Jacky Even 
email: jacky.even@insa-rennes.fr
  
Daniel Sapori 
  
Laurent Pedesseau 
  
Alain Rolland 
  
Mikael Kepenekian 
  
Roberto Robles 
  
Shijian Wang 
  
Yong Huang 
  
Alexandre Beck 
  
Olivier Durand 
  
C Katan 
  
Theoretical insights into multibandgap hybrid perovskites for photovoltaic applications
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This paper reviews some of the recent theoretical investigations on the Rashba Dresselhaus spin effects and dielectric properties of CH 3 NH 3 PbI 3 hybrid perovskites and CsPbI 3 all-inorganic perovskites using Density functional theory. The spin vectors rotate in the non-centrosymmetric P4mm tetragonal phase, respectively clockwise and counterclockwise, in a manner that is characteristic of a pure Rashba effect. The high frequency dielectric constants ε ∞ of MAPbI 3 and CsPbI 3 are similar as anticipated, since large differences are only expected at very low frequency where additional contributions from molecular reorientations show off for the hybrid compounds. A first simulation of a perovskite on silicon tandem cell, including a tunnel junction, is also investigated. Effect of halogen substitution (I/Br) is inspected, revealing limitations for short-circuit current and open-circuit voltage electrical characteristics.

INTRODUCTION

A scientific breakthrough for solar cells was achieved in the last three years using 3D Hybrid Organic Perovskites (HOP) with the chemical formulae MAMX [START_REF] Kojima | Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells[END_REF] , where MA is an organic cation CH 3 NH 3 + , X is a halogen atom (X=I, Br, Cl) and M a metal atom (M=Pb, Sn). The efficiency of hybrid perovskites solar cells rose rapidly from 3.8% in 2009 with DSSClike technologies to about 10% in 2012 using new concepts. These record values steeply increased to about 15% in 2013 thanks to new deposition techniques. At the end of 2014, optimized conversion efficiency amounts to 19.3% and then 20% in the last (2014) NREL efficiency chart. Over 21% efficiency was announced for a perovskite on silicon tandem cell at the HOPV Roma conference in May 2015. Clearly, understanding physical properties of operational HOPs and the design of novel devices with improved performances will greatly benefit from theoretical work. Prior to 2013, most theoretical studies either focused on layered HOP, purely inorganic 3D perovskites, and 3D HOP, but, in the latter case, missing inherent physical properties such as effect of spin-orbit coupling. In 2013, a few theoretical papers have appeared on 3D HOP in relation with the breakthrough in the field of photovoltaics, followed by a large number of papers in 2014. Significant progress has been made toward a better understanding of the unusual physical properties of this new class of semiconductors. This paper reviews some of the recent theoretical investigations using the SIESTA Density functional theory code that may contribute to gain better physical understanding of HOP materials, especially focusing on MAPbX3 compounds. Besides, a primary study of a perovskite on silicon tandem cell, including a tunnel junction, is presented, based on the SILVACO code dedicated to optoelectronic device simulation.

ELECTRONIC PROPERTIES AND RASHBA DRESSELHAUS SPIN INTERACTION

A giant spin-orbit coupling (SOC) operates on the conduction band (CB) of lead-based HOPs, leading to SOC splittings consistent with metal atomic energy level tables and to a spin-orbit split-off state at the bottom of the CB (figure 1). The optical transitions are related to a direct electronic band gap located at the R point of the Brillouin zone (BZ) of the reference high temperature Pm-3m centrosymmetric cubic phase. Besides SOC, time reversal symmetry (T-symmetry) is also important for spin effects, whether or not combined with inversion symmetry close to high symmetry points. For conjugated spinor states, T-symmetry yields the general conditions: E n ↑(k)=E n ↓(-k) and E n ↓(k)=E n ↑(-k). Inversion symmetry yields additional conditions: E n ↑(k)=E n ↑(-k) and E n ↓(k)=E n ↓(-k). Combining both symmetries leads to a double spin degeneracy, E n ↑(k)=E n ↓(k), across all the dispersion diagram within the BZ of the Pm-3m crystal structure. However, the room (high)-temperature crystal structure of 3D lead-based hybrid perovskites remains under debate. Recent single crystal X-ray diffraction experiments, performed on MAPbI 3 close to room temperature, support a noncentrosymmetric tetragonal space group (P4mm), which might lead at low temperature to another non-centrosymmetric I4cm tetragonal phase. A first effect of the Pm-3m to P4mm space group change is the folding of the CB and valence band (VB) states from the R-point to the A point (figure 1). Besides electronic band folding effect, the most important transformation of the diagram is due to atomic displacements. Lattice tetragonal strain leads to an increase of the band gap and a partial splitting of the CB when the SOC is neglected. When inversion symmetry is lost in the P4mm phase, the spin degeneracy condition En↑(k)=En↓(k) is lost as well for a general wave vector, except for special high symmetry points like the A-point (figure 1). In 3D HOPs, it has been shown that even a small P4mm and I4cm symmetry breaking can lead to a strong spinor splitting, since the SOC effect is giant, as compared to conventional semiconductors. Such a k-dependent band splitting, also designated under Rashba/Dresselhaus, Dresselhaus, and Rashba effect, was confirmed by many theoretical groups, but still deserves experimental evidence in HOP. Indeed, the electronic band diagram of the P4mm phase of CH 3 NH 3 PbI 3 close to the critical point A of the BZ exhibits a splitting of the spinor bands. This effect is larger in the tetragonal I4cm phase. A linear mixed Rashba-Dresselhaus effect close to a degenerate high symmetry point can be studied by considering the spin-dependent Hamiltonian: λ are constants related to the magnitudes of the Rashba and Dresselhaus terms, respectively. For the Amm2 space group, both terms coexist, but D λ vanishes by symmetry for the P4mm case. Thus, the wavefunctions eigenvectors can be computed for the P4mm bands close to the A-point as:
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where k t and θ are the wavevector and wavevector orientation angle, in the (k x ,k y ) plane. A classical representation of the the splitted spin states is afforded by the expectations < σ > vectors of the σ = (σ x , σ y , σ z ) vector of Pauli spin matrices for the two eigenvectors. Each < σ > spin vector is represented by a small arrow at a point defined by the corresponding eigen-energy and θ. Such a computation was performed for the CB and VB states of the P4mm phase of MAPbI 3 (figure 1). The spin vectors rotate respectively clockwise and counterclockwise on the inner and outer circles, in the typical manner of pure Rashba effect.

FIRST PRINCIPLES SIMULATION OF THE DIELECTRIC PROPERTIES

The dielectric constant is related to the response of the medium to local charges or external electric field, and thus plays an important role in the optoelectronic properties of hybrid perosvkites. For MAPbI 3 , it has been shown experimentally that the high frequency dielectric constant ε ∞ amounts to 6.5, and shows a smooth variation with temperature up to 20-30 in the medium frequency range (~90GHz). Comparison to purely inorganic 3D perovskites suggests that the difference between these two regimes stems from contributions related to polar optical phonons. Above the critical temperature Tc, the low frequency value (~1KHz) of ε increases, and reaches about 60 at room temperature. We attributed this to the thermal activation of the collective tumblings of MA cations. Recently, giant dielectric constants have been reported in the low frequency regime: in the order 1000 in the dark and an additional factor of 1000 upon illumination under 1 sun. This effect has been attributed to very slowly moving photoinduced carriers assisted by molecular rotations. Herein we apply a new DFT-based method, already tested for colloidal nanoplatelets of CdSe, to determine the high frequency dielectric constant ε ∞ of MAPbI 3 and CsPbI 3 . The first step consists in the determination of the electronic density induced by an external electric field ext E applied to slabs in a direction (z) perpendicular to the surface (figure 2). The induced polarization profile across the slab ) ( z p ind is thus computed from nanoscale average of the induced charge density profile. Subsequently, the dielectric constant profiles are computed from:
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Proc. SPIE 9552, Carbon Nanotubes, 95520Z; doi:10.1117/12.2191953; http://dx.doi.org/10.1117/12.2191953 ε ∞ amounts to 5.5 in the central part of the MAPbI 3 slab, in reasonable agreement with the experimental value (6.5) for the bulk compound at room temperature. The MAPbI 3 slab was built from the low-temperature orthorhombic Pnma phase, since the dynamical disorder of the MA cations in the Pm-3m phase prevents from using atomic positions for C, N, and H atoms in the DFT simulation without implicit bias. A small anisotropy of the dielectric constant in the Pnma phase is thus expected and might contribute to the difference between the theoretical and experimental estimates. The high frequency dielectric constant ε ∞ for the CsPbI 3 compound is of the same order of magnitude (4.8). Indeed, it is related to a similar response of the electronic gas to the external field ext E . The two compounds should also exhibit similar values in the intermediate frequency range, where the ionic contribution yields an increase of the dielectric constant. However, at very low frequencies only the hybrid compound MAPbI 3 undergoes a further increase of the dielectric constant in relation with molecular dipoles reorientations.

DRIFT-DIFFUSION MODELLING OF PEROVSKITE ON SILICON TANDEM SOLAR CELLS WITH TUNNEL JUNCTIONS

Single HOP cells have been used to demonstrate over 20% solar to electricity conversion efficiency. One attractive solution to further enhance these performances is to stack multiple solar cell junctions, which combine absorbers with different electronic bandgaps to optimize solar light-harvesting. This concept has been recently tested in a tandem configuration, using either CIGS or silicon as a small band-gap material and the MAPbI 3 HOP as a large band gap material. In this paper, we present a numerical simulation of a two terminal perovskite-based tandem cell monolithically integrated on silicon (Si) and including a Si interband Tunnel Junction (TJ) to electrically interconnect the top and the bottom sub-cells (figure 3, left). The purpose of this preliminary study is to identify some key parameters of this architecture, as well as to explore the influence of HOP chemical engineering (figure 3, right). Figure 3 shows the device structure of the perovskite tandem solar cell monolithically integrated on a n-type silicon substrate. The structure consists in a 850 nm thick Hole Transport Material layer (HTM), a perovskite methyl ammonium MAPbX 3 lead tri-iodide (X=I) or tri-bromide (X=Br) absorbing layer, a 300 nm thick TiO 2 electron transport layer, a 2x20 nm thick Si(n ++ )/Si(p ++ ) tunnel junction, a 280 µm thick n-type Si substrate and a 100 nm thick heavily ndoped Si layer for the backside contact. The doping level for the silicon tunnel junction has been set to 10 20 cm -3 . This doping level ensures a nice electrical serial connection between the top perovskite cell and the bottom Si cell. The classical tunnel junction model implemented in the Silvaco Atlas device simulator was used. An identical single Si cell exhibits an efficiency of 15% under AM1.5 illumination, with a short-circuit current density J SC = 49.0 mAcm -2 and an open-circuit voltage V OC = 0.50 V. For the HOP materials, n-type and p-type carrier mobilities were set to 2 cm 2 V -1 s -1 in agreement with previous perovskite solar cell modeling. The single MAPbI 3 (MAPbBr 3 ) cell efficiency amounts to 13% (6%) under AM1.5 illumination, with a short-circuit current density J SC = 22.0 mAcm -2 (6.0 mAcm -2 ) and an open-circuit voltage V OC = 0.85 V (1.7V). By comparing the short-circuit current densities of single Si and perovskite cells, we can already conclude that the perovskite cell limits the current especially in the case of MAPbBr 3 HOP material. The tandem cell short circuit current limitation is expected to be compensated by an enhancement of the V oc for the whole structure. Figure 3 (right) shows that for the MAPbI 3 based tandem cell, the short circuit current is indeed limited by the perovskite part of the structure, however a large V oc (1.6V) is obtained. The tandem cell efficiency is thus increased to a value of 17%, larger than the values of 13% (MAPbI 3 ) and 15% (Si) for each single cell. On the other hand, the drastic reduction of the short-circuit current in the MAPbBr 3 based tandem cell (figure 3, right) with respect to a single Si solar cell, is not fully compensated by the very large value of V oc . The tandem cell efficiency in this configuration is indeed equal to 11%, and thus does not exhibit any improvement by comparison to a single Si solar cell.
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 1 Figure 1. Electronic band structure of MAPbI3 in the P4mm crystal phase with (straight lines) and without(dotted lines) the spin-orbit coupling (SOC) interaction. The downward shift of the CB is indicated by three arrows. The spin vectors rotate, in the CB and the VB, respectively clockwise and counterclockwise on the inner and outer circles, in the typical manner of pure Rashba effect (DFT computation with the GGA functional and the SIESTA code).
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 2 Figure 2. Nanoscale dielectric constant ε ∞ (z) as a function of the position along the stacking axis (z) for isolated slabs of MAPbI 3 (red dashed line) and CsPbI 3 (black straight line) in vacuum (DFT computation with the LDA functional and the SIESTA code) .
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 3 Figure 3. (left) structure of a perovskite tandem solar cell monolithically integrated on n-doped silicon substrate. (right) J-V characteristics of the tandem cell including either the iodine MAPbI 3 (straight line) or the bromide MAPbBr 3 (dashed line) hybrid perovskite as an absorber.
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