
	[S7]

	p-PBAI2
	n-i-p(Interface)
	23.84 
	[S8]

	BnI
	p-i-n(Bulk)
	21.17 
	[S9]

	Phen
	n-i-p(Interface)
	23.30 
	[S10]

	 BPy
	n-i-p(Bulk)
	21.18 
	[S11]

	PAI
	n-i-p(Interface)
	21.19 
	[S12]

	PyI
	n-i-p(Interface)
	23.10 
	[S13]

	HDI
	p-i-n(Interface)
	25.30 
	[S14]

	TBAAc
	n-i-p(Interface)
	20.10 
	[S15]

	PyBr
	n-i-p(Interface)
	23.74 
	[S16]

	TMA-TFSI
	n-i-p(Interface)
	23.15 
	[S17]

	MTIm
	p-i-n(Both)
	23.80 
	[S18]

	Benzimidazolium
	n-i-p(Interface)
	24.43 
	[S19]

	CPMIMCl
	n-i-p(Interface)
	24.13 
	[S20]

	PFACl
	n-i-p(Interface)
	24.90 
	[S21]

	SMORCl
	p-i-n(Interface)
	25.60 
	[S22]

	DMIMBF4
	n-i-p(Interface)
	24.75 
	[S23]

	2ADPCl
	n-i-p(Interface)
	24.55 
	[S24]

	C6I
	n-i-p(Interface)
	23.11 
	[S25]

	BzMIMI
	p-i-n(Interface)
	24.09 
	[S26]

	ABTI
	p-i-n(Bulk)
	23.27 
	[S27]

	4APyCl
	p-i-n(Interface)
	25.80 
	This work


“Bulk/Interface” denotes the location where the 3D/1D heterojunction exists.
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