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Introduction

The ever increasing demand for cheap and clean energy sources identifies photovoltaic industry as an important alternative solution. However, nowadays photovoltaic market is dominated by solar cells made of semiconductors. This industry is currently facing its fundamental limit of efficiency for single bandgap architecture. Therefore developing new PV cells paradigms and materials becomes an important and timely research challenge. Ferroelectric materials are interesting candidates for future PV applications due to their potential to overcome the fundamental limits of conventional single bandgap semiconductor-based solar cells. Although the photovoltaic effect in ferroelectrics was firstly demonstrated by Chynoweth [1] 

Organization of manuscript

This manuscript consists of 7 chapters listed below with concluding remarks, followed by the general conclusions summarizing the obtained results and discussion of potential perspectives.

Chapter 1 gives a brief photovoltaic materials overview with a focus on electrically polar compounds in bulk and thin film forms. Additionally, it introduces the new family of ferroelectric materials that possesses photovoltaic properties even being undoped.

Chapter 2 describes the sample origin and different experimental measurement techniques using which the experimental results described in this manuscript were obtained.

Chapter 3 gives insight into the photopolarization and photovoltage dependence on the ferroelectric state (and history of its change).

In Chapter 4 the light intensity dependence of PV effect is discussed and a fascinating photoexcited charge carriers dynamics is revealed.

Chapter 5 shows the temperature dependence of photopolarization/photovoltage in the studied compounds of PMN-PT family.

In Chapter 6 the mechanical stress is reported as one of a key parameters influencing the photovoltaic properties of PMN-PT30% and PMN-PT32% crystals.

The Chapter 7 provides general conclusions and illustrates some perspectives for using the reported effects even beyond photovoltaics.

Chapter 1

Photovoltaic effect in polar materials

Overview

The acentric crystalline structure in semi-insulating or insulating polar materials induces an intrinsic electric field comparable with that existing in the p-n junction region of semiconductor-based solar cells. Subsequently, the electrically polar materials with photovoltaic properties gain renewed attention with regard to photovoltaics [START_REF] Grinberg | Perovskite oxides for visible-light-absorbing ferroelectric and photovoltaic materials[END_REF][START_REF] Inoue | Giant photovoltaic effect of ferroelectric domain walls in perovskite single crystals[END_REF][START_REF] Lopez-Varo | Physical aspects of ferroelectric semiconductors for photovoltaic solar energy conversion[END_REF][START_REF] Spanier | Power conversion efficiency exceeding the shockley-queisser limit in a ferroelectric insulator[END_REF][START_REF] Matsuo | Gap-state engineering of visiblelight-active ferroelectrics for photovoltaic applications[END_REF][START_REF] Pérez-Tomás | Metal Oxides in Photovoltaics: All-Oxide, Ferroic, and Perovskite Solar Cells[END_REF] and other attractive multifunctionalities [START_REF] Kundys | Light-induced size changes in BiF eO 3 crystals[END_REF][START_REF] Kreisel | A photoferroelectric material is more than the sum of its parts[END_REF][START_REF] Iurchuk | Optical writing of magnetic properties by remanent photostriction[END_REF][START_REF] Manz | Reversible optical switching of antiferromagnetism in T bM nO 3[END_REF][START_REF] Mettout | Theory of the photovoltaic and photo-magneto-electric effects in multiferroic materials[END_REF][START_REF] Rubio-Marcos | Reversible optical control of macroscopic polarization in ferroelectrics[END_REF][START_REF] Dejneka | Elasto-optic behaviour in epitaxial films of perovskite oxide ferroelectrics[END_REF]. The field of PV in FE was rejuvenated after the discovery of the photovoltaic effect in the multiferroic BiF eO 3 [2,[START_REF] Yi | Mechanism of the switchable photovoltaic effect in ferroelectric BiF eO 3[END_REF], resulting in the revival of ferroelectric-based photovoltaic operation and related materials [START_REF] Grinberg | Perovskite oxides for visible-light-absorbing ferroelectric and photovoltaic materials[END_REF][START_REF] Lopez-Varo | Physical aspects of ferroelectric semiconductors for photovoltaic solar energy conversion[END_REF][START_REF] Butler | Ferroelectric materials for solar energy conversion: photoferroics revisited[END_REF][START_REF] Paillard | Photovoltaics with ferroelectrics: current status and beyond[END_REF]. Based on recent progress in photovoltaic efficiency of Bi 2 F eCrO 6 films [START_REF] Nechache | Bandgap tuning of multiferroic oxide solar cells[END_REF], ferroelectric cells might become competitors for conventional photovoltaics in the near future. In this respect, better insight into photo-induced changes of electrical properties over a wide range of temperatures and electric fields would be helpful. Such a study, however, requires high-quality crystals that are free from the surface/interface effects occurring in thin films [START_REF] Calzada | Interfacial phases and electrical characteristics of ferroelectric strontium bismuth tantalate films on P t/T iO 2 and T i/P t/T i heterostructure electrodes[END_REF] and grain size dependence occurring in ceramics [START_REF] Takagi | Ferroelectric and photostrictive properties of fine-grained plzt ceramics derived from mechanical alloying[END_REF].

This task is challenging because, the total number of currently known photovoltaicferroelectric compounds is well below 40 [START_REF] Grinberg | Perovskite oxides for visible-light-absorbing ferroelectric and photovoltaic materials[END_REF][START_REF] Lopez-Varo | Physical aspects of ferroelectric semiconductors for photovoltaic solar energy conversion[END_REF][START_REF] Butler | Ferroelectric materials for solar energy conversion: photoferroics revisited[END_REF][START_REF] Paillard | Photovoltaics with ferroelectrics: current status and beyond[END_REF]. In that respect finding new PV compound among inexpensive single crystals would be beneficial from the both fundamental and application viewpoints.

The ferroelectric material is one that exhibits a spontaneous dipole moment (polarization) electrically switchable with 180 • . The spontaneous polarization, however occurs in the absence of the external electric field as the centres of positive and negative charges doesn't coincide. From the symmetry point of view this is only possible when such a crystal lacks the inversion centre (distinctive feature of polar groups).

Hierarchically, all crystals can be classified as showed in Fig. 1.1. There are 32 crystal classes and only 20 + 1 among them lack a centre of symmetry.

All ferroelectrics are also piezoelectrics, but the opposite is not always true (like in a case of quartz). This class of materials is further divided into two: half of them that also posses the pyroelectric properties (have a unique polar direction) and half that don't. From the hierarchy overview (Fig. 1.1) all ferroelectrics also posses the pyroelectric properties (but with ability of polarization inversion by external electric field) and many of them are used in this context (historically they were viewed as such): abundant of research papers and proceedings are dedicated to the discovery of new pyroelectric materials, performance optimization and their usage as sensors for motion and flame detection. Besides FE memories, insulating ferroelectrics have also been used for years in capacitor fabrication due to the miniaturization possibility (higher the ε is -smaller the capacitor thickness can be) and only recently they started to be considered as a promising photovoltaic candidates. 
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For the photovoltaic effect a lack of inversion centre becomes also crucial. As it is one of the necessary conditions that guarantees that newly generated charges will not recombine. Chynoweth [1] was the first one who demonstrated the presence of a photovoltaic effect in non-centrosymmetric BTO crystals (see Fig. and current dynamics under single light pulse (right). Originals taken from [1]. Two years later it was observed in CdT e [START_REF] Pensak | High-voltage photovoltaic effect[END_REF][START_REF] Goldstein | Properties of photovoltaic films of CdTe[END_REF] films and ZnS single crystals [START_REF] Ellis | Photovoltages larger than the band gap in zinc sulfide crystals[END_REF].

Later, the bandgap-exceeding photovoltages were firstly measured by Lempicki[27] in ZnS single crystals. This is where the term "anomalous photovoltaic effect" originates. Extensive studies were conducted on ferroelectric SbSI [START_REF] Nitsche | Photoconduction in ternary V -V I -V II compounds[END_REF][START_REF] Kern | An electro-optical and electromechanical effect in SbSI[END_REF][START_REF] Fatuzzo | Ferroelectricity in SbSI[END_REF][START_REF] Fridkin | Photoconductivity in ferroelectrics[END_REF] in view of its photovoltaic properties. Then Chen et al. [START_REF] Chen | Optically induced change of refractive indices in LiN bO 3 and LiT aO 3[END_REF] observed the PV response in lithium niobate crystals (LNO), see Fig. 1.3.

Later, Brody et al. [START_REF] Brody | Large polarization-dependent photovoltages in ceramic BaT iO 3 + 5 wt.% CaT iO 3[END_REF] showed that photovoltages in doped BTO are proportional to the length of crystal, to its remanent polarization and exist only below Curie temperature while decreasing linearly with heating. Later, Glass et al. [START_REF] Glass | High-voltage bulk photovoltaic effect and the photorefractive process in LiN bO 3[END_REF] reported the above-bandgap photovoltage in ferroelectric LNO (doped, single crystal) and termed it as a "bulk photovoltaic effect" due to its anisotropy and intrinsic origin. Just after that Brody et al. [START_REF] Brody | Mechanism for high-voltage photovoltaic effect in ceramic ferroelectrics[END_REF][START_REF] Brody | High voltage photovoltaic effect in barium titanate and lead titanatelead zirconate ceramics[END_REF] showed the grain-size dependence of a PV effect in doped BTO and PZT ceramics as well as the role of temperature, light intensity and wavelength. Top left image represents the illumination geometry. Originals taken from [START_REF] Brody | High voltage photovoltaic effect in barium titanate and lead titanatelead zirconate ceramics[END_REF].

Two years later, Fridkin et al. [START_REF] Fridkin | Temperature and spectral dependencies of photovoltaic current in ferroelectrics[END_REF][START_REF] Fridkin | The possible mechanism for the bulk photovoltaic effect and optical damage in ferroelectrics[END_REF][START_REF] Fridkin | Temperature and spectral dependence of the photovoltaic current in ferroelectrics[END_REF] and on deep (2) levels) in n-type ferroelectric crystal (theoretical investigation discussed in [START_REF] Fridkin | Temperature and spectral dependencies of photovoltaic current in ferroelectrics[END_REF], original image taken from there). Furthermore, the authors showed [START_REF] Fridkin | Effect of anomalous bulk photovoltage in ferroelectrics[END_REF][START_REF] Fridkin | Anomalously high photovoltages in ferroelectric semiconductors[END_REF] that the effect of optical damage can lead to the anomalous photovoltaic effect. Then authors suggested the existence of the APVE in P bT iO 3 (PT) [START_REF] Fridkin | The photoconductivity and photovoltaic effect in P bT iO 3[END_REF]. Later, Brody [START_REF] Brody | Semiconductor-ferroelectric nonvolatile memory using anomalous high photovoltages in ferroelectric ceramics[END_REF] suggested a nonvolatile memory device based on this effect. Since then photovoltaic effect have been reported in other nonorganic materials [START_REF] Esayan | Photovoltaic effect in ferroelectric P B 5 Ge 3 O 11[END_REF][START_REF] Volk | X-ray induced metastable photovoltaic centers in ferroelectrics[END_REF][START_REF] Inoue | Photoassisted water decomposition by ferroelectric lead zirconate titanate ceramics with anomalous photovoltaic effects[END_REF][START_REF] Kristoffel | Coherent photovoltaic currents in ferroelectrics[END_REF][START_REF] Inoue | Photovoltaic and photocatalytic behaviour of a ferroelectric semiconductor, lead strontium zirconate titanate, with a polarization axis perpendicular to the surface[END_REF][START_REF] Malinovsky | The connection between photovoltaic and photorefractive effects and the local properties of ferroelectrics[END_REF][START_REF] Dubovik | The bulk photovoltaic effect in ferroelectric P b(Zr, T i)O -3 thin films[END_REF][START_REF] Chu | Bulk photovoltaic effect for the linearly polarized light in P b(Zn 1/3 N b 2/3 )O 3 single crystals[END_REF], polymers [START_REF] Fridkin | Pyroelectric and photovoltaic effects in the ferroelectric polymer P V F 2 as fundamentals of electrophotographic process[END_REF][START_REF] Verkhovskaya | Photoconductivity and bulk photovoltaic effect in the polymer ferroelectric PVDF[END_REF][START_REF] Mao | Photovoltaic optically addressed spatial light modulator[END_REF][START_REF] Bune | Photochromic gratings in the optically sensitized ferroelectric copolymer[END_REF] and theoretical models were discussed [START_REF] Kraut | Anomalous bulk photovoltaic effect in ferroelectrics: A quadratic response theory[END_REF][START_REF] Belinicher | The photogalvanic effect in media lacking a center of symmetry[END_REF][START_REF] Baltz | Theory of the bulk photovoltaic effect in pure crystals[END_REF][START_REF] Elguibaly | Models for the bulk photovoltaic effect in ferroelectric-crystals[END_REF][START_REF] Bune | Photoelectric properties of the ferroelectric polymer pvdf[END_REF][START_REF] Sturman | Dynamic holography effects in ferroelectrics induced by spatially oscillating photovoltaic currents[END_REF][START_REF] Tonooka | Mechanism of the bulk photovoltaic effect of ferroelectrics[END_REF][START_REF] Fridkin | Bulk photovoltaic effect in noncentrosymmetric crystals[END_REF][START_REF] Fridkin | Boltzmann principle violation and bulk photovoltaic effect in a crystal without symmetry center[END_REF]. Nonaka et al. [START_REF] Nonaka | Enhanced photovoltaic response in lead lanthanum zirconate-titanate ceramics with a-site deficient composition for photostrictor application[END_REF] seeking of improvements to the existing photostrictive * materials for precise actuators, demonstrated that the lead lanthanum zirconate-titanate (PLZT) is a promising candidate due to its good piezoelectricity. Moreover, they showed an interesting light intensity dependence of photocurrent and photovoltage (Fig. 1.6).

Then Grekov et al. [START_REF] Grekov | Structural change of the ferroelectric-semiconductor at excitation of electronic subsystem and photovoltaic effect[END_REF] developed a theory explaining the important role of localized states (especially near Tc with a lot of defects/impurities) in ferroelectric semiconductor crystals influencing its photovoltaic properties. They showed that Curie temperature could be modified by light of proper wavelength and photocurrent could enhance close to the ferroelectric → paraelectric transition. One year later, Cho et al. [START_REF] Cho | Photovoltaic effect of Sn 2 P 2 S 6 ferroelectric crystal and ceramics[END_REF] observed the photovoltaic effect in Sn 2 P 2 S 6 (in ceramic and crystal forms) under the infrared illumination. * Photostriction -generation of strain in illuminated sample. It is a combination of photovoltaic and piezoelectric effects. Photo-generated electric field (photovoltaic effect) acts just like external To this moment PZT becomes a classical FE-photovoltaic material and its characterization continues for sol-gel prepared films by Kholkin et al. [START_REF] Kholkin | Photoelectric evaluation of polarization and internal field in pzt thin films[END_REF]. Authors discovered the fast photocurrent dynamics caused by UV pulses irradiation and attributed it to the BPVE in this compound. Then Watanabe et al [START_REF] Watanabe | Photoresponse of zener tunneling junctions of P b(T i, Zr)O 3 /SrT iO 3 at low temperature[END_REF] demonstrated the non-linear behaviour of PV effect in PZT/STO epitaxial films. Later, Kim et al. [START_REF] Kim | Effects of grain size and doping on photovoltaic current in (P b 1-x La x )T iO 3 ferroelectric ceramics[END_REF] discussed the grain size and doping dependence of photocurrent in lead lanthanum titanate (PLT) ceramics. Authors introduced an explanation based on formation of the electro-potential barrier (created by trapped on grain boundaries photo-excited electrons) that impedes the movement of other excited electrons. And showed the existence of a critical grain size that maximises the photovoltaic current. Yao et al. [START_REF] Yao | Large photo-induced voltage in a ferroelectric thin film with in-plane polarization[END_REF] showed that large V oc can be obtained from poled W O 3 -doped PLZT thin film under UV illumination. Results suggest that both photovoltage polarity and magnitude depend on the poling field, as well as bandgap illumination wavelength drastically improves the PV efficiency (such configuration can be used as an UV detector, as was demonstrated by Gan et al. [START_REF] Gan | An ultraviolet (uv) detector using a ferroelectric thin film with in-plane polarization[END_REF]).

The same is also true for the photocurrent in epitaxial [START_REF] Pintilie | Short-circuit photocurrent in epitaxial lead zirconate-titanate thin films[END_REF] and polycrystalline [START_REF] Delimova | Photovoltaic effect based on polarization charge in polycrystalline P b(ZrT i)O 3 film[END_REF] PZT films. Ichiki et al. [START_REF] Ichiki | Preparation of ferroelectric ceramics in a film structure and their photovoltaic properties[END_REF] studied a new layered structure and showed that photocurrent in PLZT can be improved by 2 orders in its magnitude compared to one in bulk. That current is proportional to the illumination area. Later, it was showed [START_REF] Qin | Thickness effects on photoinduced current in ferroelectric (P b 0.97 La 0.03 )(Zr 0.52 T i 0.48 )O 3 thin films[END_REF][START_REF] Qin | High efficient photovoltaics in nanoscaled ferroelectric thin films[END_REF][START_REF] Qin | Photovoltaic characteristics in polycrystalline and epitaxial (P b 0.97 La 0.03 )(Zr 0.52 T i 0.48 )O 3 ferroelectric thin films sandwiched between different top and bottom electrodes[END_REF] that this current depends on film thickness: increases exponentially with decrease in thickness electric field applied to piezoelectric sample.

till the critical point (< 10 nm), where the ferroelectricity vanishes. Moreover, the photovoltage depends on the film thickness [START_REF] Qin | Photovoltaic characteristics in polycrystalline and epitaxial (P b 0.97 La 0.03 )(Zr 0.52 T i 0.48 )O 3 ferroelectric thin films sandwiched between different top and bottom electrodes[END_REF] and PV conversion efficiency becomes more important at low light intensities. It was found in [START_REF] Qin | Stability and magnitude of photovoltage in ferroelectric (P b 0.97 La 0.03 )(Zr 0.52 T i 0.48 )O 3 thin films in multicycle uv light illumination[END_REF] that trapping and polarization screening by photo-excited charges, as well as asymmetric Schottky barriers at the film-electrode interfaces are responsible for photovoltage degradation in this compound under multi-cycle illumination. Later, it was showed by Bogomolov et al [START_REF] Bogomolov | Temperature behavior of the photovoltaic and pyroelectric responses of Sn 2 P 2 S 6 semiconductor ferroelectric films[END_REF] that the photocurrent in Sn 2 P 2 S 6 semiconductor ferroelectric films consists of both the unsteady (attributed to pyroelectric effect) and quasi-steady (photovoltaic) components. Each of those has its own temperature dependence: one is decreasing, the other -increasing (and reaches its maximum near the Tc) during heating. A new leap of research started from the discovery of the photovoltaic effect in multiferroic BFO by Choi et al. [2] and Yang et al. [START_REF] Yang | Photovoltaic effects in BiF eO 3[END_REF] in 2009. Soon, the above-bandgap photovoltage was reported [START_REF] Yang | Above-bandgap voltages from ferroelectric photovoltaic devices[END_REF] for thin films of this compound. The PV properties were then extensively studied in epitaxial films [START_REF] Ji | Bulk photovoltaic effect at visible wavelength in epitaxial ferroelectric BiF eO 3 thin films[END_REF][START_REF] Yang | Bulk photovoltaic effect in monodomain BiF eO 3 thin films[END_REF][START_REF] Li | Nanoscale excitonic photovoltaic mechanism in ferroelectric BiF eO 3 thin films[END_REF], in transition metal modified polycrystalline films [START_REF] Puli | Photovoltaic effect in transition metal modified polycrystalline BiF eO 3 thin films[END_REF], in a sol-gel fabricated nanofiber [START_REF] Fei | Electrospun bismuth ferrite nanofibers for potential applications in ferroelectric photovoltaic devices[END_REF], in BTO/BFO [START_REF] Zhang | Photovoltaic effect of a bilayer film with Bi 4 T i 3 O 12 /BiF eO 3 heterostructure[END_REF] and BFO/LSMO/PMN-PT [START_REF] Zhang | Piezostrain-enhanced photovoltaic effects in BiF eO 3 /La 0[END_REF] heterostructures. A new trend in the research now is the lead-free [START_REF] Chakrabartty | Photovoltaic effect in multiphase Bi-M n-O thin films[END_REF][START_REF] Chen | Enhanced photovoltaic effect in fe-doped (Bi, N a)T iO 3 -BaT iO 3 ferroelectric ceramics[END_REF][START_REF] Wang | Effect of top electrodes and light sources on photovoltaic properties of polycrystalline Bi 4 T i 3 O 12 film[END_REF][START_REF] Silva | Light controlled resistive switching and photovoltaic effects in ferroelectric 0.5Ba(Zr 0.2 T i 0.8 )O 3 -0.5(Ba 0.7 Ca 0.3 )T iO 3 thin films[END_REF][START_REF] Xiao | Design for highly piezoelectric and visible/near-infrared photoresponsive perovskite oxides[END_REF][START_REF] Li | Region-dependent and stable ferroelectric photovoltaic effect driven by novel in-plane self-polarization in narrow-bandgap Bi 2 F eM o 0.7 N i 0.3 O 6 thin film[END_REF][START_REF] Bihari Swain | Large bulk photovoltaic response by symmetry-breaking structural transformation in ferroelectric[END_REF][START_REF] He | Ferroelectric, photoelectric, and photovoltaic performance of silver niobate ceramics[END_REF][START_REF] Knoche | Domain and switching control of the bulk photovoltaic effect in epitaxial BiF eO 3 thin films[END_REF][START_REF] Zhu | Effect of regulation of defect ion on ferroelectric photovoltaic characteristics of BiF eO 3 -BaT iO 3 based perovskite materials[END_REF][START_REF] Jalaja | Optically controlled polarization, photovoltaic and switchable diode behavior in multifunctional KBiF e 2 O 5 composite film[END_REF] The state of the art and emergent nature of the field is very well illustrated by the † From the simulation ‡ Max efficiency § IQE ¶ FE thin film under compressive (substrate-induced) strain FE thin film under tensile (substrate-induced) strain * * PCE close to the average one of 5 samples † † FE thin film prepared by magnetron sputtering ‡ ‡ FE thin film prepared by pulsed laser deposition § § Electron transport layer ¶ ¶ (K,Bi)(Nb,Yb)O 3 * * * Graphene 29 abundance of recent review papers on photovoltaic properties in the electrically polar materials [START_REF] Grinberg | Perovskite oxides for visible-light-absorbing ferroelectric and photovoltaic materials[END_REF][START_REF] Lopez-Varo | Physical aspects of ferroelectric semiconductors for photovoltaic solar energy conversion[END_REF][START_REF] Mettout | Theory of the photovoltaic and photo-magneto-electric effects in multiferroic materials[END_REF][START_REF] Paillard | Photovoltaics with ferroelectrics: current status and beyond[END_REF]. From the literature overview several conclusions could be made at the time of undertaking of this PhD program, as follows:

1. The number of known PV electrically polar materials is low, although the effect can theoretically exist in any acentric (polar) material [START_REF] Baltz | Theory of the bulk photovoltaic effect in pure crystals[END_REF].

2. There is a possibility to tune photovoltaic effect using electric field, but its mechanism is not enough clear. Although some articles reported electric field poling dependence [START_REF] Park | Ferroelectric photocurrent effect in polycrystalline lead-free (K 0.5 N a 0.5 )(M n 0.005 N b 0.995 )O 3 thin film[END_REF][START_REF] Pintilie | Interface controlled photovoltaic effect in epitaxial P b(Zr, T i)O 3 films with tetragonal structure[END_REF] of the PV effect, its clear hysteretic nature was established only recently [START_REF] Makhort | Photovoltaic effect and photopolarization in P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal[END_REF][START_REF] Quattropani | Tuning photovoltaic response in Bi 2 F eCrO 6 films by ferroelectric poling[END_REF].

3. Although the domain walls were known to modify PV response [START_REF] Yang | Above-bandgap voltages from ferroelectric photovoltaic devices[END_REF][START_REF] Seidel | Efficient photovoltaic current generation at ferroelectric domain walls[END_REF][START_REF] Young | First-principles calculation of the bulk photovoltaic effect in bismuth ferrite[END_REF][START_REF] Bhatnagar | Role of domain walls in the abnormal photovoltaic effect in BiF eO 3[END_REF][START_REF] Blouzon | Photovoltaic response around a unique 180 • ferroelectric domain wall in single-crystalline BiFeo 3[END_REF] the mechanism was not clear. I'm convinced that the reported results on the hysteresis nature of the PV effect contribute to the clarification of this issue [START_REF] Makhort | Photovoltaic effect and photopolarization in P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal[END_REF][START_REF] Quattropani | Tuning photovoltaic response in Bi 2 F eCrO 6 films by ferroelectric poling[END_REF].

4. The photovoltaic effect can be also tuned by extrinsic parameters (defects, electrodes, surface/interface effects) [START_REF] Pintilie | Interface controlled photovoltaic effect in epitaxial P b(Zr, T i)O 3 films with tetragonal structure[END_REF]. So this should be taken into account and light illumination via semitransparent electrode should be avoided in the geometry of the experiment as it can lead to additional charge injection [START_REF] Williams | Photoemission in the photovoltaic effect in cadmium sulfide crystals[END_REF].

5. The photovoltaic properties can also depend on strain and temperature [START_REF] Makhort | Photovoltaic effect and photopolarization in P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal[END_REF] in these materials.

highly suggested the tunability of the PV response in FE and very interesting physics behind. This thesis contributes significantly to the state of the art in this field of research both directly and indirectly. The direct contribution may be determined via the two new photovoltaic compounds discovery and by evidencing a hysteretic nature of photoresponse as well as by its temperature and pressure dependences. The indirect contribution can be determined via finding non trivial light intensity dependence of the PV effect leading to the remanent effects and suggesting a presence of recombination centres generally unfavourable for PV but offering interesting application possibilities for memories and beyond (see Chapter 7).

The P b[(M g

1/3 N b 2/3 ) 1-x T i x ]O 3

compounds as new photovoltaic candidates

The usage of ferroelectric materials with multiferroic orders offers the additional possibilities of tuning their photovoltaic effect. That's why after the discovery of the photovoltaicity in BFO [2,[START_REF] Yi | Mechanism of the switchable photovoltaic effect in ferroelectric BiF eO 3[END_REF][START_REF] Yang | Photovoltaic effects in BiF eO 3[END_REF] the ferroelectric materials re-gained so much attention [START_REF] Grinberg | Perovskite oxides for visible-light-absorbing ferroelectric and photovoltaic materials[END_REF][START_REF] Lopez-Varo | Physical aspects of ferroelectric semiconductors for photovoltaic solar energy conversion[END_REF][START_REF] Iurchuk | Optical writing of magnetic properties by remanent photostriction[END_REF][START_REF] Butler | Ferroelectric materials for solar energy conversion: photoferroics revisited[END_REF][START_REF] Paillard | Photovoltaics with ferroelectrics: current status and beyond[END_REF][START_REF] Hung | Photovoltaic phenomena in BiF eO 3 multiferroic ceramics[END_REF]. In a seek of sorting-out most of the extrinsic contributions (surface/interface effects, grain-size dependence in ceramics, and so on) the samples in form of single crystals are preferable for performing the fundamental research. Unfortunately, the preparation of most attractive BFO crystals requires special procedures to grow the high-quality single crystals making it rarely available for a reasonable price and thus limiting its commercial usage. In this research the alternative model material is introduced.

The parent compound to the system of interest is the lead titanate, P bT iO 3 (or PT), which represents the "normal" ferroelectrics -ones that are characterized by a sharp phase transition (in dielectric permittivity versus temperature measurements) to paraelectric state while heating. This abrupt transition (see Fig. 1.7(a)) manifests the lower crystalline symmetry change to higher one (cubic) with the dielectric permittivity that satisfies the Curie-Weiss law:

ε r = C T -T c (1.1)
In contrast to that, relaxor ferroelectric PMN (lead magnesium niobate) doesn't have a precisely defined transition temperature due to the broad peak (in this case temperature T max is identified by the peak's maximum), which additionally is not always reflecting the structural phase transition and dielectric permittivity is frequency dependent (see Fig. 1.7(b)). In this material the local polar regions exist even above T max . Properties of both these types of ferroelectrics can be combined into PMN-PT solid solution system.

In this case the PMN-PT, starting from 30% and above of PT concentration, behaves like a "normal" ferroelectric. The unit cell of such composition (in rhombohedral phase) is shown in Fig. 1.8. The most common ways of structural modification are the vacancy introduction (vacancy defect), atom substitution and impurity addition (doping). Such modifications make an important contribution to the sample's polarization through the interfacial/space charge polarization mechanism (see Chapter 2). The free charge carriers (existing in material or photo-excited) migrate within the FE under its internal electric field. Some of them may be trapped by defects (vacancy, dislocation, impurity centre or grain boundary in ceramics) creating a localized charge accumulation which might lead to the increasing of dipolar moment. This in turn could be used to tune the material's properties, like photovoltaicity and piezoelectricity. phase boundary region, where different crystalline phases are stabilized in a delicate balance giving a possibility to exploit this sensitive to external stimuli state (as a result -widening the tuning potential and efficiency).

As was already mentioned, the MPB represents the keen interest among scientists, so the reasonable action was to choose the 32% composition as it is right in the middle of this region, commercially available and its photovoltaic properties haven't been studied yet. Driven by success [START_REF] Makhort | Photovoltaic effect and photopolarization in P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal[END_REF] with this composition and by necessity of improvement and tunability of the PV effects the next step was to take the 30% composition.

This choice was motivated by its particular position in the phase diagram (Fig. 1.9

and Fig. 1.11) where subtle balance between thermodynamically equivalent phases is taking place. Moreover keeping in mind that the piezoelectricity and photovoltaicity can be closely coupled [START_REF] Mitra | Piezophotovoltaic coupling in CdS -based thin-film photovoltaics[END_REF] the improvement in one could modify the other. Therefore, moving towards the edge of the MPB can amplify additional degree to tune the PV properties. to their commercial value the detailed procedure of crystal growth is not available.

Therefore we decided to verify their content before measurements. To this end the exact composition of PMN-PT compounds was investigated by the energy-dispersive X-ray spectroscopy. The sample was covered by a thin carbon film to make the surface conductive. The scan was performed under the electron beam accelerating voltage of 15 kV and take-off angle of 30 • . The EDS spectrum confirmed an absence of significant amount of impurities and the exact content of each compound was found to be in correspondence with the data of supplier.

Impedance spectroscopy

Impedance spectroscopy is an electrical method of measuring dielectric properties of material as a function of excitation signal (AC voltage) frequency -frequency sweeps.

As this externally applied AC electric field interacts with the material's intrinsic charges (electrons, ions, polar molecules) and so with dipoles -the overall ferroelectric polarization (dipole orientation and interactions, free/surface/interface charges) changes modify the resulting impedance: its magnitude reflects carriers concentration and its angle (phase shift -time delay between excitation and response) characterizes the intrinsic properties (mobility). As it will be shown later it is a particularly useful method to "take an electrical picture" of the sample before and after excitation. The related electrical ground state naturally depends on the "electric building blocks' of the sample"

i.e. FE domains and free charges can be verified on demand by using the impedance spectroscopy after each excitation (see Fig. 2.3).

The LCR meters are the measuring instruments that can measure an impedance of a sample. Impedance (also expressed as Z) indicates resistance to the flow of an AC current I. It can be calculated from this current I flowing through the sample and the voltage V across the sample's contacts. This type of a physical property often expressed as a vector on a complex plane (Figure 2.1), so using this approach the LCR meters measure not only the ratio of the RMS values (of current and voltage), but also the phase difference between current and voltage waveforms (see Figure 2.2):

Z = Ṽ Ĩ = Ṽ e jϕv Ĩ e jϕ i = R + jX = R + j • 2πf L, ( 2.1) 
where R is a resistance, X -reactance, f -test frequency, L -inductance.

From this complex impedance the different intrinsic parameters can be calculated, like sample's capacitance, dielectric permittivity ε (knowing the sample's shape and dimensions) and resistance:

D = 1 2πf C p R p (2.2) Q = 1 D = |X| R (2.3)
where D is a dissipation factor and Q -quality factor, C p -parallel capacitance and R p -parallel resistance. While applying the external electric field E across the sample, its charges will try to reduce (screen) this field and will develop an electric displacement D expressed as:

D = ε 0 E + P , (2.4) 
where P is the material's intrinsic polarization. It can be expressed as a an expansion of arbitrary order (approximation depends on the material's type, frequency and magnitude of the external electric field):

P i = ε 0 3 j=1 αij E j + ε 0 3 j,k=1 βijk E j E k + ε 0 3 j,k,l=1 χijkl E j E k E l + . . . , (2.5) 
where α is the second-and β -third-and χ -fourth-rank polarizability tensors. If we consider the linear approximation then only the first term in this sum is non-zero, so the corresponding electric displacement becomes:

D = ε 0 (1 + α) E = ε E, (2.6)
where ε is the dielectric constant of a bulk material. Its magnitude depends on the charges' response time -how fast enough they can move to remain synchronized with the external field changes. The heavier these charges become -the more time is needed. So the polarizability can be expressed as:

α = αe + αi + αd + αs , ( 2.7) 
and so do dielectric constant:

ε = ε 0 + εe + εi + εd + εs (2.8)
This expression is accounting for the 4 following mechanisms (sorted in descending order by their response time to external electric field change):

• electronic density redistribution (contributes to αe );

• displacement of ions/bond stretching (α i );

• alignment of dipoles/reorientation of polar molecules (α d );

• long range charge migration → space and interfacial charges (α s ).

The last two are of a particular interest as dipole reorientation modifies the FE domain structure and free charge carriers migrations are altering by the presence of defects: lattice vacancies, dislocations, impurity centres (doping contributions), grain boundaries (especially in ceramics) and others. So this is a powerful method that allows to keep track of FE domain modifications, overall defects concentration and sample's integrity changes caused by poling procedures and light illumination. The initially present poly-domain structure in a sample with spontaneous polarization state is clearly represented in Fig. 2.3 (black) and disappears after poling +P R (green) and -P R (blue). The "noise" in the low frequency region for depolarized sample testifies for the domains contribution that is slower in electric response and disappears after FE saturation. In contrast, the high frequency peaks appear for saturated sample are the signature of FE dipoles ordering, since FE dipoles are able to respond faster to external AC electric fields. Such measurements can therefore be used to verify if electric response of the sample has been modified before or after excitation. This is particularly useful for FE ground sate verification as minimal invasive technique.

All the capacitance, resistance and dielectric permittivity measurements in this work were performed using the Agilent E4980a LCR meter with the pseudo four-probe technique (see Fig. 2.4). A keen selection of a signal frequency defines the signal-tonoise ratio: the larger it is -the higher becomes this ratio. The same time, frequencies in audio range (usually 1 kHz and below) manifest the interfacial effects (also keeping in mind that AC lines have 50/60 Hz) as well as at too high frequencies (> 20 MHz) are highly attenuating in dipolar interactions. From these considerations, in this work +V , as well as -I connected with -V at the sample's electrodes.

Polarization measurements

In the present work, charge and polarization were measured by Keithley 6517B electrometer. The measurements are performed using the built-in electric current integration with respect to time. Thanks to electric circuit-based operation, such integration is less noisy compared to manual current integration. The sample is connected to the "Triax Input". Charge (Q s ) measurements based on the current integration method -a known capacitor (C f , high accuracy) is placed in the feedback loop of the input amplifier, so the voltage developed across it (V ) is proportional to the integral of the input current:

V = 1 C f τ 0 Idt = Q s C f , (2.9)
where τ is a time constant. So

Q s = V • C f (2.10)
Sample's polarization obtained as

P s = Q s S e , ( 2.11) 
where S e is an electrode's surface.

Voltage measurements

Voltage was measured by Keithley 6517B electrometer in the open circuit configuration as for the charge measurements discussed above. As a voltage can by digitized directly (by ADC) it requires no additional pre-conversion step (as for charge measurements), so it passes by the input buffer, amplifier and eventually gets treated by ADC. In this work the voltage was measured as a function of time (during light pulses) and versus light intensity (intensity sweeps).

Current measurements

Currents (under biases up to 20V and as a function of time during light pulses and for light intensity sweeps) were measured by Keithley 2614B * in pseudo four-probe configuration and for biases above 20V -by Keithley 6517B in current mode. * Higher sensitivity and speed, allows also four-probe configuration. These benefits are useful for current versus light intensity measurements (especially in depolarized state), see Chapter 4.

Ferroelectric loops measurements

Ferroelectric properties of materials are of great importance for technological applications and for fundamental material research. The renewed attention to photovoltaic effects in ferroelectrics in solids has reinforced interest in the scientific community for ferroelectric and electric polarization measurements and their dependence on light excitation. As a consequence, an increasing level of attention should be paid to ferroelectric measurements and their integration with light sources. Although professional Sawyer-Tower [START_REF] Sawyer | Rochelle salt as a dielectric[END_REF] circuit-based AC ferroelectric measurement units are available on the market, their usage for light dependent ferroelectric studies is difficult, because it is necessary to trace the loops in a DC quasi-static way; i.e., by means of an ultra-low frequency measuring signal. This is due to the fact that a progressive structural damage (ferroelectric fatigue) may occur when a sample is subjected to cyclic AC electric field application and this can change strongly the PV. Moreover, for real PV cells there is a need to understand slow dynamics first before moving to fast excitations.

The aforementioned aspects therefore make quasi-static ferroelectric measurements extremely attractive for opto-electric investigations. Simple circuits of quasi-static loop tracers have been known for a long time [START_REF] Barkla | The properties of KH 2 P 0 4 below the curie point[END_REF][START_REF] Wieder | Retarded polarization phenomena in BaT iO 3 crystals[END_REF][START_REF] Mastner | A quasistatic hysteresis loop tracer[END_REF]. However, the more general use of these circuits is limited by the difficulties generated in compensation of electric leakage and linear components of capacitance as the ferroelectric loops are recorded. The proposed compensational circuits are often complicated and refer rather to ferroelectric loop analysis than to current voltage curves that provide more complete information about the insulating properties of the samples under electric fields. In this regard, we used a home-made straightforward DC ferroelectric test unit that utilized the commonly available Keithley 6517A electrometer easily integrated with set of LED light sources of different wavelengths. A more convenient mathematical way of calculating both the electric leakage and linear capacitance compensation can be used. Besides the ultra-low frequency operation important advantage of the system is also that it can be used for so called "Positive up negative down" (PUND) method for determination of ferroelectric switching, if FE is in doubt.

Electric leakage compensation

The undesired imperfection of some dielectric materials is known as electric leakage.

It is the result of a dielectric material not being a perfect insulator and having some non-zero DC conductivity, allowing leakage current to flow, slowly discharging the capacitor. This bad insulator behaviour naturally reflects itself in the increment of the current value as a function of the applied electric field, while no current flow is expected for a good insulator (Fig. 2.5). The integration of the curves with respect to time is the ferroelectric hysteresis shown in the inset in Fig. 2.5. In ferroelectric materials, however, an additional contribution to the current (a peak) is expected to arise from electric dipole (charge Q)

movement: i = 1 R(V ) V + δQ δt , (2.12)
where R is resistivity, V is applied voltage. This ferroelectric contribution to the non linear leakage current gives a typical lossy uncompensated ferroelectric I-V characteristic, shown in Fig. 2.6. The result of current integration with respect to time gives rounded, ferroelectriclike hysteresis shown in Fig. 2.7. It has to be noted that I-V characteristic in Fig. 2.6

represents the model of a very first loop taken for non-single domain ferroelectric sample. Indeed, if the electric field is applied stepwise in a parallel direction of the forced polarization (sample is already polarized) no switching ferroelectric current is observed in this direction.

Consequently, additional cycle has to be taken, to present the two consecutive peaks in the positive and negative voltages. This is a base for so called "positive up, negative down (PUND)" method to verify FE in doubted samples. This effect may also be used to determine the leakage current background. As one can see the electric leakage manifestly increase both the apparent coercive fields and apparent remanent polarization. In order to avoid the leakage current contribution additional DC conductivity compensating circuit should be added to the electric circuit [START_REF] Barkla | The properties of KH 2 P 0 4 below the curie point[END_REF].

Alternatively, and more easily one can propose the simple subtraction of background 

Capacitance compensation

To measure the ferroelectric loop, the sample is placed into an electrical circuit of the DC electrometer together with its electrical wires. If the capacitance of the sample is smaller than or equal to the parasitic capacitance of the electrical circuit, the parasitic capacitance should be taken into account when considering the ideal circuit elements.

Such situation might happen when too many wire junctions are used (case of cryostat)

and so on. This extra capacitance usually has detrimental effects on the operation of "real-life" circuits, changing the shape of ferroelectric loop, therefore also requiring compensation. Additionally, due to the parasitic capacitance, the dipole reversibility time may vary, consequently affecting both light induced and time-dependent polarization studies. The latter effect can be minimized, excluding wire contributions, by the application of the four contacts method that is often used for precise capacitance measurements. The presence of the parasitic capacitance reflects itself in the shape characteristic of both I-V and ferroelectric loops, as shown in Fig. 2.8. The equation describing this can therefore be written as:

i = C δV δt + δQ δt (2.13)
As one can see from Fig. 2.8, the parasitic capacitance largely decreased the apparent coercive fields and can be successfully removed (by subtracting linear capacitance background (Fig. 2.8)) with this straightforward approach. 

Combination of both electric leakage and parasitic capacitance contributions

In the real samples the both aforementioned contributions: leakage and parasitic capacitance at the same time can be present. The basic equation describing parasitic capacitance C P and electric leakage contributions therefore is written as follows: Therefore, the parasitic contributions may be successfully removed by numerical compensations approach. obtained from the I-V curves (Fig. 2.9) integration with respect to time.

i = 1 R(V ) V + C P δV δt + δQ δt (2.14)

Sweep rate dependence of the FE loops

The ferroelectric coercive field and remanent polarization are the most important parameters characterizing FE material. Therefore their determination is crucial for the field of ferroelectrics. Unlike for ferromagnetic loops in magnetism, these basic characteristics can involve artefacts as was shown above and, therefore, a careful verification of measurements using the both extrinsic and intrinsic parameters must be taken into consecutive voltage application, so ∼ 1/x for the frequency) for both negative and positive polarizations (see Fig. 2.13).

Indeed, this behaviour is comparable to the effect of leakage current (Fig. therefore electric field needed for domains reversal increases as measurements become slower [START_REF] Liu | Creep in ferroelectrics due to unipolar electrical loading[END_REF][START_REF] Viola | Role of internal field and exhaustion in ferroelectric switching[END_REF][START_REF] Shin | Suppression of creep-regime dynamics in epitaxial ferroelectric BiF eO 3 films[END_REF][START_REF] Xia | Theory of electric creep and electromechanical coupling with domain evolution for non-poled and fully poled ferroelectric ceramics[END_REF][START_REF] Zhao | Depolarization of multidomain ferroelectric materials[END_REF].

The deeper analysis of this phenomenon requires larger frequencies [START_REF] Jung | Switching dynamics in ferroelectric thin films: An experimental survey[END_REF] and is out of the scope of this thesis because of a DC regime PV cells operation. Never the less, taking into account the above considerations, the FE loops in this thesis were measured at the same frequency in darkness and under light excitation to have the same "background" contributions for the both cases. In the light of the above-mentioned, it is clear that a proper frequency window must be found in order to find a balance between good-shaped FE loop preferring high frequencies and light induced charge generation which may be generally slower. To minimize leakage the FE loop was measured at fastest possible frequency of our set-up (f = 0.094 Hz). Because photovoltaic properties are about the free charge generation, the quasi-static technique of FE sample characterization is more appropriate here. 

Conclusions

While electrical polarity (acentric structure) [START_REF] Baltz | Theory of the bulk photovoltaic effect in pure crystals[END_REF] is required for the BPVE, the polarity alone, does not yet guarantee ferroelectricity and therefore an electric tunability of the PV effect. The ferroelectricity itself is often difficult to demonstrate experimentally [START_REF] Jaffe | Piezoelectric Ceramics[END_REF]. For example, the reversibility of the electric dipoles could require bigger electric fields than the breakdown field, or it might be due to asymmetric, irreversible arrangements of the atoms. Without ferroelectricty the electric field induced tunability is very limited or unstable. Moreover, a repetitive electric field cycling can lead to progressive electrical damage of the sample and modify PV response. Therefore the proper, fatigue-free FE characterization is a key. That is why in this thesis the DC ferroelectric test unit was used. As it was illustrated above, even small, uncompensated electrical leakage and parasitic capacitance may lead to large errors in ferroelectric hysteresis observation. Another important advantage of this technique is a more accurate, simple, numerical compensation for parasitic capacitances and leakage current which substitute complicated electrical circuits in conventional FE loop tracers. Then FE loop is measured under light excitation, the frequency dependent studies suggest a high dependence of the PV effect on the electric field speed, whereas a slow dynamics must be revealed first before moving to higher frequencies. The FE loop under light may experience qualitatively similar form to the one obscured by background free charges, therefore it must be measured at the same frequency in darkness and under light. From the above-mentioned, it is clear that a proper frequency window must be found in order to find a balance between good-shaped FE loop preferring high frequencies and light induced charge generation which may be generally slower. All these effects are particularly important to be taken into account when FE sample is excited by light and clear distinguishment between leakage currents and photovoltaic charge generation is required.

Deformation measurements

Because FE have also piezoelectric properties and the PMN-PT crystals investigated here are used in piezoelectric elements, it was decided to examine a deformation control over the reported PV effect. The simplest and less invasive technique of strain measurements is one that uses the strain gauge (Fig. 2.15) -metallic grid that changes its electrical resistance in proportion to the amount of strain experienced by the sample. A principle -dependence of the material's electrical resistance on its geometrical shape:

R = ρ l S , (2.15)
where R is the resulting resistance, ρ -material's resistivity, l -length (distance between contacts) and S -cross section. Any deformation of the material modifies these three parameters. As a result resistance changes (see Figure 2.16). This relative change could be expressed as:

∆R R 0 = ∆ρ ρ 0 + ∆l l 0 - ∆S S 0 = (1 + 2ν + πε) ∆l l 0 = G ∆l l 0 , (2.16)
where ν is a Poisson's ratio, π -piezo-resistive coefficient, ε -Young's module and G -gauge factor (tabular value for each material/alloy and geometry). For sensors used in this work G = 2.08. By fixating this grid to the sample by means of a special cements, glues and epoxies (sensor glued on top of the PMN-PT sample, see Figure 2.17) a good deformation transfer is achieved.

As strain is defined as ∆l l 0 its unit is "meter per meter". The other commonly used unit is "microns per meter" (µm/m):

1 µm/m = 10 -6 m/m ≡ 1 ppm, ( 2.17) 
where ppm stands for "part per million". Figure 2.17: Photovoltaic effect under compressive strain measurements.

Characterization of light sources

Light intensity was controlled using the Thorlabs DC4100 LED Driver connected to PC. As neither hardware, nor official software doesn't support the intensity control in power units (controls only current -primary and brightness -secondary options) each LED must be calibrated prior to measurements. The calibration process is an intensity measurements (by Thorlabs PM100 Power Meter with S120VC silicone photodiode (extended to UV) adjusted to the right wavelength) for each current value from 0 mA to 700 mA with a fixed increment. The linear approximation gives a calibration equation. Intensity is calculated as a power divided by the beam's cross section at a given distance from the fiber ending.

One more problem arises from dealing with "real" LEDs (with pulse profile showed in 

Quantum efficiency calculations

Quantum efficiency (or also known as incident photon to converted electron ratio) is one of the photovoltaic efficiency evaluation method. It is calculated as a ratio between the amount of photo-generated electrons to the number of absorbed photons of a particular wavelength:

η = n e n ph • 100%, (2.18) 
The n e can be measured as the sample's polarization change during the light pulse (see Fig. 2.22). The shape of a curve suggest the presence of the relaxations (time lags in the system's response): when the light pulse starts and ends -it takes some time for newly generated charges to distribute throughout the sample's volume, to form the screening layer and change the total polarization. In order to account for the "pure" generation stage the corresponding linear part is extracted (see the rectangle formed by ∆Q and ∆t guidelines, in this case its diagonal will be the desired linear part). The charge variation ∆Q in this case is cased by the photons absorption during time ∆t.

So the number of photons absorbed by the sample in this case can be expressed as:

n ph = P s • ∆t • α • λ hc , ( 2.19) 
where P s is a total light power on a sample (per second), ∆t is the illumination time, α -absorption coefficient for the wavelength of interest (λ). And the corresponding number of generated electrons:

n e = ∆Q |e| , ( 2.20) 
where |e| is an elementary charge. So the final formula with pre-calculated values will be:

η [%] ≈ 0.124 • ∆Q [nC] P s [mW ] • ∆t [s] • α [a.u.] • λ [nm]
(2.21) 

Solar cell efficiency

The efficiency of a solar cell is determined as the fraction of incident light power which is converted to electricity:

η [%] = 100% • P max P in , ( 2.22) 
where P in is the incident light power and P max -the maximum power generated by the photovoltaic device. It can be extracted from the I-V curve, or calculated for a given FF (see below) and two characteristic points:

P max = V oc • I sc • F F, (2.23)
where V oc is the open-circuit photovoltage, I sc is the short-circuit photocurrent and FF -fill factor. It shows how close the maximum generated power (P max ) is to the theoretical one (P theor , calculated as V oc • I sc ) and in this way it defines the quality of a photovoltaic device. Its value can be obtained from the I-V curve (see Fig. 2.23) like

F F = P max P theor ≡ S max S theor (2.24)
Both η and F F characterize the solar cell power conversion efficiency and quality. (largely improves the signal-to-noise ratio) to the wires with proper BNC-friendly connectors. Figure 2.25 shows the FE loop schematics with depolarized (here and after denoted as state "0") and two saturated states with opposite polarization -states "1"
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Electrical control of photovoltaic effect

The ferroelectric materials can have multiple possible orientations of polarization vector (both length and orientation) -polarization states [START_REF] Lee | Multilevel data storage memory using deterministic polarization control[END_REF], that can be switched by external electric field. The possible orientations of the spontaneous polarization are multiple in sub-coercive region and generally depend on crystalline symmetry. As it is illustrated by the above picture many different electric regimes have to be tested for the photovoltaic response modification. This chapter will show that it is indeed possible to have the photovoltaic properties modified for different electric states of the sample.

First of all the two states indicated as "1" and "2" corresponding to the remanent polarization states with opposite polarization will be examined and their photovoltaic performance will be also compared to the depolarization state for the both PMN-PT32% [001] and PMN-PT30% [001] single crystals. The photo-carriers also contribute to the noticeable coercive field shift. This is better seen on the corresponding FE current in Figure 3.5(b). The pure photovoltaic current is the difference between those under the illumination and in darkness. should impact the remanent FE state as firstly reported by Iurchuk et al. [START_REF] Iurchuk | Optical writing of magnetic properties by remanent photostriction[END_REF].

The time dependence of the related photopolarization measured at the three states ("0", "1" and "2") shown in Figure 3.6 provides insight into the mechanism explaining how photopolarization properties relate to the ferroelectric state of the material. The sample was initially polarized positively (state "1"), by sweeping the electric field from -0.34 MV/m to +0.34 MV/m and to zero, and the polarization was then monitored during periodic illumination (at zero bias). The reduction of polarization is observed with the remanent effect. The illumination generates charges that distribute along the direction imposed by the sample's intrinsic electrical field (poling direction, [START_REF] Jalaja | Optically controlled polarization, photovoltaic and switchable diode behavior in multifunctional KBiF e 2 O 5 composite film[END_REF])

decrease the intrinsic electric field of the material and hence the polarization. Note that the decrease in polarization with zero bias should not be here confused for apparent increase of polarization in FE loop, where polarization has a contribution from Ohmic current integration under bias. The light effect in zero bias and light effect under electric field must be clearly separeted. The last one is obscured by photoconductivity (see background leakage contribution Fig. 3.5 and Fig. 2.6 (blue curve)). After turning off the light, charge trapping makes this decrease partly persistent (remanent effect, To evaluate the charge generation efficiency the sample was putted into the polarization state "2" with the same procedure as used throughout this thesis (poling

voltage 0 V → V max → -V max → 0 V ).
After the stabilization is reached, the "raw" charge was measured as a function of time while applying a single 50 sec light pulse of maximal intensity (UV LED rates 700 mA max supply current). The shape of a pulse (see Fig. 3.7) indicates the charge generation (linear part) followed by its saturation (critical density was reached leading to the inhibition of subsequent free-carrier generation). So from these considerations, taking into account the linear part (assuming charge generation only, inset in Fig. 3.7, the photovoltaic efficiency calculations from the Eq.(2.21) can be evaluated to η ≈ 2 • 10 -4 %. promising. Indeed we have found the existence of a photovoltaic effect in the PMN-PT30% compound which exceeds by more than one order of magnitude the effect reported for the PMN-PT32% counterpart. Here we describe and compare further photovoltaic and ferroelectric performances of the two compositions and detail on the light-induced charge dynamics responsible for this effect.

The sample of the same [001] orientation was supplied by the same source (Crystal-Gmbh) in square shape with edges along [010] and [START_REF] Jalaja | Optically controlled polarization, photovoltaic and switchable diode behavior in multifunctional KBiF e 2 O 5 composite film[END_REF] directions. Electrodes were formed with silver paste covering the edges in the planes parallel to zy (see Fig. 3.4).

The hysteresis loop of polarization versus electric field was taken at room temperature by using a quasi-static FE loop tracer similar to that described in [START_REF] Mastner | A quasistatic hysteresis loop tracer[END_REF], reducing FE fatigue by ultra-low frequency (0.01 Hz) measurements. First of all the FE loop was measured in darkness (Fig. 3.8(b)). This step now should be recognized as an essential one in order to be able to compare the PV properties and determine their relation to the specific FE state. The same loop was then measured under light of same intensity as for the PMN-PT32% compound.

As it can be seen, the light induced effect is much larger then for PMN-PT32% compound. The FE loop measured in darkness along [START_REF] Jalaja | Optically controlled polarization, photovoltaic and switchable diode behavior in multifunctional KBiF e 2 O 5 composite film[END_REF] direction reveals a classical hysteresis behaviour resulting in the two polarization states of about ±29µC/cm 2 , in agreement with the literature data. However, when illumination of 365 nm light is applied the apparent polarization increases by more than 4 times. As a consequence of free charge generation by light, the sample becomes leakier FE with apparent increase in the both FE polarization and FE coercive force (Fig. The main three effects arise under light illumination:

• the significant increase of current related to dipole reorientation (ferroelectric peak); • the general increase in the sample conductivity;

• a noticeable shift in abscissa of the FE loop as a result of light generated charges contribution to the total intrinsic electric field.

The difference between FE currents in darkness and under illumination is presented in Fig. 3.10. As it can be seen the maximum of the light induced effect is achieved ±1 kV /cm. In particular, there is also a noticeable down shift of the loop along y-axis, so the absolute value of I sc after pooling with +1 kV /cm is smaller than the value of I sc obtained after pooling with -1 kV /cm. Same effect is also seen for open circuit photovoltage. Because I sc and V oc are used to evaluate photovoltaic efficiency, the electric tuning becomes possible.

At ferroelectric remanence the voltage change versus light intensity shows a 20times larger effect than in the PMN-PT32% crystal (Fig. 3.12) in agreement with much larger effect of the light on the FE loop (see Fig. 3.13(a)). The nonlinear behaviour as a function of light intensity with a characteristic peak is observed for both compounds.

The form of curves can be explained by the occurrence of two competing mechanisms:

the light induced charge generation dominant at low light intensities and the charge recombination processes at higher intensities. These opposing processes give rise to In order to get insight into the origin of the larger PV effect in the PMN-PT30% crystal one can start with polarization (intrinsic electric field) comparison for the two crystals. The role of polarization magnitude in the PV effect can be verified by comparing ferroelectric loops of both compounds in darkness (Fig. 3.13(a)). The PMN-PT30% compound with a larger photovoltaic effect indeed shows a slightly larger remanent polarization. However, the difference of 0.2 µC/cm 2 is rather too small to be responsible for the large difference in the photovoltaic properties reported in Fig. 3.12. The same argument can be pointed out for pyroelectric coefficients that do not change much for

P b (M g 1/3 N b 2/3 ) 1-x T i x O 3 composition for 0.3 < x < 0.32 [173].
Another possible explanation can be based on the hypothetical difference in the optical absorption coefficients between the two compounds. However, the optical absorption is known to decrease with decreasing x in the P b (M

g 1/3 N b 2/3 ) 1-x T i x O 3
composition [START_REF] Chan | Effects of composition of P bT iO 3 on optical properties of (1 -x)P bM g 1/3 N b 2/3 O 3 -xP bT iO 3 thin films[END_REF] in agreement with the fact that the PMN-PT30% crystals are more transparent at ambient conditions (Fig. 3.13(b and c)). On the other hand, the composition of PMN-PT crystal is optimized to obtain large piezoelectric properties, reaching a maximum for x = 0.3, exactly at the lower morphotropic phase boundary [START_REF] Guo | The phase transition sequence and the location of the morphotropic phase boundary region in (1x)[P b(M g 1/3 N b 2/3 )O 3 ] -xP bT iO 3 single crystal[END_REF]. Thus, thanks to the enhanced piezoelectric properties in the PMN-PT30% compound, the light-generated charges could contribute more efficiently to the electric field-assisted transformation between the thermodynamically equivalent phases at the morphotropic phase boundary. The light then induces changes in polarization that are connected to stress. Consequently, the larger the piezoelectric coefficient is -the larger the light-induced effect becomes (expected on the lattice deformation), which, in turn can modify the bandgap [START_REF] Dejneka | Elasto-optic behaviour in epitaxial films of perovskite oxide ferroelectrics[END_REF][START_REF] Pasynkov | On some problems of the phenomenological theory of ferroelectric-semiconductors[END_REF][START_REF] Rai | Band gap modulation of mono and bilayer hexagonal ZnS under transverse electric field and bi-axial strain: A first principles study[END_REF] of the material leading to the increased photovoltaic effect. Although this mechanism is possible, its contribution is unlikely to be dominant here because the piezoelectric coefficients do not differ by the order of magnitude in both compounds [START_REF] Guo | The phase transition sequence and the location of the morphotropic phase boundary region in (1x)[P b(M g 1/3 N b 2/3 )O 3 ] -xP bT iO 3 single crystal[END_REF], although the PV sensitivity to deformation is indeed larger for the PMN-PT30% crystal (see Chapter 6). The intrinsic mechanism of light induced charge generation may also come into play deserving a separate study including symmetry dependent and defect dependent [START_REF] Bai | The abnormal photovoltaic effect in BiFeO 3 thin films modulated by bipolar domain orientations and oxygen-vacancy migration[END_REF] arguments. Anyway, an enhancement in the photovoltaic effect of more than one order of magnitude that has been found in Figure 3.12: Comparison of photovoltaic effect for the PMN-PT32% and PMN-PT30% crystals at room temperature for samples in a remanent FE state.

the PMN-PT30% compound increases the number of photovoltaic crystals and demonstrates the composition-dependent tuning. This result should rapidly prompt a screen of other compounds of the same family as well as similar compositions [START_REF] Li | Nanoscale excitonic photovoltaic mechanism in ferroelectric BiF eO 3 thin films[END_REF][START_REF] Wu | Optical bandgap and dispersions of 0.24P b In 1/2 N b 1/2 O 3 -0.43P b M g 1/3 N b 2/3 O 3 -0.33P bT iO 3 single crystal poled along [011] c direction[END_REF][START_REF] He | Anisotropy electric and optical properties of pimnt single crystal[END_REF] in which photovoltaic effects can occur thanks to acentricity [START_REF] Baltz | Theory of the bulk photovoltaic effect in pure crystals[END_REF] with the aim to better understand and optimize their photovoltaic properties. 

Extension of the obtained results to Bi 2 FeCrO 6 films

Although the results initially reported for PMN-PT32% were qualitatively reproduced also for the PMN-PT30% compound the question can rise if they are extendable to other photovoltaic ferroelectrics. While the PMN-PT crystals provide an excellent model FE PV compound, the low photovoltaic efficiency does not permit to speak about their applications in PV elements. Therefore it was decided to test the results on another compound to see if our conclusions are possibly extendable to all PV and FE systems. For this purpose the Bi 2 F eCrO 6 film was chosen due to its recently reported interesting PV properties possibly reaching 8% of PV efficiency. In order to perform the electrical measurements, a 98 nm thick Bi 2 F eCrO 6 film was deposited onto Nb:STO substrate (NSTO) and covered by 100 nm thick transparent ITO electrode providing both good electrical conductivity and high optical transparency (Fig. 3.14 (right)). The 1 mm 2 area of the electrode was then contacted with a copper wire using a conductive epoxy (Fig. 3.14 (left)). shows a large level of leakage current. Although the expected peak is not visible for negative voltages due to overwhelming ohmic conductivity the FE coercive field of ∼ 64 M V /m extracted from the volt-ampere characteristic is in a good agreement with the previous study [START_REF] Nechache | Multiferroic properties-structure relationships in epitaxial Bi 2 F eCrO 6 thin films: recent developments[END_REF] as well as the polarization switching can be evidenced by PFM measurements (Fig. 3.18). In order to study the effect of light on the BFCO sample, a current-voltage measurement has been recorded in dark and under a 365 nm wavelength excitation light emitted by a same light emitting diode (LED). Because the photovoltaic effect in ferroelectrics can be poling dependent [START_REF] Park | Ferroelectric photocurrent effect in polycrystalline lead-free (K 0.5 N a 0.5 )(M n 0.005 N b 0.995 )O 3 thin film[END_REF][START_REF] Pintilie | Interface controlled photovoltaic effect in epitaxial P b(Zr, T i)O 3 films with tetragonal structure[END_REF][START_REF] Makhort | Photovoltaic effect and photopolarization in P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal[END_REF] the sample was previously depolarized in darkness using an oscillating damped voltage procedure (similar to that shown on Fig. 2.12). After that the sample was exposed to 365 nm and 153 mW/cm 2 of radiant power, and the current was recorded in the depolarized state during voltage sweep starting from zero to +8 V . Afterwards voltage was swept from +8 V to -8 V (marked as positive to negative (P→N) sweep) followed by the reverse negative to positive (N→P) sweep (from -8 V to +8 V ) (Fig. 3.16). The FE-history dependence of the photovoltaic effect becomes clearly evident with an important short-circuit photocurrent (I sc ) evolution. The I sc can be effectively tuned between 0.9 and 2.2 µA depending on the poling sweep. Consequently, the qualitatively the similar (to the Fig. 3.10 for PMN-PT30%) but quantitatively larger effect of PV hysteresis is confirmed also for the Bi 2 F eCrO 6 film. It also becomes evident that the presence of FE domains (depolarized state) clearly affects the photovoltaic effect. It has to be noted that the role of domain walls in the PV effect was a subject of many studies [START_REF] Yang | Above-bandgap voltages from ferroelectric photovoltaic devices[END_REF][START_REF] Seidel | Efficient photovoltaic current generation at ferroelectric domain walls[END_REF][START_REF] Bhatnagar | Role of domain walls in the abnormal photovoltaic effect in BiF eO 3[END_REF][START_REF] Blouzon | Photovoltaic response around a unique 180 • ferroelectric domain wall in single-crystalline BiFeo 3[END_REF][START_REF] Young | First-principles calculation of the bulk photovoltaic effect in bismuth ferrite[END_REF].

In that respect, our results clearly demonstrate that the poly-domain (depolarized) state can indeed be advantageous for PV effect under specific conditions (if compared to random FE ground state or here to the state under the P→N electric field sweep).

However, a proper electrical pooling (or here N→P sweep) can show even better photovoltaic response than the one of depolarized state. The insight into the PV hysteresis is therefore clearly needed to optimize the performance. A similar hysteretic behaviour is also detected for the open circuit voltage (V oc ) with an average value of 0.54 V . To get more insight into the photovoltaic memory effect, the open circuit voltage was measured as a function of time during periodic illumination of the sample (Fig. 3.17).

Prior to measurements the sample was polarized positively by sweeping voltage from

-8 V → +8 V → 0 V .
The sample was then first illuminated for 4 minutes and then the light was switched off for 8 minutes. Subsequently the LED was switched ON and OFF three more times (Fig. 3.17). 

Electric poling dependence of PV properties from Volt-ampere characteristics

The PV cell performance is usually characterized using ordinary I-V measurements In this section we will apply standard PV characterization to the PMN-PT30% crystal and will demonstrate a poling dependence of the extracted PV parameters i.e.

short-circuit photocurrent (I sc ) and open circuit photovoltage (V oc ). To investigate dependencies (in PMN-PT30%) the sample was depolarized (by using the dumping field procedure, similar to the one showed in Fig. 2.12) and FE loops were traced in darkness to determine and illustrate the chosen working electric field region (Fig. 3.20).

As can be seen from Figure 3.11, only the initial I-V curve is starting near zero, after returning from over-coercive value the residual current value is observed. To minimize parasitic capacitance the sample was wired with very short and highly conductive copper wires (15 cm long) and only one junction was made to the sample using silver paste for each electrode. Therefore our offset in the current, which appears after poling, can be related to the displacement current in ferroelectrics. As it is evident the FE displacement current can overwhelm the PV current and complicate I-V characteristics of PV and FE samples. To get rid from the FE displacement current contribution the sample was depolarised and classical PV characterization was performed at fixed light intensity but for different poling fields. The sample was poled in darkness with the same rate as for FE loop measurements to avoid damage. The extracted from such I-V measurements (see Fig. Obtained results show a linear-like behaviour of both photocurrent and photovoltage increasing with the poling field. This can be explained by the increased contribution of the intrinsic FE field that helps in charge separation process. The opposite is also true, when the sample is in depolarized state the overall intrinsic field is minimal. Such domain configuration maximises the recombination cross-section and in turn minimizes the PV effect. 

Conclusions

First of all, the PV effect was found in the P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal. The PV effect has revealed a hysteretic nature with the photocurrent being maximal near FE dipole reorientation electric field. The hysteretic nature results in the electric field tuning of the PV response and induces the possibility of the remanent PV effects resulting from photopolarization. Stimulated by this discovery, crystal from the same family of compounds, namely PMN-PT30% composition, was tested and had manifested a much larger photovoltaic response although qualitatively similar to one observed for the initial PMN-PT32% compound.

The reported here hysteretic nature and electrical tunability can be extended to other FE and photovoltaic materials as evidenced by experiments on the BFCO film.

Obtained results clearly stand for the large tunability potential of the FE and photovoltaic materials by electric field. One should also mention the important influence of the ferroelectric history, in general, on the overall photovoltaic efficiency. So the keen selection and preparation of the FE state is an important step to optimize the performance. The second fact is that the presence of FE domains (found in depolarized state) clearly affects the photovoltaic effect and showed results contribute to the understanding of this issue. Moreover, it becomes clear that to compare PV effects between FE compounds, they must be in well defined FE remanent states obtained after ization is hysteretic and can also be frequency dependent. Moreover, not only charge generation, but also recombination processes must be taken into account, especially because PV cells are supposed to operate at static (DC) regime. However, the extraction of PV parameters are usually performed using I-V measurements at certain rate (frequency) and charge generation and recombination processes may occur at different time scales. Therefore such measurements cannot reveal photocarriers dynamics at zero bias (i.e. the real PV cell operating regime). Furthermore, the measurements are often performed in a one way (i.e. light intensity increase only) while the photovoltaic effect can be of hysteretic nature [START_REF] Quattropani | Tuning photovoltaic response in Bi 2 F eCrO 6 films by ferroelectric poling[END_REF], as most of the FE-based properties, and therefore electric field poling dependent [START_REF] Park | Ferroelectric photocurrent effect in polycrystalline lead-free (K 0.5 N a 0.5 )(M n 0.005 N b 0.995 )O 3 thin film[END_REF][START_REF] Pintilie | Interface controlled photovoltaic effect in epitaxial P b(Zr, T i)O 3 films with tetragonal structure[END_REF][START_REF] Quattropani | Tuning photovoltaic response in Bi 2 F eCrO 6 films by ferroelectric poling[END_REF]. In this Chapter, we describe the both zero bias light intensity dependence of photovoltaic properties and their sweep rate (frequency) dependence yet at different FE states and measurement frequencies. The presence of the photocarrier generation, distribution and relaxation processes governing the photo-response will be revealed and analyzed.

Light intensity dependence of the sub-coercive IV measurements

Because of larger PV effect in the case of the P b (M g 1/3 N b 2/3 ) 0.7 T i 0.3 O 3 single crystal, all measurements were focused on this compound. To evaluate light intensity dependence of the PV effect, the current-voltage characteristics were first recorded for the sample in the same geometry (Fig. 3.4). Because most of PV measurements in FE in literatures are done for spontaneous (or not presized) FE states, the sample was first depolarized. For this the sample was first moved to zero state where equilibrium between negative and positive FE domains is stabilized (see Fig. 3.2). The pre-programmed depolarization procedure similar to the one shown in Fig. 2.12 was used. After that the I-V loops were recorded for sequential light intensities increase without overcoming coercive voltages (Fig [START_REF] Lempicki | Anomalous photovoltaic effect in ZnS single crystals[END_REF][START_REF] Cheroff | Optical transmission and photoconductive and photovoltaic effects in activated and unactivated single crystals of zns[END_REF]. This is apparently not the case for the present study. As discussed in the previous Chapter the I-V measurements for insulating FE and PV samples can be tricky and sometimes may even require modification of the electric circuit (adding a parallel resistor) [START_REF] Belinicher | The photogalvanic effect in media lacking a center of symmetry[END_REF]. Nevertheless, due to small values of photocurrents the photovoltages dominate in the obtained PV generated power (see Fig. I sc and V oc increase and saturate (starting from ∼ 20 mW/cm 2 ). The efficiency drop could be explained by quicker saturation of V oc (that dominates over I sc in insulating FE samples). As was shown in previous chapters, the hysteresis nature of the majority of physical properties in FE can also occur in PV response. The signature of such a hysteresis versus light intensity is rarely observed, although can be found in old literature [START_REF] Fridkin | Photoconductivity in ferroelectrics[END_REF]. Such experiments are illustrated in the next section and reveal an interesting physics related to the charge carriers dynamics under light excitation.

Light intensity dependence evaluated at FE remanence

To study how PV properties depend on the light intensity without external electric field cycling, the light intensity dependence was measured at zero bias for different FE states. The sample was depolarized and current was recorded while sweeping light intensity at 0.01 Hz from zero to 154 mW/cm 2 and back to zero (grey curve on Fig. 4.6).

The effect on the electric current is small and trend is linear over the entire intensity range.

However, the behaviour changes drastically after polarization. For the polarized sample, after cycling the external voltage 0 V → +600 → -600 → +600 → 0 V (induces remanent polarization state "1", see Fig. 3.2). During the polarization the FE loop was monitored and was confirmed to be in a good shape to insure that the polarizations was switched properly. By keeping the same conditions (light sweep rate, f = 0.01 Hz), the current was re-measured while changing the light intensity up and down (blue curve on Fig. 4.6). Now the effect becomes strongly non-linear and history dependent (positive ↔ negative branches).

The clear difference of the PV response is observed for depolarized and remanent states. First of all, it becomes evident that the poled (here remanent state "1") is advantageous for the effective photo-generated charge separation. By contrast, wellbalanced, by the specially designed depolarization procedure, depolarized state tend to suppresses the PV effect. In the ideally depolarized state the polarization UP and polarization DOWN domains cancel out the charge distribution leading to negligible PV response. In this state the system can be qualitatively compared to anti-ferroelectric ordering, in which the PV effect is not expected. The one more self-rising conclusion comes from the fact that the well balanced depolarized FE state (total electric polarization is zero) is energetically unfavourable and therefore sooner or later leads to non-zero resulting spontaneous polarization. Consequently, very same FE compound found in different spontaneous FE state can display different PV properties. In that respect, only PV properties in same verified remanent states can be representative.

The current loop for remanent ferroelectric state itself reveals interesting dynamics of the charge carriers separated by intrinsic electric field (blue line on Fig. 4.6). Although such a behaviour was not reported previously and is unknown feature of PV ferroelectrics we belief it is an intrinsic signature of the reversible charge generation- relaxation processes under light. Its intrinsic origin can be indirectly supported by the fact that no such behaviour exists for the depolarized state. As light intensity increases there is a linear increase of the current absolute value that can be subscribed to charge generation under light. This process eventually gets saturated and excess of carriers starts to recombine reducing the speed and the magnitude of the current. As light intensity decreases, this process is reversed, and the majority of carriers become free again, but now move in the opposite direction, in agreement with the sign change of the photocurrent.

The photocurrent loop is also found to be highly frequency dependent of the light intensity cycling (see Fig. 4.7). Although the qualitatively similar behaviour is observed, for faster measurement rates (especially for magenta curve, where the intensity step is bigger) the effect gets bigger because we capturing more photo-carriers moving as they do not have enough time to distribute throughout the crystal and screen/recombine. When polarization is switched to state "2" (the sweep from 0 V → +600 → -600 → 0 V ) the polarity of the effect is inverted as expected from the symmetrical 180 • polar- initially shows a linear part in a small intensity range (where mostly the charge generation dominates) overlapping with the decay part under the higher intensities (recombination > generation). The observed behaviour can also be concluded from kinetics of the photocurrent reported in [START_REF] Fridkin | Temperature and spectral dependencies of photovoltaic current in ferroelectrics[END_REF] (Fig. 4.9).

The speed of photocarrier movement decays with time. So the measurement time (time constant) should influence the results. The diminishing of loop opening while increasing the integration time (see Fig. 4.10) therefore is in agreement with carriers having more time to recombine. And vice-versa, at higher sweep rates more carriers moving before some part recombines thus increasing the magnitude of effect and loop opening. The same is true for the photovoltaic effect captured at different rates (Fig. 4.11 in remanent state "1" and Fig. 4.12 in remanent state "2").

The form of photovoltage reflects the same behaviour as current dependence: at high speed we have close to linear curve with no saturation. But if we increase the time constant thus allowing charges to separate/trap the saturation occurs. On the way back (while decreasing the intensity), the trapped carriers becomes free and started to The relaxation properties are better seen in Fig. 4.13 for intensity increase only.

It has to be noted that decrease in V oc has been reported for some studies [START_REF] Fridkin | Anomalous photovoltaic effect in ferroelectrics[END_REF][START_REF] Ramsdale | The origin of the open-circuit voltage in polyfluorene-based photovoltaic devices[END_REF] but are not usually given a deeper analysis in the literature. In the light of the above results it is becoming very interesting to study the frequency dependence of the PV effects in FE in order to explain often different results obtained in the similar samples.

As illustrated in the Fig. 4.13 such a frequency dependence can lead to important difference in the magnitude of the effect.

Conclusions

The light intensity dependence of the both extracted from I-V measurements I sc and V oc parameters usually show a linear dependence with approach saturation. Although the both hysteresis in photocurrent [START_REF] Fridkin | Photoconductivity in ferroelectrics[END_REF] and the reduction of V oc after saturation were reported [START_REF] Nonaka | Enhanced photovoltaic response in lead lanthanum zirconate-titanate ceramics with a-site deficient composition for photostrictor application[END_REF][START_REF] Fridkin | Anomalous photovoltaic effect in ferroelectrics[END_REF][START_REF] Ramsdale | The origin of the open-circuit voltage in polyfluorene-based photovoltaic devices[END_REF], they were not given a deeper analysis. However, the reduction in PV properties after saturation can be related to charge trapping in FE. Because I-V measurements under light simultaneously involve both electrical and optical excitations, the zero bias measurements are more convenient to study the photocarriers dynamics.

From experimental results described in this section it becomes clear that first of all one should separate the photovoltaic effects in spontaneous and saturated states. It is evidenced that in saturated states the charges are separated more efficiently while in depolarized states they are screened by domain structure. Since completely depolarized state is not energetically favourable in FE, usually there is some non-zero spontaneous polarization that determines PV response. In that regard, FE loop should be measured to ensure FE saturation. If this is not the case, or FE properties are poor the PV characterisation risk to be device-dependent and deviate from sample to sample.

Secondly, the light intensity dependent PV characteristics may show hysteresis, meaning that light intensity can be used as an external parameter controlling remanent effects. In particular, it becomes possible to find a balance between charge generation and recombination properties (as described in the perspectives section). Interestingly, the zero bias measurements provide insight into the fascinating photo-carriers dynamics occurring on different time scales and demonstrating that a larger intrinsic electric field (FE remanence) is advantageous for PV effect. Such unprecedented dependences also reveal competition between photo-carriers generation, distribution and recombination processes.

Chapter 5

Temperature control of photovoltaic effect

The semiconductor based PV cells generally, reduce their performance with increase of temperature due to increased internal carrier recombination rates [START_REF] Dubey | Temperature dependent photovoltaic (pv) efficiency and its effect on pv production in the world -a review[END_REF]. However, in the case of more insulating FE photovoltaic materials temperature dependence of PV effect is less known. In fact, in the case of PV and FE materials the PV effect is attached to and supposed to exist only in the crystallographically acentric structures. Moreover, different types of acentric structures can be more, or less favourable for the PV effects as will be indirectly pointed out in the Chapter 6. Such acentric structures can exist in certain temperature windows and therefore changing temperature one can change the PV response drastically. This chapter is devoted to temperature dependence of the PV effect for the both investigated PMN-PT compounds. The presence of a rich phase diagram and MPB region in PMN-PT with sequential transitions makes these compounds ideal candidates for temperature dependent studies of PV properties. Fridkin et al [START_REF] Fridkin | Temperature and spectral dependence of the photovoltaic current in ferroelectrics[END_REF] showed that BPVE in LiN bO 3 , KN b0 3 and Ba 0.25 Sr 0.75 N b 2 0 6 ferroelectrics is highly non-linear with temperature. Then Watanabe et al [START_REF] Watanabe | Photoresponse of zener tunneling junctions of P b(T i, Zr)O 3 /SrT iO 3 at low temperature[END_REF] also demonstrated the non-linear behaviour of PV effect in PZT/STO epitaxial films. Later, it was showed by Bogomolov et al [START_REF] Bogomolov | Temperature behavior of the photovoltaic and pyroelectric responses of Sn 2 P 2 S 6 semiconductor ferroelectric films[END_REF] that the current response of Sn 2 P 2 S 6 semiconductor ferroelectric films under illumination consists of both the unsteady (attributed to pyroelectric effect) and quasi-steady (photovoltaic) components. Each of those has its own temperature dependence: one is decreasing, the other -increasing (and reaches its maximum near the Tc) during heating. In its turn, Yang et al [START_REF] Yang | Bulk photovoltaic effect in monodomain BiF eO 3 thin films[END_REF] reported the tunability of the PV properties (both I sc and V oc ) in monodomain BiF eO 3 films by temperature. How-is happening near the polar transition. Because the PMN-PT family was considered mainly in the context of sensor/actuator usage, its piezoelectric and dielectric properties were well studied as a function of temperature also. Because the PV properties of these compounds were reported only recently by us, their temperature dependence was unknown. To bridge the gap in understanding of the temperature dependence of photovoltaicity in this material (32% and 30%) the obtained results are discussed below.

The Pb[(Mg 1/3 Nb 2/3 ) 0.68 Ti 0.32 ]O 3 single crystal

From the previously discussed results (see Chapter 3) the PV response enhances with increasing of the poling voltage and reaches its maximum in monodomain state. In this state PV properties become dependent on the crystalline structure reorganization during the phase transitions due to the changes in intrinsic electric field. The monodomain FE state becomes also beneficial as it eliminates an additional parameter (sub-coercive FE domain structure and its behaviour during phase transitions) and makes it easier to compare the efficiencies. Moreover, the domain structure is known to modify a temperature dependence of dielectric permittivity [START_REF] Guo | The phase transition sequence and the location of the morphotropic phase boundary region in (1x)[P b(M g 1/3 N b 2/3 )O 3 ] -xP bT iO 3 single crystal[END_REF]. Therefore prior to measurements the sample was first warmed-up in darkness 19K above its Curie temperature (Tc ≈ 420K) and then cooled under over-coercive electric field applied along the [START_REF] Jalaja | Optically controlled polarization, photovoltaic and switchable diode behavior in multifunctional KBiF e 2 O 5 composite film[END_REF] direction. The electric field then was set to zero and the dielectric permittivity was measured as a function of time to reach stability. The same procedure was applied to measure polarization and induced electric charge was monitored by electrometer as a function of time to reach the isothermal polarization stability. The temperature dependence of the dielectric permittivity and electric polarization of the P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 is shown in Figure 5.1(a). Three characteristic transitions at T 1 (≈ 352K), T 2 (≈ 375K), and Tc (≈ 420K) are clearly observed in both measurements. While T 2 and Tc are related to the rhombohedral-tetragonal and the tetragonal-cubic transitions [START_REF] Shrout | Dielectric behavior of single crystals near the (1 -x)P b(M g 1/3 N b 2/3 )O 3 -(x)P bT iO 3 morphotropic phase boundary[END_REF], respectively, the domain-structure-related anomaly at T 1 is known to appear as a function of poling [START_REF] Guo | The phase transition sequence and the location of the morphotropic phase boundary region in (1x)[P b(M g 1/3 N b 2/3 )O 3 ] -xP bT iO 3 single crystal[END_REF]. Taking into account that light can modify the transition temperatures [START_REF] Borkar | Optically controlled polarization in highly oriented ferroelectric thin films[END_REF][START_REF] Borkar | Experimental evidence of electronic polarization in a family of photo-ferroelectrics[END_REF][START_REF] Ueda | Change in the dielectric constant of SbSI caused by illumination[END_REF], the photovoltage was measured for several temperatures, near the above-mentioned critical points where anomalies in the electric properties are observed. To ensure a monodomain FE state the same preparation sequence was cycled. Then the photovoltage versus light intensity (described in Chapter 4) was recorded under each stabilized temperature value while heating-up the sample. From each these curves the corresponding transient (reversible) part was extracted and plotted (some of them) as a function of light intensity while mentioning its corresponding temperature (see Figure 5.2). The results show that even at room temperature the transient part (defined in Section 3.1) of the photovoltage exhibits more than one order of magnitude larger spectral efficiency (see Section 2.10) than for previously reported W O 3 -doped crystal [START_REF] Tu | Dielectric and photovoltaic phenomena in tungsten doped P b (M g 1/3 N b 2/3 ) 1-x T i x O 3 crystal[END_REF]. The photovoltaic isotherms reveal non-linear behaviour as a function of light intensity with a characteristic peak. The form of isotherms suggests the occurrence of two competing mechanisms: the lightinduced charge generation dominant at low light intensities which is superposing to the charge recombination processes at higher illumination intensities. These opposing processes give rise to the peak as a function of light intensity at the value where numbers of generated and recombined carriers become comparable. Because the peak position versus intensity changes with temperature, the maximal photovoltaic change and its linear part have been extracted from the photovoltaic isotherms and plotted versus temperature (see Figure 5.3). The photovoltaic effect shows singularities at all three transition temperatures and reveals more than a threefold enhancement near Tc, then vanishing in the paraelectric temperature region. This behaviour confirms that photovoltaicity of ferroelectric origin exists in the electrically polar phase only. The generally larger photovoltaic effect in the tetragonal phase may be connected with the larger polarization (efficiency dependence demonstrated in Chapters 3 and 4) in this phase and also possibly due the bandgap temperature dependence reported for similar compounds [START_REF] Wu | Optical bandgap and dispersions of 0.24P b In 1/2 N b 1/2 O 3 -0.43P b M g 1/3 N b 2/3 O 3 -0.33P bT iO 3 single crystal poled along [011] c direction[END_REF]. The same characterization sequence was used for the 30% compound. Firstly, the sample was putted into the monodomain state with the same poling field and heating -cooling rates. Then, the external electric field was set to zero and the dielectric permittivity was measured as function of time. After stabilization was reached the temperature-dependent measurements were performed. Firstly, the dielectric permittivity was recorded in darkness while heating-up and cooling the sample (see Fig- 

Conclusions

To conclude this section,one can fist point out that the PV effect found in the two studied compounds with 32% and 30% compositions persists in a wide temperature range above room temperature. The PV effect disappears when crystals are warmed above their corresponding FE Curie temperature where structure becomes centrosymmetric.

Although some very small photo-response (see the isotherm of 437 K in Figure 5.2) can still be observed just after the polar to non-polar transition, it disappears with further warming. The clear disappearance of photovoltaic effect above FE Tc is an important observation, confirming that PV origin in FE is related to acentric polar structures.

Interestingly, as temperature increases, each sequential crystalline phase manifests a modified PV response. Moreover, all structural transitions show singularities in PV properties reducing or increasing the PV effect. Such structural dependent effects deserve a separate study for establishing PV property engineering. Just before the FE Tc the photovoltaic effect increases more than 2 times for the 32% compound and can be assumed to be a general feature in PV FE. Indeed, the similar increase, although smaller, was also detected for the PMN-PT30% crystal near Tc. Such an increase of PV near Tc, where fluctuations start to occur, can be qualitatively understood in terms of driving the sample out of thermodynamic equilibrium where system becomes more sensitive to external perturbations. Although more theoretical inside would be beneficial here, the results clearly suggest the technologically important way to increase PV effect in FE by moving the system closer to its FE Curie temperature. All obtained results clearly demonstrate the possibility of PV effect tuning in our FE crystals as a function of temperature and may provide a way for PV engineering.

be tentatively assumed that in the compression state the Van-der Waals-type of interatomic interactions (which depend on distance, E ∼ r -6 ) are stronger and therefore unfavourable for photovoltaics. If this is true, the increase in the inter-atomic distances should have an opposite effect to the one induced by the dominant compression (i.e.

increase of the PV effect). Because the tension is technically difficult to apply to the sample -the alternative procedure described in the next section have been used. (2.17)).

Triaxial tensile strain (Tension by vacuum)

To introduce tension regarding ambient pressure the samples was placed in the vacuum.

To this end the sample was placed into INSTEC cryostat with an optical window for optical excitation. The light power loss via the optical window was evaluated to be less than 5% and was corrected for the resulting light intensity used for sample excitation.

The change in voltage induced by light was monitored along the same direction while illuminating the sample from a top (same geometrical conditions). Interestingly, indeed the increase of PV effect has been detected under pumping (Fig. 6.5 and Fig. 6.6). The both compounds increase PV effect with reduction of atmospheric pressure. Interestingly, the PMN-PT30% crystal where piezoelectric effect is larger, show a larger (23%) increase in PV response. 

Conclusions

Motivated by piezoelectric properties of the investigated compounds the investigation of the deformation dependent photovoltaic properties revealed highly strain dependent PV performance. The compression in elastic regime largely reduces the PV effect reaching the saturation near 70 ppm. Although, at this stage the exact mechanism of this effect is unclear, it is logical to assume that the stress can make the system more, or less acentric. The possible role of interatomic bonds in the observed effect can also be considered. While compression (smaller interatomic distances) decreases the PV effect the opposite expansive effect induced by vacuum does the opposite. However, additional experiments are required to establish the reliable conclusion. Interestingly, the PV effect in the crystal with larger piezoelectric properties is more sensitive to the deformation comparing to its less piezoelectric counterpart. The reported above functionaries should also contribute to understanding the role of piezoelectricity in the PV effect.
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Chapter 7

Conclusions and perspectives

Unlike relatively well-established semi-conductive PV industry, the ferroelectric-based photovoltaics is still under the way for maturity. In this respect examining fundamental PV properties of FE requires inexpensive materials, preferably in single crystal form, to sort out possible extrinsic contributions related to the solar cell design. Therefore, finding new photovoltaic compounds among inexpensive and widely available ferroelectric crystals should be regarded as an important result contributing to the state-of-the-art in the field of photovoltaicity of ferroelectrics. Although the photovoltaic efficiency remain low in the reported here compounds (comparing to other materials, see Table 1.1), the reported here PMN-PT crystals can serve as a model materials allowing for fundamental insight into the photovoltaic property in FE.

Firstly, the PMN-PT32% was found to be photovoltaic with the much larger effect than for the related W O 3 -doped PMN-PT36% compound, demonstrating that the doping is not indispensable PV condition for this family of crystals. Afterwards, another member of this family the PMN-PT30% was chosen for PV investigations due to its particular position on the phase diagram. The PMN-PT30% was found to show a For the both studied PMN-PT compounds with 32% and 30% of PT the PV properties exist in a wide temperature range well above room temperature, making them possible candidates for PV cells components. The PV effect disappears when crystals are warmed above corresponding FE Curie temperature where structure becomes centrosymmetric, confirming that PV origin in FE is related to acentric polar struc-tures. As temperature increases, each sequential acentric crystalline phase manifests a modified PV response. Moreover, all structural transitions show singularities in PV properties reducing or increasing the PV effect. Such structural dependent effects deserve a separate study for establishing on-demand PV property engineering. Just before the FE Tc the photovoltaic effect increases more than two times for the 32% compound and can be assumed to be a general FE feature in PV FE. Indeed, the similar increase was also detected for the PMN-PT30% crystal near Tc. Such an increase of PV near Tc, where fluctuations of primary order parameter start to occur, can be qualitatively understood in terms of driving the sample out of thermodynamic equilibrium where system becomes more sensitive to external perturbations. These observations suggest the technologically important way to increase PV effect in FE.

∼
Fact that more piezoelectric compound also shows a larger PV response should also be taken into account for the FE solar cell development. In attempt to verify if piezoelectric susceptibility can be used as an additional tuning parameter of PV properties the deformation dependent studies have been conducted. The compression in the elastic regime largely reduces the PV effect. However, vacuum induced lattice expansion increases the PV response. Additionally, the PV effect in the crystal with larger piezoelectric properties is more sensitive to the deformation comparing to its less piezoelectric counterpart: the same deformation level does bigger impact on the PV effect in the more piezoelectric PMN-PT30% compound. Consequently, the reported here strain dependent functionalities should add a new degree of freedom to the PV tunability.

Although the discovered PV effect is more than one order of magnitude larger in spectral efficiency than for previously reported W O 3 doped PMN-PT [START_REF] Tu | Dielectric and photovoltaic phenomena in tungsten doped P b (M g 1/3 N b 2/3 ) 1-x T i x O 3 crystal[END_REF], it still remains far from applications in PV. In this respect one should mention that PV effect is known to be thickness dependent [START_REF] Poosanaas | Influence of sample thickness on the performance of photostrictive ceramics[END_REF]. While transversal geometry used here with respect to light propagation is favourable to avoid extrinsic contributions the longitudinal geometry should offer yet larger PV effect.

More generally, the results obtained during this PhD thesis clearly provide a roadmap for the large tunability of PV properties in FE that arises from the ferroelectric nature of these compounds. The results can stimulate the scientific community for additional studies of similar FE materials and to expand the existing BPVE models. More generally, by combining different strategies, as above mentioned, the photovoltaic response can be greatly enhanced.

Optical magnetization control (MRAM)

The PMN-PT complex was optimized to deliver the high electrostriction and, as it was shown here, it also can change polarization under light. So the reasonable action is to take advantage of these properties to control, for example, magnetic anisotropy either via direct or strain-mediated mechanisms. Being combined with the strain sensitive (due to magnetostriction effect) magnetic structure: single layer (like BFO+Ni [START_REF] Iurchuk | Optical writing of magnetic properties by remanent photostriction[END_REF], PMN-PT30%+Ni [START_REF] Zhang | Light modulation of magnetization switching in PMN-PT/Ni heterostructure[END_REF] see Figure 7.1) or, for optimization purposes, multilayer GMR/TMR structures. Such "sandwich" structure allows the optical control (writting and possibly erasing, under certain conditions) with electrical readout (and erasing) of saved information. This type of a device could be used in non-volatile magnetic storages (preferred due to speed considerations) and MRAM.

Figure 7.1: Experimental setup for strain-mediated control of magnetization (taken from [START_REF] Zhang | Light modulation of magnetization switching in PMN-PT/Ni heterostructure[END_REF]).

Optical control of charge-sensitive structures

The possibility of optical control of electrical polarization can be magnified and detected by 2D overlayers. As was showed in [START_REF] Kundys | Optically rewritable memory in a grapheneferroelectric-photovoltaic heterostructure[END_REF], specifically designed optical stimulus modifies the surface charges density. Thus, with an appropriate deposited structure, forming a memory cell. For this role, graphene is the best candidate, as it possesses both the high doping and strain (another ferroelectric degree to use) sensitivity. These stimuli modify its conductivity and such change is registered electrically (resistance change → voltage variation → ADC/comparator capture). This design characterised by the alloptical control (full write/erase) and electrical readout (and possible erasing) of saved information.

As it follows from our recent publication [START_REF] Makhort | Photovoltaic effect and photopolarization in P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal[END_REF], light intensity can become an additional degree of freedom exploiting the light-dependent photo-depolarization effect in PMN-PT crystals opening the selective charge trapping possibility. Such mechanism is very beneficial as it allows changing the graphene doping (interfacial charges density)

and thus offers the multiple resistive states (useful for new generation of high density information storage) and one can move the working point to the desired resistance level (increasing the signal-to-noise ratio and readout speed), see Figure 7.2. This light-induced charge generation process occurs at intensities < 20 mW/cm 2 (leading to the decrease in graphene resistance) and eventually reaches its saturation at larger intensities (graphene's layer resistance increases) when the excess photo-carriers start to recombine, thus reducing the remanent polarization, which is reflected in the resistance readout of the graphene overlayer (see Fig. 7.3). Because some of the charges have recombined irreversibly the repeatable optical writing of the graphene resistive state becomes possible. Moreover, by finely controlling the illumination intensity (and more generally, its history) one finds the balance between these two competing processes and gets a control over the doping procedure. Taking for example two light intensities and a single-pulse approach, the resulting resistance switching is demonstrated by Fig. 7.4. 

Influence de la température sur l'effet photovoltaïque

Les cellules PV à base de semi-conducteurs réduisent généralement leurs performances avec l'augmentation de la température en raison de l'augmentation des taux de recombinaison des porteurs internes [START_REF] Dubey | Temperature dependent photovoltaic (pv) efficiency and its effect on pv production in the world -a review[END_REF] [START_REF] Shrout | Dielectric behavior of single crystals near the (1 -x)P b(M g 1/3 N b 2/3 )O 3 -(x)P bT iO 3 morphotropic phase boundary[END_REF], l'anomalie liée à la structure des domaines à T 1 est connue d'apparaître comme une fonction de champ électrique [START_REF] Guo | The phase transition sequence and the location of the morphotropic phase boundary region in (1x)[P b(M g 1/3 N b 2/3 )O 3 ] -xP bT iO 3 single crystal[END_REF]. Tenant compte du fait que la lumière peut modifier des températures de transition [START_REF] Borkar | Optically controlled polarization in highly oriented ferroelectric thin films[END_REF][START_REF] Borkar | Experimental evidence of electronic polarization in a family of photo-ferroelectrics[END_REF][START_REF] Ueda | Change in the dielectric constant of SbSI caused by illumination[END_REF], l'effet photovoltaïque a été mesuré pour plusieurs températures, à proximité des points critiques mentionnés ci-dessus où des anomalies dans les propriétés électriques sont observées. Pour garantir un état FE monodomaine, la même séquence de préparation a été réutilisée. Ensuite, la tension photovoltaïque en fonction de l'intensité lumineuse (plus de détails dans Chapitre 4) a été enregistrée sous chaque valeur de température stabilisée tout en chauffant l'échantillon. De chacune de ces courbes, la partie transitoire (réversible) correspondante a été extraite et tracée (certaines d'entre elles) en fonction de l'intensité lumineuse en mentionnant sa température correspondante (voir Figure 8.4). Les résultats montrent que même à la température ambiante, la partie transitoire (définie à la Section 3.1) de la tension photovoltaïque présente une efficacité spectrale (voir la Section 2.10) supé-rieure de plus d'un ordre de grandeur à celle du cristal dopé par W O 3 précédemment rapporté [START_REF] Tu | Dielectric and photovoltaic phenomena in tungsten doped P b (M g 1/3 N b 2/3 ) 1-x T i x O 3 crystal[END_REF]. Les isothermes photovoltaïques révèlent un comportement non linéaire en fonction de l'intensité lumineuse avec un pic caractéristique. La forme des isothermes suggère l'apparition de deux mécanismes concurrents : la génération de charge induite par la lumière, dominante à de faibles intensités lumineuses, qui se superpose aux Bien que l'effet PV découvert soit plus d'un ordre de grandeur plus grand en efficacité spectrale que pour le composé PMN-PT dopé par W O 3 [START_REF] Tu | Dielectric and photovoltaic phenomena in tungsten doped P b (M g 1/3 N b 2/3 ) 1-x T i x O 3 crystal[END_REF] précédemment rapporté, il reste encore loin des applications en PV. A cet égard, il convient de mention-transversale utilisée ici par rapport à la propagation de la lumière est favorable pour éviter les contributions extrinsèques, la géométrie longitudinale devrait offrir un effet PV encore plus grand.

Plus généralement, les résultats obtenus au cours de cette thèse fournissent clairement une "carte routière" pour la grande accordabilité des propriétés PV en FE qui résulte de la nature ferroélectrique de ces composés. Les résultats peuvent stimuler la communauté scientifique pour des études supplémentaires sur des matériaux FE similaires et pour étendre les modèles BPVE existants. Plus généralement, en combinant différentes stratégies, comme mentionné ci-dessus, la réponse photovoltaïque peut être grandement améliorée.

Contrôle optique de la magnétisation (MRAM)

Le complexe PMN-PT a été optimisé pour fournir une électrostriction élevée et comme cela a été montré ici, il peut également changer de polarisation sous lumière. L'action raisonnable consiste donc à tirer parti de ces propriétés pour contrôler, par exemple, l'anisotropie magnétique soit via des mécanismes directs ou à médiation par la déformation. Étant combiné avec la structure magnétique sensible à la déformation (due à l'effet de magnétostriction) : monocouche (comme BFO + Ni [START_REF] Iurchuk | Optical writing of magnetic properties by remanent photostriction[END_REF], PMN-PT30% + Ni [START_REF] Zhang | Light modulation of magnetization switching in PMN-PT/Ni heterostructure[END_REF] [START_REF] Zhang | Light modulation of magnetization switching in PMN-PT/Ni heterostructure[END_REF]).

Contrôle optique des structures sensibles à la charge

La possibilité de contrôle optique de la polarisation électrique peut être amplifiée et détectée par des superpositions 2D. Comme cela a été montré dans [START_REF] Kundys | Optically rewritable memory in a grapheneferroelectric-photovoltaic heterostructure[END_REF], un stimulus optique spécialement conçu modifie la densité des charges de surface. Ainsi, avec une structure déposée appropriée, on forme une cellule mémoire. Pour ce rôle, le graphène est meilleur candidat, car il possède à la fois une sensibilité élevée au dopage et à la déformation (un autre degré ferroélectrique à utiliser). Ces stimuli modifient sa conductivité et un tel changement est enregistré électriquement (changement de la résistance → variation de la tension → ADC/comparateur). Cette conception se caractérise par le contrôle entièrement optique (écriture / effacement complet) et la lecture électrique (et l'effacement possible aussi) des informations enregistrées.

Comme il ressort de notre récente publication [START_REF] Makhort | Photovoltaic effect and photopolarization in P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 crystal[END_REF], l'intensité lumineuse peut devenir un degré supplémentaire de liberté en exploitant l'effet de photo-dépolarisation dépendant de la lumière dans les cristaux PMN-PT ouvrant la possibilité de piégeage de charge sélective. Un tel mécanisme est très bénéfique car il permet de changer le dopage du graphène (densité de charges interfaciales) et offre ainsi les multiples états résistifs (utiles pour la nouvelle génération de stockage d'informations à haute densité) et on peut déplacer le point de travail au niveau de résistance souhaité (en augmentant le rapport signal / bruit et vitesse de lecture), voir Figure 8.9. Ce processus de génération de charge induite par la lumière se produit à des intensités < 20 mW/cm 2 (conduisant à la diminution de la résistance du graphène) et atteint finalement sa saturation à des intensités plus importantes (la résistance de la couche de graphène augmente) lorsque les photo-porteurs en excès commencent à se recombiner, réduisant ainsi la polarisation rémanente, qui se reflète dans la lecture de la résistance de la surcouche de graphène 
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  photovoltaic effect in non-centrosymmetric BTO crystals (see Fig.1.2).
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Figure 1 . 3 :

 13 Figure 1.3: Contribution of both the photovoltaic and pyroelectric currents in LNO crystals during the light pulse illumination. Experimental setup is shown at the top right corner. Originals taken from [32].
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 14 Figure 1.4: Photovoltaic electric field in BTO ceramics as a function of sample's remanent polarization (left). Photovoltaic effect light intensity dependence in PZT (right).

  conducted the temperature-, spectral-and intensity-dependence measurements on ferroelectric compounds (LNO, KNO and BSNO (0.25)) and introduced the theoretical interpretation of obtained results based on the fluctuation model. From that model the current dynamics in ferroelectric crystal shows a non-linear behaviour, followed by the saturation, where the equilibrium between charge generation, recombination and trapping (under sufficiently high light intensity charges could even be additionally re-excited from their traps into the conduction band) is reached. This kinetics is illustrated by Fig. 1.5.
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 16 Figure 1.6: Photovoltaic current (left) and voltage (right) dependence on illumination intensity in PLZT (3/52/48). Unfilled points represents the same measurements done for A-site 1% deficient composition. Originals taken from [65].
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 17 Figure 1.7: Schematic representation of dielectric permittivity as a function of temperature in "normal" (a) and relaxor (b) ferroelectrics.
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 18 Figure 1.8: PMN-PT unit cell in Rhombohedral phase (A) with Samarium-substituted lead atom (B) and lead vacancy ("defect") (C) (original taken from [95]).
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 19 Figure 1.9: Phase diagram of PMN-PT crystals[152]. O, and M refer to orthorhombic, and monoclinic phases, respectively.
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 11091111 Figure 1.10: Crystalline lattice of ABO 3 (perovskite) in rhombohedral phase.
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 1 Figure 1.12: PMN-PT30% lattice parameters versus temperature under zero bias (original taken from [155]).
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 1 Figure 1.13: PMN-PT30% lattice parameters (a and c) versus temperature measured by XRD, thermal expansion and neutron scattering[155].
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 1 Figure 1.14: PMN-PT36% FE loop and experimental configuration (inset), originals taken from [153].
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 1221 Figure 1.15: PMN-PT36% photovoltage versus light intensity and poling fields (original taken from [153]).
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 2122 Figure 2.1: The complex-plane representation of impedance
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 2324 Figure 2.3: Example of the frequency dependence of dielectric loss in the sample recorded for different polarization states.
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 25 Figure 2.5: Example of the I-V characteristics recorded for good insulator and electrically leaky dielectric material. Inset shows the result of the P-V curves of the bad insulator.
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 26 Figure 2.6: Example of the I-V characteristic recorded for electrically leaky ferroelectric material and same I-V curve after the leakage subtraction.
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 27 Figure 2.7: Electric leakage -compensated (a) and uncompensated (b) ferroelectric hysteresis obtained as a result of the I-V curves integration shown on Fig. 2.6 (see text).
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 28 Figure 2.8: Example of the I-V characteristic recorded on a background large linear capacitance contribution before (a) and after (b) capacitance compensation.
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 2 Figure 2.9 and Fig. 2.10 show such artefacts via uncompensated I-V curve (blue line) which results in an uncompensated FE loop with wrong coercive field and saturation polarization. After compensation the both values are corrected (black lines). Although the both loops in Figure 2.10 show ferroelectric-like hysteresis, the contributions of parasitic capacitance and electric leakage current are clearly seen on their I-V plots.
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 2 Figure 2.9: I-V loops: illustration of presence of both parasitic contributions (parasitic capacitance and leakage current).

Figure 2 .

 2 Figure 2.10: Uncompensated (a) and compensated (b) ferroelectric hysteresis loops

  account. In addition, to these issues the one more intrinsic parameter is an electric field change rate (frequency), because to measure FE loop the electric field is applied to the sample at a certain rate. To minimize its energy the FE sample in as-prepared state favours configuration consisting of domains, where each domain can have a different polarization direction. Under such conditions, as it will be shown in Chapter 3 the light-induced charge generation will be also affected. When the external electric field is directionally applied, these domains start to align along this direction, new domains nucleate and grow. Consequently, the shape of the FE loop should be strongly influenced by the domains motion and depend on the measurement frequency. Because of the existence of these electrically inhomogeneous regions (FE domains) in the subcoercive region and atomic movements at over-coercive one, the response of the system may occur at different time scales. Moreover, this electric-field-induced change dynamics can take place on a general background of undesired insulating imperfection (free charges) in the sample volume. In this situation understanding how the sweep rate influences the electric-field-induced polarization reversal is very important. Furthermore, in a view of recent results on photovoltaic properties development in FE, it becomes technologically important to know how long the system stays in the electrically excited state as it can strongly influence its PV performance. Figure2.11 illustrates FE loops taken for the PMN-PT30% at different speeds of electric field cycle.A clear effect of the frequency can be seen, although we remain in the limited ultralow frequency region. The both ferroelectric coercive field and remanent polarization are strongly affected. To ensure recovery of the initial polarization state the same pre programmed de-polarization procedure with the time profile (shown on Fig.2.12) has been applied to the sample before each sequential FE loop measurements. As the measurement frequency increases the apparent FE P R values increase for both negative and positive poling. The extracted apparent increase in the values of the remanent charge (polarization) depends linearly on the time step (duration of each
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 211 Figure 2.11: Ferroelectric loops of the PMN-PT30% crystal measured for different frequencies. Each FE loop was measured after the same de-polarization cycle.

  Figure 2.12: FE sample de-polarization profile. Inset shows a corresponding FE loops (full loop is black, de-polarization one is red) with a final polarization close to 0C. Thus proving high efficiency of this method.
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 213 Figure 2.13: The frequency dependence of the apparent values of the remanent charge extracted from the Fig. 2.11 for both positive (a) and negative (b) poling.
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 214 Figure 2.14: The frequency dependence of the coercive field values of the remanent charge extracted from the Fig. 2.11.
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 215 Figure 2.15: Strain gauge.
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 216 Figure 2.16: Strain gauge schematics. Tensile strain leads to increase in gauge resistance while compressive one decreases it. Contribution of lateral strain is negligible in this configuration.
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 2 Fig.2.18) rather than "ideal" ones giving a perfectly rectangular-shaped pulses (τ rise = τfall = 0, switch is instantaneous). As in this case the LED's rise/fall time becomes crucial when dealing with intensity sweeps. If the sweep frequency is too high (grater than 1/τ rise for increasing intensity or 1/τ f all for going back to 0 mA) -the LED and controller circuit doesn't have enough time to supply the requested intensity and the results will be erroneous. In the present research the 365 nm (central wavelength) LED was used for the light intensity sweeps. Its characteristic rise times were measured † for the step-like intensity profile formed with pulses of equal duration and intensities going from 50 mA to 700 mA (maximal supply current for this LED). The resulting plot is showed in Fig.2.19. At currents up to 650 mA rise times are almost the same and yield the mean value of τrise ≈ 0.13 sec. However, as it can be clearly seen, at higher currents (650 and 700 mA) this time becomes ≈ 4 times grater. This could be explained by the fact that to stabilize higher currents, LED driver circuit (constructed as a PWM-driven voltage-to-current converter with negative feedback loop) needs more time due to the OpAmp gain, required number of PWM periods, smoothing factor, and circuit's and wires' capacitances. This behaviour is confirmed by fixing the baseline current to 650 mA and making pulses of additional 50 mA (see Fig.2.20). In this configuration the rise and fall times becomes the same and slightly lower than above-mentioned mean rise time.

Figure 2 . 18 :

 218 Figure 2.18: Schematic of "real" LED pulse intensity change over time. It demonstrates the presence of rise and fall times related to the LED and its driver functioning.

Figure 2 . 19 :

 219 Figure 2.19: 365 nm LED rise time characterisation for a whole current range with 50 mA step.

Figure 2 . 20 : 2 . 9

 22029 Figure 2.20: 365 nm LED rise and fall times measured for 50 mA current variation near its maximum.

Figure 2 .

 2 Figure 2.21: Sample's temperature in darkness (top) and under the constant 365 nm UV LED illumination (bottom) with focused beam (diameter ≈ 3 mm) of maximal intensity. Heating is evaluated to 1 • K.

Figure 2 . 22 :

 222 Figure 2.22: Schematics of the sample's charge change under above-bandgap light illumination.

Figure 2 . 23 :

 223 Figure 2.23: Schematics of the solar cell I-V curve under constant intensity illumination.

Ferroelectric single crystals have

  been provided by Crystal GmbH (Germany) in the form of plates 10 × 10 × 0.3mm 3 with [001] orientation and in a spontaneous polarization state. Top and bottom planes have been polished by a manufacturer with the laser. These plates were cut into smaller pieces of the desired sizes by using a diamond wire saw. Crystals' dimensions were measured with the Axio Imager Microscope (Carl Zeiss R ) together with the AxioVision software. After being cleaned in ethanol, electrodes were formed on crystal's edges parallel to (100) plane by silver conductive paint (seeFigure 2.24). With the same silver paste thin short (wire length affects the noise level) copper wires were attached to the formed electrodes. Other ends were soldered

Figure 2 . 24 :

 224 Figure 2.24: Measurements configuration.

Figure 2 . 25 :

 225 Figure 2.25: FE loop with polarization states notation used throughout this manuscript.

Figure 3 . 1 schematically

 31 illustrates the possible spontaneous polarization states for tetragonal (a), orthorhombic (b) and (c) rhombohedral symmetries.

Figure 3 . 1 :

 31 Figure 3.1: Possible directions of spontaneous polarization for the (a) tetragonal, (b) orthorhombic and (c) rhombohedral structures.

Figure 3 . 2 : 1 / 3 Figure 3 . 3 )Figure 3 . 4 :

 32133334 Figure 3.2: Ferroelectric hysteresis cycle and its different regimes with respect to electric field induced atomic movement.

Figure 3 . 5 :

 35 Figure 3.5: PMN-PT32% polarization (a), current(b) and photocurrent (c) measured in darkness and under UV light.

Figure 3 .

 3 Figure 3.5 represents the FE properties of the sample under electric field applied along the [100] direction in darkness, and under illumination along the [001] direction. FE loop measured in darkness reveals a classical hysteresis with three polarization

Figure 3 .

 3 5(c) reveals at least two important features. The first one is that the photocurrent, and therefore the bulk photovoltaic effect (BPVE), strongly depends on the FE state: the maximum of photocurrent is observed at the electric field corresponding to the FE dipole reorientation. The corresponding volt-ampere characteristics further illustrate the photo-induced change in electric properties Fig.3.5(b). Such induced photocurrent

Figure 3 . 6 )

 36 Figure 3.6) leaving the sample in a slightly reduced polarization state. Subsequent light pulses reveal only a transient (reversible) effect as they are of the same energy and the remanence was previously achieved.Notably, the initial polarization state can be recovered electrically by bringing the ferroelectric system back to the point "1" again in darkness (by sweeping the electric field from -0.34 MV/m to +0.34 MV/m and to zero). As would be expected from the 180 deg symmetrical polarization rotation, a similar effect, but of opposite sign, is observed for the ferroelectric point "2" (obtained by sweeping the electric field from +0.34 MV/m to -0.34 MV/m and to zero) shown in the inset (c) of Figure3.6. However, the sample depolarized state "0" obtainable by a damping oscillated voltage (similar to the one shown on Fig.2.12) procedure shows no remanence, see Figure3.6(b), in support of the photocarriers distribution hypothesis, as in this state an intrinsic electric field is screened by the domain structure.

Figure 3 . 6 :

 36 Figure 3.6: PMN-PT32% polarization evolution versus initial FE state under consecutive light pulses.

Figure 3 . 7 :

 37 Figure 3.7: Charges generation efficiency in PMN-PT32% composition. Note that the linear part was taken for efficiency calculations.

3. 1 . 2 The Pb[(Mg 1 / 3 2 / 3 ) 0 . 7

 12132307 Nb Ti 0.3 ]O 3 (30%) single crystalBecause the above described PMN-PT32% compound belongs to the well-known family of ferroelectric crystals with multifunctional phase diagram, we have decided to test other members of this family for photovoltaic properties. In particular, a careful study of other compounds in the phase boundary region occurring between 30 -35% is very

  3.8(b)). The observed light-induced change in the ferroelectric loop largely exceeds in magnitude all previous observations [68, 145, 182, 183]. The corresponding volt-ampere characteristics further illustrate the photo-induced change in electric properties (see Fig.3.9).

Figure 3 . 8 :

 38 Figure 3.8: Schematic of the measurements with respect to crystal axis (a). The FE loop of the PMN-PT30% measured in darkness and under UV light (b).

Figure 3 . 9 :

 39 Figure 3.9: I-V loops of the PMN-PT30% measured in darkness and under UV light.

Figure 3 . 10 :

 310 Figure 3.10: The difference between FE currents in darkness and under illumination for the PMN-PT30% crystal.

Figure 3 .

 3 Figure 3.11: A zoomed evolution of the ferroelectric current under light in the remanent polarization state with 1 kV /cm electric field amplitude.

Figure 3 . 13 :

 313 Figure 3.13: Comparison of ferroelectric loops in darkness between PMN-PT32% and PMN-PT30% crystals (a). Figures (b) and (c) show pictures of the both crystals (32 % and 30 % compositions respectively) on a white background indicating larger absorption in the case of 32 % composition.

Figure 3 . 14 :

 314 Figure 3.14: Schematic representation of the device used for the experiment (left) and a microscopic image (right) of the electrical contact indicating the active sample area.

Figure 3 .

 3 Figure 3.15: I-V loop of the BFCO film recorded in darkness.

Figure 3 . 16 :Figure 3 . 17 :Fig. 3 .Figure 3 . 18 :

 3163173318 Figure 3.16: Current-voltage measurements on a BFCO sample, in darkness and under 365 nm light irradiation.

Figure 3 . 19 :

 319 Figure 3.19: Relative change in voltage induced by the 365nm illumination plotted versus light intensity.

  to extract short-circuit photocurrent (I sc ) and open circuit voltage (V oc ). These measurements are generally used to characterize semiconductor-based solar cells. Due to their semi-conductive nature only small electric field can be applied. Moreover, the semiconductor solar cells are not supposed to have any memory effects, contrary to ferroelectrics. These particularities should be taken into account when applying characterization methods of semiconductor solar cells to FE-based PV elements. Moreover, in the case of FE, the electric current can involve different contributions coming from different type of charge movement: domains in sub-coercive region, dipoles at coercive region with everything occurring on the background Ohmic current in the entire electric field region. Therefore it is clear that electric field poling and its magnitude applied during I-V measurements can influence the PV properties evaluated from the classical current-voltage dependences.

Figure 3 . 20 :

 320 Figure 3.20: Intermediate polarization states measured in darkness in sub-coercive mode (dashed line shows full FE loop).

  3.21) short-circuit photocurrent (I sc ) and open circuit voltage (V oc ) are plotted versus electric field magnitude in (Fig. 3.22) and Fig. 3.23 respectively, starting from the smallest and gradually increasing it till coercive voltage. Then the corresponding theoretical and maximal powers were calculated and traced versus poling voltage magnitude (see Fig. 3.24). From those current loops the additional parameters can be calculated (according to the chapter 2.11): maximal power (eq.(2.23), compared to theoretical one showed in Fig. 3.24) and photovoltaic efficiency (eq.(2.22), in Fig. 3.25).

Figure 3 .

 3 Figure 3.21: I-V loops for the depolarized PMN-PT30% sample under the fixed UV intensity illumination (top). Bottom graph shows the zoomed region for the first 4 poling voltages.

Figure 3 . 22 :

 322 Figure 3.22: Short-circuit photocurrent (extracted from Fig. 3.21) for different poling voltages.

Figure 3 . 23 :

 323 Figure 3.23: Open-circuit photovoltage (extracted from Fig. 3.21) for different poling voltages.

Figure 3 . 24 :

 324 Figure 3.24: Maximum (black) and theoretical (red) generated photovoltaic power dependence on poling voltage for initially depolarized sample.

Figure 3 . 25 :

 325 Figure 3.25: Photovoltaic efficiency dependence on poling voltage for initially depolarized sample.

FE

  saturation. Described properties are expected to be a general and technologically important for electrically switchable features for photovoltaic ferroelectric-based solar elementsAs it was mentioned in the previous chapter the extraction of the basic photovoltaic parameters (i.e. circuit photocurrent I sc and open circuit voltage V oc ) is usually performed via I-V measurements at fixed frequency of electric field cycling. However, as far as FE materials are concerned (see Chapter 2.6 and Chapter 3) such a character-

  Fig. 4.1(b)). The extracted photocurrents and open circuit voltages are depicted in Fig. 4.2 and Fig. 4.3 respectively. The both photocurrents and photovoltages approach to saturation, however with the different slope. The difference between intensity dependence of I sc and V oc are known for many photovoltaic FE with the V oc being more representative. The usually linear intensity dependence of I sc in literature can be explained by either insufficient light intensities used or required corrections as commented by other authors[START_REF] Lempicki | Anomalous photovoltaic effect in ZnS single crystals[END_REF][START_REF] Cheroff | Optical transmission and photoconductive and photovoltaic effects in activated and unactivated single crystals of zns[END_REF]. This is apparently not the case for the present study. As discussed

  4.4).

Figure 4 . 1 :

 41 Figure 4.1: Classical Volt-Ampere measurements on depolarized sample in sub-coercive mode under different light intensities.

Figure 4 . 2 :

 42 Figure 4.2: Short-circuit photocurrent (I sc ) as a function of light intensity extracted from Fig. 4.1(c).

Figure 4 . 3 :

 43 Figure 4.3: Open-circuit photovoltage (V oc ) as a function of light intensity extracted from Fig. 4.1(c).

Figure 4 . 4 :

 44 Figure 4.4: Theoretical (black) and maximal (blue) power generated by sample at different light intensities.

Figure 4 . 5 :

 45 Figure 4.5: PV efficiency (in sub-coercive mode and depolarized state) dependence on monochromatic (UV) illumination intensity.

Figure 4 . 6 :

 46 Figure 4.6: Light intensity dependence of the current induced by light for depolarized (grey) and remanent (blue) FE states.

Figure 4 . 7 :

 47 Figure 4.7: Speed (frequency) dependence (∆t is a time delay between points, frequency defined as (total time of 0 → max → 0 intensity sweep) -1 ) of the photocurrent loops measured at FE remanence (state "1").

Figure 4 . 8 :

 48 Figure 4.8: Speed (frequency) dependence of the photocurrent loops measured at FE remanence (state "2").

Figure 4 . 9 :

 49 Figure 4.9: Bulk photovoltaic current kinetics (for fluctuations localized on shallow (a) and on deep (b) levels) in n-type ferroelectric crystal (theoretical investigation discussed in[37], original image taken from there). Working point (time constant for light intensity sweeps) selection (from regions R1, R2) affects the measured current magnitude.

Figure 4 . 10 :

 410 Figure 4.10: Photocurrent loop opening dependence on light intensity sweep frequency (extracted from Fig. 4.7 at 31 mW/cm 2 ).

Figure 4 . 11 :

 411 Figure 4.11: Speed (frequency) dependence of the photovoltage loops measured at FE remanence (state "1").

Figure 4 .

 4 Figure 4.12: Speed (frequency) dependence of the photovoltage loops measured at FE remanence (state "2").

Figure 4 . 13 :

 413 Figure 4.13: Photovoltage for single-way intensity sweep (extracted from Fig. 4.11) at remanent FE state "1".

Figure 5 . 1 :

 51 Figure 5.1: PMN-PT32% dielectric permittivity (a) and polarization (b) as function of temperature.

Figure 5 . 2 :

 52 Figure 5.2: PMN-PT32% transient part of photovoltage as function of intensity under different temperatures.

Figure 5 . 3 :

 53 Figure 5.3: PMN-PT32% closer look into photovoltaic effect tuning with temperature.

ure 5 .

 5 photovoltage versus temperature measurements (see Figure5.5) under the same poling and lighting conditions as was discussed earlier. The curve shows large improvement in photovoltage in the tetragonal phase. This effect might be related to the higher polarization at this phase (due to the lattice rearrangement) and bandgap variations near the Curie temperature.

Figure 5 . 4 :

 54 Figure 5.4: PMN-PT30% dielectric permittivity (a) and polarization (b) as function of temperature.

Figure 5 . 5 :

 55 Figure 5.5: PMN-PT30% (sample's length was 1.6 mm) closer look into photovoltaic effect tuning with temperature.

Figure 6 . 2 :

 62 Figure 6.2: Stepper motor calibration. Magenta box shows elastic regime of sample deformation. Green rectangle represents the strain range selected for the stress dependent studies.

Figure 6 . 3 :

 63 Figure 6.3: Transient part of PMN-PT30% photovoltage (scaled to the maximum in unstressed state) in unstressed state and under three different strain values.

Figure 6 . 4 :

 64 Figure 6.4: PMN-PT30% photovoltaic effect tuning by compressive strain (ppm defined in Eq. (2.17)).

Figure 6 . 5 :

 65 Figure 6.5: PMN-PT32% photovoltaic effect tuning by pressure.

Figure 6 . 6 :

 66 Figure 6.6: PMN-PT30% photovoltaic effect tuning by pressure.

  photocurrent.

Figure 7 . 2 :

 72 Figure 7.2: Experimental setup for PoC.

Figure 7 . 3 :

 73 Figure 7.3: Light intensity sweeps that demonstrate the existence of multiple light written states (depending on the maximum light intensity).

Figure 7 . 4 :YearFigure 8 . 1 :

 7481 Figure 7.4: Optical writing and erasing of graphene resistive states with UV light.

Figure 8 . 2 :

 82 Figure 8.2 : Illustration d'une principe de fonctionnement d'un semi-conducteur classique à bande interdite unique. Cellule de type p-n (a) et celle basée sur FE (b). Image de la réf. [4].

Figure 8 .

 8 3(a). Trois transitions caractéristiques à T 1 (≈ 352K), T 2 (≈ 375K) et Tc (≈ 420K) sont clairement observées dans les deux mesures. Alors que T 2 et Tc sont respectivement liés aux transitions rhomboédrique-tétragonale et tétragonale-cubique

  processus de recombinaison de charge à des intensités d'éclairage plus élevées. Ces processus opposés donnent lieu au pic en fonction de l'intensité lumineuse à la valeur où les nombres de porteurs générés et recombinés deviennent comparables. Parce que la position du pic en fonction de l'intensité change avec la température la tension maximal générée et sa partie linéaire ont été extraits des isothermes photovoltaïques et tracés en fonction de la température (voir Figure 8.5). L'effet photovoltaïque montre des singularités aux trois températures de transition et révèle plus d'un triple rehaussement près de Tc, puis disparaît dans la région de température paraélectrique. Ce comportement confirme que la photovoltaïcité d'origine ferroélectrique n'existe que dans la phase électriquement polaire. L'effet photovoltaïque généralement plus grand dans la phase tétragonale peut être lié à la plus grande polarisation (dépendance de l'efficacité démontrée dans les Chapitres 3 et 4) dans cette phase et aussi peut être lié à la dépendance attendue de la température de la bande interdite rapportée pour des composés similaires [188].

Figure 8 . 3 :

 83 Figure 8.3 : Dépendance à la température de la permittivité diélectrique (a) et polarisation (b) d'un composé PMN-PT32%.

Figure 8 . 4 :

 84 Figure 8.4 : La partie transitoire de tension photovoltaïque en fonction de l'intensité lumineuse mesurée pour températures différentes d'un composé PMN-PT32%.

Figure 8 . 5 : 3 Figure 8 . 7 )

 85387 Figure 8.5 : Vue sur la dépendance de l'effet photovoltaïque à la température d'un composé PMN-PT32%.

Figure 8 . 6 :

 86 Figure 8.6 : Dépendance à la température de la permittivité diélectrique (a) et polarisation (b) d'un composé PMN-PT30%.

Figure 8 . 7 :

 87 Figure 8.7 : Vue sur la dépendance de l'effet photovoltaïque à la température d'un composé PMN-PT30% (la longueur de l'échantillon était de 1,6 mm).

Figure 8 . 8 )

 88 ou, à des fins d'optimisation, des structures GMR/TMR multicouches. Une telle structure "sandwich" permet le contrôle optique (écriture et éventuellement effacement, sous certaines conditions) avec lecture électrique (et effacement) des informations sauvegardées. Ce type de dispositif pourrait être utilisé dans des stockages magnétiques non volatils (préférés en raison de considérations de vitesse) et dans la MRAM.

Figure 8 . 8 :

 88 Figure 8.8 : Configuration expérimentale pour le contrôle de la magnétisation par déformation (extrait de[START_REF] Zhang | Light modulation of magnetization switching in PMN-PT/Ni heterostructure[END_REF]).

(

  voir Fig. 8.10). Du fait que certaines des charges se sont recombinées de manière irréversible, l'écriture optique répétable de l'état résistif du graphène devient possible. De plus, en contrôlant finement l'intensité d'éclairage (et plus généralement son historique) on trouve l'équilibre entre ces deux processus concurrents et obtient un contrôle sur la procédure de dopage. En prenant par exemple deux intensités lumineuses et une approche à impulsion unique, la commutation de résistance résultante est démontrée par Fig. 8.11.

Figure 8 . 9 :

 89 Figure 8.9 : Configuration expérimentale pour la preuve de concept.

Figure 8 . 10 :

 810 Figure 8.10 : Balayages d'intensité lumineuse qui démontrent l'existence de plusieurs états écrits par la lumière (en fonction de l'intensité lumineuse maximale).

Figure 8 . 11 :

 811 Figure 8.11 : Écriture optique et effacement des états résistifs du graphène avec la lumière UV.

  

  

  

  

Monocristal de Pb[(Mg 1/3 Nb 2/3 ) 0.68 Ti 0.32 ]O 3

  LiN bO 3 , KN b0 3 et Ba 0.25 Sr 0.75 N b 2 0 6 FE est hautement non linéaire avec la température. Puis Watanabe et al[START_REF] Watanabe | Photoresponse of zener tunneling junctions of P b(T i, Zr)O 3 /SrT iO 3 at low temperature[END_REF] ont démontrés le comportement non linéaire de l'effet PV dans les films épitaxiaux PZT/STO. Plus tard, Bogomolovet al[START_REF] Bogomolov | Temperature behavior of the photovoltaic and pyroelectric responses of Sn 2 P 2 S 6 semiconductor ferroelectric films[END_REF] a montré que la réponse de courant des films ferroélectriques semi-conducteurs Sn 2 P 2 S 6 sous illumination se compose à la fois de composants instationnaires (attribués à l'effet pyroélectrique) et quasi-stables (photovoltaïques). Chacune de ces composants a sa propre dépendance à la température : l'un qui décroît, l'autre -augmente (et atteint son maximum près de la Tc) pendant le chauffage. À son tour, Yang et al[START_REF] Yang | Bulk photovoltaic effect in monodomain BiF eO 3 thin films[END_REF] a rapporté la possibilité d'accorder des propriétés PV (à la fois I sc et V oc ) dans les films BiF eO 3 monodomaines en fonction de la température. Cependant, la température de polaire. Parce que la famille PMN-PT a été considérée principalement dans le contexte de l'utilisation des capteurs/actionneurs, ses propriétés piézoélectriques et diélectriques ont également été bien étudiées en fonction de la température. Les propriétés PV de ces

	D'après les résultats discutés précédemment (voir le Chapitre 3), la réponse PV aug-
	mente avec l'augmentation de la tension de polarisation et atteint son maximum dans composés n'ayant été signalées que récemment, leur dépendance à la température était l'état monodomaine. Dans cet état, les propriétés PV deviennent dépendantes de la inconnue. Pour combler l'écart dans la compréhension de la dépendance des propriétés réorganisation de la structure cristalline pendant les transitions de phase en raison photovoltaïque à la température dans ce matériau (compositions : 32% et 30%), les des changements du champ électrique intrinsèque. L'état monodomaine ferroélectrique résultats obtenus sont discutés ci-dessous. devient également bénéfique car il élimine un paramètre supplémentaire (structure
	des domaines ferroélectriques sous-coercitifs et sa comportement lors des transitions
	de phase) et facilite la comparaison des rendements. Par conséquent, avant mesurer,

. Cependant, dans le cas de matériaux photovoltaïques FE plus isolants, la dépendance de l'effet PV à la température est moins connue. En fait, dans le cas des matériaux PV et FE, l'effet PV n'est attaché et supposé exister que dans les structures cristallographiquement acentriques. De plus, différents types de structures acentriques peuvent être plus, ou moins favorables aux effets PV comme cela sera indirectement souligné dans le Chapitre 6. De telles structures acentriques peuvent exister dans certaines fenêtres de température et par conséquent, en modifiant de température, on peut changer radicalement la réponse PV.

Ce chapitre est consacré à la dépendance de l'effet PV à la température pour les deux composés PMN-PT étudiés. La présence d'un diagramme de phase riche et d'une région MPB dans PMN-PT avec des transitions séquentielles rend ces composés des candidats idéaux pour les études des propriétés PV dépendant de la température.Fridkin et al

[START_REF] Fridkin | Temperature and spectral dependence of the photovoltaic current in ferroelectrics[END_REF] 

a montré que BPVE dans l'échantillon a d'abord été réchauffé dans l'obscurité 19K au-dessus de sa température de Curie (Tc ≈ 420K) puis refroidi sous un champ électrique coercitif appliqué le long de la direction

[START_REF] Jalaja | Optically controlled polarization, photovoltaic and switchable diode behavior in multifunctional KBiF e 2 O 5 composite film[END_REF]

. Le champ électrique a ensuite été mis à zéro et la permittivité diélectrique a été mesurée en fonction du temps pour atteindre la stabilité. La même procédure a été appliquée pour mesurer la polarisation et la charge électrique induite a été surveillée par un électromètre en fonction du temps pour atteindre la stabilité de polarisation isotherme. La dépendance à la température de la permittivité diélectrique et de la polarisation électrique de P b (M g 1/3 N b 2/3 ) 0.68 T i 0.32 O 3 est montrée dans

Bien que l'effet photovoltaïque dans les ferroélectriques ait été démontré par Chynoweth[1] en 1956, le nombre de composés PV connus est actuellement bien au dessous de 40. La renaissance dans ce domaine de la recherche a commencé après la découverte de l'effet PV dans le multiferroïque BiF eO 3 [2]. Depuis, nous témoignons des nombreux rapports chaque année consacrés aux matériaux et structures photovoltaïques ferroélectriques contribuant au développement d'un domaine de recherche intéressant en science des matériaux. Un tel intérêt rapidement croissant est d'une coté le résultat de la consommation d'énergie au cours de la dernière décennie (croissance rapide de l'infrastructure d'Internet : centres de données, serveurs, appareils IoT et autres, nécessitent plus d'électricité chaque année) et d'autre part, une volonté de réalisation d'un concept énergétique respectueux de l'environnement. La tendance générale de la

Pour conclure cette section, on peut tout d'abord souligner que l'effet PV trouvé dans les deux composés étudiés avec des compositions de 32% et 30% persiste dans une large gamme de températures au-dessus de la température ambiante. L'effet PV disparaît lorsque les cristaux sont chauffés au-dessus de leur température de Curie FE correspondante où la structure devient centrosymétrique. Bien qu'une très petite photo-réponse (voir l'isotherme de 437 K sur la Figure8.4) puisse encore être observée juste après la transition polaire à non polaire, elle disparaît avec un réchauffement supplémentaire. La nette disparition de l'effet photovoltaïque au-dessus de Tc ferroélectrique est une observation importante, confirmant que l'origine de photovoltaïcité dans les matériaux FE est liée aux structures polaires acentriques. Fait intéressant, à mesure que la température augmente, chaque phase cristalline séquentielle manifeste une réponse PV modifiée. De plus, toutes les transitions structurelles montrent des singularités dans les propriétés PV réduisant ou augmentant l'effet photovoltaïque. Ces effets dépendants de la structure méritent une étude séparée pour établir l'ingénierie de propriété PV.Juste avant la Tc FE, l'effet photovoltaïque augmente plus de 2 fois pour le composé à 32% et peut être considéré comme une caractéristique générale des matériaux FE PV.En effet, l'augmentation similaire, bien que moindre, a également été détectée pour le cristal PMN-PT30% proche de Tc. Une telle augmentation de PV près de sa Tc, où les fluctuations commencent à se produire, peut être qualitativement comprise en termes de sortie de l'échantillon de l'équilibre thermodynamique où le système devient plus sensible aux perturbations externes. Bien que plus théorique à l'intérieur serait bénéfique ici, les résultats suggèrent clairement le moyen technologiquement important d'augmenter l'effet PV dans FE en rapprochant le système à sa température de Curie FE. Tous les résultats obtenus démontrent clairement la possibilité d'un réglage de l'effet PV dans nos cristaux FE en fonction de la température et peuvent fournir un moyen pour l'ingénierie PV.
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AC

Alternating current

ADC

Analog to Digital converter APVE Chapter 6

Strain control of photovoltaic effect

Considering that the temperature-induced change in lattice parameters can modify the PV effect, it was decided to examine a usage of a non-thermal external mechanical strain, as an additional control parameter.

Fact that for the PMN-PT30% single crystal the PV effect was found to be larger compared to the PMN-PT32% one (Chapter 3.1.2) suggests possible stress dependence of photovoltaicity. Motivated by these results I have performed the stress dependent measurements of the photovoltage at room temperature. The results of this investigations are presented in this Chapter. 123

Uniaxial compressive strain

First of all, the uniaxial deformation was applied along X crystalline direction as shown in Fig. 6.1 below. The technical arrangements as shown in Fig. 2.17 were connected to micro-stepper motor and controlled by computer. The mechanical deformation was monitored by resistive strain gauge (Fig. 2.16) sensitive to the deformation mostly along X axis. The voltage was also monitored along the same direction while illuminating the sample from a top. As compression increases a clear reduction in the photovoltage is observed (Fig. 6.3).

The V oc values extracted at the given intensity from these measurements are plotted against the relative deformation in Fig. 6.4. After stressing the sample the initial state was recovered, therefore the experiment was proven to be in the elastic regime (see Fig. 6.2) and no detectable damage occurred.

The effect of the external strain on photovoltaic properties of PMN-PT crystals is not known in literature to the best of this author knowledge and only tentative explanation can be made at this stage. The first possibility is that certain crystalline symmetries are more favourable for photovoltaics then others due to possible modification in the bandgap. Indeed, we have demonstrated this by the temperature dependent studies (see Chapter 5) exploiting the series of phase transitions in these successful compounds. Another related explanation can be given taking into account the energy