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COMPUTATIONAL METHOD

First-principles calculations. First-principles calculations are carried out based on density functional 

theory as implemented in the Vienna Ab Initio Simulation Package (VASP).1 In which the exchange-

correlation energy is modeled by the generalized gradient approximation (GGA) in the form of Perdew, 

Burke, and Ernzerhof (PBE).2 The semi-empirical dispersion correction based on the DFT-D2 method 

of Grimme is employed to treat the interlayer vdW interactions.3 Convergence thresholds of 10-5 eV 

and 0.01 eV/Å are adopted, respectively, for energy and forces. A vacuum space larger than 18 Å is 

employed to eliminate the spurious interactions, and an energy cutoff of 500 eV is set. The ferroelectric 

polarization is computed by the Berry phase method.7 The energy barriers of ferroelectric switching 

are obtained by using nudged elastic band (NEB) method,4 and Berry curvatures are calculated by the 

maximally localized Wannier function method, as implanted in the Wannier90 code.5
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Figure S1. Minimum energy path for polarization reversal, along with the corresponding structures, 

of ABB′A′ configuration of FL (a) InSe, (b) MoS2 and (c) CdS.



Figure S2. Band structures of FL VS2 at FE and FE′ states without SOC.

Figure S3. The out-of-plane Berry curvature near the K and –K for VS2 FL at FE and FE′ states.Ω(𝑘)

When the 2D vdW multilayer with intercorrelated ferroelectrics are constructed by photovoltaic 

single layers, the bidirectional intrinsic electric field can facilitate the departure of photo-generated 

electrons and holes. Here, we take 2D photovoltaic material, CdS, as an example, and show the band 

structure as well as the corresponding partial charge densities of ABB′A′ configuration FL CdS in 

Figure S4. It can be seen that the CBM and VBM are spatially separated to top and bottom layers, 

respectively. Hence, the lifetime of excitons and the photovoltaics′ efficiency can be greatly enhanced. 



Figure S4. Electronic band structure and partial charge densities of CBM and VBM of ABB′A′ 

configuration FL CdS.

Table S1. IP/OOP polarization (in e/cm2) and energy barrier for ferroelectric switching (in meV/f.u.) 

of FL h-BN, FL InSe, FL MoS2, FL CdS, TL PtSe2, TL Bi2Te3, TL Ti2CO2 and TL Tl2O. The FL 

(TL) systems are in the ABB′A′ (AAB) configuration. 

BN InSe MoS2 CdS PtSe2 Bi2Te3 Ti2CO2 Tl2O

POOP 3.5×1012 7.1×1010 5.4×1011 1.5×1013 2.5×1011 5.1×109 1.1×1011 3.4×1010

PIP 1.9×1010 9.4×109 7.7×109 9.3×1010 1.6×1011 3.1×1010 3.5×109 2.3×1010

Eb 15.6 55.8 31.6 83.1 63.7 34.9 34.4 33.1

The calculated moderate energy barriers imply the feasibility of their ferroelectric switching. 

Most systems exhibit a larger OOP polarization as compared with that of IP. While for TL Bi2Te3, the 

IP polarization is one magnitude larger than that of OOP. For TL PtSe2 and Tl2O, IP and OOP 

polarization values are comparable. These polarization values are comparable or even several order of 

magnitude larger than that of d1T MoTe2 monolayer,6,7 h-BL8 and WTe2 that have been detected in the 

experiments.9,10
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