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An ab initio study of the electronic properties of the ferroelectric heterostructure In 2 Se 3 /Bi 2 Se 3

Using ab initio calculations, we have investigated the electronic properties of the bidimensional ferroelectric heterostructure In 2 Se 3 /Bi 2 Se 3 . Depending on the direction of the polarization vector of the In 2 Se 3 layer, we found that the In 2 Se 3 /Bi 2 Se 3 heterostructure can have either a direct or an indirect bandgap, with values of 0.67 or 1.00 eV obtained with the GW approximation. Also this material presents a type II band alignment and appears to be a promising system for electron-hole separation. Finally, we found that an external electric field can be used to control not only the electronic gap but also the band offsets and the type of band alignment, which is very promising for certain applications in electronic and optoelectronic.

I. INTRODUCTION

The increasing progress of nanotechnology in recent years has motivated the scientific community to study materials with improved or even new properties, including twodimensional (2D) materials [START_REF] Castro Neto | The electronic properties of graphene[END_REF][2][START_REF] Debbichi | Two-Dimensional Indium Selenides Compounds: An Ab Initio Study[END_REF][START_REF] Geng | Recent Advances in Growth of Novel 2D Materials: Beyond Graphene and Transition Metal Dichalcogenides[END_REF][START_REF] Kavitha | Noble metal deposited graphitic carbon nitride based heterojunction photocatalysts[END_REF][START_REF] Zhibin | Synthesis of flower-like MoS2/g-C3N4 nanosheet heterojunctions with enhanced photocatalytic reduction activity of uranium(VI)[END_REF][START_REF] Khan | Recent developments in emerging two-dimensional materials and their applications[END_REF]. The latter, in the form of nanometric objects, have already demonstrated their effectiveness as active elements in various devices capable to meet the current needs. In particular, 2D piezoelectricity and 2D ferroelectricity [START_REF] Wu | The rise of two-dimensional van der Waals ferroelectrics[END_REF][START_REF] Cui | Two-dimensional materials with piezoelectric and ferroelectric functionalities[END_REF][START_REF] Dimuthu | Bandstructure engineering in 2D materials using Ferroelectric materials[END_REF] have attracted tremendous attention due to their large potential for device applications. These properties are exploited for applications as nonvolatile ferroelectric memories [START_REF] Scott | Ferroelectric memories today[END_REF], capacitors [START_REF] Stengel | Origin of the dielectric dead layer in nanoscale capacitors[END_REF], actuators [START_REF] Crawley | Use of piezoelectric actuators as elements of intelligent structures[END_REF], and sensors [START_REF] Wang | Piezoelectric Field Effect Transistor and Nanoforce Sensor Based on a Single ZnO Nanowire[END_REF].

The ability to combine and stack 2D layers has created a new class of materials known as van der Waals heterostructures and has opened the way to design new architectures.

This area has already proven to be fruitful for new properties and various functionalities, different from those of their individual 2D materials and thus created the basis for a variety of devices [START_REF] Wang | Two-dimensional heterostructures: fabrication, characterization, and application[END_REF][START_REF] Novoselov | 2D materials and van der Waals heterostructures[END_REF]. For instance, Zhang et al [START_REF] Zhang | Ultrahigh-gain Photodetectors Based on Atomically Thin Graphene-MoS2 Heterostructures[END_REF] have demonstrated that the photoresponsivity of a photodetector based on graphene/MoS 2 heterostructures is improved by a factor of nine in comparison with a standalone graphene layer. Also, enriching the functionalities of 2D heterostructures with ferroelectric properties would open up new opportunities for their applications [START_REF] Butler | Ferroelectric materials for solar energy conversion: photoferroics revisited[END_REF][START_REF] Grinberg | Perovskite oxides for visiblelight-absorbing ferroelectric and photovoltaic materials[END_REF][START_REF] Morris | Effect of internal electric fields on charge carrier dynamics in a ferroelectric material for solar energy conversion[END_REF].

Obviously the properties of this type of heterostructures are directly linked to the properties of their elementary constituents. Recently, both experiment and theoretical studies [START_REF] Zhou | Out-of-plane piezoelectricity and ferroelectricity in layered -In2Se3 nanoflakes[END_REF][START_REF] Cui | Intercorrelated in-plane and out-of-plane ferroelectricity in ultrathin two-dimensional layered semiconductor In2Se3[END_REF][START_REF] Ding | Prediction of intrinsic two-dimensional ferroelectrics in In2Se3 and other III2-VI3 van der Waals materials[END_REF] on In 2 Se 3 proved that the α phase presents ferroelectric properties with in-and out-of plane polarization, contrary to the β phase which is not ferroelectric. This discovery puts α-In 2 Se 3 under the light to be a useful candidate to form 2D ferroelectric heterostructures with out of plane polarization [START_REF] Shumin | Construction of ultrathin 2D/2D g-C3N4/In2Se3 heterojunctions with high-speed charge transfer nanochannels for promoting photocatalytic hydrogen production[END_REF][START_REF] Guan | Recent Progress in Two-Dimensional Ferroelectric Materials[END_REF]. For example, theoretical studies [START_REF] Ding | Prediction of intrinsic two-dimensional ferroelectrics in In2Se3 and other III2-VI3 van der Waals materials[END_REF][START_REF] Ayadi | An ab initio study of the ferroelectric In2Se3/graphene heterostructure[END_REF] demonstrated that the In 2 Se 3 /graphene heterostructure exhibits a Schottky barrier which can be controlled by the direction of the out-of plane intrinsic dipole of α-In 2 Se 3 . Moreover, a photodetector with outstanding properties, including a photocurrent on/off ratio of 1.24 x 10 5 at room temperature and a maximum photoresponsivity of 26 mAW -1 at 650 nm, based on WSe 2 /α-In 2 Se 3 was fabricated recently [START_REF] Liu | Photodetector based on heterostructure of two-dimensional WSe2/In2Se3[END_REF]. On the other hand, the topological insulator Bi 2 Se 3 [START_REF] Qi | Topological insulators and superconductors[END_REF][START_REF] Fauqué | Magnetothermoelectric properties of Bi 2 Se 3[END_REF][START_REF] Donglin | Ultrahigh thermoelectricity of atomically thick Bi2Se3 single layers: A computational study[END_REF][START_REF] Seungyeon | Growth of Bi2Se3 topological insulator thin film on Ge(111) substrate[END_REF] is a good material to form van der Waals heterostructures with various promising applications: for instance, a high performance photodetector based on SnTe/Bi 2 Se 3 was fabricated which exhibits remarkable properties as a high light responsivity of 145.74 mAW -1 and a maximum detectivity of 1.15x10 10 Jones [START_REF] Hongbin | Near-infrared photodetection based on topological insulator P-N heterojunction of SnTe/Bi2Se3[END_REF]. At the limit of the single layer, Bi 2 Se 3 possesses also great carrier mobilities of electrons and holes which can reach 1.96x10 5 and 3.4x10 4 cm 2 V -1 s -1 , respectively, together with a high optical absorption in the near ultraviolet and visible light regions [START_REF] Li-Bo | Two-dimensional Bi2Se3 monolayer with high mobility and enhanced optical absorption in the UVvisible light region[END_REF]. In addition, Somilkumar et al [START_REF] Rathi | Optimization of In2Se3/si(111) heteroepitaxy to enable Bi2Se3/In2Se3 bilayer growth[END_REF] have used molecular beam epitaxy (MBE) to grow Bi 2 Se 3 /In 2 Se 3 bilayers on Si(111) and they found that In 2 Se 3 is suitable for the subsequent high-quality heteroepitaxy of Bi 2 Se 3 . However, to our knowledge, no theoretical work has studied the electronic properties of the In 2 Se 3 /Bi 2 Se 3 heterostructure and more specifically their band offsets.

In this work, DFT calculations were performed to investigate the electronic properties of the ferroelectric α-In 2 Se 3 /Bi 2 Se 3 and the non-ferroelectric β-In 2 Se 3 /Bi 2 Se 3 heterostructures. Moreover, we also have investigated their band offsets under electrical field which are important quantities for material and device designs.

II. COMPUTATIONAL DETAILS

Our first principles calculations based on density functional theory were performed using the Vienna Ab Initio Simulation Package (VASP) [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF] implementing the projector augmented wave method [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF]. The exchange and correlation potential was described by the Perdew-Burke-Ernzerhof functional within the generalized gradient approximation [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF]. The weak van der Waals interactions are described by the dispersion correction of Tkatchenko and Scheffler [START_REF] Tkatchenko | Accurate Molecular Van Der Waals Interactions from Ground-State Electron Density and Free-Atom Reference Data[END_REF] with iterative Hirshfeld partitioning [START_REF] Hirshfeld | Bonded-atom fragments for describing molecular charge densities[END_REF] (TS/HI) as implemented [START_REF] Bučko | Extending the applicability of the Tkatchenko-Scheffler dispersion correction via iterative Hirshfeld partitioning[END_REF][START_REF] Bučko | Improved Density Dependent Correction for the Description of London Dispersion Forces[END_REF] in VASP. A 12x12x1 k-mesh was used for the Brillouin zone sampling and the cutoff energy was set to 500 eV. A vacuum of 17 Å along the direction perpendicular to the layers was adopted to ensure decoupling between periodically repeated systems. The convergence parameters were set to 0.01 eV/ Å for the residual forces on ions and to 10 -6 eV for the total energy. Since DFT in the generalized gradient approximation generally underestimates bandgaps, we have used the GW approximation [START_REF] Aryasetiawan | The GW method[END_REF][START_REF]Properties of electron self-energies and their role in electron spectroscopies[END_REF] to obtain realistic bandstructures. The cut-off for the polarizability matrices was set to 150 eV, while the other parameters (k-points, plane wave cut-off) were kept as in the DFT calculations. In 2 Se 3 and Bi 2 Se 3 corresponds to the energy difference between the energy at equilibrium (E 0 ) and the energy when the layers are put at a distance large enough to avoid interlayer interactions (E s ), divided by the number of atoms in the cell (N). These calculated values are found to be in the same range as for other van der Waals heterostructures [START_REF] Ayadi | An ab initio study of the electronic structure of indium and gallium chalcogenide bilayers[END_REF][START_REF] Debbichi | Electronic structure of two-dimensional transition metal dichalcogenide bilayers from ab initio theory[END_REF],

confirming the weak interaction between the layers. Then we have used the PBE and GW approximations to calculate the band structure (see figure 2) and the bandgap for all configurations. With PBE, we found that the valence band maximum (VBM) is along the ΓM direction for the G 1 and G 3 configurations and is along ΓK for the G 2 configuration. Also, we found that the conduction band minimum (CBM) is at the Γ point for both ferroelectric configurations (G 1 and G 2 ), and is at the M point for the non-ferroelectric configuration G 3 .

When the spin-orbit coupling (SOC) is taken into account, the states of the VBM at the Γ point of the G 1 configuration, are shifted up and the CBM is shifted down in energy.

The bandgap is now direct, with a reduction of about 0.3 eV. This value is increased to 0.67 eV when the GW approximation is used. However, when the intrinsic dipole of In 2 Se 3 is in the opposite direction ( the G 2 configuration), the SOC does not change the nature of the bandgap, but a reduction of the gap value of about 0.16 eV is observed. The SOC decreases the electronic gap value up to 0.8 eV with PBE+SOC, but GW+SOC brings it up to 1 eV. For the configuration G 3 , when the SOC is included, we found that there is a small energy variation (of a few meV) at the VBM and CBM levels. The gap is indirect of the order of 0.1 eV with PBE+SOC and the value increases up to 0.54 eV with GW+SOC.

Generally, we observed that there are no major quantitative differences in the dispersion of bands found with GW+SOC compared to those found with PBE+SOC, the main difference being a wideing of the bandgap, as expected with the GW approximation. Due to the important effect of spin-orbit coupling on the electronic structures of the heterostructure

In 2 Se 3 /Bi 2 Se 3 , it will be kept in the rest of our calculations. shows a significant modulation of its electronic gap by E ext . For the G 1 configuration, where the intrinsic dipole P is pointing towards Bi 2 Se 3 , the variation of the band gap under the application of an external electric field is divided into three regions. In the first region, where the external electric field is between -0.8 and -0.5 V/ Å, the gap value tends to be stable and the heterostructure achieves its maximum electronic gap with a value of about 0.51 eV. In the second region, where E ext is between -0.5 and 0.1 V/ Å, the electronic gap decreases lineary with the increase of the electric field. In the third region, where E ext is between 0.1 and 0.8 V/ Å, the heterostructure In 2 Se 3 /Bi 2 Se 3 shows a transition from a semiconductor to a metal. However, when the intrinsic dipole of In 2 Se 3 is in the opposite direction (the G 2 configuration), the observed behavior is different: when a negative electric field is applied, the band gap exhibits a linear increase. Then, when a positive electric field is applied, the variation of the electronic gap under the application of an external electric field is divided into two regions: when E ext is between 0 and 0.2 V/ Å, the value of the gap tends to stabilize as the electric field strength is increased, and when E ext is between 0.4 and 0.8 V/ Å, E g exhibits a linear decreasing behavior as the electric field strength is increased.

Finally, the non-ferrelectric configuration G 3 shows a metallic phase when E ext is between -0.8 and -0.5 V/ Å. Then, when the external electric field is betwen -0.5 and 0.6 V/ Å, the band gap increases with E ext , and when E ext is between 0.6 and 0.8 V/ Å, the gap value tends to stabilize as the electric field strength is increased.
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  III. RESULTS AND DISCUSSIONWhen stacking a Bi 2 Se 3 layer on top of a α-In 2 Se 3 ferroelectric layer, two different arrangements can be obtained, noted hereafter G 1 and G 2 , depending on the direction of the polarization vector: in the G 1 configuration, the spontaneous out-of-plane electric polarization P is pointing towards Bi 2 Se 3 while in the configuration G 2 it is pointing in the other direction. The G 3 configuration is constructed by stacking the Bi 2 Se 3 layer on top of the non-ferroelectric layer β-In 2 Se 3 . The different geometries are shown in figure 1.

FIG. 1 :

 1 FIG. 1: Side view of the different configurations of the heterostructure In 2 Se 3 /Bi 2 Se 3 . The red spheres represent the selenium atoms, while the blue and yellow spheres correspond to indium and bismuth atoms, respectively. The black arrows indicate the direction of the spontaneous electric polarization (P). An electric field (E ext ) is applied perpendicularly to the layers.

FIG. 2 : 3 and Bi 2

 232 FIG. 2: Band structure of the (a) G 1 , (b) G 2 and (c) G 3 configurations of In 2 Se 3 /Bi 2 Se 3 heterostrcuture. The black and red lines represent the PBE and PBE+SOC calculations. The GW+SOC calculations for the last valence band and the first conduction band are shown with blue circles. The Fermi level is set to 0 eV.
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 232224 FIG. 3: PBE+SOC band structures of (a) G 1 , (b) G 2 and (c) G 3 configurations of the In 2 Se 3 /Bi 2 Se 3 heterostructure. The size of the blue and red circles is proportional to the In 2 Se 3 and Bi 2 Se 3 contributions, respectively. The Fermi level is set to 0 eV. (d) Band alignments of the different configurations of the heterostructure In 2 Se 3 /Bi 2 Se 3 . The relevant electronic parameters (|∆E c | and |∆E v |) are also given in the figure. The red dashed lines are the different Fermi level.
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 256 FIG. 5: Evolution of the band gap of the G 1 , G 2 and G 3 configurations of the In 2 Se 3 /Bi 2 Se 3 heterostructure as a function of strength of the external electric field (E ext ).

  In summary, the electronic properties of In 2 Se 3 /Bi 2 Se 3 heterostructure have been investigated using density functional theory and the GW We have found that the In 2 Se 3 /Bi 2 Se 3 ferroelectric heterostructure is a semiconductor with a direct bandgap. However, when the intrinsic polarization of In 2 Se 3 is reversed, we have found that In 2 Se 3 /Bi 2 Se 3 is a semiconductor with an indirect bandgap. By analysing the electron density, we found that the In 2 Se 3 /Bi 2 Se 3 heterobilayer can be potentially used as an electron-hole charge separator. Our results show also that the In 2 Se 3 /Bi 2 Se 3 heterostructure exhibits a modulation of its band gap and band offsets upon the variation of an external electric field. Also the In 2 Se 3 /Bi 2 Se 3 heterostructure has a type II band alignment but under the application of an external electric field, it experiences a transition from type II to type I band alignment. Overall, the findings obtained in this study provide interesting guidelines for using the In 2 Se 3 /Bi 2 Se 3 system in some electronic or optical devices, and open the path for further experimental and theoretical studies of this system.

  

TABLE I :

 I 

				PBE	PBE+SOC	GW+SOC
	G 1 4.10 2.92	19.70	0.37 (ΓM→Γ)	0.07 (Γ→Γ)	0.67
	G 2	4.10 3.06	17.00	0.54 (ΓK→Γ) 0.38 (ΓK→Γ)	1.00
	G 3	4.06 2.74	20.50	0.16 (ΓM→ M) 0.10 (ΓM→ M)	0.54

Calculated interlayer distance d ( Å), binding energy E b (meV/atom), DFT (with and without spin-orbit coupling), and GW bandgaps of the different configurations of the heterostructure In 2 Se 3 /Bi 2 Se 3 . a ( Å) d ( Å) E b (meV) E g (eV)
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