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Theoretical spectral function of CH 3 NH 3 PbI 3 hybrid perovskite around the Fermi level

Methylammonium lead iodide CH3NH3PbI3 (MAPI) is one of the hybrid organic-inorganic perovskites (HOIPs) widely considered for photovoltaic devices. Since photoemission is possibly the best technique for the experimental determination of the bands, we have calculated photoemission spectra at the main photon energies available at conventional laboratories (He I -21.2 eV, He II -40.8 eV) by performing fully relativistic Spin-Polarized Relativistic Korringa-Kohn-Rostoker (SPRKKR) calculations. Similarly, we have studied how s-and p-polarization affect to the calculated spectra. These studies could help to reach a better understanding of photoemission measurements on MAPI.

I. INTRODUCTION

Hybrid organic-inorganic perovskites (HOIPs) have attracted considerable interest in the field of photovoltaics owing to their strong light absorption along with the low cost solution-based fabrication process 1-4 . The power conversion efficiency (PCE) of the perovskite cells has dramatically reached an efficiency exceeding the latest record of 25.7% in 2022 5 . Among all kinds of HOIPs, the three-dimensional perovskite methylammonium lead iodide (CH 3 NH 3 PbI 3 , MAPbI 3 , or MAPI) is one of the most commonly used materials in perovskite cells.

To improve the efficiency of any photovoltaic material, it is important to have a good understanding of its electronic properties, such as the band gap, the electronic localization and the charge carrier mobility in the material. Most of this information can be obtained from the electronic band structure. Photoemission spectroscopy is the best technique for experimentally measuring the valence band with surface sensitivity [START_REF] Ym Lee | Bias effect on surface chemical states of ch3nh3pbbr3 hybrid perovskite single crystal: Decreasing ch3nh2 molecular defect[END_REF][START_REF] Kot | Thermal stability of ch3nh3pbixcl3-x versus [hc(nh2)(2)](0.83)cs0.17pbi2.7br0.3 perovskite films by xray photoelectron spectroscopy[END_REF][START_REF] Damascelli | Probing the electronic structure of complex systems by arpes[END_REF][START_REF] Schwobel | Determination of the valence band structure of an alkali phosphorus oxynitride glass: A synchrotron xps study on lipon[END_REF][START_REF] Komesu | Surface electronic structure of hybrid organo lead bromide perovskite single crystals[END_REF][START_REF] Paggel | Quantum well photoemission from atomically uniform ag films: determination of electronic band structure and quasi-particle lifetime in ag(100)[END_REF] . In hybrid perovskites, important variations in the electronic structure have been reported [START_REF] Zu | Surface state density determines the energy level alignment at hybrid perovskite/electron acceptors interfaces[END_REF][START_REF] Wang | Electronic structure evolution of fullerene on ch3nh3pbi3[END_REF][START_REF] Schulz | Electronic level alignment in inverted organometal perovskite solar cells[END_REF] , which can impact the understanding of the interfacial physics between hybrid perovskites and charge transport layers in solar cells.

Comparing experimental and calculated bands can be very helpful when controversies related to the electronic structure subsist. Measuring MAPI in the most widespread photoemission setups rely on the use of discharge lamps as photon sources (with h⌫ = 21.2 or 40.8 eV, i.e., He I and He II lines, respectively). However, comparing experimental measurements of MAPI with calculations is not straightforward. The reason is that MAPI is a three dimensional material and therefore measurements using discharge lamps explore correspond to a k perpendicular to the surface that is not in a highsymmetry plane of the reciprocal space.

In order to properly analyze the experimental data, theoretical calculations including the photoemission process are needed. The reason is that the transition probabilities of the optical excitation by photons depend on the experimental geometry (angle between exciting photons and emitted electrons, explored Brillouin zone, light polarization, photon energy...). Therefore the spectral weight of some electronic states can significantly vary, that is technically known as matrix element effects. These unavoidable effects can considerably affect photoemission spectra since, in the most critical cases, the initial state intensity could even be suppressed [START_REF] Moser | An experimentalist's guide to the matrix element in angle resolved photoemission[END_REF] . The influence of matrix element effects has been observed in our previous experimental angle-resolved photoemission spectroscopy measurements for MAPI [START_REF] Lee | First determination of the valence band dispersion of ch3nh3pbi3 hybrid organic-inorganic perovskite[END_REF] .

To compare with experimental results, theoretical band structure studies are essential. Density func-tional theory (DFT) [START_REF] Geng | First-principles study of lead iodide perovskite tetragonal and orthorhombic phases for photovoltaics[END_REF][START_REF] Umebayashi | Electronic structures of lead iodide based low-dimensional crystals[END_REF][START_REF] Baikie | Synthesis and crystal chemistry of the hybrid perovskite (ch 3 nh 3) pbi 3 for solidstate sensitised solar cell applications[END_REF][START_REF] Umari | Relativistic gw calculations on ch 3 nh 3 pbi 3 and ch 3 nh 3 sni 3 perovskites for solar cell applications[END_REF][START_REF] Yin | Halide perovskite materials for solar cells: a theoretical review[END_REF][START_REF] Even | Electronic model for selfassembled hybrid organic/perovskite semiconductors: Reverse band edge electronic states ordering and spin-orbit coupling[END_REF][START_REF] Amat | Cation-induced band-gap tuning in organohalide perovskites: interplay of spin-orbit coupling and octahedra tilting[END_REF][START_REF] Gao | Quasiparticle band gap of organic-inorganic hybrid perovskites: Crystal structure, spin-orbit coupling, and self-energy effects[END_REF][START_REF] Zheng | First-principles calculation of the bulk photovoltaic effect in ch3nh3pbi3 and ch3nh3pbi3-x cl x[END_REF] , GW [START_REF] Amat | Cation-induced band-gap tuning in organohalide perovskites: interplay of spin-orbit coupling and octahedra tilting[END_REF][START_REF] Gao | Quasiparticle band gap of organic-inorganic hybrid perovskites: Crystal structure, spin-orbit coupling, and self-energy effects[END_REF][START_REF] Brivio | Relativistic quasiparticle self-consistent electronic structure of hybrid halide perovskite photovoltaic absorbers[END_REF] and tight binding calculations [START_REF] George C Papavassiliou | Structural and electronic properties of the natural quantum-well system (c6h5ch2ch2nh3) 2sni4[END_REF] have been extensively used to determine the ground state band structure and the density-of-states (DOS). However these calculations do not take into account the matrix element effects of the photoemission process. In this work, we present the theoretical calculation of the k-resolved photoemission spectra of MAPI at the most common situations in conventional laboratories, simulating experimental spectra along non-high symmetry directions and taking into account matrix element effects. This is a valuable information for comparison of experimental and theoretical electronic properties of MAPI and derived compounds.

Angle-resolved photoemission spectroscopy (ARPES) is a very extended technique to experimentally determine the electronic structure of solids. In three dimensional systems as CH 3 NH 3 PbI 3 , it is necessary to use particular photon energies to measure the electronic structure along high symmetry directions, because there is dispersion along k ? that depends on the photon energy, as it can be observed for MAPI in Fig. 1. It should be mentioned that the problem of measuring a three-dimensional system in photoemission is shown in Fig. 1(b), where the parallel wavevector of the photoelectron is conserved at the vacuum/solid interface, but not the perpendicular wavevector. Unless the measurement is performed at a synchrotron facility, arbitrary photon energies are not available. In most of conventional laboratories dealing with these photovoltaic materials, the photon energies usually correspond to He I or II lines, which correspond to an arbitrary k ? of MAPI. Since the theoretical bands are usually calculated along the high-symmetry directions, it is extremely useful to know the expected band structure that is actually measured with a He lamp. Moreover, standard calculations focus only on the band structure and do not describe the photoemission process, where the photoemission probability can significantly affect the intensity of a given electronic state, rendering sometimes difficult the theory-experiment comparison. In this article, we study the electronic structure of MAPI using common photon energies at conventional laboratories by taking into account the matrix element effects, which had not been previously addressed in the literature.

II. METHODS

Self-consistent electronic structure calculations were performed within the ab-initio framework of spindensity functional theory.

The electronic structure was calculated in a fully relativistic mode by solving the corresponding Dirac equation. This was achieved using the relativistic multiple-scattering or Spin-Polarized Relativistic Korringa-Kohn-Rostoker (SPRKKR) formalism [START_REF] Ebert | Calculating condensed matter properties using the kkr-green's function method-recent developments and applications[END_REF][START_REF] Ebert | The munich spr-kkr package[END_REF][START_REF] Minár | Calculation of angle-resolved photo emission spectra within the one-step model of photo emission-recent developments[END_REF] . The Vosko, Wilk and Nusair local density approximation (VWN-LDA) [START_REF] Seymour | Accurate spin-dependent electron liquid correlation energies for local spin density calculations: a critical analysis[END_REF] was used to approximate the exchange correlation part of the potential. The resulting electronic structure represented by single-site scattering for the different atoms and the corresponding quantities related to initial and final-state were used as input for photocurrent calculations. Our spectroscopic analysis is based on the fully relativistic one-step model in its spin-density matrix formulation [START_REF] Braun | Correlation, temperature and disorder: Recent developments in the one-step description of angle-resolved photoemission[END_REF] , originally proposed by Pendry et al. [START_REF] Jb Pendry | Theory of photoemission[END_REF] . This allows to include all the matrix-element effects induced by the experimental geometry: i.e. incoming photon and outgoing photoelectron angles, light polarization and final-state effects. The influence of impurity scattering, defects and thermal vibrations on the lifetime are taken into account through a small constant imaginary potential term Im for the initial state, added to the single particle potential. The final state is constructed within the formalism for spin-polarized low-energy electron diffraction (SPLEED) by a spin-polarized time-reversed LEED state [START_REF] Jb Pendry | Theory of photoemission[END_REF] . The finite imaginary part of the effective potential of the final state simulates the inelastic mean free path.

Considering the whole unit cell of MAPI is beyond current possibilities of SPRKKR calculations, due to the large number of atoms. An approximation is therefore necessary to describe the photoemission process by taking into account the states dispersing and contributing more at the top of the valence band. Molecular states do not contribute significantly at the top of the valence band (0 eV ~-4 eV) [START_REF] Ganose | Scanlon. (ch3nh3) 2pb (scn) 2i2: A more stable structural motif for hybrid halide photovoltaics?[END_REF] and they are almost dispersionless. Since the more dispersing features arise from the inorganic part [START_REF] Lee | Renormalization of the valence and conduction bands of (c6h5c2h4nh3) 2pbi4 hybrid perovskite[END_REF] , calculations can be performed just with the inorganic part PbI 3 and an appropriate charge transfer, without taking account the details of methylammonium (CH 3 NH 3 PbI 3 ). The molecular potential is reproduced by using empty spheres, as shown in Fig. 1(a). The use of these empty spheres is a standard procedure to fill interstitial positions with additional scattering centers [START_REF] Lee | Renormalization of the valence and conduction bands of (c6h5c2h4nh3) 2pbi4 hybrid perovskite[END_REF] . In our case twenty four empty spheres were included in the unit cell. Furthermore, we used a 14×14×14 integration mesh. The light polarization was p-polarized at incidence angles of ↵ = 45 with respect to surface normal, and = 0 and 45 with respect to the sample, as shown in Fig. 2(b).

III. RESULTS AND DISCUSSION

Fig. 2(a) shows a cubic Brillouin zone of MAPI and indicates the high symmetry points and the high symmetry directions (continuous lines). In order to measure the electronic bands along the high symmetry direction MX it is necessary to select the correct crystal direction of the sample, which is the ky axis, perpendicular to the sample surface first and rotate the sample around the ky to measure k k spectra along X ( = 0°) and M ( = 45°). At the same time, the incident angle of the light with respect to surface normal (↵ = -45°) is kept In the calculations, the spectral features width E in Fig. 2 is much narrower than that of experimental bands [START_REF] Zu | Constructing the electronic structure of ch3nh3pbi3 and ch3nh3pbbr3 perovskite thin films from single-crystal band structure measurements[END_REF][START_REF] Yang | Band dispersion and hole effective mass of methylammonium lead iodide perovskite[END_REF] . The spectral width is related to the finite lifetime of the conduction band excitations as well as to the excitation of other degrees of freedom when the photoelectron is kicked off the solid [START_REF] Lee | First determination of the valence band dispersion of ch3nh3pbi3 hybrid organic-inorganic perovskite[END_REF] . In SPRKKR, spectral widths can be adjusted by tuning the imaginary part of the initial state potential Im, while setting the imaginary part in the effective potential for the final state at 3 eV 32 . Fig. 3 (a) and(c) shows simulations of the valence band along X X and M M for a spectral bandwidth of 100 meV ± 50 meV corresponding to Im = 0.025 Ryd, which allow a clear identification of the bands. In order to reproduce experiments [START_REF] Yang | Band dispersion and hole effective mass of methylammonium lead iodide perovskite[END_REF] , we show in Fig. 3 (b) and(d), calculations with Im = 0.25 Ryd, with a spectral width E about 4 times wider (400 meV ± 100 meV). Now only two broad features are seen in panel (b), that correspond to the band around -1 eV and the band dispersing from -1.8 eV to -1.4 eV. Panel (d) shows similarly two broad features, dispersing from -1 eV to -0.5 eV and from -1 eV to -2 eV. The effect of considering different Im is also evident in the angle-integrated spectra, as more peaks appear for Im = 0.025 Ryd. More details of broadening effects had been discussed in the reference [START_REF] Nakayama | Photoelectron spectroscopy on single crystals of organic semiconductors: experimental electronic band structure for optoelectronic properties[END_REF] .

In conventional laboratories, He II line (40 eV) is also commonly accessible, and it allows to explore larger regions of the reciprocal space. Depending on the light polarization, spectra can vary significantly in general, as we will see that it is the case for MAPI. Indeed the photoemission intensity is: 39

I(k k , !) = I 0 (k k , ⌫, A)f (!)A(k k , !), (1) 
where ! is the electron energy with respect to the Fermi level. I 0 (k k , ⌫, A) ), according to Fermi's golden rule, is proportional to the squared one-electron matrix el-

ement M k k f,i 2 D k k f |" • x| k k i E
, where " is a unit vector along the polarization direction of the vector potential A. Therefore, the intensity depends on the electron momentum, on the energy and the polarization of the incoming photon. Well-defined polarizations are ppolarization and s-polarization, where the electrical field is respectively perpendicular or parallel to the sample surface. Fig. 5 shows the simulations for these two polarizations and for the unpolarized light at h⌫ = 21 eV. The simulation for unpolarized light was determined by adding p-and s-polarization calculations, after normalizing their maximum value to 1, since the code does not provide comparable intensities for different polarizations. A strong influence of the polarization is observed. Comparing different light polarizations, it is observed that the intensity of the bands is much more stronger in spolarization both along X X and M M . The intensity of the dispersions suppressed for p-polarization especially at X and M . In addition, the asymmetric distributions can be observed in Fig. 5(a,b,c,d) and the symmetric ones can be observed in Fig. 5 (e,f,g,h). The symmetry of the dispersions depends thus on the polarization of the light: the observed distributions are asymmetric for p-polarization and symmetric for s-polarization.

IV. CONCLUSIONS

In conclusion, we present calculations for the ARPES spectra for methylammonium lead iodide for the most common photon energies used in conventional laboratories. The formalism for calculations is the fully relativistic Spin-Polarized Relativistic Korringa-Kohn-Rostoker (SPRKKR) that takes into account the photoemission process, allowing thus a straightforward comparison to experimental data. The comparison to experimental data in a three dimensional system as MAPI is also simplified by calculations of ARPES spectra at the He lamp energies. We have also studied the influence of matrix elements at different Brillouin zones and light polarizations.

We believe that these calculations will be a reference for future measurements on this system.

FIG. 1

 1 FIG. 1. (a) Atomic structure of MAPI including the empty shperes considered in the calculations. (b) Photoelectrons conserve their parallel wavevector when crossing the solid/vacuum interface but the perpendicular wavevector decreases when crossing the interface. Calculated angle-resolved photoemission spectroscopy (ARPES) valence band spectrum of MAPI for different photon energies: (c) 110 eV, (d) 118 eV, (e) 124 eV, (f) 130 eV, (g) 134 eV, (h) 140 eV.

FIG. 2 .

 2 FIG. 2. (a) Brillouin zone for a cubic phase of MAPI. (b) Sketch of the geometry used in calculations. The incidencelight plane is perpendicular to the sample surface, defined by the azimuthal angle of light incidence. The electric vector of the incident light is parallel and perpendicular to the incident light plane for the p-and s-polarization, respectively. Simulated ARPES spectra for a photon energy of He I (21 eV) along directions (c) X X parallel to X X and (d) M M parallel to M M .

FIG. 3 .

 3 FIG. 3. ARPES spectrum at 21 eV using p-polarized photons (polarization perpendicular to the sample surface) along directions parallel to (a) X X and (c) M M , with Im = 0.025 Ryd and spectral bandwidths E around 100 meV ± 50 meV. (b) X X and (d) M M , with Im = 0.25 Ryd, the spectral bandwidths E is about 4 times wider (400 meV ± 100 meV). The red curves on the right of each panel are computed angle-integrated spectra.

FIG. 4 .

 4 FIG. 4. ARPES spectrum along X X and its corresponding angle-integrated spectrum for photon energies (a) (c) 21 eV and (b) (d) 40 eV, to compare with h⌫ = 21.2 eV (He I) or 40.8 eV (He II). The comparison of different initial state imaginary coefficients, Im=0.25 Ryd and 0.35 Ryd for (a) (b), and (c) (d), respectively. The red curves on the right of each panel are computed angle-integrated spectra.

  unchanged.. Panel (b) presents a sketch of the geometry used for calculations. A He lamp does not allow to measure the MX plane but the projection of it M X. The photoemission spectra when measuring at h⌫ = 21 eV (He I line) with the sample normal being the [010] direction are shown in panels (c) and (d) respectively. Due to the matrix element effects, spectral intensities are very different at both sides of (panels (c) and (d)). This is also seen along M M (panel (d)).

Fig. 4

 4 compares the simulated spectra at He I (21 eV) and He II (40 eV) along directions with an identical k || projection although a different k ? (see fig.2). The imaginary part of the initial state potential Im has been set to 0.25 Ryd for (a), (b) and to 0.35 Ryd for (c), (d). Fig.4shows that at 21 eV the maximum spectral weight appears for binding energies around -0.8 eV (see the integrated spectra). On the other hand, for h⌫= 40 eV the maximal intensity appears at the bottom of the valence band (around -2 eV) while the band around -0.8 eV is very faint. Similarly, the most intense band at 40 eV almost disappears for 21 eV.

FIG. 5 .

 5 FIG. 5. ARPES spectra for different light polarizations and unpolarized light at a photon energy of 21 eV for X X and for M M . Im = 0.025 Ryd and Im = 0.25 Ryd have been considered. The red curves on the right of each panel are computed angle-integrated spectra.
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