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[bookmark: _Hlk129117381]Table S1. A summary of the representative 2D/3D PSCs.
	Year
	Institution
	Type
	Spacer Cation 
Compound
	Structure
	PCE
	Ref.

	2019.03
	KRICT
	n-i-p
	HTAB
	FTO/d-TiO2/mp-TiO2/(FAPbI3) 0.95(MAPbBr3)0.05/HTAB/Spiro-OMeTAD/Au
	23.30%
	[1]

	2019.04
	CAS
	n-i-p
	PEAI
	ITO/SnO2/FA0.92MA0.08PbI3/PEAI/Spiro-OMeTAD/Au
	23.32%
	[2]

	2019.06
	MIT
	n-i-p
	C6Br
	FTO/c-TiO2/m-TiO2/(FAPbI3)0.92(MAPbBr3)0.08 /C6Br/Spiro-OMeTAD/Au
	23.40%
	[3]

	2020.10
	KAUST
	p-i-n
	Oam
	ITO/PTAA/Cs0.05(FA0.92MA0.08)0.95Pb(I0.92Br0.08)3/Oam/C60/Cu
	23%
	[4]

	2020.11
	ANU
	n-i-p
	DIAC
	FTO/m-TiO2/PMMA/Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45/DIAC/Spiro-OMeTAD/Au
	23.27%
	[5]

	2021.01
	KU
	n-i-p
	BA
	FTO/SnO2/(FAPbI3)0.95(MAP bBr3)0.05/BA/Spiro-OMeTAD/Au
	24.59%
	[6]

	2021.01
	CAS
	n-i-p
	oFPEAI
	FTO/SnO2/FA0.92MA0.08Pb(I0.92Br0.08)3 /oFPEA/Spiro-OMeTAD/Ag
	23.80%
	[7]

	2021.01
	ISM-CNR
	n-i-p
	CEAI
	ITO/TiO2/Cs0.05MA0.1FA0.85PbI2.9Br0.1·0.05PbI2/CEAI/Spiro-OMeTAD/Au
	23.57%
	[8]

	2021.04
	RECAST
	n-i-p
	PhFACl
	ITO/SnO2/FAMAPbICl/PhFACl/Spiro-OMeTAD/Au
	23.36%
	[9]

	2021.05
	SNNU
	n-i-p
	CF3PEAI
	FTO/TiO2/FA0.85MA0.15PbI3/CF3PEAI/Spiro-OMeTAD/Au
	23.10%
	[10]

	2021.07
	RISE
	n-i-p
	BABr
	ITO/SnO2/Cs0.03(FA0.97MA0.03)0.97Pb(I0.97Br0.03)3/BABr/Spiro-OMeTAD/Au
	23.78%
	[11]

	2021.09
	POSTECH
	n-i-p
	CHMAI
	FTO/SnO2/FAPbI3/CHMAI/Spiro-OMeTAD/Au
	23.91%
	[12]

	2021.09
	POSTECH
	n-i-p
	CHAI
	FTO/SnO2/FAPbI4/CHAI/Spiro-OMeTAD/Au
	23.10%
	[12]

	2021.11
	CAS
	n-i-p
	MT-Im
	ITO/SnO2/(Cs0.03FA0.97PbI3)0.95(MAPbBr3)0.05/MT-Im/Spiro-OMeTAD/Au
	24.07%
	[13]

	2021.11
	EPFL
	n-i-p
	PDEAI2
	FTO/TiO2/SnO2/CsFAMAPbIBrCl/PDEAI2/Spiro-OMeTAD/Au
	23.90%
	[14]

	2021.12
	CDLCEM
	n-i-p
	neoPACl
	ITO/SnO2/FA1-xMAxPbI3/neoPACl/Spiro-OMeTAD/Au
	23.35%
	[15]

	2022.01
	NREL
	n-i-p
	BDAI2
	FTO/SnO2/FA0.97MA0.03PbI2.91Br0.09/BDAI2/Spiro-OMeTAD/Au
	24.70%
	[16]

	2022.02
	KAUST
	p-i-n
	RT
	ITO/2PACz/Cs0.03(FA0.90MA0.10)0.97PbI3/RT/C60/Ag
	24.30%
	[17]

	2022.03
	RECAST
	p-i-n
	NpMAI
	ITO/SnO2/FA0.85MA0.15PbI3/NpMAI/ Spiro-OMeTAD/MoOx/Ag
	24.37%
	[18]

	2022.03
	KAIST
	n-i-p
	CEPA
	FTO/SnO2/FAMAPbBrI/CEPA/PTAA/Au
	23.60%
	[19]

	2022.03
	UofT
	p-i-n
	3F-PEA
	ITO/NiOx/Cs0.05FA0.85MA0.1PbI3/3F-PEA/C60/Ag
	23.30%
	[20]

	2022.09
	Rice
	n-i-p
	BA
	ITO/SnO2/Cs0.05(MA0.10FA0.85)Pb(I0.90Br0.10)3/BA/Spiro-OMeTAD/Au
	24.50%
	[21]





Table S2. The key parameters used for this simulation [21-23].
	Parameters
	SnO2
	3D PSCs
	2D/3D PSCs
	Spiro-OMeTAD

	
	
	PSK
	3D PSK
	2D PSK
	

	Relative permittivity
	9
	25
	25
	25
	3

	Electron affinity (eV)
	4
	3.79
	3.79
	3.32
	2.05

	Bandgap (eV)
	3.6
	1.58
	1.58
	2.04
	3.17

	Thickness (nm)
	50
	450
	430
	20
	150

	[bookmark: _Hlk123132233]Doping conc. (cm‒3)
	1019
	3.5×1016
	3.5×1016
	1017
	5×1018

	Mobility of electron (cm2/Vs)
	0.01
	12.5
	12.5
	0.1
	0.0003

	Mobility of hole (cm2/Vs)
	0.01
	7.5
	7.5
	0.1
	0.0003

	SRH life time (μs)
	1
	/
	/
	/
	1

	Bulk defect conc. (cm‒3)
	/
	1015
	1015
	1016
	/

	Radiative recombination coefficient (cm3/s‒1)
	0
	3.27×10‒11
	3.27×10‒11
	3.27×10‒11
	/






Table S3. The photovoltaic parameters of the related devices extracted from Figure 1b.
	Parameters
	Jsc (mA/cm2)
	Voc (V)
	FF (%)
	PCE (%)

	2D/3D PSC (Experiment)
	24.34
	1.20
	84.0
	24.5

	2D/3D PSC (Simulation)
	24.36
	1.20
	83.4
	24.4

	3D PSC (Simulation)
	24.39
	1.18
	80.9
	23.3
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Figure S1. Statical graph of efficiency and the corresponding 2D materials of 2D/3D PSCs extracted from Table S1.
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Figure S2. Current losses contributed from the different sources for (a) 3D and (b) 2D/3D PSCs, respectively.
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Figure S3. (a)/(d) Electric-field and (b)/(e) bulk recombination distributions, and (c)/(f) current density losses of bulk and HTL/perovskite interface for the 3D and 2D/3D PSCs under Nt = 1014/1016 cm‒3.
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Figure S4. Carrier distributions of the 3D and 2D/3D PSCs under the overlarge and ultralow VBO conditions.
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Figure S5. Current density losses at 2D/3D interface for 2D/3D PSCs under the different VBO conditions.
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Figure S6. Dependence of mobility and thickness of 2D perovskite on PCE for the (a) overlarge, (b) suitable and (c) ultralow VBO cases.
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Figure S7. Energy diagrams of (a) 3D and (b) 2D/3D PSCs under equilibrium condition.
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Figure S8. J-V curves with hysteresis effect under the different VBO conditions, where Nion and scan rate are fixed at 3×1016 cm‒3 and 0.4 V/s, respectively.
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Figure S9. The ratio of PCE values between 2D/3D and 3D PSCs in Figure 4b and 4c.
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Figure S10. The histogram of PCE values of 3D and 2D/3D PSCs with the typical HTLs.
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Figure S11. PCE contour of 2D/3D PSCs normalized by 3D PSCs under the various VBO of 2D/3D perovskite and 3D perovskite bandgap.
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Figure S12. (a)-(b) Energy band structures, and (c)-(d) carrier concentrations under the 3D perovskite bandgap of 1.50 and 1.70 eV for 3D and 2D/3D PSCs.
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Figure S13. J-V curves of 3D and 2D/3D PSCs under the 3D perovskite bandgap of 1.5, 1.6 and 1.7 eV in Figure 5c (where the 2D perovskite bandgap is fixed at 2.40 eV).
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Figure S14. (a) Voc and (b) FF of 3D and 2D/3D PSC as a function of Eg_3D.
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Figure S15. (a) J-V curves, (b) energy band structures, and (c) carrier concentrations of 2D/3D PSs under the 2D perovskite bandgap of 1.71, 2.40 and 2.80 eV, where the 3D perovskite bandgap is fixed at 1.70 eV.
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Figure S16. Carrier generation rates within perovskite for 3D and 2D/3D PSCs.
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