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The hybrid perovskite MAPbI 3 possesses excellent optoelectronic properties and their optimization and applications requires in depth understanding of the material structure and fundamental physical properties. This thesis investigates the structure and main properties of MAPbI 3 through the following approaches: (1) Study of the dielectric properties of single crystals to point out the relationship between ion migration and giant dielectric effects. Both methylamine MA + cations and iodide I - anions are mobile species which contribute to the dielectric constant strength. This effect was established and explained by the abnormal change of the dielectric constant of MAPbI 3 under illumination. Through the study of the thermal variation of the dielectric spectrum, the relationship between the orientation of MA + ions and the temperature is clarified as also was inferred from the influence of non-polar ions Cs + on the ion orientation of MA + . The evolution of the dielectric constant was also analyzed close to the critical temperatures of the phase transitions in MAPbI 3 .

This study rules out the involvement of ferroelectricparaelectric phase at the tetragonal-cubic phase change.

(2) The effects of AC and DC poling on the electrostriction and piezoelectric properties of MAPbI 3 were investigated and point out the role of poling in the strength of the phenomena. The investigations of electrostrictive and piezoelectric effects was conducted with and without poling using DC or AC. The different experiments point out the promising applications of MAPbI 3 in actuators, energy harvesting and integrated MEMS systems. (3) The ferroelectric properties of MAPbI 3 were studied by two different methods: ferroelectric hysteresis loop and PFM. For the structural features, high-resolution XRD was used to characterize the phase transition between the tetragonal and cubic phase in MAPbI 3 ; (4) MAPbI 3 and MAPbI 3 /TiO 2 powders were prepared by the anti-solvent method, and the effect of MAPbI 3 on the photocatalytic reactions to oxidize Benzaldehyde and Benzyl alcohol.
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Résumé

La pérovskite hybride MAPbI3 possède d'excellentes propriétés optoélectroniques et leurs optimisations nécessitent une compréhension approfondie de la structure des matériaux et leurs propriétés physiques fondamentales (diélectriques, piézoélectriques, ferroélectriques, conductivité, transitions de phase structurales). Cette thèse s'inscrit dans ce contexte et comporte les contributions suivantes:

(1) Étude des propriétés diélectriques des monocristaux MAPbI3 pour corréler la migration des ions et les effets diélectriques avec des fortes valeurs. Ce comportement est lié aux cations MA + de méthylamine et anions iodure I -qui sont des espèces mobiles contribuant à la forte constante diélectrique. L'étude de la variation thermique du spectre diélectrique, la relation entre l'orientation des ions MA + et la température est clarifiée, comme on l'a également déduit de l'influence des ions Cs + sur l'orientation ionique de MA + . L'évolution de la constante diélectrique dans MAPbI3 a aussi été analysée au voisinage des transitions de phases structurales. Cette étude exclut l'existence d'une transition de phase de type ferroélectrique-paraéléctrique susceptible de se manifester à la transition de phase tétragonale-cubique.

(2) Les effets du poling é lectrique (AC, DC) sur les propriétés d'électrostriction et piezoelectrique de MAPbI3 ont été étudiés incluant l'effet de la fréquence du signal du poling. Les résultats sur les paramètres d'électrostriction et piézoélectriques peuvent ê tre optimisé s pour des applications prometteuses de MAPbI3 dans des actionneurs ou dans les systè mes inté gré s MEMS.

(3) Les proprié té s ferroé lectriques de MAPbI3 ont é té é tudié es par deux mé thodes différentes : boucles d'hystérésis ferroélectrique et la microscopie par force pié zoé lectrique (PFM). Pour les caracté ristiques structurelles, des é tudes par diffraction des rayons X haute ré solution ont é té mené es pour caracté riser la transition de phase entre la phase té tragonale et cubique dans MAPbI3. Des effets pré -transitionnels ont é té dé montrés à l'approche de la transition tétragonale-cubique;

(4) Enfin, les poudres MAPbI3 et MAPbI3/TiO2 ont été mises en oeuvres dans des réactions photocatalytiques. L'objectif étant de tester l'efficacité de la photoactivité de 1 Chapter 1 Overview on MAPbI 3 : structure and properties

Introduction

Energy has always been an important driving force for the development of human civilization, and the rapid development of science and technology have led to a sharp increase in the consumption of fossil energy leading to an energy crisis. People pay more attention to the environmental problems caused by the energy crisis and the burning of the fossil energy. It is imperative to expand renewable and environmentally friendly new energy sources. As a result, the development and research of renewable energy such as hydropower, wind power, solar energy, biomass energy, geothermal energy and tidal energy come into being. Among these new energy sources, solar energy is inexhaustible. The energy that reaches the earth every year is equivalent to the energy released by the burning of 130 trillion tons of coal. At the same time, solar energy is also the cleanest energy source, and its accessibility is very important to the sustainable development of society. Therefore, as an important energy supply for the mankind in the future, great hopes are placed on solar cells. The development of new low-cost, high-efficiency solar cells has become a research hotspot in recent years.

From the material's features, solar cells can be divided into the following categories: (1) The first-generation silicon-based solar cells, which mainly refer to solar cells based on monocrystalline silicon, polycrystalline silicon and amorphous silicon [1- 3] ; (2)The second-generation multi-element compounds thin-film solar cells, mainly including GaAs, InP, CIGS, CdTe solar cell [START_REF] Nakayama | Plasmonic nanoparticle enhanced light absorption in GaAs solar cells[END_REF][START_REF] Huynh | Hybrid nanorod-polymer solar cells[END_REF][START_REF] Jackson | Effects of heavy alkali elements in Cu(In,Ga)Se 2 solar cells with efficiencies up to 22.6%[END_REF] ; (3) The third generation of solar cells, mainly including perovskite solar cells, dye-sensitized solar cells, organic solar cells, quantum dot solar cells [START_REF] Grätzel | Conversion of sunlight to electric power by nanocrystalline dye-sensitized solar cells[END_REF][START_REF] Nozik | Quantum dot solar cells[END_REF][START_REF] Lin | Small molecule semiconductors for high-efficiency organic photovoltaics[END_REF] . Among them, the perovskite solar cells have attracted the attention of many researchers because of its simple production process and the low cost of the overall technology. Organic-inorganic hybrid perovskites (OIHP) were synthesized by Dieter Weber in 1978 for the first time [START_REF] Weber | CH 3 NH 3 PbX 3 , ein Pb(II)-System mit kubischer Perowskitstruktur[END_REF][START_REF] Weber | CH 3 NH 3 SnBr xl3-x (x = 0-3), ein Sn(II)-System mit kubischer Perowskitstruktur[END_REF] . Although there have been some studies on the OIHP since then, they have not attracted widespread attention. Until 2009, since Akihiro Kojima [START_REF] Kojima | Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells[END_REF] first applied CH3NH3PbI3 (MAPbI3) as an absorber layer to dye-sensitized solar cells, perovskite solar cells have attracted more attention. In recent years, the efficiency of perovskite solar cells has reached 25.5% from the initial 3.8% [START_REF] Zhao | Exploring the film growth in perovskite solar cells[END_REF] , showing a rapid development. The efficiency of tandem solar cells combining with silicon-based materials is even as high as 29.5% [START_REF]Best Research-Cell Efficiency[END_REF] .

In addition to the perovskite solar cells, hybrid perovskites are also widely used in photodetectors [START_REF] Nie | Piezo-phototronic effect enhanced photodetectors based on MAPbI3 perovskite[END_REF][START_REF] Zhu | Low-Bandgap Methylammonium-Rubidium Cation Sn-Rich Perovskites for Efficient Ultraviolet-Visible-Near Infrared Photodetectors[END_REF] , lasers [START_REF] Wang | Lead Halide Perovskite Based Microdisk Lasers for On-Chip Integrated Photonic Circuits[END_REF][START_REF] Veldhuis | Perovskite Materials for Light-Emitting Diodes and Lasers[END_REF] , LED [START_REF] Stranks | Metal-halide perovskites for photovoltaic and light-emitting devices[END_REF][START_REF] Peng | Organolead trihalide perovskite materials for efficient light emitting diodes[END_REF] and photocatalytic hydrogen production [START_REF] Wu | Composite of CH 3 NH 3 PbI 3 with Reduced Graphene Oxide as a Highly Efficient and Stable Visible-Light Photocatalyst for Hydrogen Evolution in Aqueous HI Solution[END_REF] .

The current research on hybrid perovskites is mainly divided into two aspects: (1) the improvement of the efficiency of photoelectric devices from the perspectives of composition, preparation process and device structure, (2) focusing on the structure and properties of the semiconducting hybrid perovskite and explaining the reason of the outstanding photoelectric properties related to the charge transport or in counterpart the structural instabilities. Elucidating the behavior of some key physical features such as dielectric, ferroelectric, electrostrictive, and piezoelectric properties, and point out the direction for future developments. The present work is devoted to some of these key directions.

1.2

The structure and the optical properties of MAPbI 3

The structure of MAPbI 3

MAPbI3 has a typical perovskite structure as shown in Figure 1.1, where MA + is located at the vertex position, Pb 2+ stands at the body center position, and I -is located at the corners of octahedral environments surrounding the central Pb 2+ ion. At room temperature, the structure of MAPbI3 is a tetragonal phase with the space group I4/mcm and the lattice parameter a=8.743 Å, c=12.6708 Å [START_REF] Baikie | Synthesis and crystal chemistry of the hybrid perovskite (CH 3 NH 3 )PbI 3 for solid-state sensitised solar cell applications[END_REF] . Above 300 K, the structure is a cubic phase with the space group Pm-3m and the lattice parameter c=6.391 Å. Below 160 K, the structure became orthorhombic phase with the lattice parameters a=8.8363 Å, b=12.5804 Å, c=8.5551 Å [START_REF] Oku | Crystal Structures of CH 3 NH 3 PbI 3 and Related Perovskite Compounds Used for Solar Cells[END_REF] . Since MA + has a dipole moment with a symmetry of C3v, the orientation of MA + will have an influence on the crystal structure.

The relationship between the orientation of MA + and the structure at different temperatures is shown in Figure 1.2. According to the results of neutron diffraction, it is impossible for MA + with a low symmetry to be placed in an octahedron with m-3m (Oh) high symmetry without introducing disorder. Therefore, the MA + will have six equivalent orientations in the cubic phase. The C-N bond is along <100> direction.

Since MA + has three-fold axes, the octahedron has four-fold axes. Therefore, MA + will exhibit four-fold disordered rotation along these axes at high temperature, and it will have 24 possible orientations with a complete disorder. For the tetragonal phase structure, the low symmetry of C3v also cannot meet the requirement of 42/m (D2d).

In this case, the MA + has eight possible orientations with a partial disorder. For the orthorhombic phase, since the symmetry of the crystal structure is further reduced, the MA + does not need to be disordered to satisfy the symmetry and shows the anti-parallel arrangement [START_REF] Whitfield | Structures, Phase Transitions and Tricritical Behavior of the Hybrid Perovskite Methyl Ammonium Lead Iodide[END_REF][START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF] . diffraction data [START_REF] Whitfield | Structures, Phase Transitions and Tricritical Behavior of the Hybrid Perovskite Methyl Ammonium Lead Iodide[END_REF] 1.2.2 Optical properties and electronic structure of MAPbI 3

MAPbI3 is a direct band gap semiconductor with the band gap of about 1.55 eV [START_REF] Lee | Efficient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites[END_REF] . Figure 1.3 shows the theoretical calculation results of the density of state (DOS) of MAPbI3. The results show that the band gap is attributed to the Pb 6s and I 5p orbitals.

Although MA + does not directly contribute to the band gap, the orientation of MA + will have an influence on the DOS of MAPbI3. 111) and ( 011) directions are displayed [START_REF] Motta | Revealing the role of organic cations in hybrid halide perovskite CH 3 NH 3 PbI 3[END_REF] .

The carrier lifetime of MAPbI3 is about 0.1-1 s, the carrier mobility is as high as 100 cm 2 V -1 s -1 , the exciton activation energy is only 45 meV. The optical absorption of MAPbI3 occurs from the near Infra-red, visible to ultraviolet light with the edge situated at about 800 nm and the light absorption coefficient can reach 10 5 cm -1 . These excellent electronic and optical performances support the promising applications of MAPbI3 in optoelectronic devices [START_REF] Rakita | Tetragonal CH 3 NH 3 PbI 3 is ferroelectric[END_REF][START_REF] D'innocenzo | Excitons versus free charges in organo-lead tri-halide perovskites[END_REF] or in photoactive processes.

Ion migration and its effect on performance in MAPbI 3

Ion migration and defects in MAPbI 3

MAPbI3 is not only a semiconductor, but also has the characteristics of ion conductors. These ionic motions affect the efficiency of perovskite solar cell [START_REF] Zhumekenov | Reduced ion migration and enhanced photoresponse in cuboid crystals of methylammonium lead iodide perovskite[END_REF][START_REF] Calado | Evidence for ion migration in hybrid perovskite solar cells with minimal hysteresis[END_REF] , and bring some difficulties to analyze the mechanism behind some key physical properties [START_REF] Liu | Chemical nature of ferroelastic twin domains in CH 3 NH 3 PbI 3 perovskite[END_REF][START_REF] Almora | Do Capacitance Measurements Reveal Light-Induced Bulk Dielectric Changes in Photovoltaic Perovskites?[END_REF] . Although many experiments have confirmed the existence of ion migration [START_REF] Calado | Evidence for ion migration in hybrid perovskite solar cells with minimal hysteresis[END_REF][START_REF] Xing | Ultrafast ion migration in hybrid perovskite polycrystalline thin films under light and suppression in single crystals[END_REF] , the induced effects need to be further studied as function of the nature of the moving ions. Thus, by using the ABO3 perovskite type oxide as a reference, I -is easiest to migrate in MAPbI3 due to the shortest distance from the nearest I -vacancy as shown in figure 1.4 and supported by theoretical calculations. Eames et al. [START_REF] Eames | Ionic transport in hybrid lead iodide perovskite solar cells[END_REF] calculated the activation energy of various ions of MAPbI3. Among them, I -migrating along the I - -I -edge of the octahedron of PbI6 has the smallest activation energy about 0.58 eV.

MA + ions in (100) plane migrate along the <100> direction with a relatively higher barrier at 0.84 eV. For Pb 2+ , the activation energy is as high as 2.31 eV limiting its motion in the host lattice. However, MA + groups were the first units to show a migration effect in MAPbI3. Using the photothermal induced resonance technique (PTIR), Yuan et al. [START_REF] Yuan | Photovoltaic Switching Mechanism in Lateral Structure Hybrid Perovskite Solar Cells[END_REF] found that MA + are redistributed under an applied electric field. As shown in figure 1.4 (c), after 100 s of poling with a small electric field of 1.6 V/m, MA + are depleted from the middle and anode region, and accumulated in the cathode region. The activation energy of ion migration can be derived from the conductivity change of MAPbI3 at different temperatures. The estimated activation energy value is only 0.36 eV, which is slightly lower than the calculated one. However, Moritz H. Futscher et al. [START_REF] Futscher | Quantification of ion migration in CH 3 NH 3 PbI 3 perovskite solar cells by transient capacitance measurements[END_REF] studied the activation energy, diffusion coefficient and the concentration of mobile ions by transient capacitance measurements. They found that there were three changes in the capacitance values from low temperatures to high temperatures. The change at low temperature was attributed to the migration of I -, while the other two changes were due to the migration of MA + . The concentration of moving MA + groups is one order of magnitude higher than I -, but its diffusion coefficient is one order of magnitude less. For the diffusion process, the migration of ions under electric field is mediated by the movement of defects which indicates that the material has a high defect density. Theoretical calculations have shown that both Pb 2+ vacancies and MA + interstitial have small formation energy [START_REF] Yin | Unusual defect physics in CH 3 NH 3 PbI 3 perovskite solar cell absorber[END_REF] . However, there is no experiment to confirm such statement. The reasons for the large number of defects in the perovskite films are as follow: (1) Rapid crystallization during the thermal evaporation of the films by the spin-coating [START_REF] Zhu | Suppressing defects through thiadiazole derivatives that modulate CH 3 NH 3 PbI 3 crystal growth for highly stable perovskite solar cells under dark conditions[END_REF][START_REF] Liu | Grain Boundary Modification via F4TCNQ To Reduce Defects of Perovskite Solar Cells with Excellent Device Performance[END_REF] ; (2) In most case, the ratio of precursors is not conform to the expected stoichiometric [START_REF] Lang | Creation and annealing of metastable defect states in CH 3 NH 3 PbI 3 at low temperatures[END_REF][START_REF] Cai | Molecular engineering of conjugated polymers for efficient hole transport and defect passivation in perovskite solar cells[END_REF] . (3) Theoretical calculations show that the chemical bond in MAPbI3 is weak and then lower decomposition energy (0.1 eV) will lead to a large number of defects [START_REF] Snaith | Anomalous Hysteresis in Perovskite Solar Cells[END_REF] . [START_REF] Yuan | Ion Migration in Organometal Trihalide Perovskite and Its Impact on Photovoltaic Efficiency and Stability[END_REF] 

The effect of ion's migration and defects on physical features

Due to the existence of ion's migration and defects in MAPbI3, it is necessary to consider their effects on the properties of materials and the performance of photoelectric device. Figure 1.5 shows the current-voltage curves of perovskite solar cells under different scanning modes [START_REF] Snaith | Anomalous Hysteresis in Perovskite Solar Cells[END_REF] . Snaith et al. [START_REF] Tress | Understanding the rate-dependent J-V hysteresis, slow time component, and aging in CH 3 NH 3 PbI 3 perovskite solar cells: the role of a compensated electric field[END_REF] demonstrated that the efficiency of perovskite solar cells is different and presents an hysteresis between the forward bias to open circuit and the one from short circuit to the forward bias. The difference is also related to the scanning rate. The hysteresis phenomena in the perovskite solar cells remains open problem. Initially, It was thought that the hysteresis was related to the grain size and the lack of porous TiO2 layers [46] . Walsh et al. [START_REF] Wei | Hysteresis Analysis Based on the Ferroelectric Effect in Hybrid Perovskite Solar Cells[END_REF] claimed that the hysteresis was related to the built-in electric field caused by polarization. Because the ferroelectric materials show similar hysteresis, some authors have suggested the ferroelectricity as an origin for the observed hysteresis [START_REF] Wei | Hysteresis Analysis Based on the Ferroelectric Effect in Hybrid Perovskite Solar Cells[END_REF][START_REF] Guo | Re-entrant relaxor ferroelectricity of methylammonium lead iodide[END_REF] . short circuit and SC-FB represents short circuit to forward bias [START_REF] Snaith | Anomalous Hysteresis in Perovskite Solar Cells[END_REF] However, an in depth analyses have suggested that the hysteresis phenomena are closely related to ion migration while Meloni et al. [START_REF] Meloni | Ionic polarizationinduced current-voltage hysteresis in CH 3 NH 3 PbX 3 perovskite solar cells[END_REF] found that the hysteresis phenomena are a thermally activated process. The activation energy is consistent with the activation energy of ion migration calculated by the DFT theory. Therefore, ion migration is claimed to be the origin of the hysteresis as suggested by Cheng Li et al. [START_REF] Li | Iodine Migration and its Effect on Hysteresis in Perovskite Solar Cells[END_REF] Electro-absorption spectroscopy shows that the hysteresis is caused by the change of carriers at the interface which also modify the electrical conductivity. Ion migration not only affects the efficiency of solar cells, but also affects the stability of materials. Hoke et al. [START_REF] Hoke | Reversible photo-induced trap formation in mixed-halide hybrid perovskites for photovoltaics[END_REF] show that MAPbBrxI3-x films exhibit different phase segregation process under irradiation leading to the appearance of iodine-rich phase and iodine-poor phase. In this case, the phase with a small band gap will act as a recombination center trap and reduce the open circuit voltage, and finally reduce the efficiency of the solar cells. However, ion migration does not necessarily reduce the efficiency of solar cells. Xiao et al. [START_REF] Xiao | Giant switchable photovoltaic effect in organometal trihalide perovskite devices[END_REF] found that after electrical poling, ion migration will lead to the formation of p-i-n structure. The photocurrent of this device reached 20.1 mA/cm -2 under a small electric field less than 1 V/m. This result indicates that ion's migration can modulate the efficiency of optoelectronic devices. Deng et al. [START_REF] Deng | Dynamic study of the light soaking effect on perovskite solar cells by in-situ photoluminescence microscopy[END_REF] found that light can also induce a self-doping effect similar to the electrical poling. The study has shown that the open circuit voltage of the non-illuminated device was only 0.6 V, and the efficiency is about 4.3%. However, after irradiation, the open circuit voltage increased to 1.02 V, and the efficiency reached 8.1%. This indicates that ion migration can also improve the performance of the perovskite solar cell in some cases. Ion migration not only has an influence to the performance of perovskite solar cell, but also has an influence of the properties of the material itself. Finally, the ion migration was intimately correlated the giant dielectric constant of MAPbI3 at low frequency [START_REF] Anusca | Dielectric Response: Answer to Many Questions in the Methylammonium Lead Halide Solar Cell Absorbers[END_REF] , but there are few reports pointing out the clear relationship between the ion migration and the giant dielectric constant. It is also the case for the ferroelectric or piezoelectric effects which can be dependent on the ion's migration in MAPbI3 [START_REF] Sil | Defect induced room temperature ferromagnetism in methylammonium lead iodide perovskite[END_REF] [START_REF] Dhar | Lattice-Defect-Induced Piezo Response in Methylammonium-Lead-Iodide Perovskite Based Nanogenerator[END_REF] . Exhaustive investigations and analysis are needed for better understating of the key role of the ion's mobility in the physical features of such hybrid perovskites media.

Dielectric properties of MAPbI 3

The dielectric properties of materials refer to the nature of the storage and loss of electrostatic energy under an applied electric field. These properties are usually expressed in terms of dielectric constant which reflects the ability of the material to store charge and the dielectric loss traducing the lost part of stored electrical energy.

The dielectric constant is closely related to the frequency of the applied electric field, as shown in Figure 1.6. As the frequency decreases, the material responds more fully to the external electric field and the dielectric constant becomes larger. At different frequencies, dielectric response has different physical mechanisms. Thus, up to 10 14 Hz and above, the physical mechanism is related to the electronic displacement polarization. The effect is primarily a change in the shape of the electron clouds within atoms caused by the electric field and leading to induced dipole moments. The electronic displacement polarization which occurs in all materials, is independent on the temperature and has a very short completion time. As the frequency decreases, ionic displacement polarization occurs around 10 12 Hz to 10 13 Hz and is mainly due to the separation and movement in opposite direction of anions and cation in ionic crystals under the electric field. The ionic displacement polarization which is generally weak, occurs in ionic crystals and depends on the temperature and on the ion spacing. As the frequency is further reduced, the dipole moments of the molecules or defect dipoles in the polar dielectric, which are originally randomly oriented, will be reoriented under the electric field. The resulting dipole moment is then finite and the mechanism is called orientation polarization which depend also on the electric field and on the thermal motions. The polarization relaxes during characteristic times typically 10 -2 to 10 -6 s or even longer. For some dielectric materials, there are some weakly bonded charged particles which will migrate under the applied electric field leading to the non-uniform charge distribution in the dielectric. This polarization is called thermal ion relaxation polarization which is closely related to the thermal motion and requires longer relaxation times 10 -2 ~10 -10 s. Finally, another polarization mechanism concerns the space charge polarization, which occurs mainly in inhomogeneous dielectric materials.

It arises from the accumulation of freely moving charges at the interface of different media and defects. [START_REF] Wilson | Dielectric and ferroic properties of metal halide perovskites[END_REF] Due to the existence of MA + groups with permanent dipole moments in MAPbI3, the reorientation of MA + under the electric field will change the dielectric properties of MAPbI3. Therefore in order to investigate the dynamics of the MA + , Yan-Fang Chen et al. [START_REF] Chen | Experimental evidence of the anti-parallel arrangement of methylammonium ions in perovskites[END_REF] explain the temperature dependent dielectric constant using the Kirkwood-Fröhlich-Onsager theory. The results confirmed that in the orthorhombic phase MA + exhibit an anti-parallel orientation and the dielectric constant is temperature-independent. However, with the temperature increase, the anti-parallel orientation is gradually disrupted in the tetragonal phase and the dielectric constant is temperaturedependent and will decrease significantly with the increase of temperature. The antiparallel orientation of MA + in orthorhombic phase is consistent with the neutron diffraction results of Mark T. Weller [START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF] . Sharada Govinda et al [START_REF] Govinda | Behavior of Methylammonium Dipoles in MAPbX(3) (X = Br and I)[END_REF] also studied the temperature characteristics of the dielectric constant of MAPbX3 (X=Br, I) in the range of 1 kHz to 1 MHz with the results shown in figure 1.7. It was found that the dielectric constant of MAPbX3 shows significant temperature-dependence which is related to the free rotation of MA + on the probe time scale. This interpretation is supported by the ab initio molecular dynamics simulations on MAPbI3 showing that these dipoles are randomly oriented with a rotational relaxation time scale of ∼7 ps at 300 K. Further, they probe the intriguing possibility of transient polarization of these dipoles following a photoexcitation process with important consequences on the photovoltaic efficiency.

This approach was carried out by a photoexcitation pump and second harmonic generation as a probe with delay times spanning 100 fs-1.8 ns. The absence of a second harmonic signal at any delay time rules out the possibility of any transient ferroelectric state under photoexcitation. This result contradicts the conclusion that the reorientation of MA + will contribute to the ferroelectricity in MAPbI3 [START_REF] Goehry | Collective Behavior of Molecular Dipoles in CH3NH3PbI3[END_REF] .

Figure 1.7

The orientation state of MA + at different temperatures [START_REF] Govinda | Behavior of Methylammonium Dipoles in MAPbX(3) (X = Br and I)[END_REF] Although the temperature-dependence of the dielectric constant of MAPbI3 has been well studied and clear conclusions have been drawn, some problems have been encountered in the study of the frequency-dependence of dielectric constant of MAPbI3.

Emilio J. Juarez-Perez et al. [START_REF] Juarez-Perez | Photoinduced Giant Dielectric Constant in Lead Halide Perovskite Solar Cells[END_REF] found a giant dielectric constant phenomenon in MAPbI3 at low frequency with dielectric constant up to 1000. In addition, the dielectric constant further increases under illumination or by changing the injection at an applied bias as shown in figure 1.8. This study suggested that these anomalous dielectric properties are attributed to the structure fluctuations. Photoinduced carriers modify the local unit cell equilibrium and change the polarizability, assisted by the free rotation of MA + . Darryl P. Almond et al. [START_REF] Almond | An Explanation of the Photoinduced Giant Dielectric Constant of Lead Halide Perovskite Solar Cells[END_REF] found similar phenomena in water-saturated porous samples of lead zirconate titanate (PZT), and thus they attributed this phenomenon to the changes in the conductivity and dielectric constant at low frequencies, rather than to some intrinsic properties of materials. However, Jarvist M. Frost et al. [START_REF] Frost | What Is Moving in Hybrid Halide Perovskite Solar Cells?[END_REF] point out that the giant dielectric constant at low frequencies of MAPbI3 may be due to ion migration. Hoque et al. [START_REF] Hoque | Polarization and Dielectric Study of Methylammonium Lead Iodide Thin Film to Reveal its Nonferroelectric Nature under Solar Cell Operating Conditions[END_REF] suggested that the Maxwell-Wagner interfacial polarization is attributed to the anomalous dielectric properties. In this condition, the accumulation of charges occur at the grain boundaries or contact surface between electrode and samples. Shaikh et al. [START_REF] Shaikh | Schottky junctions on perovskite single crystals: light-modulated dielectric constant and self-biased photodetection[END_REF] reported the same effect on the dielectric properties under the illumination of MAPbBr3 single crystal leading to a 23-fold increase in the dielectric constant at 150 Hz. Light-induced reorientation was suggested to be the origin of the anomalous dielectric properties. In addition, Sheikh et al. [START_REF] Sheikh | Dielectric relaxation of CH 3 NH 3 PbI 3 thin film[END_REF] found a dielectric relaxation in MAPbI3 films which can be described by the cole-cole model. The impedance spectra and electric modulus suggested that this dielectric relaxation is related to the localized electron. room temperature and 0 V applied bias [START_REF] Juarez-Perez | Photoinduced Giant Dielectric Constant in Lead Halide Perovskite Solar Cells[END_REF] Anusca et al. [START_REF] Anusca | Dielectric Response: Answer to Many Questions in the Methylammonium Lead Halide Solar Cell Absorbers[END_REF] analyzed the dielectric constant of organic-inorganic hybrid with different compositions and in a broad frequency range (Figure 1.9). This study suggested that the rapid increase in the dielectric constant at low frequency; i.e. in the region A is due to the migration of ions. There is a slight increase in the dielectric constant in the region B, which results from the orientation polarization of MA + . In C region, the change of dielectric constant is related to the lattice vibration of the anions.

As discussed before, the origin of the anomalous dielectric constant and the effect of illumination on the dielectric properties is still not clear and under debate. So further investigation and analysis are essential and necessary to understand the anomalous dielectric properties of MAPbI3.

Figure 1.9

The dielectric constant of the three MA-Pb-halides across a wide frequency spectrum [START_REF] Anusca | Dielectric Response: Answer to Many Questions in the Methylammonium Lead Halide Solar Cell Absorbers[END_REF] 1.5 Electrostrictive and piezoelectric response of MAPbI 3

Electriostrictive effect of MAPbI 3 and its research progress

Electrostriction is a fundamental electromechanical coupling phenomenon in all dielectrics and insulators. It reflects the relationship between the strain induced by the electric field or the polarization and the electric field or polarization. The relationship can be described by the expression below:

𝑆 𝑖𝑗 = 𝑄 𝑖𝑗𝑘𝑙 𝑃 𝑘 𝑃 𝑙 …(1.1) 𝑆 𝑖𝑗 = 𝑀 𝑖𝑗𝑘𝑙 𝐸 𝑘 𝐸 𝑙 …(1.2)
Where 𝑄 𝑖𝑗𝑘𝑙 and 𝑀 𝑖𝑗𝑘𝑙 represent electrostrictive coefficients which is the fourth rank polar tensor observed in all materials. In general, the strains induced by the electrostrictive effect is smaller than those induced by the piezoelectric effect.

Therefore, the application of electrostrictive materials is limited. However, the discovery of relaxor ferroelectrics with large electrostivtive coefficients such as Pb(Mg1/3Nb2/3)O3(PMN), Pb(Zn1/3Nb2/3)O3(PZN) attracted the attention of researchers in 1980s [START_REF] Uchino | Electrostrictive effect in lead magnesium niobate single crystals[END_REF][START_REF] Cross | Large electrostrictive effects in relaxor ferroelectrics[END_REF] . Relaxor ferroelectrics have a small hysteresis under electric field comparing with the piezoelectric materials which will have a high displacement accuracy. No residual strain, no aging effect, and no need to be poled make them more useful for application in actuator and bistable optical devices. Subsequently, polymers with large strains induced by the electrostriction gained the widespread interest. Ultrahigh electrostrictive strains were observed in these polymeric materials (>4% for polyvinylidene fluoride [PVDF] and >40% for silicone), giving them potential for use in actuator applications [START_REF] Zhang | Giant electrostriction and relaxor ferroelectric behavior in electron-irradiated poly(vinylidene fluoride-trifluoroethylene) copolymer[END_REF][START_REF] Zhang | An all-organic composite actuator material with a high dielectric constant[END_REF] .

The electrostriction is a measure of the polarization induced by ions displacement away from their natural equilibrium positions, giving rise to variations in the lattice parameters (strain). In centrosymmetric crystals, the induced shifts of equivalent ions almost cancel each other out, while the difference in the shifts because of potential anharmonicity generates strain. For an ion-pair system, the energy required to compress the particle at equilibrium is higher than the energy required to expand, so the electrostriction Q33 is generally positive in the length direction for ionic crystals. There are five main methods for measuring the electrostrictive coefficient [START_REF] Li | Electrostrictive effect in ferroelectrics: An alternative approach to improve piezoelectricity[END_REF] . The first method is based on the relationship between the strain, polarization, and the electric field.

According to the equations 1.1 and 1.2, the electrostrictive coefficient can be calculated by the strain-polarization curve (S-P) or strain-electric field (S-E) [START_REF] Li | Electrostrictive effect in Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 crystals[END_REF] . The second method is measuring the change of the dielectric constant under applied stress based on the inverse electrostrictive effect [START_REF] Gao | Pyroelectric properties of rhombohedral and tetragonal Pb(In1/2Nb 1/2) -Pb(Mg 1/3 Nb 2/3) -PbTiO 3 crystals[END_REF] . The third method uses the calculation of the electrostrictive coefficient based on the piezoelectric coefficient which is mainly applied to the ferroelectrics. The fourth method is to calculate the electrostrictive coefficient from the variation of the lattice parameters [START_REF] Misture | Measurement of the electrostrictive coefficients of modified lead magnesium niobate using neutron powder diffraction[END_REF] . The last method estimates the electrostrictive coefficient from the change of the dielectric constant under dc bias [START_REF] Craciun | Strong variation of electrostrictive coupling near an intermediate temperature of relaxor ferroelectrics[END_REF] .

Like the electrostriction, Maxwell stress can also lead the strain which is also proportional to the square of the electric field or polarization [START_REF] Zhang | An all-organic composite actuator material with a high dielectric constant[END_REF] . It is difficult to separate this component from the strain induced by the electrostriction. When an electric field is applied to the surface of an insulator coated with electrodes, the electrostatic force due to the squeeze back and forth of the free charge is called Maxwell stress. The relationship between longitudinal strain (SM) induced by the Maxwell stress and electric field can be described by the expression below [START_REF] Pelrine | Electrostriction of polymer dielectrics with compliant electrodes as a means of actuation[END_REF] :

𝑆 𝑀 = - 1 2 𝑠𝜀𝐸 2 …(1.3)
Where 𝑠 represents the elastic compliance and 𝜀 is the dielectric constant. The difference between the Maxwell stress-induced strain and electrostrictive strain is that the former is caused by the changes in the charge on the electrode surface while the latter is caused by the potential anharmonicity. However, since the two have the same law with electric field or polarization, it is difficult to distinguish them. Therefore, when studying the electrostrictive response, the strain induced by the Maxwell strain must be taken into consideration.

Since the dielectric constant can reflect the intensity of the polarization, it is obvious that the dielectric constant of materials has a close relationship with the electrostrictive coefficient. It was reported in former works that for polymers and relaxor ferroelectrics the electrostrictive coefficient obey the empirical formula [START_REF] Yavo | Large Nonclassical Electrostriction in (Y, Nb)-Stabilizedδ-Bi 2 O 3[END_REF] :

𝑄 = 2.37 • ( 𝑆 𝜀 0 𝜀 ) 0.59 …(1.4)
For linear dielectric, the relationship between polarization and electric field is:

𝑃 = 𝜀 0 (𝜀 ′ -1) 𝐸 …(1.5)
Substituting formula 1.5 into formula 1.1, the relationship between M and Q can be obtained as follows:

𝑀 = 𝑄 • 𝜀 0 2 (𝜀 ′ -1) 2 …(1.6)
Combining 1.4, for linear dielectric, the electrostrictive coefficient M is positively correlated with the dielectric constant. For ferroelectric materials, although the relationship between polarization and electric field is non-linear, the electrostrictive coefficient M should be also positively correlated with the dielectric constant. The electrostrictive coefficients of some materials also confirm this conclusion [START_REF] Yavo | Large Nonclassical Electrostriction in (Y, Nb)-Stabilizedδ-Bi 2 O 3[END_REF] . For example, the electrostrictive coefficient M 85%Pb(Mg1/3Nb2/3 )O3 -15%PbTiO3(PMN-PT) with the dielectric constant exceeding 20000 reaches 3×10 -16 m 2 V -2 . For SrTiO3 with a small dielectric constant about 200, the electrostrictive coefficient M is less than 10 -18 m 2 V -2 . Although for classic electrostrictive materials such as polymer and relaxor ferroelectrics, the electrostrictive coefficient can be deduced by the dielectric constant.

However, researchers have discovered that in materials with a dielectric constant of less than 100 such as Gd-doped CeO2 and (Y, Nb)-Stabilized δ-Bi2O3, the electrostrictive coefficient is as high as 10 -17 m 2 V -2 . The large electrostrictive coefficient is attributed to the large concentration of anion vacancies showing a completely different phenomenon from classic electrostrictive materials [START_REF] Yavo | Large Nonclassical Electrostriction in (Y, Nb)-Stabilizedδ-Bi 2 O 3[END_REF][START_REF] Yavo | Relaxation and saturation of electrostriction in 10 mol% Gd-doped ceria ceramics[END_REF] . Roman Korobko et al. [START_REF] Korobko | In-situ extended Xray absorption fine structure study of electrostriction in Gd doped ceria[END_REF] used the in-situ X-ray absorption fine structure to study the electrostriction of Gd-doped CeO2 and found that the defects will lead to the distortion of the crystal structure under electric field as shown in figure 1.10. The distortion leads to the asymmetry of the charge distribution and the form of dipole moment, thereby improving the electrostriction of the materials. coordination shell containing an oxygen vacancy [START_REF] Korobko | In-situ extended Xray absorption fine structure study of electrostriction in Gd doped ceria[END_REF] At present, there is a lack of deep and extensive research on the electrostriction of MAPbI3. Jinsong Huang et al. [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] found a large electrostrictive response in MAPbI3 single crystals. The strain can reach 1% at 3.7 V/m at 10 Hz and the electrostrictive coefficient is as high as 7.3×10 -16 m 2 V -2 and will increase as the frequency decreases.

The schematic diagram and the experimental results were shown in figure 1.11. After excluding the Maxwell stress and MA + orientation, some studies show that this large electrostrictive coefficient may be due to the Frenkel defects induced under the electric field. However, Dong et al. [START_REF] Dong | Lateral-Structure Single-Crystal Hybrid Perovskite Solar Cells via Piezoelectric Poling[END_REF] found that there is no obvious electrostriction observed in the MAPbI3 single crystals after dc poling. There are contradictions between the two studies. If defects can contribute to the electrostriction, the electrostrictive coefficient in the MAPbI3 single crystals after dc poling should be larger than that in the samples without poling. Therefore, the electrostriction in MAPbI3 single crystal need to be further studied and clarified. AFM [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] 1.

Piezoelectricity of MAPbI 3 and its research progress

When a pressure acts on dielectrics, the induced strain will lead to a change in the intensity of polarization which result in the release of the surface charge of the material.

The change in the surface charge of the material caused by the mechanical action is called the piezoelectric effect. On the contrary, the phenomenon that the material will produce a strain effect under electric field is called the inverse piezoelectric effect. For a centrosymmetric crystal, strain will not lead to a change in the intensity of polarization, therefor the material will not produce piezoelectric effect. Among the 32 kinds of point groups in nature, only 20 kinds of space groups exhibit a piezoelectric effect. From the experiment side, Piezo-response force microscopy (PFM) is widely used in the study of ferroelectric and piezoelectric properties of MAPbI3 films. As shown in figure 1.12, Coll et al. [START_REF] Coll | Polarization Switching and Light-Enhanced Piezoelectricity in Lead Halide Perovskites[END_REF] investigated the piezoelectric properties of MAPbI3 films by PFM. The piezoelectric coefficient dzz was evaluated at 5 pm/V under dark conditions. However, the piezoelectric coefficient is as high as 25 pm/V under illumination and the coercive force will gradually decrease with time. This phenomenon is completely opposite to that previously found in the PZT films [START_REF] Kholkin | Direct effect of illumination on ferroelectric properties of lead zirconate titanate thin films[END_REF][START_REF] Kholkin | Photoinduced poling of lead titanate zirconate thin films[END_REF] . Indeed, the piezoelectric coefficient of PZT films will decrease due to the decrease of the polarization intensity under ultraviolet light. Therefore, the mechanism of the enhancement of the piezoelectric coefficient of MAPbI3 films under illumination need to be further analyzed. However, Song et al. [START_REF] Song | Enhanced Piezoelectric Response in Hybrid Lead Halide Perovskite Thin Films via Interfacing with Ferroelectric PbZr0.2Ti0.8O3[END_REF] reported that the piezoelectric coefficient of the MAPbI3 films deposited on the substrates such as Au, ITO is at about only 0.3-0.4 pm/V. This contrasts with the value 4 pm/V in MAPbI3 films prepared by epitaxial growth using the PZT films as substrates.

The authors attributed this phenomenon to the MA + alignment induced by the nonequilibrium chemical potential on the surface of the PZT films. The piezoelectric coefficient of MAPbI3 films measured by Kim [START_REF] Kim | Piezoelectric properties of CH 3 NH 3 PbI 3 perovskite thin films and their applications in piezoelectric generators[END_REF] using PFM was about 5.12 pm/V. It was also shown that the samples after poling have a higher output voltage and current density. This indicated that poling can improve the piezoelectric coefficient. On the other hand, Ippili et al. [START_REF] Ippili | Enhanced piezoelectric output performance via control of dielectrics in Fe2 + -incorporated MAPbI 3 perovskite thin films: Flexible piezoelectric generators[END_REF] found that the piezoelectric coefficient will reach the value of 17.0±0.6 pm/V by doping Fe 2+ . Ding et al. [START_REF] Ding | Flexible Piezoelectric Nanocomposite Generators Based on Formamidinium Lead Halide Perovskite Nanoparticles[END_REF] investigated the piezoelectric properties of FAPbBr3 nanoparticles through PFM and its piezoelectric coefficient was as high as 25 pm/V. For PFM, as the conductive probe is in direct contact with the samples, the measured piezoelectric coefficient may be not consistent with the intrinsic piezoelectric coefficient [START_REF] Abdollahi | Converse flexoelectricity yields large piezoresponse force microscopy signals in non-piezoelectric materials[END_REF] . For ion conductors, the material will produce a stress gradient under the electric field and the probe. This stress gradient will lead to flexoelectricity which will yield large piezo-response force microscopy signals [START_REF] Morozovska | Local probing of ionic diffusion Bibliography 115 by electrochemical strain microscopy: Spatial resolution and signal formation mechanisms[END_REF] . To avoid the influence of some extrinsic factor, Zeng et al. [START_REF] Zeng | Nanoscale Ferroelectric Characterization with Heterodyne Megasonic Piezoresponse Force Microscopy[END_REF] used PFM with the interferometric displacement sensor (IDS-PFM) to measure the piezoelectric coefficient of MAPbI3 more accurately and compared it with quartz and V2O5. It is found that the piezoelectric signals of MAPbI3 is significantly lower than that of quartz which indicates that the previously reported piezoelectric coefficient of MAPbI3 may be not intrinsically involved. [START_REF] Coll | Polarization Switching and Light-Enhanced Piezoelectricity in Lead Halide Perovskites[END_REF] Compared with PFM, the laser interferometery has a higher accuracy in the measurement of displacement due to the not direct contact with samples. The measurement accuracy of the single-beam laser interferometery can reach 10 -3 nm [START_REF] Liu | Piezoelectric coefficient measurement of piezoelectric thin films: an overview[END_REF] .

The piezoelectric coefficient of MAPbI3 single crystal which is poled for 5 min at 0.1

V m -1 as measured by Dong et al. [START_REF] Dong | Lateral-Structure Single-Crystal Hybrid Perovskite Solar Cells via Piezoelectric Poling[END_REF] using the laser interferometery was 2.7 pm/V. But it is striking that this study did not investigate the piezoelectric coefficient of MAPbI3 single crystal without poling. For ferroelectric ceramics, poling will change the orientation of the ferroelectric domains, thereby the piezoelectric coefficient is enhanced [START_REF] Du | Effect of poling condition on piezoelectric properties of (K 0.5 Na 0.5 )NbO 3 ceramics[END_REF] . Although the studies of Kim and Ippili et al. reported about the increase of the output voltage and current of the piezoelectric generator by poling, neither of them discussed the influence of the poling on the piezoelectric properties of the material.

Kim et al. [START_REF] Kim | Origin of high piezoelectricity of inorganic halide perovskite thin films and their electromechanical energy-harvesting and physiological currentsensing characteristics[END_REF] found that the piezoelectric coefficient of CsPbBr3 after poling was as high as 40 pm/V, and successfully applied it to energy harvesting and current sensors.

The origin of this high-voltage electrical effect is believed to be due to changes in the crystal structure caused by the extension of the Pb-Br-Pb bond angle along the b-axis and the extension of Br-Pb-Pb along the ac plane.

Progress on the ferroelectric properties of MAPbI 3

Many published works claimed that the reason that MAPbI3 has so excellent photovoltaic performance lies in the ferroelectric properties of MAPbI3. The built-in electric field formed by the spontaneous polarization in the ferroelectric material can promote the separation of electron and holes which can explain its high carrier lifetime, longer carrier diffusion length and high open circuit voltage in solar cells. However, the initial research on the crystal structure of MAPbI3 did not support this conclusion.

Earlier studies believed that the space group of the tetragonal MAPbI3 at room temperature is centrosymmetric I4/mcm [START_REF] Kawamura | Structural Study on Cubic-Tetragonal Transition of CH 3 NH 3 PbI 3[END_REF][START_REF] Poglitsch | Dynamic disorder in methylammoniumtrihalogenoplumbates (II) observed by millimeter-wave spectroscopy[END_REF] . However, Mark T. Weller et al. [START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF] investigated the structure and ion orientation of MAPbI3 by neutron diffraction. It was found that although the space group is I4/mcm, there are distortion of the structure, resulting in four possible orientations of organic ions. It indicated the possibility of a spontaneous polarization in MAPbI3. Stoumpos et al. [START_REF] Stoumpos | Semiconducting tin and lead iodide perovskites with organic cations: phase transitions, high mobilities, and near-infrared photoluminescent properties[END_REF] suggested that the space group of MAPbI3 will lose symmetry due to the lattice distortion and become I4cm.

The spontaneous polarization is only a prerequisite but not a sufficient condition for the material to be ferroelectric. Only when the spontaneous polarization can be reversed with the applied electric field, the material is the ferroelectric. Rothmann, M.

U et al. [START_REF] Rothmann | Direct observation of intrinsic twin domains in tetragonal CH3NH3PbI3[END_REF] used piezoelectric response force microscopy (PFM) to observe directly the existence of a domain structure in the MAPbI3 films, and found that the ferroelectric domain can be switched under DC voltage. These two phenomena demonstrated that MAPbI3 is a ferroelectric. Rakita et al. [START_REF] Rakita | Tetragonal CH 3 NH 3 PbI 3 is ferroelectric[END_REF] demonstrated that the tetragonal MAPbI3 single crystal at room temperature is a ferroelectric material from many aspects. Firstly, they confirmed the existence of the thermoelectric properties of the material caused by spontaneous polarization; secondly, they fitted the hysteresis loop by studying the change of the imaginary part of the dielectric constant of the material. Then they observed the morphology of ferroelectric domains by optical microscope. These effects indicate the involvement of ferroelectric features in this material. Although some reports claimed that the MAPbI3 is ferroelectric based on the domain structure observed by PFM, it remains unclear that no ferroelectric hysteresis loop was observed in MAPbI3 [START_REF] Sharada | Is CH 3 NH 3 PbI 3 Polar?[END_REF][100][101] . Therefore, many authors claimed that there is no ferroelectricity in MAPbI3. Another evidence on the absence of a ferroelectricity may be related to the nonexistence of a second harmonic generation (SHG) [START_REF] Sharada | Is CH 3 NH 3 PbI 3 Polar?[END_REF]102] in these systems. This absence of SHG indicates that the crystal structure is centrosymmetric and the material cannot produce spontaneous polarization. The possible reason for these contradictory results may be explained by the existence of ferroelectricity but with very weak strength.

From the investigations of Wang et al. [103] on the effect of the annealing temperature on the crystallinity and ferroelectric properties, it was deduced that the crystalline quality is highly improved for annealing at 90 ℃ and then the ferroelectricity of the material can be demonstrated. Kim et al. [104] found that the samples with larger grain have larger spontaneous polarization under electric field. After removing the applied electric field, the residual polarization of the samples with large grains is also larger than that with the smaller grains. According to the theoretical calculations, Zhao et al. [105] found that after replacing Pb with Ge in MAPbI3, the material has large polarization and good photoelectric properties. However, few reports have investigated the influence of the doping on the ferroelectricity of MAPbI3.

Although the ferroelectricity remains open debate, the results of ab initio calculation indicated that the tetragonal phase with spontaneous polarization is more stable than the tetragonal phase without spontaneous polarization at room temperature [100,[106][107] . The calculation results of Fan et al. [100] show that the polarization intensity of material about 8 µC/cm 2 is mainly due to the orientation of MA + while the contribution of Pb 2+ displacement from the octahedral center is weak.

The mechanism of spontaneous polarization is different from the BaTiO3 as supported by Stroppa et al. [108] . But the same work pointed out the origin of the polarization is not related to the orientation of MA + groups but due to their position shifts relative to the surrounding PbI6. In addition, the hydrogen bond has a certain contribution to the polarization, and changing halogen atom to enhance the hydrogen bond may be a new way to enhance the ferroelectricity. However, the calculation made by Yan et al. [109] using density functional theory (DFT) and Bayley phase method show that the polarization is mainly due to the deviation of Pb 2+ from the octahedron rather than organic ions. Thus, the mechanism of ferroelectricity of MAPbI3 requires further development and investigations to prove the relevance of the theoretical simulation. In this context, the calculations of Berdiyorov et al. [110] using the DFT approach and Green function found that the electron transport of the material will be enhanced in the presence of charged domain walls. This approach on the enhancement of physical features by modulating the domain structure has been developed on the BiFeO3 films [111] . Similarly, we can use this approach to modify the properties of material by domain engineering. On the other hand, Feng at al. [112] found that according to the temperature-dependent density functional theory, the band gap of MAPbI3 is 1.50 eV and the sharp drop of absorption coefficient near the absorption edge is attributed to the ferroelectricity. Sergey et al. [113] calculated the static conductivity of the charged domain wall in different states, and found that electrons and holes diffuse and accumulate in the domain wall. Due to this accumulation phenomenon, the conductivity at the domain wall is 3 to 4 orders of magnitude higher than in the normal state, this phenomenon can be used to explain the large carrier diffusion distance of MAPbI3.

Conventional measurement methods such as hysteresis loop cannot effectively measure the ferroelectric properties of materials. Due to the advantages of PFM in the measurement of micro-area ferroelectric properties, Chen et al. [114] proved the existence of MAPbI3 ferroelectricity through PFM measurements. Thus, they confirmed the role of ferroelectricity in organic-inorganic hybrid perovskite solar cells. The mechanism may lie in the ferroelectricity which can adjust the band gap on the surface of perovskite solar cells, and the poling will expand the depletion zone and promote the separation of holes and electrons. Röhm et al. [115] found domains of alternating polarization with a width of 90 nm in vertical and horizontal PFM imaging which was identified as polarized ferroelectric domains depicted in figure 1.13. These ferroelectric domains are highly ordered with different polarization directions and the ferroelectric domains are still clearly visible in the pc-PFM mode. [115] In addition, Rothmann et al. [START_REF] Rothmann | Direct observation of intrinsic twin domains in tetragonal CH3NH3PbI3[END_REF] reports the involvement of twin domains in the MAPbI3 films by transmission electron microscope. The twin domains will reappear and disappear during the transition from tetragonal phase to the cubic phase. Although twin domains are not a proof that that the material is ferroelectric, a perovskite structure as BaTiO3 shows also twin domains emanating from the ferroelectric domains [116] .

However, Hermel et al. [117] also discovered the existence of striped domains through PFM but these striped domains are arranged in parallel or perpendicular to each other.

This morphology is a characteristic of ferroelastic domains rather than ferroelectric ones. Although the existence of the striped domain structure has been confirmed by numerous experiments, the reasons for their appearance are still unresolved. Huang et al. [118] attributed the domain structure in the MAPbI3 single crystal films to the alternating arrangement of polar regions and non-polar regions and Liu et al. [START_REF] Liu | Chemical nature of ferroelastic twin domains in CH 3 NH 3 PbI 3 perovskite[END_REF] pointed out that the domain structure present in the material is caused by the difference in elastic coefficient between different domain structures, rather than due to the electromechanical coupling effect. This study proved that the observed domain structure is closely related to ions migration by SEM, helium ion microscope (HIM), secondary ion mass spectrometry (HIM-SIMS), and nano-infrared spectroscopy (AFM-IR).

Phase transition from tetragonal to cubic phase of MAPbI 3

There are three different phases of MAPbI3 at different temperatures. Below 162 K, it is orthorhombic phase. Between 162 K and 327 K, it is tetragonal phase. Above 327 K, it is cubic phase. Since the phase transition between the tetragonal and cubic phases occurs near 327 K, the phase transition temperature is relatively low, which is within the operating temperature range of perovskite solar cells [119] , it has attracted the attention of many researchers. As shown in Figure 1.14, there is an entropy change and thermal effect during the MAPbI3 tetragonal phase to cubic phase transition indicating that the phase transition is of first-order phase character. However, the results of neutron diffraction indicate that the phase transition is a second-order phase transition [START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF] .

Yukihiko et al. [START_REF] Kawamura | Structural Study on Cubic-Tetragonal Transition of CH 3 NH 3 PbI 3[END_REF] analyzed the data obtained by X-ray diffraction and found that the 

Application of MAPbI 3 in photocatalysis

Because MAPbI3 is a semiconductor and has excellent photoelectric properties, it has a good light absorption coefficient in the visible light range, and its application in solar cells is very successful. The application of this material in photocatalytic reactions is worthy of interest due the involvement of efficient photoactivity in this compound.

The principle of photocatalysis is shown in Figure 1. 16. By irradiating the semiconducting sample by a suitable wavelength spectrum, electron and hole pairs are generated. However, if a part of the electron-hole pairs recombines, the efficiency of the photocatalytic reaction will be low. When the separated electrons and holes reach the surface of the semiconductor, they induce the formation of electron active centers such as superoxide and hydroxyl radicals. Redox reactions are then promoted by these radicals and can be exploited in environment preservation (water treatment) or in green energy through the hydrogen production from water splitting. At present, the most popular photocatalysts include the following types: (1) Nanometal oxides or sulfides, such as TiO2 which is widely used as photocatalyst. The good chemical and thermal stability and relatively low price, and non-toxicity make this oxide quite attractive. The only limitation concerns the large band gap which can only absorb light in the ultraviolet range limiting the catalytic performance [121][122] ; (2) Coupled Semiconductors catalyst, which mainly couples two different catalysts with different band gaps, were also considered as a promising way to create synergetic effect between photocatalysts for better efficiency. Some examples are among CdS-TiO2, CdS-ZnO, etc [123] . [124] ; (3) Perovskite type Oxide catalysts such as BaTiO3, SrTiO3, etc., which mainly utilize the built-in electric field formed by the spontaneous polarization of ferroelectric materials which can effectively promote the effective separation of photo-generated electron pairs, thereby increasing the photocatalytic efficiency [125][126] .

MAPbI3 material is sensitive to moisture and start easily decompose in aqueous solution [127][128] . However, most of the photocatalytic reactions occur in aqueous solution, its application in photocatalysis is limited. One solution is that MAPbI3 does not directly contact the aqueous solution, by placing the photocatalyst outside of the electrolyte, and connecting it to the electrolyzer through a wire may decompose the water to produce H2 and O2 [129][130] . Another solution is to integrate the perovskite with the catalytic hydrogen evolution device, and use encapsulation technology to isolate the electrolyte from MAPbI3 to protect MAPbI3 from degradation. Micaela Crespo-Quesada et al. [131] used InBiSn alloy as a MAPbI3 protective layer to successfully realize hydrogen production. The structure is shown in Figure 1.17. First the perovskite solar cell is prepared, and its structure is shown in Figure 1.17(a); then a layer of InBiSn alloy is deposited on the Ag electrode as a protection, as shown in Figure 1.17(b).

MAPbI3 does not directly contact the aqueous solution. However, the structure is too complicated to be applied on a large scale. Park et al. [132] reported the H2 evolution using MAPbI3 as a photocatalyst in aqueous HI solution, but the observed H2 evolution rate is far inferior to those obtained with traditional semiconductor photocatalytic materials [114] . To solve the problem, Wu et al. [START_REF] Wu | Composite of CH 3 NH 3 PbI 3 with Reduced Graphene Oxide as a Highly Efficient and Stable Visible-Light Photocatalyst for Hydrogen Evolution in Aqueous HI Solution[END_REF] made some improvements and successfully prepared a highly efficient and stable hydrogen evolution by combining MAPbI3 and reduced graphene oxide (rGO). Powder samples of MAPbI3/rGO (100 mg)

show a H2 evolution rate of 93.9 µmol h -1 , which is 67 times faster than that of pristine MAPbI3, under 120 mWcm -2 visible-light (λ ≥ 420 nm) illumination, and the composite is highly stable showing no significant decrease in the catalytic activity after 200 h (i.e., 20 cycles) of repeated H2 evolution experiments. Huang et al. [133] studied the composite material of FAPbBr3 and TiO2 in the catalytic oxidation of benzyl alcohol. They found that the combination of FAPbBr3 and TiO2 can achieve high-efficiency catalysis of benzyl alcohol and has good selectivity. This result shows the good application prospect of organic-inorganic hybrid perovskite in photocatalysis. The relevant information of the raw materials involved in the experiments is shown in Table 2.1. 

Process of preparing single crystals by inversion temperature crystallization method

Figure 2.1 Schematic representation of inverse temperature crystallization [135] Using the inverse temperature crystallization method, high-quality bulk hybrid perovskite single crystals were prepared. CH3NH3I (1.2717 g) and PbI2 (3.6881 g) were dissolved in 8 mL of γ-butyrolactone (GBL) solution with constant stirring at 60 ℃for 12 h, and then the solution was put in an oven at 130 ℃. The crystallization process for the single-crystal growth develops slowly with time, leading to faceted monocrystals with a size of 1 × 0.5 × 0.5 cm 3 .

Powder preparation

There are two main methods to prepare the power of MAPbI3: solvent evaporation method and anti-solvent method. The solvent evaporation method is to dissolve a certain amount of CH3NH3I and PbI2 in N,N-dimethylformamide (DMF) and stir it at 60 ℃ for 12 h to fully dissolve, and then transfer the solution to an oven at 150 ℃ for drying to get MAPbI3 powder. The solution preparation of the anti-solvent method is the same as the solvent evaporation method. The only difference is that the anti-solvent method drops the fully stirred solution into the toluene solution drop by drop. Since

MAPbI3 is insoluble in the toluene solution, the powder will deposit on the bottom of the solution. Then the powder is separated from the solution by a centrifuge, rinsed with toluene for many times and then dried to prepare the MAPbI3 powder. The Cs-doped

MAPbI3 is prepared by solvent evaporation method. MAPbI3/TiO2 is prepared by the anti-solvent method.

Films preparation

Dissolve a certain amount of CH3NH3I and PbI2 in DMF and stir it at a constant temperature of 60 ℃ for 3 hours to fully dissolve the solution, use a 0.22 m filter to filter the solution. Use pipette to measure a certain amount of solution and drop by drop onto the F-doped SnO2(FTO) on the homogenizer. Finally, the FTO glass spin-coated with MAPbI3 solution was annealed at 90 ℃ for 30 min to obtain films. The FTO glass was first ultrasonically cleaned with deionized water for 10 minutes, followed by ultrasonic cleaning with acetone and alcohol for 10 minutes, and finally with deionized water ultrasonic cleaning for 10 minutes, and then the FTO glass was blown dry with a hair dryer.

Characterization of sample structure and properties

Material phase analysis

The material phase analysis uses the Empyrean XRD of the PANalytical Company, the target is a copper, the test voltage is 40 kV, the current is 30 mA, and the scanning method is 2 Theta-Omega scanning. X-ray powder Rietveld refinement uses MAUD software.

Microstructure analysis

The microscopic morphology analysis and composition analysis of the samples in this study used a scanning electron microscope (SEM, JEOL JSM6510 LV, Japan)

equipped with an X-ray energy spectrometer (EDS, X-MaxN, Oxford, UK).

Raman spectroscopy

Raman spectroscopy test adopts Lab-Ram HR800 Raman spectrometer equipped with Linkam THMSE 600 heating and cooling device. The analysis range is 50 cm - 1 ~300 cm-1, and the temperature measurement range is 20 ℃-120 ℃.

Electrical performance test

(1) Dielectric properties test

In this study, the dielectric properties were measured by the German Novocontrol broadband dielectric spectrometer, and the liquid nitrogen temperature control system was used. The test temperature range is -160 ℃~300 ℃, and the frequency range is 10 - 2 Hz-10 6 Hz. 

𝐼(𝑡) = 𝐼 cos(𝜔𝑡 + 𝜑) = 𝑅𝑒(𝐼 * exp(𝑖𝜔𝑡)) …(2.2)
Where U0=U * , and

𝐼 * = 𝐼 ′ + 𝑖𝐼 ′′ ; 𝐼 0 = √𝐼 ′2 + 𝐼 ′′2 ; tan(𝜑) = 𝐼 ′′ 𝐼 ′
For samples with linear electrical response, the impedance can be calculated by the following formula:

𝑍 * = 𝑍 ′ + 𝑖𝑍 ′′ = 𝑈 * 𝐼 * …(2.
3)

The dielectric constant can be calculated by impedance:

𝜀 * (𝜔) = 𝜀 ′ -𝑖𝜀 ′′ = -𝑖 𝜔𝑍 * (𝜔) 1 𝑐 0 …(2.4)
where C0 represents the capacitance without samples. The relationship between conductivity and dielectric constant can be expressed by the following formula: 

𝜎 * = 𝜎 ′ -𝑖𝜎 ′′ = 𝑖2𝜋𝑓𝜀 0 (𝜀 * -1) …(2.5)

Piezo-response force microscopy measurement

The piezoelectric force microscope test uses the Japanese Hitachi company model AFM5300 atomic force microscope. The testing principle is shown in Figure 2.5. After applying an oscillating voltage to the sample, the probe in direct contact with the sample will test the bending degree Ddc of the cantilever due to the existence of electromechanical effects. When the polarization direction of the sample is consistent with the applied voltage direction, due to the existence of the inverse piezoelectric effect, the bending degree Ddc of the cantilever is a positive value, and when the polarization direction is opposite to the applied voltage, it is a negative value. 

Optical properties measurement

The absorption spectrum of the material is tested using Japan's Hitachi U410 UV-Vis spectrophotometer, the test wavelength range is 200 nm-2000 nm, and the sample can be bulk, powder or liquid. The instrument is composed of a light source, a monochromator, an absorption cell, a detector, and a signal display system. The test principle is that the electrons in the material absorb photons and make energy level transitions. Because different materials have different absorption ranges and absorption strengths, each material has its own unique optical absorption spectrum, which can be qualitatively and quantitatively analyzed.

Photocatalytic oxidation efficiency measurement

Dissolve 1 uL of benzyl alcohol in 10 ml of toluene solution to prepare a 1 mmol/L solution, and then add 10 mg of MAPbI3/TiO2 powder to the solution for ultrasonic In particular, the hysteresis response that affects the photocurrent density-voltage (J-V) in perovskite solar cells was attributed to different mechanisms such as ferroelectricity [138] , charge trapping [139] , and ion migration [140] . However, controversial assignments were reported in favor of ferroelectric domains [115] , while recent reports claimed the relevance of ion migration [141] . In this frame, the giant dielectric constant induced at low frequencies in the MAPbI3 films under light irradiation was attributed to structural fluctuations, which correlate with photoinduced change in electrical conductivity and dielectric losses [START_REF] Juarez-Perez | Photoinduced Giant Dielectric Constant in Lead Halide Perovskite Solar Cells[END_REF] . However, several works suggested that abnormal dielectric phenomena are related to ion migration [START_REF] Frost | What Is Moving in Hybrid Halide Perovskite Solar Cells?[END_REF]142] . In addition, the dielectric relaxation shown in MAPbI3 films was considered as a bulk effect arising from the semiconducting grains and the Maxwell-Wagner-type interfacial polarization [START_REF] Sheikh | Dielectric relaxation of CH 3 NH 3 PbI 3 thin film[END_REF] . In fact, ion-migration processes alter the dielectric properties in ion conductors [143][144] , but few reports have pointed out a clear correlation between the ion migration and huge changes in the dielectric properties in hybrid perovskites. Thus, the present work is devoted to experimental characterizations and exhaustive analysis of the dielectric properties and electrical conductivity in MAPbI3 single crystals. The mechanisms behind the frequency and temperature dependence of dielectric functions were considered including ion migration and the reorientation of MA + . Modified Cole-Cole and Debye relaxation models (DRMs) were used for the adjustment of dielectric features, while modified ac conductivity power law was relevant to account for ion migration. In addition, by studying the dielectric temperature spectrum of MAPbI3, the orientation of MA + in different phases and the influence of non-polar particles Cs + on its orientation are analyzed.

Sample preparation and characterization

Using the inverse temperature crystallization method [135] , high-quality bulk hybrid perovskite single crystals were prepared. 1.2717 g CH3NH3I and 3.6881 g PbI2 were dissolved in 8 mL -butyrolactone (GBL) solution with constant stirring at 333 K for 12 h, and then the solution was put in the oven at 403 K. The crystallization process for the single crystal growth develops slowly with time leading to faceted monocrystals with size as 1×0.5×0.5 cm 3 . The parallel (1 0 0) faces of the single crystal were coated with sliver thin layer. Dielectric measurements were carried out by using Novocontrol Broadband dielectric spectrometer operating in the frequency range [0.01 Hz, 1 MHz] and at different temperatures [-193 K, 303 K]. The samples were placed between the electrodes of the dielectric setup with an applied AV voltage of 1 V amplitude. Cs +doped MAPbI3 powder was prepared by solvent evaporation method, the powder was pressed into a wafer and annealed, and then Ag electrodes were coated to test the dielectric properties.

The relationship between the dielectric properties of MAPbI 3 single crystal and ion migration

XRD pattern of MAPbI 3 single crystals

The XRD pattern of MAPbI3 single crystals is shown in Figure 3.1, and the inset is a photograph of the single crystal. It can be seen that there are two diffraction peaks at 19.9° and 40.5° corresponding to the ( 200) and (400) crystal planes, which indicates that the growth direction of the single crystal is mainly along the (001) direction. in the single crystal agrees with previous reports [START_REF] Hoque | Polarization and Dielectric Study of Methylammonium Lead Iodide Thin Film to Reveal its Nonferroelectric Nature under Solar Cell Operating Conditions[END_REF]145] attributing its origin to Maxwell-Wagner type interfacial polarization. However, as no grain boundaries are involved in a single crystal, the Maxwell-Wagner type interfacial polarization model is no longer relevant to explain this phenomenon in the present case. Similar behaviors related to large ε' were also reported in the ionic conductors ZrO2-Y2O3 [146] and Sm-doped CeO2 [147] and the effects were attributed to the migration and the hopping of the mobile ions.

A suitable approach to describe the frequency-dependence of ε' at different temperatures with the step-like variation is developed based on the phenomenological dielectric model Cole-Cole as follows:

𝜀 * = 𝜀 ∞ + 𝜀 𝑠 -𝜀 ∞ 1+(𝑖𝜔𝜏 1 ) 1-𝛼 …(3.1)
where 𝜀 ∞ and 𝜀 𝑠 are the high-frequencies value of relative permittivity and static relative permittivity, respectively, 𝜔 is the angular frequencies, 𝜏 1 refers to the dielectric relaxation time and 𝛼 traduces the involvement of a distribution of the relaxation times. In particular, 𝛼 = 0 stands for an ideal Debye relaxation, whereas 0 < 𝛼 < 1 refers to a distribution of relaxation times in the process. [148] At high temperatures, the electrode/space charge should be considered to explain the sharp increase of dielectric constant at low frequencies. Thus, equation (3.1) was modified as follows by a frequency power law [144,149] :

𝜀 * = 𝜀 ∞ + 𝜀 𝑠 -𝜀 ∞ 1+(𝑖𝜔𝜏 1 ) 1-𝛼 - 𝑖𝜎 * 𝜀 0 𝜔 𝑠 …(3.2)
where σ * (σ * = σ 1 + 𝑖𝜎 2 ) is the complex conductivity resulting from free charge carries σ 1 and spaces charge 𝜎 2  the exponent "s" is related to the carrier polarization mechanism which is usually between 0 and 1. The dielectric relaxation time of the Debye model is reported in the temperature range [193 K, 303 K] (Table 3.1). We may notice the corresponding values from few where a dramatic decrease occurs due to the activated motions of MA + ions [START_REF] Chen | Experimental evidence of the anti-parallel arrangement of methylammonium ions in perovskites[END_REF][START_REF] Govinda | Behavior of Methylammonium Dipoles in MAPbX(3) (X = Br and I)[END_REF] which alter the space charge density. The similar thermal behaviors marked by changes on the activation energy is also evidenced for the electrical conductivity deduced from dielectric measurements and their simulations. Thus, the real part of the conductivity (σ1) is related to the free charges involved in the crystal. Both electronic and ionic transport coexist and their thermal activation manifests through the increase of σ1 with increasing the sample temperature as illustrated in Figure 3.3(c). The plot of ln(T.σ1 )

versus the inverse temperature (1/T) shows two linear variation regimes according to the Arrhenius law with an activation energy Ea=0.28 (5)eV for 190≤T≤273 K and Ea=0.57 (5)eV for 273≤T≤303 K. These high values of the activation energies are indicative of the involvement of ionic transport favored by the formation defects which ensure lattice stability and local charge balance. In MAPbI3, in contrast to Pb 2+ ions with high activation energy, methyl amine cation MA + and iodide anion I -are the main charge carrier species which may diffuse in the lattice to induce electrical conductivities with moderate activation energies. [START_REF] Yuan | Ion Migration in Organometal Trihalide Perovskite and Its Impact on Photovoltaic Efficiency and Stability[END_REF] The crossover regime for the activation energy which take place around 273 K is relevant to the conduction relaxation being dominated by iodide anion I -at low temperatures and by the contribution of MA + cations to the ionic transport at high temperatures. Such aspects will be also discussed on the frequency dependent conductivity in forthcoming section.

The imaginary part of the conductivity (𝜎 2 ) is inferred from the space charge which also increases with rising the temperature (Figure 3.3 (d)). This behavior suggests that more ions are accumulated at the electrodes at high temperatures. The characteristic activation energies for the ionic transport were also found in the thermal evolution of 𝜎 2 . This indicates the close correlation between ionic transport and the space charge density which occurs at the interfaces of crystal-electrodes. 

The reorientation of MA +

Due to the giant dielectric constant at low frequencies dominated by the space charge contribution, the representation of the real and imaginary dielectric constants 𝜀 ′

and 𝜀 ′′ at high frequencies is relevant to characterize the contribution from MA + dipolar reorientations. dipolar species which can be assigned in our compound to the reorientation of the organic cations MA + with permanent dipole moments. [START_REF] Anusca | Dielectric Response: Answer to Many Questions in the Methylammonium Lead Halide Solar Cell Absorbers[END_REF]150] The latter exhibit disordered orientations in the 12-fold cuboctahedral coordination of the MA + site at room temperature and tend to be ordered as the temperature decreases. For the imaginary part of the dielectric constant 𝜀 ′′ , the frequency dependence reported at 193 K in Figure 3.4(a) agrees with the dipolar relaxation of organic cation MA + as discussed for 𝜀 ′ . However, in contrast to the simulation trend, 𝜀 ′′ shows an upward variation with decreasing the frequency indicating the occurrence of space charge relaxation process as discussed in previous report [57] . The imaginary part of dielectric constant of high frequencies recorded at different temperature

Ac conductivity of MAPbI 3 single crystals

Dielectric relaxation and ac conductivity are sensitive to the motion of charge species. [151] Thus, the study of ac conductivity behavior may provide more information on the ionic transport mechanism. The complex conductivity is defined from the dielectric function according to the relation [152] : In the intermediate range (a), a stationary conductivity is involved and can be assigned to a dc conductivity. The low frequency range (b) is marked by the effects from charge space density at the interface crystal electrodes where the conductivity decreases sharply with decreasing the frequencies due to the ion hopping between neighboring vacant sites. [144] The high frequency range (c) shows a dispersion region where the ac conductivity increases rapidly with the increase of frequencies due to the charge carrier hopping. [153] When the temperature changes to low (high) values, a gradual frequency shift is noticed on the overall conductivity curves toward high (low) frequencies. As can be seen in Figure 3.5(b), a peak valley at a certain frequency on is assigned to the involvement of a space charge density at the electrodes. In parallel, a frequency max is associated to the position of the peak in 𝜎 ′′ where the electrode polarization saturates.

𝜎 * = 𝑖2𝜋𝑓𝜀 0 (𝜀 * -1) …(3.3)
To further understand the singular thermal and frequency dependence, we consider the model developed by Khamzin et al. [154] which takes into account the contribution of the electrode polarization at low frequencies and high temperatures. In this model, the complex conductivity at low frequencies region is written as follows:

𝜎 * (ω) = 𝜎 0 + 𝜎 𝑑𝑐 -𝜎 0 1+(𝑖𝜔𝜏 2 ) -𝛽 …(3.4)
where 𝜎 0 represents a contribution of the conductivity at a constant electric field and differs from the value of 𝜎 𝑑𝑐 when the electrode polarization is involved. The relaxation time 𝜏 2 depends on the process of charge accumulation on the electrode polarization. For the high frequency behavior of the ac conductivity, the modified Almond-West formalism [143] was used with the following equation:

𝜎 ′ = 𝜎 𝑑𝑐 [1 + ( 𝜔 𝜔 𝑐 ) 𝑛 ] + 𝐴𝜔 𝑚 …(3.5)
where 𝜎 𝑑𝑐 , 𝜔 𝑐 , 𝑛, 𝑚 represent the dc conductivity, a crossover frequency, and a power law exponent, respectively; the parameter A is a weakly temperature dependent. Based on the equation (3.4) and (3.5), the complex conductivity in the whole frequency region can be expressed as:

σ ′ (ω) = 𝜎 0 + (𝜎 𝑑𝑐 -𝜎 0 )(1+(𝜔𝜏 2 ) -𝛽 cos ( 𝜋 2 𝛽) 1+2(ωτ 2 ) -𝛽 cos( 𝜋 2 𝛽)+(𝜔𝜏 2 ) -2𝛽 + 𝜎 𝑑𝑐 ( 𝜔 𝜔 𝑐 ) 𝑛 + 𝐴𝜔 𝑚 …(3.6) 𝜎 " (𝜔) = (𝜎 𝑑𝑐 -𝜎 0 )(𝜔𝜏 2 ) -𝛽 𝑠𝑖𝑛 ( 𝜋 2 𝛽) 1+2(𝜔𝜏 2 ) -𝛽 𝑐𝑜𝑠( 𝜋 2 𝛽)+(𝜔𝜏 2 ) -2𝛽 + 𝐵𝜔 𝑝 …(3.7)
Based on the above model, the simulations of the real and imaginary parts of the complex conductivity spectra are shown in the Figure 3.5(a) and (b). It worth noting that a good agreement is obtained between the simulation and the experimental conductivity data in the range of 0.01 Hz-1 MHz at low temperatures. However, the increase of the temperature induces a small deviation on the simulation at low frequencies which may originate from the enhancement of the ion migration such as MA + cations which requires higher activation energy. The simulation parameters 𝜎 𝑑𝑐 , 𝜎 0 , 𝜏, 𝜔 𝑐 , 𝛽, 𝑛 are summarized in Table 3.2 at different temperatures. At low temperatures, the parameter 𝛽 fixed to 1 and decreases with increasing the temperature in agreement with the simulation results of the dielectric constants. The crossover frequency 𝜔 𝑐 from dc to dispersive conductivity region represents the hopping frequency of the charge carriers being thermally activated. The power law exponent n is larger than unit as also reported in single crystals K3H(SeO4)2, LiFePO4, CaCu3Ti4O12 [155][156][157] where strong Coulomb interactions are involved between the mobile ions and the localized electron states. As 𝐴𝜔 𝑚 term may originate from the libration of MA + at high frequencies, its frequency dependence correlate with that of the 𝜀 ′′ (𝜔) peak. The parameter 𝜎 0 represents the electronic conductivity which increases with rising the temperature as it may occur in semiconducting systems. however, 𝜎 0 is two orders of magnitude smaller than 𝜎 𝑑𝑐 which contains contributions from both electronic and ionic conductivity as well. The analysis of the results reported in Table 3.2 indicates that the ionic conductivity represents the main contribution to the dc conductivity. The thermal variation of the dc conductivity with the inverse temperature (Figure 3.6(a)) follows the Arrhenius behavior with the activation energies determined from the negative slope of the plot of ln(T.σdc) vs.1000/T. In agreement with the above analysis performed from the Debye model applied to dielectric constants, the plot of Figure 3.6(b) evidences two variation regimes with activation energies of 0.27 (5) eV at low temperatures and 0.80 (5) eV at high temperatures. Thus, the observed behavior of dc conductivity in MAPbI3 is similar to that of the ionic conduction in the halides perovskite-type with the formulae CsPbCl3 or CsPbBr3 [158][159] as also reported in polycrystalline hybrid perovskite films [START_REF] Xing | Ultrafast ion migration in hybrid perovskite polycrystalline thin films under light and suppression in single crystals[END_REF] .

The analysis of the electrical conductivity at low temperatures suggests that the activation energy is just enough to allow the migration of I -ions which have a low activation energy comparing with MA + ions [160] . At high temperatures, the activation energy is large enough to activate the migration of MA + ions. The transient capacitance measurements also disclosed the different ionic migration at different temperatures [START_REF] Futscher | Quantification of ion migration in CH 3 NH 3 PbI 3 perovskite solar cells by transient capacitance measurements[END_REF] .

The activation energy at high temperature in the present work study is consistent with the calculated activation energy of MA + about 0.84 eV [START_REF] Eames | Ionic transport in hybrid lead iodide perovskite solar cells[END_REF] . As the ac conductivity in our study is involved along [100], it is reasonable that the migration of MA + correlates with the giant dielectric constant at high temperatures. 

The Influence of illumination on the Dielectric Properties of MAPbI 3 Single Crystals

In previous section, it was found that MAPbI3 single crystal has a giant dielectric effect, and elaborated on the relationship between ion migration and dielectric properties of MAPbI3. Emilio et al. [START_REF] Juarez-Perez | Photoinduced Giant Dielectric Constant in Lead Halide Perovskite Solar Cells[END_REF] found that illumination can induce a giant dielectric effect in MAPbI3 films, and attributed it to structural fluctuations. However, Jie Xing et al. [START_REF] Xing | Ultrafast ion migration in hybrid perovskite polycrystalline thin films under light and suppression in single crystals[END_REF] found that illumination can significantly change the activation energy of ion migration and lead to greater ion conductivity. Based on the previous discussion, it is reasonable to believe that the change in dielectric constant under illumination is due to the change in ion migration under light. In order to confirm this hypothesis, this work studied the influence of illumination on the dielectric properties of MAPbI3 single crystal. This phenomenon is consistent with the reported in the literature [START_REF] Xing | Ultrafast ion migration in hybrid perovskite polycrystalline thin films under light and suppression in single crystals[END_REF]161] . The increase of α under illumination also indicates that illumination will increase the chaos of the system. The decrease of the relaxation time τ1 under illumination indicates that light will promote the ion migration of MAPbI3. Since MA + is a polar particle with a dipole moment, the orientation change of dipole moment with temperature will be reflected in the change of the dielectric temperature spectrum of the material. Therefore, to study the orientation of MA + in the MAPbI3 crystal, dielectric temperature spectrum of MAPbI3 has been studied at different frequencies, the results are shown in Figure 3.9. It can be seen that there is a dielectric peak near 162 K, which corresponds to the phase transition from the orthorhombic phase to the tetragonal phase. The phase transition temperature is consistent with the previously reported phase transition temperature [START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF]162] . In the tetragonal phase, the dielectric constant decreases with increasing temperature, which indicates that the dipole is disordered. However, in the orthorhombic phase, the dielectric constant is unchanged with frequency, which may be due to the anti-parallel arrangement of MA + . The slight change in the dielectric constant at 327 K corresponds to the phase transition from tetragonal to cubic phase, but there is no obvious dielectric peak, which indicates that the phase transition from tetragonal to cubic phase is not the phase transition from ferroelectric to paraelectric phase. was first used to describe the relationship between the dipole moment and the dielectric constant in polar liquids. The Kirkwood-Fröhlich-Onsager formula is as follows [58] :

(𝜀 𝑟 -𝜀 𝑟∞ )(2(𝜀 𝑟 +𝜀 𝑟∞ ) 𝜀 𝑟 (𝜀 𝑟∞ +2) 2 = 1 9𝜀 0 g 𝑁𝜇 2 𝑘(𝑇-𝑇 𝑐 ) …(3.8)
Where εr is the dielectric constant at low frequencies, εr∞ is the dielectric constant at high frequencies, g is the Kirkwood correlation coefficient, N is the dipole density, μ is the dipole moment, and k is the Boltzmann constant, T is the absolute temperature, and Tc is the Curie-Weiss temperature. The phenomenon that dielectric constant is proportional to 1/(T-Tc) is common in perovskite materials [163] . The correlation coefficient g is closely related to the interaction between the independent dipoles in the system. It can be expressed by the following formula:

g= 〈∑ 𝜇 𝑖 𝑖 ∑ 𝜇 𝑗 𝑗 〉 𝑁𝜇 2 = 1 + 〈∑ ∑ 𝜇 𝑖 𝜇 𝑗 𝑖<𝑗 𝑖 〉 𝑁𝜇 2 …(3.9)
where μi represents the dipole moment of the independent dipoles. When g is larger than unit, the dipoles are arranged in parallel, when the value is less than unit, the dipoles are arranged in anti-parallel. Figure 3.10 shows the fitting result of the dielectric constant of MAPbI3 single crystal at 1 MHz in the tetragonal phase according to the Kirkwood-Fröhlich-Onsager formula, where Tc is 34.4 K and εr∞ is 32.4. According to previous literature reports, the dipole density N is 4.01×10 27 m -3[164] . The dipole moment of MA + ions calculated by DFT is 6.68×10 -30 Cm [163,165] . The fitted gN 2 /9  k=(9.51±0.05) K, the g value can be calculated to be 0.06, which is much lower than the 0.11 obtained in the films reported in the previous article [START_REF] Chen | Experimental evidence of the anti-parallel arrangement of methylammonium ions in perovskites[END_REF] , when g <1 indicates that the MA + in MAPbI3 is in an anti-parallel. This result is consistent with the previous theoretical calculation results [START_REF] Goehry | Collective Behavior of Molecular Dipoles in CH3NH3PbI3[END_REF][166][167] . 

Effect of Cs + doping on the dielectric properties of MAPbI 3

Since MAPbI3 is easily decomposed under the influence of moisture, Cs + is often used as a doping element to improve the stability of MAPbI3. Hyosung Choi et al. [168] found that Cs + doping can increase the efficiency of perovskite solar cell by 40%, and appropriate amount of Cs + doping can increase the light absorption coefficient and change the band gap of MAPbI3. Ankur Taya et al. [169] investigated the crystal structure, electronic structure, and optical properties of Cs + doped MAPbI3 through firstprinciples calculations. Studies have found that Cs + doping will reduce the hydrogen bonds in MAPbI3, and the reduction of hydrogen bonds will increase the tilt angle of the octahedron, thereby improving the stability of the system and increasing the band gap of MAPbI3. However, Cs + is a non-polar particle, and the replacement of MA + will inevitably affect the dielectric properties of MAPbI3 and the movement of MA + . In order to study the effect of Cs + doping on the dielectric properties of MA + , we prepared Cs + doped powders by solvent evaporation method, and pressed the powders into pellets, which were then annealed in an oven and coated with electrodes to measure their dielectric properties.

Effect of Cs

+ doping on the structure of MAPbI 3 Figure 3.11 shows the XRD pattern of Cs + doped MAPbI3 powder. When the doping amount is 5% and 10%, no impurity peak appears. When the doping amount is 54 15%, an impurity peak appears, which belongs to CsPbI3 [168] . From the enlarged view of the (002) peak, it can be seen that with the increase of the doping amount, the (002) peak shifts to a low angle, which indicates that the lattice parameter c increases with the increase of the doping amount. doped MAPbI3. it can be seen that with the increase of Cs + doping, its absorption spectrum does not change significantly, but the absorption edge shifts slightly to the right. For semiconductor materials, the relationship between absorption coefficient and optical band gap can be expressed in the formula: [170][171] :

𝛼(ℎ𝑣) = 𝐴(ℎ𝑣 -𝐸 𝑔 ) 𝑚 …(3.10)
Where α is the light absorption coefficient, h is the Planck constant, v is the frequency of light, A is the proportionality constant, and Eg is the optical band gap of the semiconductor. For direct band gap materials, m=1/2, for indirect band gap materials, m=2. MAPbI3 is the direct band gap, m=1/2 [START_REF] Motta | Revealing the role of organic cations in hybrid halide perovskite CH 3 NH 3 PbI 3[END_REF]172] . Figure 3.12(b) shows the (αhv) 2 as a function of wavelength according to formula (3.10). The intercept corresponding to the tangent in the figure is the band gap of MAPbI3. The band gap of Cs + doped MAPbI3 is shown in Figure 3.13. As the doping amount of Cs + increases, the band gap gradually increases, which is consistent with the results reported in the literature [169] . MHz (Because there are impurity phases when the Cs + doping amount is 15%, the effect of this doping on properties is not discussed). Pure MAPbI3 has a sharper dielectric peak at 163 K. When the Cs + doping amount is 5%, the dielectric peak appears near 180 K, and the peak shape is relatively smooth. When the doping amount is 10%, the dielectric peak appears near 183 K. Since this peak corresponds to the phase transition from the orthorhombic phase to the tetragonal phase of MAPbI3, the increase of the phase transition temperature indicates that the stability of MAPbI3 has been further improved after the doping of Cs + . In order to study the effect of Cs + doping on the orientation of MA + , the fitting results obtained by Kirkwood-Fröhlich-Onsager theory are shown in Figure 3.15. The g value is 0.144 for pure MAPbI3, which is higher than that of single crystals. This may be due to the defects inside the pellets, the anti-parallel arrangement of MA + is destroyed. When doped with 5% and 10% Cs, the corresponding g values are 0.082 and 0.083. Compared with the undoped samples, the g values are smaller, which shows that Cs + doping can enhance the anti-parallel arrangement of MA + . 

Conclusion

The dielectric behavior and electrical conductivity of MAPbI3 single crystal were investigated as function of the frequency in the range [0.01 Hz, 1 MHz] and for the temperatures 193  T 303 K. The giant dielectric constant realized at low frequencies and at high temperatures is induced by the ionic migration which may involve both methylamine MA + cations and iodide I -anions. Additional vacancies are thermally created at high temperatures and the long-range movements of ions will favor their accumulation leading to the space charge density at the interface between the crystal (001) and the Ag electrodes. At intermediate frequencies, hopping of ions is characterized by Debye-like relaxation while at high frequencies the dipole relaxation of MA + has small contribution to the dielectric constant. The present results are used to explain the abnormal dielectric properties which were pointed out in MAPbI3 films with the giant dielectric constant under the light and give exhaustive insights on the process of ionic transport in the hybrid perovskite structure.

The dielectric temperature spectrum of the MAPbI3 crystal shows that the material has a dielectric peak at 162 K. The peak corresponds to the phase transition from the orthorhombic phase to the tetragonal phase. The dielectric constant changes slightly at 327 K, which indicates that the phase transition from the tetragonal phase to the cubic phase is not the phase transition of ferroelectric phase to paraelectric phase. According to the Kirkwood-Fröhlich-Onsager theory, the fitting results show that MA + is in antiparallel arrangement in the orthorhombic phase, and the dielectric constant does not change with temperature. In the tetragonal phase, the anti-parallel arrangement of MA + gradually breaks and shows obvious temperature characteristics. After Cs + doping, the optical band gap of MAPbI3 is changed. According to dielectric temperature spectrum of Cs + doped MAPbI3, it can be found that Cs + doping significantly improves the temperature stability of MAPbI3 and promotes the anti-parallel arrangement of MA + at the same time.

Chapter 4 Tetragonal to cubic phase transition of MAPbI 3

Introduction

Although many reports were devoted to the basic properties of methylammonium lead iodide perovskite (MAPbI3), there are still many open problems remaining unsolved. There are three different phases for MAPbI3 at different temperature, below 162 K it is orthorhombic structure; above 327 K it is cubic structure; between 162 K and 327 K, it is tetragonal structure. Due to the low temperature of phase transition of MAPbI3 which is at the working temperature of perovskite solar cell, several investigations were dealing with the phase transition of tetragonal to cubic phase.

According to the thermal evolution of the order parameter, [120] the phase transition is considered as the first order. However, from neutron powder diffraction experiments, it was shown that a second order character hold for this phase transition. [START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF] Using the single crystal X-ray diffraction, the critical behavior was investigated. Single crystal Xray diffraction and neutron powder diffraction were used to investigate the space group of MAPbI3 to confirm whether it is centrosymmetric. But the results are contradictory in the way that the space group of I4/mcm [START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF] (centrosymmetric), I4cm [START_REF] Stoumpos | Semiconducting tin and lead iodide perovskites with organic cations: phase transitions, high mobilities, and near-infrared photoluminescent properties[END_REF] (nocentrosymmetric) and I422 [173] were reported at the room temperature. Raman spectroscopy is very useful for studying the phase transition and lattice dynamics.

Although, the high power of laser beam will generate some burning effect on MAPbI3, [174] the Raman spectroscopy is useful for the structural features and their evolution at the phase transition.

Herein, investigations of X-ray powder diffraction (XRD) and Raman spectroscopy were carried out to understand the structure change of MAPbI3 at the phase transition of tetragonal to cubic phase. The XRD pattern of single crystal and ground powder of single crystal are studied. The refinement of XRD pattern of tetragonal to cubic phase were investigated to deeply understand the structure change.

Tetragonal to cubic phase transition of MAPbI 3

Using high-resolution X-ray diffractometer, the diffraction pattern of MAPbI3 According to the calculated X-ray diffraction parameters shown in Table 4.1 and4 Since the (211) peak is the characteristic peak of the tetragonal phase, the diffraction peak in the range of 23°-32° changes with the temperature as shown in parameter c gradually decreases as the temperature rises, and there will also a sudden change around 59 ℃, and then a decrease again. However, after 59 ℃, there are still some differences between the refined lattice parameters a and c, which indicates that even if the temperature is higher than the phase transition temperature, there is still lattice distortion. The lattice parameter changes with temperature during the heating and cooling process as shown in Figure 4.4. There is no difference in the lattice parameter during the heating and cooling process, which indicates that there is no thermal hysteresis during the phase transition, and the phase transition is second order. The rotation angle plays the role of order parameter for the phase transition and then its temperature variation can be expressed by the following formula [START_REF] Kawamura | Structural Study on Cubic-Tetragonal Transition of CH 3 NH 3 PbI 3[END_REF] :

∅ ∝ (T c -T) β …(4.2)
where Tc represents the phase transition temperature. The fitted Tc is 61.6 ℃, and the index β is 0.26. The octahedral rotation angle can be used as the order parameter from the tetragonal phase to the cubic phase. When the phase transition is a second-order phase transition, the index β is 0.5 which is different from the fitting result. The possible reasons are as follows: 1. The phase change is in a critical state similar to SrTiO3, and its index is 1/3; 2. The phase change occurs at the tricritical point and the index is 1/4;

3. The phase change seems then with the character of a first-order phase transition. however, no consistent explanation has been found for this phenomenon. For most materials, due to the existence of thermal expansion effect, the lattice parameter will increase with increasing the temperature. In order to further investigate the specific changes in the phase transition process, the Ω scan mode was examined. In this scan mode, the different crystal plane orientations that may exist on the surface of the sample can be effectively distinguished. phenomenon is called pretransitional effect [175] . Figure 4.9 is a two-dimensional schematic diagram of the tetragonal phase crystal lattice and the cubic phase crystal lattice. For single crystal materials, when the temperature is lower than the phase transition temperature, the lattice parameter c of the tetragonal phase will be formed along the <100> direction of any cubic phase. Different domain structure will be formed.

And there will be three different diffraction peaks. This phenomenon was also confirmed by Mathias Uller Rothmann [START_REF] Rothmann | Direct observation of intrinsic twin domains in tetragonal CH3NH3PbI3[END_REF] by high-resolution TEM. 

Raman spectroscopy analysis of tetragonal to cubic phase transition

Raman spectroscopy is a sensitive technique to the lattice dynamics and phase transition. In order to deeply understand the phase transition of tetragonal to cubic phase, the Raman Spectroscopy was used with the excitation wavelength of 532 nm to record the spectra at the temperature between 20 °C ~120 °C (figure 4.10). The Raman spectra at 20 °C ~50 °C and 60 °C ~120 °C originate from the tetragonal and cubic phase, respectively. The two peaks located at 95 cm -1 and 110 cm -1 at 20 °C are related to the degradation of MAPbI3 resulting from the tremendous amount of heat released by the laser [174,176] . The intensity of the Raman band is related quantitatively to the amount, distribution and degree of crystallization of the material [177] . The intensity of the two Chapter 4 Tetragonal to cubic phase transition of MAPbI 3 68 bands located at 95 cm -1 and 110 cm -1 decreases sharply at 40 °C compared to that at 20 °C which indicates there is reversible degradation of MAPbI3 [178] . Although there are a lot of publications investigating the Raman spectroscopy [179][180][181] , it is the first time that the peaks located at around 80 cm -1 and 137 cm -1 are found which is evidently related to the tetragonal to cubic phase transition. The intensity of peaks increases first with the increase of temperature between 40 °C and 54 °C, and after 54 °C the intensity of peaks decreases with the increase of temperature. It has the similar tendency as the intensity change of XRD peaks with the increase of temperature. According to the results of lattice dynamic calculations using the density functional theory (DFT) [179] ,

Raman bands below 200 cm -1 is mainly related to the lattice vibration, whereas the bands above 400 cm -1 are attributed to intramolecular vibrations of MA. However, according to calculation results by Ivanovska [182] , the peaks located at around 80 cm -1

and 137 cm -1 should be assigned to the vibration of organic groups which may affect the phase transition. 

Conclusions

The XRD study of the tetragonal phase to the cubic phase shows that the phase transition from the tetragonal phase to the cubic phase of MAPbI3 occurs at around 59 ℃. There is no obvious difference in the lattice parameters between the heating process and the cooling process indicating that it is the second-order phase transition.

(211) as the characteristic peak of the tetragonal phase, its strength gradually decreases with the increase of temperature, and its strength is related to the rotation angle of the octahedra. The change of rotation angle with temperature indicates that the phase transition is not purely a second-order phase transition. By studying the Ω scan mode, it is found that the single crystal has a pre-phase transition effect near 59 ℃. The Raman results show that there are two vibration peaks of organic groups near the phase transition, indicating that the organic groups may have an influence on the phase transition.

Chapter 5 Poling effect on the electrostrictive and piezoelectric response of MAPbI 3 single crystals

Introduction

Organic-inorganic hybrid perovskites (OIHPs) are attractive materials with promising properties in the context of a green energy provided by photovoltaic devices.

Beyond, the excellent performance in perovskites solar cells, methylammonium lead triiodide perovskites (MAPbI3) exhibit also large electrostrictive coefficients (M) in the order of -730 nm 2 V -2 which are potentially promising for applications in actuators and micro-electromechanical system [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] . The electrostrictive response in each sample depends on its deformation under an applied electrical field. It represents a fundamental electromechanical coupling between the deformation and the square of the applied electric field in contrast to the inverse piezoelectric phenomenon which is a first order effect. For most materials, the electrostrictive response is smaller than the piezoelectric response and the electrostriction coefficients depend on the relative dielectric permittivity and inversely on the Young modulus. Thus, important electrostrictive effects occur in relaxor ferroelectrics and polymers with large dielectric constants [START_REF] Uchino | Electrostrictive effect in lead magnesium niobate single crystals[END_REF][START_REF] Zhang | An all-organic composite actuator material with a high dielectric constant[END_REF][START_REF] Yavo | Large Nonclassical Electrostriction in (Y, Nb)-Stabilizedδ-Bi 2 O 3[END_REF] . For materials with dielectric constant ε ≈ 20, typical electrostriction strain coefficients are about M>-1 nm 2 V -2 [START_REF] Yavo | Large Nonclassical Electrostriction in (Y, Nb)-Stabilizedδ-Bi 2 O 3[END_REF] . The situation is quite different in MAPbI3 with a dielectric constant around 150 and a large electrostriction coefficient up to -49.3 nm 2 V - 2 compared to the relaxor ferroelectrics or polymers. A similar behavior of a large electrostriction was reported in (Y, Nb)-Stabilized δ-Bi2O3 and Gd-Doped Ceria with the origin supposed to occur from defects such as anion vacancies [START_REF] Yavo | Large Nonclassical Electrostriction in (Y, Nb)-Stabilizedδ-Bi 2 O 3[END_REF] . In similar conditions, due to the ion migration in MAPbI3, the ion drift under the electric field may generate the formation of defects such as 𝑉 𝐼 ′ , 𝑉 𝑃𝑏 • or 𝑉 𝑀𝐴 • which are characterized by low formation energies [START_REF] Yin | Unusual defect physics in CH 3 NH 3 PbI 3 perovskite solar cell absorber[END_REF][START_REF] Yuan | Ion Migration in Organometal Trihalide Perovskite and Its Impact on Photovoltaic Efficiency and Stability[END_REF][START_REF] Xiao | Giant switchable photovoltaic effect in organometal trihalide perovskite devices[END_REF] . As the electrical poling contributes to the selective mobility of MA + , I -and Pb 2+ ions in MAPbI3 samples, we expect that the electrostrictive response may be also enhanced by this process as it was discussed in our former reported contribution on the dielectric parameters [183] . The present chapter is devoted to the investigations of the electrostrictive and piezoelectric responses in MAPbI3 crystals after the ac poling and dc poling. An in-depth analysis of the obtained results was carried out with the aim to correlate the poling effect with the electrically induced defects and the resulting electrostriction and piezoelectricity responses. The theoretical development of the electrostriction effect along with the instrumentation required for evaluating the relevant coefficients were introduced in the chapter 2. A complement of these may be outlined briefly for anisotropic media (crystals) where the electrostriction effect is represented by 4 th order tensor where the electrostrictive coefficients are labelled as Qijkl with i,j,k,l=x,y,z ; i.e. the cartesian coordinates. The relation between the strain component Sij and the polarization Pk is written as follows:

𝑆 𝑖𝑗 = 𝑄 𝑖𝑗𝑘𝑙 𝑃 𝑘 𝑃 𝑙 …(5.1)
Introducing the relation between the strain and the electric field, we obtain the following expression in terms of electric field components Ei=x,y,z:

𝑆 𝑖𝑗 = 𝑀 𝑖𝑗𝑘𝑙 𝐸 𝑘 𝐸 𝑙 …(5.2)
As also stated in the non-tensorial formalism, the coefficients Mijkl depends on the electrostrictive coefficient Qijkl and the dielectric constant of the crystalline media. The electrostriction is thus traduced by a second order coupling and can be developed in all crystals irrespective to their symmetry [184] . However, it is generally observed that the induced strain from electrostriction effect is less important than the piezoelectric effect.

Moreover, it was reported in former contributions that the high dielectric responses in ferroelctric relaxors induce important electrostrictive strains compared to classical ferroelectrics. This behavior was demonstrated in the samples Pb(Mg1/3Nb2/3)O3(PMN), Pb(Zn1/3Nb2/3)O3(PZN), and 0.9Pb(Mg1/3Nb2/3)O3-0.1PbTiO3(PMN-PT) [START_REF] Li | Electrostrictive effect in ferroelectrics: An alternative approach to improve piezoelectricity[END_REF] . In these compounds, the electrostrictive effect holds without poling with the relaxors being more performant than classical ferroelctrics. On the other hand, the piezoelectric and the electrostrictive effects are dependent on the spontaneous polarization and their respective coefficients dmij and Qijkl are related to each other as follow: [START_REF] Li | Electrostrictive effect in ferroelectrics: An alternative approach to improve piezoelectricity[END_REF] 𝑑 𝑚𝑖𝑗 = Which can be also written in terms of the dielectric coefficients εlm and εkm 𝑑 𝑚𝑖𝑗 = 𝑄 𝑖𝑗𝑘𝑙 𝑃 𝑘 𝜀 𝑙𝑚 + 𝑄 𝑖𝑗𝑘𝑙 𝑃 𝑙 𝜀 𝑘𝑚 … (5.4) In the case of perovskites crystals, the electrostrictive tensor is defined by three independent parameters that are Q1111, Q1122 and Q2323. Thus, depending on the direction of electrical field application, the strain can be measured and allows estimating the relevant experimental electrostrictive parameters as developed in the forthcoming sections.

Sample preparation and characterization

The single crystal is prepared by the inversion crystallization method, and the specific process was discussed in Chapter 2. The crystal surface ( 100 

The piezoelectricity of Quartz

The principle of the measurements is illustrated in Figure 5.2(a) where the crystal faces are metallized for the application of bias voltage. A laser beam is then directed on one metallized face and its reflected part is measured by a photodetector. However, using this scheme, where only the oscillations of only one face of the sample are detected, the strain level of the sample can be obtained only by assuming the motions of the undetected face of the sample resulting from the strain change [185] . To ensure the accuracy of the measurements, the performance of the system can be evaluated by measuring the piezoelectric displacement of a quartz sample. The corresponding piezoelectric coefficient d11 is well defined value irrespective to the measurement frequency. Figure 5.2(b) shows the field induced displacement vs the applied voltage (4 kHz) for an x-cut quartz measured using lock-in detection. The measured d11 value is 2.31 pm/V which is consistent with the result measured by other groups [184] . The frequency scan for the quartz sample is shown in Figure 5.2(c). The d11 value is constant in the range of 1 kHz to 5 kHz. The above results indicate that the measurement scheme is reliable and accurate. 

Electrostriction and piezoelectricity of MAPbI 3 single crystals

In order to improve the signal-to-noise ratio of the test, the electrostriction and piezoelectric properties are measured at 4 kHz. As illustrated in Figure 5.4(a), the modulated signal seems to contain a superposition of two harmonic waves resulting from the piezoelectric (first order) and to electrostriction effect (second order). The lock-in amplifier discriminates between the electrostrictive effect and the piezoelectric effect. The electrostrictive displacement modulated at the second harmonic is shown in Figure 5.4(b) where a small phase difference exists between electrostrictive effect and applied voltage. The phase shift can be attributed to the defect relaxation as considered in the reference [186] . The piezoelectric displacement and electrostriction strain are represented in Figure 5.4(c) as function of the applied electric field. The results highlight the simultaneous involvement of both piezoelectricity and electrostriction effects in MAPbI3 single crystal in agreement with previous results obtained by atomic force microscope (AFM) [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] . Figure 5.4(d) shows the displacement of electrostriciton of no poling sample as a function of frequency. It can be seen that the electrostriction will increase as the frequency decrease which is in agreement with previous report [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] which is claimed to be related to the field-induced defects. 

Poling effect on the electrostrictive response in MAPbI 3 single crystals

For different poling conditions, the electrostrictive and piezoelectric effect were measured as function of the applied electrical fields with different frequencies. The results related to the piezoelectric and electrostrictive responses are depicted in Figure 5.5 along with the current-voltage curves and the dielectric parameters. The electrostrictive coefficient was estimated at M = -0.49 nm 2 V -2 for MAPbI3 single crystals, i.e. a typical value for a material with a small dielectric constant [START_REF] Yavo | Large Nonclassical Electrostriction in (Y, Nb)-Stabilizedδ-Bi 2 O 3[END_REF] . With the electrical field applied in the [001] direction and the strain measured in the [001] direction, the effective electrostriction coefficient corresponds to the electrostrictive tensor component M33 hereafter referred as M coefficient. However, the Maxwell stress will have a contribution to the strain which can be calculated from: [START_REF] Pelrine | Electrostriction of polymer dielectrics with compliant electrodes as a means of actuation[END_REF] 𝑀 = -𝜀 ′ 𝜀 0 /2𝑌 … (5.5) where 𝜀 ′ is the relative dielectric permittivity, 𝜀 0 is the vacuum dielectric permittivity. Using the Young's modulus of 14.8 GPa and the dielectric constant 158, the estimated electrostriction coefficient is -0.047 nm 2 V -2 which is at least three orders magnitude smaller than the measured value from the electrostrictive displacement with ac poling. Thus, the electrostrictive coefficient increases up to -14.0 nm 2 V -2 after dc poling and -49.3 nm 2 V -2 after ac poling. These results underline the minor contribution from Maxwell stress effect to the electrostriction in MAPbI3 crystal. 

Poling effect on the piezoelectric response in MAPbI 3 single crystals

In a previous work, the piezoelectric force microscopy (PFM) was used to evaluate the piezoelectric coefficients in MAPbI3 thin films. The values about 5 pm/V without light and 25 pm/V under white light were attributed to the voltage induced polarization [START_REF] Coll | Polarization Switching and Light-Enhanced Piezoelectricity in Lead Halide Perovskites[END_REF] . Subsequent study revealed the enhanced piezoelectricity in Fe 2+incorporated MAPbI3 films [START_REF] Ippili | Enhanced piezoelectric output performance via control of dielectrics in Fe2 + -incorporated MAPbI 3 perovskite thin films: Flexible piezoelectric generators[END_REF] . However, the application of the conductive tip directly on the sample in PFM leads to an effective piezoelectric coefficient that may not coincide with the intrinsic piezoelectric coefficient of the probed sample [START_REF] Abdollahi | Converse flexoelectricity yields large piezoresponse force microscopy signals in non-piezoelectric materials[END_REF] . Previous reports have shown the non-uniform ionic transport features [START_REF] Calado | Evidence for ion migration in hybrid perovskite solar cells with minimal hysteresis[END_REF][START_REF] Xing | Ultrafast ion migration in hybrid perovskite polycrystalline thin films under light and suppression in single crystals[END_REF][START_REF] Eames | Ionic transport in hybrid lead iodide perovskite solar cells[END_REF] giving rise to a piezoelectric-like deformation under the applied electric field and tip-induced strain gradient. This effect was proved by the electrochemical strain microscopy [START_REF] Morozovska | Local probing of ionic diffusion Bibliography 115 by electrochemical strain microscopy: Spatial resolution and signal formation mechanisms[END_REF] . In addition, a converse flexoelectricity may induce large PFM signals in non-piezoelectric materials [START_REF] Abdollahi | Converse flexoelectricity yields large piezoresponse force microscopy signals in non-piezoelectric materials[END_REF] . Based on the above discussion, the PFM method is not a reliable test method for the measurement of piezoelectric coefficients of MAPbI3. Thus, a single beam optical interferometry with a high resolution of 10 -3 nm is a relevant approach for the measurement of the intrinsic piezoelectric response [START_REF] Korobko | In-situ extended Xray absorption fine structure study of electrostriction in Gd doped ceria[END_REF][START_REF] Liu | Piezoelectric coefficient measurement of piezoelectric thin films: an overview[END_REF] . By using this method, the piezoelectric coefficient measured at 4 kHz in non-poled samples is about 0.013 pm/V which is two orders of magnitude smaller than that measurement by Mach-Zehnder interferometer at 100 Hz [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] . In fact, several references [START_REF] Baikie | Synthesis and crystal chemistry of the hybrid perovskite (CH 3 NH 3 )PbI 3 for solid-state sensitised solar cell applications[END_REF][START_REF] Sharada | Is CH 3 NH 3 PbI 3 Polar?[END_REF]187] claimed that the tetragonal phase MAPbI3 at room temperature is centrosymmetric with space group I4/mcm where no second harmonic generation (SHG) single and nor piezoelectricity are involved. The low piezoelectric effect should be more reliable compared to the large piezoelectric coefficient up to 5 pm/V; i.e. larger than the values in the noncentrosymmetric quartz. The origin of the expected weak piezoelectricity in MAPbI3 may be induced by the lattice distortion caused by the defects [188] . As shown in Figure 5.6, for dc poled sample, the piezoelectric coefficient d33 reaches the value 0.076 pm/V in the [001] direction and different values can be obtained as function of the considered direction in the crystal. In the ac poled sample, the piezoelectric coefficient shows a substantial increase up to 1.33 pm/V at a low voltage (≤360 V) and 1.64 pm/V at high voltage (>360 V). The enhanced piezoelectricity in poled samples can be accounted for by the slight distortion of Pb-I-Pb under the electric field [START_REF] Kim | Origin of high piezoelectricity of inorganic halide perovskite thin films and their electromechanical energy-harvesting and physiological currentsensing characteristics[END_REF] . The difference between the high voltage and low voltage may be originated from the slight poling effect at high voltage. This behavior is a consequence of the polarization domain sizes being modulated by the poling which may induce mechanical stress in the host lattice. The poling effect is also crucial on the ionic mobility which enhances the concentrations of both surface and volume defects as well. The influence of dc poling on the piezoelectric properties of MAPbI3 is also confirmed by the change of the piezoelectric coefficient of the material under a large electric field. As shown in Figure 5.7, under a small electric field (<0.25 V/m-1), the piezoelectric signal of MAPbI3 is only 0.0096 pm/V, which is no order of magnitude difference from the 0.013 pm/V measured previously, but in a large electric field (>0.30 V/m-1), the piezoelectric coefficient increases to 0.077 pm/V. 

Defects induced by poling

To figure out the role of the poling on the electrostrictive and piezoelectric effect, the current-voltage curves at different frequencies in ac poled crystal are plotted as illustrated in Figure 5.8(a). It can be seen that at 5 Hz and 10 Hz there is a hysteresis behavior which may be related to the ion migration which can be proved by the dielectric relaxation shown in Figure 5.8(b). At 1 Hz, the ion migration fully realizes and accumulate at the electrode, the hysteresis behavior nearly disappears. However, the current-voltage curve shows unidirectional conductivity as it may occurs in a p-n junction. This conduction process is induced by a p-i-n structure being formed by the ionic migration under bias voltage [START_REF] Dong | Lateral-Structure Single-Crystal Hybrid Perovskite Solar Cells via Piezoelectric Poling[END_REF] . In addition to the ionic transport feature, defects are expected to be created after the ac poling as suggested from the shift of the dielectric loss peak seen in Figure 5.8(b). The increase of the dielectric constant at low frequencies was discussed in our previous work [183] as emanating from the ionic migration in the sample which causes the formation of defect such as vacancies, antisite positions or interstitials. As the observed shift of the loss peak to higher frequency is consistent with low activation energies [189] , we may expect that the defect density will increase as the activation energy decreases [190] . The observed shift of the dielectric loss peak in ac poled sample is more important compared to that observed for dc poling or in non-poled samples. The same features are also observed for the electrostrictive coefficients which increase after ac poling compared to the other poling conditions.

These observations support the close correlation between defects and the electrostrictive responses as also stated by previous report [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] . In this context, the electrostriction effects originate from the cooperative ionic displacements throughout the crystal lattice [191] . The magnitude of the atomic displacements in these materials induced by applied electric fields depend on the polarizability of the host media and on the dielectric constant [START_REF] Korobko | In-situ extended Xray absorption fine structure study of electrostriction in Gd doped ceria[END_REF] . For most materials, the electrostrictive coeffcients can be evaluated from the dielectric constant. Values of M range from 10 -6 nm 2 V -2 in materials with low dielectric (ε<50) to 100 nm 2 V -2 for materials with high dielectirc constant (ε>1000) [192] . For the samples of ac poling and dc poling, the dielectric constant at 4 kHz is almost the same (as shown in Figure 5.8(b)), but the electrostrictive coefficient is very different as it may occurs for nonclassical electrostriction reported in some ion conductors. Those ion-conductors such as Gd-doped CeO2, (Y, Nb)-Stabilized δ-Bi2O3 with a small dielectric constant show a large electrostriction as also reported in the present work on MAPbI3 single crystals. The large electrostriction effect in those materials depends on the involved defects favored by the poling process. In Gd-doped CeO2, the presence of the vacancies lowers the symmetry of the local charge distribution and therefore, the application of an electric field generates anisotropic ion displacements [START_REF] Korobko | In-situ extended Xray absorption fine structure study of electrostriction in Gd doped ceria[END_REF]193] . In MAPbI3, due to the low defect formation energy [194] , the self-doping behavior holds and develops under applied electric fields. Previous reports on the involvement of ion migrations in MAPbI3 corroborate the enhancement of defects formation in the host lattice [START_REF] Xing | Ultrafast ion migration in hybrid perovskite polycrystalline thin films under light and suppression in single crystals[END_REF][START_REF] Yuan | Ion Migration in Organometal Trihalide Perovskite and Its Impact on Photovoltaic Efficiency and Stability[END_REF]195] . Although, the defects in MAPbI3 have little influence on the efficiency of the underlying perovskite solar cells [196] , they contribute critically to the sample polarization, piezoelectricity [START_REF] Dhar | Lattice-Defect-Induced Piezo Response in Methylammonium-Lead-Iodide Perovskite Based Nanogenerator[END_REF] and ferromagnetism [START_REF] Sil | Defect induced room temperature ferromagnetism in methylammonium lead iodide perovskite[END_REF] . Based on the above discussion, the relationship between the defects and the large electrostriction seems relevant. As shown in figure 5.9, under dc poling, the electric field induces the ion migration to the electrodes and then contributes to the formation of more lattice defects. Under ac poling, the reverse bias forces the ions to alternate their migration from one electrode to the other via the underlying MAPbI3 media. The process contributes to create more defects compared to the case of dc poling. 

Conclusion

In conclusion, the investigations of the electrostrictive and piezoelectric effects in MAPbI3 single crystals were realized under different electrical poling conditions. The electrostrictive and piezoelectric effect were found to be enhanced after ac poling and dc poling. The large electrostrictive response up to -49.3 nm 2 V -2 were reported after ac poling at 1 Hz. The more defects concentration after ac and dc poling which can be proved by the current-voltage curve and dielectric spectrum can be used to explain the improvement of the electrostrictive effect. The piezoelectric coefficient of non-poled sample is quite smaller than that using PFM which is more reasonable for the lattice distortion induced by the defects in centrosymmetric materials. Meanwhile, the piezoelectric coefficient reaches to 1.6 pm/V after ac poling which may be accounted by the lattice distortion induced by electric field. The different experimental approaches provide a strategy to fine-tune the electrostrictive and piezoelectric effect of MAPbI3

single crystal and expand its potential application in actuators, energy harvesting and integrated microelectromechanical systems.

Chapter 6 Ferroelectric properties of MAPbI 3

Introduction

A wide literature was devoted to the ferroelectricity of MAPbI3 since the ferroelectric domains were directly observed by PFM [197] . However, the results were controversial. Fan et al. [100] calculated the polarization via classic point charge model and the Berry phase method. The results showed that polarization is ~8 C/cm 2 and originated from dynamic orientational disorder of MA + . But Yan et al. [109] found that the off-center displacement of Pb 2+ within the PbI6 octahedron introduces a major intrinsic polarization. The experimental results also conflicted with each other. The noninvolvement of ferroelectricity or its existence as it may be alternatively also involved anti-ferroelectricity, and ferroelasticity were claimed in MAPbI3 [START_REF] Rakita | Tetragonal CH 3 NH 3 PbI 3 is ferroelectric[END_REF]101,[198][199] .

The complexity of the ferroelectricity of MAPbI3 probably results from a weak ferroelectricity that cannot be detected. Moreover, the methods of preparation and the state of samples probably alter the above properties.

To completely understand the ferroelectricity origin in MAPbI3, the ferroelectric hysteresis loops of pellets and that of films synthesized in ambient air were investigated.

The polarization-electric field (P-E) loops and current-electric field (I-E) loops of MAPbI3 show the same features. There is no evidence of ferroelectric switching. The ferroelectricity of the film and single crystals is investigated by piezo-response force microscopy (PFM). The results show that there are domain structures in film and single crystals of MAPbI3. Dielectric properties suggest that it is anti-ferroelectricity in low temperature. At room temperature there is no phase transition of the ferroelectricity to the paraelectric phase.

Sample preparation and measurement

The crystal structure of the samples was characterized by powders X-ray diffractometer (XRD, DX-2700BH) with a Cu Kα radiation. The P-E and I-E hysteresis loops of samples were measured by a TF analyzer (Model 2000E, aixACCT Systems, Germany). Ferroelectric domains were observed by atomic force microscope (AFM5300, Hitachi, Japan). Dielectric properties and the real part of impedance were measured by Novocontrol Alpha-A BroadBand Dielectric Spectrometer, Hundsangen, Germany. 110), ( 112), ( 211), ( 202), ( 220), ( 310), ( 312), ( 224), (314) crystal planes of tetragonal perovskite, respectively [197,[200][201] . The peak located at 12.49 ° indicates that PbI2 impurity phase exists but disappears in the powder and film prepared with MAI: PbI2 = 1.05:1. It indicates that slight excess MAI ensure the sufficient reaction and eliminate the PbI2 impurity phase.

Ferroelectric properties of

It is consistent with early report [202] . The intensity of ( 110) peak of film increases as the ratio of MAI: PbI2 increases from 1:1 to 1.05:1, it means that slight excess MAI can also improve the crystallinity of film. To investigate the ferroelectric properties, the polarization variation with the applied electric field is examined. high dielectric constant at low frequency and high temperature do not correspond to bulk effect. It is attributed to the fact that the free charges accumulate at interface within the bulk of the sample or at the interface between the sample and the electrode [203] . The dielectric constant and dielectric loss of MAPbI3 are measured from 150 K to 350 K at the frequencies of 10 kHz, 100 kHz, and 1000 kHz. Those results are showed in Figure 6.3. It can be seen that the dielectric loss increases with the increase of temperature and decreases with the increase of frequency. The large dielectric loss at high temperature and low frequency results in the increase of dielectric constant. There is a peak of dielectric constant at 162 K at all frequency. It is associated to the tetragonalorthorhombic phase transition of MAPbI3 [START_REF] Weller | Complete structure and cation orientation in the perovskite photovoltaic methylammonium lead iodide between 100 and 352 K[END_REF] . The dielectric constant in the orthorhombic phase is temperature-independent. An anti-ferroelectric ordering of dipoles of orthorhombic phase possibly leads to the relatively temperature-independent dielectric properties [204] . The dielectric constant decreases with the increase of temperature from 162 K to 350 K and show the evident temperature-dependent feature.

It suggests that the anti-ferroelectric ordering of dipoles is destroyed gradually with the increase of temperature. But there is no peak at 327 K which is the temperature of the tetragonal to the cubic phase transition. It indicates that there is no phase transition from ferroelectric to paraelectric phase. In order to further study the ferroelectric properties of MAPbI3, MAPbI3 thin films were prepared by spin coating. Figure 6.4(a) is the SEM top view of the thin films. It can be seen that the morphology is dendritic, which is caused by the orientation growth of crystals during the evaporation of the solvent. Figure 6.4(b) is the SEM of the crosssection of the films, the thickness of the film is about 2 m. Use a mask to evaporate a layer of gold electrode on the surface of the films. Figure 6.5 shows the P-E and I-E loops of film at the frequency of 10 Hz and the voltage of 1 V. The shape of P-E loops is an ellipse and the shape of I-E loops is linear. Those results are attributed to the large leakage current in thin film. Both of pellets and films have no evident domain switching current which can be observed in typical ferroelectricity such as BaTiO3. Probably the domain switching current is very small and is covered by the leakage current completely.

Those results are consistent with refs [100] and [205] for samples prepared in the glove box.

Most of these investigations concluded on the absence of ferroelectricity in MAPbI3 systems. It can be seen that the surface is relatively flat. Benzaldehyde is the raw material of many fine chemicals and used as an intermediate widely used in dyes, pesticides, medicines, and other industries. As a raw material with large demand, the green and efficient production of benzaldehyde will be of great significance. The benzyl alcohol oxidation method has become a relatively common production method in industry due to its simple process. However, the traditional production method will produce toxic and harmful substances, which does not meet environmental protection requirements and green sustainable development.

Therefore, the search for a high-efficiency and green catalysts has become a challenging task and attract the interest of wide scientific community. Among many catalysts, TiO2

has become a hot spot in industrial applications and basic research due to its wide band gap, high efficiency, high stability, and low cost. However, its absorption of light is limited to the ultraviolet and cannot absorb visible light, which accounts for 45%-50% of solar energy. The narrow band gap semiconductor of MAPbI3 provides a new strategy for improving the photocatalytic performance of TiO2, through an easy transfer of photogenerated charge carriers. However, the instability of MAPbI3 under moisture also limits its application in heterogeneous photocatalysis. In order to solve this problem, Wu et al. [START_REF] Wu | Composite of CH 3 NH 3 PbI 3 with Reduced Graphene Oxide as a Highly Efficient and Stable Visible-Light Photocatalyst for Hydrogen Evolution in Aqueous HI Solution[END_REF] synthesized a composite of MAPbI3 and reduced graphene oxide (rGO), which showed high photocatalytic hydrogen production efficiency in the HI saturated solution of MAPbI3. Huang et al. [133] explored the photocatalytic oxidation performance of TiO2/FAPbBr3 composite materials in toluene solution for benzyl alcohol. The goal of this work is to explore the possibility of exploiting the photactivity of MAPbI3 in photocatalytic reactions. The main focus on the material structure associates heterostructures made by MAPbI3/TiO2. This association is expected to create synergetic charge creation required for the oxidation of benzyl alcohol by oxygen and hydroxyl radicals with relevant efficiency.

Sample preparation and photocatalytic characterization

MAPbI3 powder is prepared by the anti-solvent method. MAI and PbI2 are dissolved in dimethylformamide (DMF) in equal moles to prepare a 1 mol/L solution, and then kept the solution in an oil bath at 60 ℃ for 12 h. Then the solution is dropped to 5 ml toluene solution which is continuously stirred. The resulting mixture is continuously stirred for 12 h, and then the solution and the precipitate are separated using a centrifuge, and the precipitate is washed with toluene several times and then are placed in an oven and dried at 80 ℃ to get the powder.

x (MAPbI3)/TiO2 powder (x is the mass percentage of MAPbI3 wt%) is prepared by the same method. The only difference is that a certain amount of MAPbI3 solution is added dropwise to a toluene solution containing a certain amount of TiO2, and finally the mass percentages are 5%, 10%, 15%, 20%, and 25% of MAPbI3/TiO2. The second step dissolve 1 uL of benzyl alcohol in 10 ml of toluene solution to prepare a 1 mmol/L solution, and then add 10 mg of catalyst to the solution with an ultrasonic dispersion to ensure separated grains and then higher contact surface between the photocatalysts and the liquid. Then, the resulting solution was placed under a 500 W xenon lamp in order to create the photoinduced charges required for the photocatalytic oxidation reactions.

After 1 h of illumination, we take 1 ml of the solution with a syringe and filter, and use a gas chromatograph to analyze the content of benzyl alcohol and benzaldehyde. represents "after illumination". The content of benzaldehyde of the blank experiment is 1.54% before illumination which indicates that there is slow oxidation process of benzyl alcohol during storage. After illumination, the content of benzaldehyde reached 3.23%, which means that even in the absence of catalyst, illumination can enhance the oxidation of benzyl alcohol. When 10 mg of MAPbI3 is added as a catalyst, the content of benzaldehyde before illumination is 1.82%, and the content of benzaldehyde after the illumination is 6.24%, which indicates that MAPbI3 as a catalyst can enhance the oxidation of benzyl alcohol. However, the catalytic effect is not obvious. Meanwhile, the color of the solution before and after catalysis has changed significantly, as shown in Figure 7.6, from the original pure black to a mixture of gray and red. Since the color of MAPbI3 is pure black, the change in color indicates that some MAPbI3 has been oxidized. In previous studies, reported works have shown that oxygen can cause the decomposition of MAPbI3, but the decomposition rate of MAPbI3 is relatively slow [206] .

XRD pattern of

Illumination can accelerate the decomposition of MAPbI3, which is due to the rapid oxidation of I -ions to I2 under illumination. The red color of the solution after illumination confirms this conclusion. The reaction mechanism of this process is as follows [207] :

MAPbI 3 Light → MAPbI 3 * …(7.1) O 2 MAPbI 3 * → O 2 •- …(7.2) MAPbI 3 + O 2 •- Deprotonation → MeNH 2 + PbI 2 + 1/2I 2 +H 2 O …(7.3)
Where MAPbI 3 * is a particle with photogenerated carriers. During this process, MAPbI3 can absorb photons to generate excitons, and then the electrons are transferred to oxygen molecules to form superoxide anions. Methylamine, lead iodide, iodine and water are produced by the reaction between superoxide anion and MAPbI3. The iodine is purple, which is the reason that the color of solution changes. The content of benzaldehyde is 0.95% before illumination and 26.9% after illumination when using TiO2 as catalyst indicating that the photocatalytic performance of TiO2 is good. When MAPbI3/TiO2 is used as a catalyst, the content of benzaldehyde before illumination is 0.52% and 4.48% after illumination, which is far lower than TiO2. After the combination of the MAPbI3 and TiO2, the photocatalytic performance is decreased. For the structural features, high-resolution XRD was used to characterize the phase transition between the tetragonal and cubic phase in MAPbI3; (4) MAPbI3 and MAPbI3/TiO2 powders were prepared by the anti-solvent method, and the effect of MAPbI3 on the photocatalytic reactions to oxidize Benzaldehyde and Benzyl alcohol.

Detailed achieved contributions

The main contributions of the thesis work are as follows:

( The dielectric temperature spectrum of the MAPbI3 crystal shows that the material has a dielectric peak at 162 K corresponding to the phase transition from the orthorhombic phase to the tetragonal phase. The dielectric constant changes slightly at 327 K indicates that the phase transition from the tetragonal phase to the cubic phase is not the phase transition of ferroelectric phase to paraelectric phase. According to the Kirkwood-Fröhlich-Onsager theory, the fitting results show that MA + is in anti-parallel arrangement in the orthorhombic phase, and the dielectric constant does not change with temperature. In the tetragonal phase, the anti-parallel arrangement of MA + gradually breaks and shows obvious temperature characteristics. After Cs + doping, the optical band gap of MAPbI3 is changed. According to dielectric temperature spectrum of Cs + doped MAPbI3, it can be found that Cs + doping significantly improves the temperature stability of MAPbI3 and promotes the anti-parallel arrangement of MA + at the same time.

(2) The XRD study of the tetragonal phase to the cubic phase shows that the phase transition from the tetragonal phase to the cubic phase of MAPbI3 occurs at around 59 ℃. There is no obvious difference in the lattice parameters between the heating process and the cooling process indicating that it is the second-order phase transition.

(211) As the characteristic peak of the tetragonal phase, its strength gradually decreases with the increase of temperature, and its strength is related to the rotation angle of the octahedra. The change of rotation angle with temperature indicates that the phase transition is not purely a second-order phase transition. By studying the Ω scan mode, it is found that the single crystal has a pre-phase transition effect near 59 ℃. The Raman results show that there are two vibration peaks of organic groups near the phase transition, indicating that the organic groups may have an influence on the phase transition.

(3) The investigations of the electrostrictive and piezoelectric effects in MAPbI3 single crystals were realized under different electrical poling conditions. The electrostrictive and piezoelectric effect were found to be enhanced after ac poling and dc poling. The large electrostrictive response up to -49.3 nm 2 V -2 were reported after ac poling at 1 Hz. The more defects concentration after ac and dc poling which can be proved by the current-voltage curve and dielectric spectrum can be used to explain the improvement of the electrostrictive effect. The piezoelectric coefficient of non-poled sample is quite smaller than that using PFM which is more reasonable for the lattice distortion induced by the defects in centrosymmetric mate-rial. Meanwhile, the piezoelectric coefficient reaches to 1.6 pm/V after ac poling which may be accounted by the lattice distortion induced by electric field. The different experimental approaches provide a strategy to fine-tune the electrostrictive and piezoelectric effect of MAPbI3

single crystal and expand its potential application in actuators, energy harvesting and integrated microelectromechanical systems.

(4) The ferroelectricity of pellets and film of MAPbI3 synthesized in ambient air are investigated. The P-E hysteresis loops demonstrate that there is no domain switching current which is a typical characteristic of ferroelectricity. But the ferroelectric domains are observed in the film synthesized in ambient air. The dielectric constant as a function of temperature demonstrates that there are the tetragonal to orthorhombic and tetragonal to cubic phase transition. There is no ferroelectricity to paraelectric phase transition. The hysteresis loop of the single crystal is affected by ion migration, and there is no typical hysteresis loop. The single crystal PFM signal indicates that the single crystal has weak ferroelectricity.

(5) MAPbI3 and MAPbI3/TiO2 powders were prepared by the anti-solvent method.

The absorption spectrum shows that 15% MAPbI3/TiO2 has the best light absorption performance, and its band gap is between MAPbI3 and TiO2, indicating that MAPbI3 can expand the light absorption range of TiO2. The SEM topography shows that the particle size of MAPbI3 in MAPbI3/TiO2 is significantly smaller than that of pure MAPbI3. The EDS spectrum shows that the distribution of MAPbI3 and TiO2 is uniform.

The photocatalytic oxidation results indicates that MAPbI3 has a small photocatalytic oxidation effect on benzyl alcohol, and the catalytic oxidation effect is reduced because I -is easily oxidized during the catalytic oxidation process. The catalytic oxidation effect of MAPbI3/TiO2 is much lower than that of TiO2, and the assumption of improving photocatalytic properties of TiO2 by MAPbI3 has not been realized. it is mainly due to the preferential catalytic oxidation of I -by TiO2, which leads to the reduction of the catalytic oxidation efficiency of benzyl alcohol. The above experimental results show that MAPbI3 has a certain catalytic oxidation ability, but the easy decomposition characteristics of MAPbI3 and the easy catalytic oxidation characteristics of MAPbI3 limit its application in photocatalytic oxidation.

Perspective

(1) The research on the dielectric properties of MAPbI3 single crystals is currently only a physical model for analysis, and the relationship between ion migration and dielectric properties of MAPbI3 is initially established. In the future, the change of the dielectric constant under the bias voltage should be investigated and analyze the influence of the bias voltage on ion migration. In addition, the influence of light on ion migration can be investigated by applying light sources with different intensity.

(2) The study on the electrostrictive and piezoelectric properties of MAPbI3 is limited to room temperature. In the future, it may be possible to combine experimental devices with temperature control devices to study the effects of temperature on electrostriction and piezoelectric properties. Since defects have some influence on the electrostriction, it may be possible to study the effect of defects on the crystal structure of MAPbI3 through X-ray fine absorption structure, and then reveal the relationship between defects and electrostriction.

(3) The prospective photocatalytic tests carried out on MAPbI3/TiO2 deserves to be developed with suitable architecture design. We are confident in the efficient photoactivity as it is exploited in photovoltaics. As phototocatalyst, we must ensure a protective role of TiO2 which can be made by suitable coating of MAPbI3. Thus, the hybrid perovskite contributes to the harvesting of the wide solar spectrum along with its protection from degradation. Thus, this approach may pave the way to innovative photocatalyst. The dielectric constant of the three MA-Pb-halides across a wide frequency spectrum [START_REF] Anusca | Dielectric Response: Answer to Many Questions in the Methylammonium Lead Halide Solar Cell Absorbers[END_REF] . deformation under in-plane electric field. Δ H is the detected thickness change by AFM [START_REF] Chen | Large electrostrictive response in lead halide perovskites[END_REF] .......... 18 
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  dispersion. The resulting solution was placed under a 500 W xenon lamp to illuminate the photocatalytic oxidation reaction. After 1 h of illumination, draw 1 ml of the solution with a syringe and filter, and use a gas chromatograph to analyze the content of benzyl alcohol and benzaldehyde. The inlet temperature of the gas chromatograph is 200 ℃, the FID (flame ionization detector) temperature is 250 ℃, and the chromatographic column is an SE-54 capillary column.In the last few years, hybrid perovskites with the chemical formula CH3NH3PbI3(MAPbI3) have attracted more attention owing to their outstanding optoelectronic properties, notably as absorber layers in perovskite solar cells. Suitable band gap, long charge carrier diffusion length, large light absorption, and low electron-hole recombination contribute to the excellent performances of MAPbI3based solar cells. Despite exhaustive reports devoted to hybrid perovskites, several mechanisms are not fully elucidated to account for remarkable behaviors due to ferroelectric, dielectric, or electro-optical properties.
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  seconds at low temperature to milliseconds at room temperature. A such range of values is indicative of a relaxation process associated to space charge distribution at the interfaces of single crystal-electrodes. The thermal variation of τ1 reported in Figure3.3(a) follows an Arrhenius law such as τ(T)=τ0exp(Ea/kT) where τ0, Ea, k represent respectively a proportionality constant, an activation energy and the Boltzmann constant. A crossover occurs in the thermal variation where the activation energy increases abruptly at 273 K from 0.25(5) eV to 0.70(5) eV. This behavior is consistent with the results of the parameter α of the relaxation model and with the static dielectric constant εs(Figure 3.3(b)). Indeed, εs shows a nearly stationary value in the temperature range 193≤T≤273 K where the pure Debye model is relevant with a single relaxation process. This contrasts with the behavior in the temperature range 273≤T≤303 K
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 33 Figure 3.3 (a) Logarithmic variation of the Debye model versus 1000/T. (b) static dielectric constant  s . (c) real part   and (d) the imaginary part   of the electrical conductivity thermally activated in MAPbI 3 single crystal.
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 3 4(a) reports the experimental data along with the simulation curves based on modified Debye model. Thus, 𝜀 ′ is almost stationary up to 1 MHz and exhibits a net decrease at higher frequencies as accounted for by a Debye like relaxation model. The dielectric relaxation in this frequency range originates from
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 3 4(b) reports the temperature evolution of 𝜀 ′′ (𝜔) with the position of the minimum being gradually shifted to higher frequencies with increasing the temperature as it can be expected from the thermal increase of the relaxation frequency related to reorientation of MA + dipoles.
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 34 Figure 3.4. (a)The real part and imaginary part of dielectric constant as a function of frequency recorded at 193 K with the experimental measurements represented by square symbols (black, blue) and the continuous red lines associated with the simulation model of Debye relaxation. (b)
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 3 Figure 3.5(a) and (b) show the real (𝜎 ′ ) and imaginary (𝜎 ′′ ) parts of the complex
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 35 Figure 3.5 (a) Real and (b) imaginary parts of the complex conductivity spectra at different temperatures in the frequency range 0.01 Hz-1 MHz for MAPbI 3 single crystal. The red solid lines are the best fits to the Eqs. (3.6) and (3.7)
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 3 6 (b) shows the inverse temperature dependence of the relaxation time (𝜏 2 ). It should be noted that it has a similar behavior as 𝜎 𝑑𝑐 , the activation energy is a slightly higher than 𝜎 𝑑𝑐 and shows the same tendency. It suggests that ionic conduction and the relaxation process should be ascribed to ionic movements.
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 36 Figure 3.6 Representation of ln(T.σ dc ) vs.1000/T (a) and relaxation time 𝜏 2 . (b) in MAPbI 3 single crystal as deduced from dielectric spectroscopy measurements
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 37 Figure 3.7 Dielectric constant and ac conductivity as a function of frequency at the temperature (a) 193 K and (b) 283 K

  Figure 3.8 (a) and (b) show the real part and imaginary part of the dielectric constant with frequency under illumination and dark conditions. It can be seen that the dielectric constant under illumination in the range of 10 2 Hz-10 5 Hz is larger than the dielectric constant under dark, and it is very close in the range of 10 Hz-10 2 Hz, and the dielectric constant under illumination below 10 Hz is also larger than the dielectric constant under dark. The imaginary part of the dielectric constant as a function of frequency shows similar characteristics as the real part of dielectric constant. To explain this phenomenon, the data was fitted based on the previous formula (3.2), the red line is the fitting result, and the fitting parameters are shown in Table3.3. There is almost no change in ε∞ under illumination, which indicates that illumination has no effect on the orientation of MA + . However, both σ1 and σ2 increase significantly under illumination, from 3.37×10 -7 S/m to 5.44×10 -7 S/m and 1.07×10 -6 S/m to 1.84×10 -6 S/m respectively, which indicates that illumination can not only increase the carrier concentration, but also increase the concentration of localized charges accumulated on the electrode surface. The reason for the increase in localized charges is that illumination can reduce the activation energy of and increase the rate of ion migration.
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 38 Figure 3.8 (a) Real and (b) imaginary parts of the dielectric constant under light and dark condition, the continuous red line corresponds to the best fits from equation (3.2)
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 310 Figure 3.10 Fitting of the MAPbI 3 single crystal dielectric constant to Kirkwood-Fröhlich-Onsager equation over the temperature range for the tetragonal phase
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 33133 Figure 3. 12 (a) Absorbance spectra and (b) band gap of the Cs + doped MAPbI 3
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 314315 Figure 3.14 Temperature dependent dielectric constant of the Cs + doped MAPbI 3

60 powder

 60 in the tetragonal phase (30 ℃) and cubic phase (70 ℃) are shown in Figure 4.1.

  .2, it can be judged that the diffraction peaks at 23.43° and 24.43° at 30 ℃ correspond to the (211) crystal plane and (202) crystal plane of the tetragonal phase, respectively. At 70 ℃, the tetragonal phase transforms into cubic phase, the characteristic peak (211) of the tetragonal phase disappears, and the peak of the tetragonal phase (202) transforms into a (111) peak of cubic phase.
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 41 Figure 4.1 Powder X-ray diffraction pattern of MAPbI 3 for tetragonal phase (30 ℃) and cubic phase (70 ℃)
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 4 Figure 4.2(a), and the (211) peak gradually weakens and disappears as the temperature rises. In order to study the changes of the MAPbI3 lattice parameters during the phase transition, the XRD results were refined using the software MAUD according to the Rietveld method. The refined results at 30 ℃ are shown in Figure 4.2(b). The refined lattice parameters change with temperature as shown in Figure 4.3. The lattice parameter a gradually increases with the temperature, and there is a sudden change around 59 ℃, and then gradually increases again with the temperature rise. The lattice
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 424344 Figure 4.2 (a) Color map of XRD as a function of temperature and (b) Rietveld refinements at 30 ℃ for MAPbI 3
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 4 Figure 4.6 (a) and (b) show the XRD diffraction pattern of (100) plane of MAPbI3 single crystal at room temperature and the variation of (800) plane diffraction intensity with temperature, respectively. From Figure 4.6(b), it can be seen that the position of the diffraction peaks on the (800) plane at 50 ℃-57 ℃ is unchanged, and the intensity of the diffraction peaks around 59 ℃ and 59.5 ℃ decreases significantly. At 60 ℃, there is a sudden change in the position of the peak, which indicates that the lattice parameters have changed significantly at 60 ℃. When the temperature is further increased, the position of the MAPbI3 diffraction peak don't show any noticeable change and suggest that the lattice parameters do not change with the temperature.
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 4 diagram of a high-resolution X-ray diffractometer and various rotation modes. Ω scan refers to the mode in which the sample rotates along the  axis.
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 4 8 shows the diffraction intensity of the (437) plane at different temperatures in the omega scan mode. It can be seen that only one diffraction peak appears at 58 ℃-59 ℃. However, there are three diffraction peaks at 60 ℃ and 60.5 ℃ which merges into one again in the range60.5-62 ℃. This 
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 46 Figure 4.6 MAPbI 3 single crystal (a) XRD pattern of (100) plane at room temperature. (b) the intensity of (800) plane at different temperature

Figure 4 . 7 Figure 4 . 8

 4748 Figure 4.7 (a) HRXRD diffractometer. (b) Illustration of the Euler angles and the angles Ω and 2

Figure 4 . 9

 49 Figure 4.9 (a) A two-dimensional representation of the cubic-phase lattice. (b) A two-dimensional representation of the tetragonal-phase lattice

Figure 4 .

 4 Figure 4.10 Raman Spectroscopy of single crystal at different temperature

  ) was coated with silver electrode. The AC poling is realized by a ferroelectric analyzer (TF2000), and the current-voltage curve during the poling process is measured at the same time, and the poling electric field is 0.2 V/m. The voltage of ac poling as a function of time is shown in Figure 5.1(a). The DC poling is realized by a constant current source, and its voltage as a function of time is shown in Figure 5.1(b), and the poling electric field is 0.2 V/m. The dielectric properties are tested by novocontrol broadband dielectric spectrometer. Electrostriction and piezoelectric effects are measured using laser Doppler interferometer.

Figure 5 . 1

 51 Figure 5.1 The schematic diagram of the (a) AC poling and (b) DC poling

Figure 5 . 2

 52 Figure 5.2 (a)Laser interferometry process and the measured displacement as function of the applied voltage (b) and the excitation frequency (c) in a quartz single crystal.

Figure 5 .

 5 3(a) shows the displacement time-domain signal at 4 kHz. It can be seen that it is a superposition of two sine waves, indicating that electrostriction and piezoelectric effects exist simultaneously. The time domain signal can be transformed into a frequency domain signal by Fourier transform (FFT), and the result is shown inFigure 5.3(b).

Figure 5 . 3

 53 Figure 5.3 (a) Time-domain and (b) frequency-domain displacement signal under 600 V VPP for the sample

Figure 5 . 4 .

 54 Figure 5.4. (a) displacement (both piezoelectricity and electrostriction), (b) displacement (filtering the displacement of piezoelectricity) of MAPbI 3 single crystal with a thickness of 3 mm after ac poling at 1 Hz under ac bias at 4 kHz, (c) displacement as a function of electric field due to the first-order piezoelectricity and second-order electrostriction, the inset diagram is the displacement of electrostriction as a function of the square of electric field.(d)The displacement of electrostriction as a function of frequency

Figure 5 . 5

 55 Figure 5.5 Electrostrictive strain as a function of the square electric field

Figure 5 . 6 Figure 5 . 7

 5657 Figure 5.6 Displacement induced by piezoelectric effect as a function of the applied voltage

Figure 5 . 8 Figure 5 . 9

 5859 Figure 5.8 (a) Current-voltage curve with different frequencies for the ac poled samples, (b) dielectric constant and loss as a function of the frequency without and with (ac, dc) poling

Figure 5 .Figure 5 . 11

 5511 Figure 5.10 (a) Electrostrictive and (b) piezoelectric effect for the samples ac poled at 1 Hz and 100 Hz

MAPbI 3 6. 3 . 1 3 Figure 6 . 1 (

 331361 Figure 6.1 (a) and (b) show the XRD pattern of the powder and film of MAPbI3.

Figure 6 . 1

 61 Figure 6.1 (a) The XRD pattern of the pellets, (b) The XRD pattern of the film

  Figure 6.2 (a), (b) and (c) show the P-E and I-E loops of pellets at the frequency of 10 Hz and at three different voltages of 0.075 kV/cm, 0.15 kV/cm, and 1.5 kV/cm. At the voltages of 0.075 kV/cm and 0.15 kV/cm, they show the mixing behaviors of a resistor and a capacitor. The polarization of samples increases with the increase of voltage. The non-saturating behavior suggests that the ferroelectric properties are not dominant to produce the observed hysteresis. The samples behave more like a linear resistor at the voltages of 1.5 kV/cm. In this case, the leakage current is dominated, and the effect of capacitance is covered by large leakage current.

Figure 6 . 2

 62 Figure 6.2 The P-E and I-E loops of pellets for the frequency of 10 Hz and at three different electric field (a) 0.075 kV/cm, (b) 0.15 kV/cm, (c) 1.5 kV/cm

Figure 6 . 3

 63 Figure 6.3 Dielectric constant and dielectric loss as a function of temperature at the frequency of 10 kHz 100 kHz and 1 MHz for MAPbI 3 pellets

Figure 6 . 4 Figure 6 . 5

 6465 Figure 6.4 The SEM image of MAPbI 3 (a) top-view (b) cross-sectional SEM images

Figure 6 .

 6 6 (a) is a 3×3m 2 AFM image showing the topography of the MAPbI3 thin films. The PFM contrast can be influenced by the topographic artifacts and a flat surface of the sample is needed. The topography shows that the film is compact and flat.

  Figure 6.6 (b) and (c) show the horizontal and vertical PFM imaging. The bright and dark area with the different direction of polarization is observed. This fact didn't result from the roughness of the surface which may lead to the difference in the amplitude even if it is weak probably due to the low level of ferroelectric response. In addition, the amplitude in the plane is stronger than that out of the plane.

Figure 6 . 6 ( 3 )

 663 Figure 6.6 AFM and PFM images of MAPbI 3 thin film (3×3 m 2 ): (a) AFM topography, (b) PFM amplitude in plane, (c) PFM amplitude out of the plane

Figure 6 .

 6 8(b) is the PFM signal in the plane. There are bright and gray area indicating that MAPbI3 single crystal shows a ferroelectricity, but it does not have the common stripe domain structure likesome ferroelectric single crystals.

Figure 6 . 7

 67 Figure 6.7 Hysteresis loops of the MAPbI3 single crystal. (a) P-E loops. (b) I-E loop

Figure 6 . 8 4 Conclusion

 684 Figure 6.8 (a) AFM topography, (b) PFM amplitude in plane of MAPbI 3 single crystal

MAPbI 3 /TiO 2 Figure 7 .

 27 Figure 7.1 shows the XRD of TiO2, MAPbI3 and x MAPbI3/TiO2 (x=5%, 10%, 15%, 20%, 25%) samples. Pure MAPbI3 and MAPbI3/TiO2 composite materials are prepared by the anti-solvent method.

Figure 7 . 1

 71 Figure 7.1 XRD of TiO 2 , MAPbI 3 and MAPbI 3 /TiO 2 between the  range of 10-60°

Figure 7 . 2 2 Figure 7

 7227 Figure 7.2 (a) UV-Vis spectra of MAPbI 3 , TiO 2 , and MAPbI 3 /TiO 2 with (b) the corresponding bandgaps

Figure 7 . 3 Figure 7 . 4 7. 6

 73746 Figure 7.3 The SEM of (a) MAPbI 3 and (b) 15%MAPbI 3 /TiO 2

Figure 7 . 5

 75 Figure 7.5 The peak position of benzyl alcohol and benzaldehyde measured by gas chromatography

Figure 7 .

 7 Figure 7.7 shows the color change of the solution before and after the reaction with MAPbI3/TiO2 as a catalyst. The gray solution before illumination is a result of the mixture of black MAPbI3 and white TiO2. However, after illumination the gray disappears, leaving only white TiO2 and red iodine. This phenomenon indicates that TiO2 will preferentially catalyze and oxidize MAPbI3, that is why the photocatalytic performance of MAPbI3/TiO2 as a catalyst decrease.

Figure 7 . 6 Figure 7 . 7

 7677 Figure 7.6 Color change of solution before (left) and after (right) catalysis with MAPbI 3 as catalyst

  1) the dielectric behavior and electrical conductivity of MAPbI3 single crystal were investigated as function of the frequency in the range [0.01 Hz, 1 MHz] and for the temperatures 193  T 303 K. The giant dielectric constant realized at low frequencies and at high temperatures is induced by the ionic migration which may involve both methylamine MA + cations and iodide I -anions. Additional vacancies are thermally created at high temperatures and the long-range movements of ions will favor their accumulation leading to the space charge density at the interface between the crystal (001) and the Ag electrodes. At intermediate frequencies, hopping of ions is characterized by Debye-like relaxation while at high frequencies the dipole relaxation of MA + has small contribution to the dielectric constant. The present results are used to explain the abnormal dielectric properties which were pointed out in MAPbI3 films with the giant dielectric constant under the light and give exhaustive insights on the process of ionic transport in the hybrid perovskite structure.
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Table 2 . 1

 21 Raw materials used in the experimental process.

	Raw materials	Molecular formula	Specification	Manufacturer
	Methylamine Hydroiodide	CH3NH3I	99%	TCI
	Lead (II) iodide	PbI2	99.9%	Aladdin
	Gamma-butyrolactone	C4H6O2	≥99%	Aladdin
				Sinopharm Chemical
	N,N-Dimethylformamide	C3H7NO	≥99.5	ReagentCo
				Sinopharm Chemical
	Titanium dioxide	TiO2	99.48%	ReagentCo
	Butyronitrile	CH3(CH2)2CN	≥99%	TCI
	Caesium iodide	CsI	99.999%	Aladdin
				Sinopharm Chemical
	Benzyl alcohol	C7H8O	99.5%	ReagentCo

Table 3 . 1 .

 31 Dielectric parameters at various temperatures calculated using equation(3.2) 

	T(K)	𝜀 𝑠	𝜀 ∞	s	𝛼	𝜎 1 (10 -10 S	𝜎 2 (10 -10 S	τ 1 (s)
						/m)	/m)	
								
								
								
								
								
								
								
								
								
								
								
								

Table 3 . 2 .

 32 Simulated parameters 𝜎 𝑑𝑐 , 𝜎 0 , 𝜏, 𝜔 𝑐 , 𝛽, 𝑛 used for the adjustment of conductivity components versus temperature and frequency according to equations(3.6) and(3.7).

	T(K)	𝜎 𝑑𝑐 (S/cm)	𝜎 0 (S/cm)	𝜏	𝜔 𝑐	𝛽	n
	303	1.19ⅹ10 -6	1.23ⅹ10 -8	0.001	1448	0.72	3.09
	293	4.30ⅹ10 -7	9.33ⅹ10 -9	0.0031	952	0.75	2.52
	283	1.61ⅹ10 -7	3.73ⅹ10 -9	0.0096	632	0.76	2.54
	273	4.44ⅹ10 -8	2.20ⅹ10 -9	0.0459	377	0.89	2.60
	263	2.25ⅹ10 -8	8.94ⅹ10 -10	0.0932	254	0.93	2.45
	253	1.38ⅹ10 -8	4.71ⅹ10 -10	0.176	195	1	2.45
	243	8.13ⅹ10 -9	2.11ⅹ10 -10	0.284	144	1	2.40
	233	4.70ⅹ10 -9	1.10ⅹ10 -10	0.472	76.2	1	2.11
	223	2.61ⅹ10 -9	4.85ⅹ10 -11	0.851	49.2	1	1.88
	213	1.42ⅹ10 -9	2.56ⅹ10 -11	1.50	24.7	1	2.01
	203	7.36ⅹ10 -10	2.36ⅹ10 -11	2.66	21.5	1	2.06
	193	3.66ⅹ10 -10	4.33ⅹ10 -11	4.23	16.3	1	1.55

Table 3 . 3

 33 Simulated parameters under light and dark condition according to equation(3.2) 

		𝜀 𝑠	𝜀 ∞	s	𝛼	𝜎 1 (10 -7 S/m) 𝜎 2 (10 -6 S/m)	τ 1 (s)
	dark							
	light							
	3.3.							

6 Dielectric temperature spectrum of MAPbI 3

  

Table 4 . 1

 41 Calculated X-ray diffraction parameters of tetragonal MAPbI 3

	Index	2(°)	d-spacing(Å)	Relative (%)	Multiplicity
	002	13.94	6.34	56	
	110	14.15	6.25	100	
	112	19.92	4.45	9	
	200	20.07	4.42	11	
	211	23.55	3.77	23	16
	202	24.52	3.63	14	
	004	28.09	3.17	42	
	220	28.54	3.12	59	
	213	30.93	2.88	10	16
	114	31.59	2.83	29	
	222	31.89	2.80	22	

Table 4 . 2

 42 Calculated X-ray diffraction parameters of cubic MAPbI 3

	Index	2(°)	d-spacing(Å)	Relative (%)	Multiplicity
	100	14.02	6.31	100	
	110	19.92	4.46	3	
	111	24.46	3.64	14	
	200	28.25	3.15	62	
	210	31.67	2.82	27	
	211	34.78	2.57	10	16
	220	40.38	2.23	16	
	221	42.95	2.10	10	
	300	43.06	2.10	1	
	310	45.40	1.99	0.7	
	311	47.87	1.90	0.1	16
	222	50.00	1.76	11	
	320	52.21	1.75	2	
	321	54.34	1.68	2	16
	400	58.44	1.57	3	

  The pure MAPbI3 exhibits diffraction peaks at 2 of values of 14.39 °, 20.26 °, 23.80 °, 24.81 °, 28.75 °, 32.19 °, 40.75 °, and 43.36 ° corresponding to the (

Table 7 . 1

 71 Comparison of benzyl alcohol and benzaldehyde content before and after catalysis

		blank	blank			
				M	M	T	T	MT	MT
		experiment	experiment			
				(BI)	(AI)	(BI)	(AI)	(BI)	(AI)
		(BI)	(AI)			
	Benzaldehyde	1.54%	3.23%	1.82% 6.24% 0.95% 26.90% 0.52%	4.48%
	Benzyl alcohol	98.46%	96.77% 98.18% 93.76% 99.06% 76.10% 99.48% 95.52%

Table 7 .

 7 1 shows the content of benzyl alcohol and benzaldehyde of the samples after being exposed to light for 1 h. Where M represents pure MAPbI3, T represents TiO2, and MT represents MAPbI3/TiO2. BI represents "before illumination". AI

31.99 2.79