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An ab initio study of the ferroelectric In 2 Se 3 /graphene heterostructure
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Using ab initio calculations, we have investigated the electronic structure properties of the ferroelectric α-In2Se3/graphene heterostructure. The presence of an intrinsic polarization in In2Se3 shifts the Dirac point of graphene above the Fermi level, resulting in a p-type doping, the degree of doping being dependent on the direction of the dipole with respect to the graphene layer. Also, we found that an external electric field can be used to control not only the degree of doping but also the type of Schottky contact, as n-type, p-type or Ohmic.

Introduction

The isolation of graphene has made possible to highlight a great variety of new physical properties [START_REF] Castro Neto | The electronic properties of graphene[END_REF][START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF] of interest both for fundamental research and for the development of new applications. This discovery opened the way for studying a wide variety of materials with a two dimensional form, such as hexagonal boron nitride [START_REF] Kubota | Deep ultraviolet light-emitting hexagonal boron nitride synthesized at atmospheric pressure[END_REF][START_REF] Levendorf | Graphene and boron nitride lateral heterostructures for atomically thin circuitry[END_REF], silicene [START_REF] Aufray | Graphene-like silicon nanoribbons on Ag(110): A possible formation of silicene[END_REF], germanane [START_REF] Bianco | Stability and exfoliation of germanane: A germanium graphane analogue[END_REF],

transition metal dichalcogenides [START_REF] Coleman | Two-dimensional nanosheets produced by liquid exfoliation of layered materials[END_REF][START_REF] Mak | Atomically thin MoS2: A new direct-gap semiconductor[END_REF][START_REF] Peng | Blue phosphorene/MS2 (M = Nb, Ta) heterostructures as promising exible anodes for lithium-ion batteries[END_REF] and certain III-VI compounds [START_REF] Zόlyomi | Electrons and phonons in single layers of hexagonal indium chalcogenides from ab initio calculations[END_REF][START_REF] Debbichi | Two-dimensional indium selenides compounds: An ab initio study[END_REF]12,[START_REF] Srour | Comparative study of structural and electronic properties of GaSe and InSe polytypes[END_REF]. In parallel, materials characterized by ferroelectric and piezoelectric properties are exploited for applications as 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]. However among and experimental studies [START_REF] Wu | Piezoelectricity of single atomic layer MoS2 for energy conversion and piezotronics[END_REF][START_REF] Duerloo | Intrinsic piezoelectricity in two-dimensional materials[END_REF] on transition metal dichalcogenides such as 2H-MoS2, showed that in-plane piezoelectricity appears for an odd number of few layers. The features of two dimensional materials with piezoelectric and ferroelectric properties have been reviewed recently [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] and for instance it was shown in a recent publication [START_REF] Xin-Wei | Two-dimensional ferroelectric tunnel junction: the case of SnSe[END_REF] that SnSe can be used as a two-dimensional ferroelectric tunnel junction.

In2Se3 compounds are known to be of use in phase change memory, thermoelectric, and photoelectric applications [START_REF] Lee | Indium selenide (In2Se3) thin film for phase-change memory[END_REF][START_REF] Han | Indium selenides: Structural characteristics, synthesis and their thermoelectric performances[END_REF]. Also, single and few-layer In2Se3 flakes have been obtained on different substrates, such as graphene and mica by van der Waals epitaxy [START_REF] Lin | Controlled growth of atomically thin In2Se3 flakes by van der waals epitaxy[END_REF].

Recently the 2D semiconductor α-In2Se3 has been theoretically [START_REF] Ding | Prediction of intrinsic two-dimensional ferroelectrics in In2Se3 and other III2-VI3 van der Waals materials[END_REF] predicted and experimentally [START_REF] Zhou | Out-of-plane piezoelectricity and ferroelectricity in layered α-In2Se3 nanoakes[END_REF][START_REF] Cui | Intercorrelated In-Plane and Out-of-Plane Ferroelectricity in ultrathin Two-Dimensional Layered Semiconductor In2Se3[END_REF] demonstrated to have both in-plane and out-of plane ferroelectric polarizations. These findings opened a new field concerning the exploration of the properties of 2D ferroelectrics materials, specially when combined with an other bidimensional material to form a van der Waals heterostructure. For instance, Wan et al [START_REF] Wan | Room-temperature ferroelectricity and a switchable diode effect in Two-Dimensional α-In2Se3 thin layers[END_REF] have recently designed a ferroelectric diode fabricated from graphene and α-In2Se3 layers, with an on/off ratio of ~10 5 .

Moreover, a non-volatile memory in a hybrid 2D ferroelectric field effect transistor (FeFET) made of ultrathin α-In2Se3 and graphene has been realized [START_REF] Siyuan | Non-volatile ferroelectric memory effect in ultrathin α-In2Se3[END_REF].

Herein, and due to the lack of information about the effect of In2Se3 on the properties of graphene, we have conducted DFT calculations to investigate the possibility of an electrostatic doping of graphene by the intrinsic dipole moment of the ferroelectric α-In2Se3 layer.

Computational details

Our calculations were performed using the Vienna Ab initio Simulation Package (VASP) [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF] and the projector-augmented wave method [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF]. For the exchange and correlation potential, the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] was used. The cutoff energy for the plane-wave basis set was set to 500 eV. 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 recently [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 was used to describe van der Waals interactions. A 12x12x1 k-mesh was used for the Brillouin zone sampling and 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.

Results and discussion

Due to the inequivalent sides of the ferroelectric layer α-In2Se3, two different configurations (noted hereafter C1 and C2) can be obtained for the α-In2Se3/graphene heterostructure, as shown in figure 1. In the C1 configuration, the spontaneous out-of-plane electric polarization (P) is pointing towards graphene, while in the C2 configuration P is pointing away from In2Se3. To limit the lattice mismatch between α-In2Se3 (a = 4.06 Å) and graphene (a= 2.46 Å) in our calculations, our simulation cell was built from a 5 x 5 graphene supercell and a 3 x 3 α-In2Se3 supercell. After performing a geometry relaxation of the heterostructure, we obtained a lattice parameter of 12.29 Å, where the α-In2Se3 layer is under a biaxial tensile strain of 0.92%, while graphene is under a biaxial compressive strain of -0.08%. Our calculated interlayer distance and binding energy are presented in table 1. The interlayer distance is determined as the selenium-carbon distance along the stacking direction and the binding energy Eb per atom is calculated as Eb= (E0 -E+)/N, where E0 is the total energy at equilibrium, E+ is the total energy when the layers are put at a sufficient distance to avoid interlayer interactions, and N is the number of atoms in the cell. For both configurations, we found a binding energy and an interlayer distance which are typical of van der Waals interactions, similarly to other 2D based heterostructures [START_REF] Padilha | Two-dimensional van der waals p-n junction of InSe/phosphorene[END_REF][START_REF] Željko Šljivančanin | Graphene/MoS2 heterostructures as templates for growing twodimensional metals: Predictions from ab initio calculations[END_REF]. Also according to our calculations, the C2 heterostructure is slightly more stable than the C1 heterostructure, by about 1.80 meV/atom (1.14 meV/Å 2 ). Due to the effect of spin-orbit coupling (SOC) on the bandstructure of α-In2Se3 [START_REF] Debbichi | Two-dimensional indium selenides compounds: An ab initio study[END_REF],

one may anticipate that the SOC may also affect the electronic structure of the In2Se3/graphene bilayer, and more specifically the band alignment. When taking into account the SOC, we found that for both C1 and C2 only the VBM (valence band maximum) of In2Se3 is affected, with a shift in energy of about 0.02 ~ 0.03 eV. Since the effect of SOC is obviously weak, it will be ignored in the rest of our calculations. For the performance of graphene/In2Se3 heterostructures based FET, the investigation of their band offset under the effect of an external electric field is a key point. The evolution of the Dirac point, VBM, and CBM, of graphene and In2Se3, respectively, under the application of an electric field, are shown in figures 4a and 4b. The positive sign of the electric field is defined as shown in figure 1. For the C1 configuration we found that the p-doping of graphene is increased upon the application of a positive electric field and reduced with the application of a negative electric field to reach neutrality with an applied electric field of less than ~ -0.1 V/Å. Concerning the C2 configuration, the increase and the reduction of the p-doping of graphene under an applied positive and negative electric field is also observed. However, the neutrality between the two materials is not reached even with an applied electric field of -0.4

V/Å due to the larger p-doping of graphene. In addition to the control of the graphene doping, we found that the application of an electric field modifies the energy gap of In2Se3: when the intrinsic polarization of In2Se3 is directed towards graphene, the band gap increases with a positive electric field and is reduced with a negative electric field. When the direction of the intrinsic dipole is switched in the opposite direction of graphene, an inverse behavior is found.

To deepen our analysis, we present in figures 4c and 4d, the evolution of the n-and p- 

Conclusion

Using first principle calculations, we have investigated the electronic properties of the ferroelectric α-In2Se3/graphene heterostructure and demonstrated a different behavior for the two possible configurations. We found that an external electric field can be used as a tool to control the graphene and In2Se3 band alignment, and that the Schottky barrier at the interface can be modulated by the direction of the intrinsic polarization of In2Se3 with respect to graphene. More generally, the possibility of having of n-and p-doping in the same structure creates the possibility to built a ferroelectric rectifying diode by a graphene/In2Se3/graphene, which will be the topic of a future investigation.
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 1 Figure 1: (color online) Side view of the two possible α-In2Se3/graphene heterostructure geometries. The red spheres represent the selenium atoms, the blue spheres correspond to indium atoms, and the gray spheres represent the carbon atoms. The black arrow indicate the direction of the out-of-plane ferroelectric polarization (P) of In2Se3. A vertical external electric field (Eext) is applied perpendicular to the layers.
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 2 Figure 2: Bandstructure of the C1 and C2 configurations of the graphene/α-In2Se3 heterostructure: the projection on the graphene atoms is pictured by red circles, while the projection on the In2Se3 layer is denoted by blue lines. The Fermi level is set to 0 eV.
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 3 Figure 3: Electron density difference for the configurations C1 and C2 of the graphene/In2Se3 heterostructure. The isosurface value for the two configurations is 0.0003 e/Å 3 , where the accumulation and depletion of electrons are represented in orange and green, respectively.

  Schottky contact under the application of the electric field. The Schottky contacts are calculated as the variation of the conduction bands edge (valence bands edge) of In2Se3 with respect to the Fermi level of the complex, as ΦBn = Ec -EF and ΦBp = EF -Ev. It can be seen from figure4c(corresponding to the C1 configuration) that the lines corresponding to ΦBn and ΦBp intersect for a value of the electric field of ~ -0.2V/Å indicating the presence of the Fermi level in the midle of the band gap, which corresponds to a transition from a n-to a p-type Schottky contact. When the electric field is between -0.4 V/Å and -0.2 V/Å, the Fermi level has a tendency to move towards the valence bands, indicating the presence of p-type Schottky contact. When the electric field is between -0.2 to -0.04 V/Å, a n-type Schottky contact takes place. For an electric field larger than -0.041 V/Å, the n-type Schottky contact decreases, indicating the transition from a n-type Shottky contact to a Ohmic contact. In the case of the C2 configuration, an Ohmic contact is found with ΦBn < 0 even under the application of an electric field. Notice that PBE functional can still reliably predict the trends of the Schottky barrier change[START_REF] Jin | Tuning the Schottky Barrier at the Graphene/MoS2 Interface by Electron Doping: Density Functional Theory and Many-Body Calculations[END_REF], despite of its widely known intrinsic bandgap underestimation problem.
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 4 Figure 4: Top panel: evolution the graphene Dirac point (ED) and the In2Se3 VBM (EVB) and CBM (ECB) for the C1 (a) and C2 (b) heterostructures under the application of an external electric field. The Fermi level is set to zero. Bottom panel: the evolution of the n-and p-type Schottky barrier height under an applied external electric field for the C1 (c) and C2 (d) heterostructures.

Table 1 :

 1 Calculated interlayer distance d (in Å) and binding energy Eb(in meV/atom and in meV/Å 2 )

	of the α-In2Se3/graphene heterostructure .		
	Geometry	d(Å)	Eb(meV/atom) Eb(meV/ Å 2 )
	C1	3.68	20.6	6.19
	C2	3.67	22.4	7.33