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Transparent electronics is the research field where the opaque semiconductors, used in nowadays devices, are substituted by semiconductors characterized by an elevated optical transmittance in the visible range i.e. being transparent. This requires a special class of materials, called Transparent Conducting Materials (TCM). Metallic nanostructures like metallic nanowires (MNWs) in random networks or ordered arrays have been demonstrated to successfully work as transparent electrodes 1 . However, to fabricate transparent functionalized devices there is the need for transparent semiconductors. The conception of these materials is contradictory from the bands' diagram point of view, the combination of transparency and conductivity is contradictory. On one hand, a transparent material must possess a large energy gap to avoid optical absorbance. On the other hand, a large energy gap will limit the electrical conduction.

Up to date, different materials with the required properties have been reported, for instance, transparent conductive oxide (TCOs'), displaying semiconducting properties together with good optical transparency. Among TCOs, superiorly performant materials, such as tin oxide (SnO2) 2 , zinc oxide (ZnO) 3 , aluminum-doped zinc oxide (AZO) 4 , fluorine-doped tin oxide (FTO), and tin-doped indium oxide (ITO) 5 have been often synthesized by different methods. These TCOs are generally characterized by a very high n-type conductivity, comparable with the one of metals, thus can be used as transparent electrodes.

These materials attracted wide interest from the scientific community and they were integrated into organic light-emitting diodes (OLED) 6,7 , liquid crystal displays (LCD) 8,9 , and solar cells 10,11 . Early reports of transparent TFT based on ZnO in 2003 opened the way for the application of this material in active matrix of organic light-emitting diodes (AMOLED) 12 , enabling the fabrication of ultrathin screens, whose presence increased drastically in the last decades. Additionally, the features of transparency of these materials allow the use of ambient light to enhance the efficiency of the device relying on the photovoltaic effect.

Modern electronics is based on transistors and diodes, which are composed of stacks between n-type and p-type semiconductors. Similarly, transparent electronics require the combination of n-type and p-type TCOs. The fabrication of a transparent p-n junction could lead, for example, to the fabrication of a functional window able to transmit the wavelengths in the visible range while producing energy by photovoltaic effect through the absorption of the UV radiation. This structure would find application in an extremely wide range of situations from glass in buildings and cars, to be integrated within devices of consumer electronics. Moreover, the production of transparent p-n junctions will enable the fabrication of see-through optoelectronic devices such as LCD 8,9 , and TFT 13,14 .

Transparent CMOS technology will enable the breakthrough of transparent electronics in everyday devices, for instance in smartphones, displays, laptops, and computers 12 , as well as, smart windows and various furniture based on transparent substrates. However, there is still a lack of hole transparent semiconductors with properties comparable with the n-type counterpart. Hence, the development of highly performant p-type TCOs is currently a hot topic in research because it will enable the breakthrough of transparent electronics 15 .

P-type TCOs, delafossite compounds and CuCrO 2

The first report about the deposition of p-type TCOs was reported by Sato et al. 16 in 1993

with the synthesis of NiO by magnetron sputtering. Following this work, many research groups focused their efforts on the synthesis of various p-type TCOs such as Cu:NiO 17 , Cu2O 18 , CuAlS2 19 , although the electrical and optical properties of these materials are not yet comparable to the ones of the n-type TCOs, hence not suitable for the integration into transparent optoelectronic devices. Highly performant p-type semiconductor oxides will strongly enhance the efficiencies of solar cells, light-emitting diodes, and the sensitivity and responsivity of sensors. The synthesis of highly conductive p-type TCOs is challenging due to their intrinsic energy band structure, as described by Kawazoe et al. 20 and represented in Figure 1-1. In these materials, the large electronegativity of oxygen leads to strongly localized valence band edge 21 , formed by oxygen 2p levels 22,23 , resulting in a great ionic aspect. The high ionicity of these compounds is attributed to the energetic position of the oxygen level, situated at an energy lower than the valence orbital of the metallic cations.

This will result in a large effective mass of the holes i.e. in flat valence band structure 24 , hence in a reduced holes' mobility, and, finally, on a low electrical conductivity 25 .

Furthermore, the development of a p-type based transparent electronic is restricted by material availability and cost. Copper is an abundant and non-toxic material, for these reasons Cu-based oxides are one the most studied material, with Cu2O the leader compound in research 26 . This compound is characterized by one of the lowest ionic aspects, resulting in a good expected conductivity. However, its high optical absorbance in the visible range limits its integrability in fully transparent optoelectronic devices. Based on these considerations, the conception of new promising p-type TCOs requires a modification of the band structure to enlarge the energy gap and thus enhance the transparency.

To overcome these issues, Yanagi et al. 27 explained that the metallic cation needs to have a closed shell, with energy close to the 2p levels of the oxygen atoms, Figure 1-1, which prevents intra-atomic interactions and, thus, the optical absorbance, ensuring transparency.

The second requirement concerns the crystalline structure of the oxides, which will influence the covalence aspect of the bonding between the cations and the oxygen, reducing the localization of the carriers, and finally the conductivity of the material. The crystalline lattice will also affect the energy gap. The interaction between the d 10 electrons of Cu + atoms may lower the bandgap. A reduction of the crosslinking of the Cu ions is required to enlarge the energy gap, thus guaranteeing the transparency of the material.

In 1997, Kawazoe et al. 23 demonstrated the tuning of the energy gap and the improvement of electrical properties by inserting a cation in the Cu2O lattice through the deposition of CuAlO2 by laser ablation and the first report about the synthesis of a delafossite compound.

However, despite CuAlO2 being characterized by good transparency, around 70%, its low electrical conductivity limits its suitability in operational devices 28 . Nevertheless, this work attracted the large interest of the scientific community for the development of other Cu +1 -
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based delafossites, with chemical formula CuMO2, where M can be a trivalent cation such as Al 23 , Fe 29 , Ge 30 , Ga 31 , Cr 32 , Y 33 , or Sc 34 . These materials are formed by Cu ions linearly coordinated with two atoms of oxygen, creating an O-Cu-O dumbbell parallel to the c axis.

Oxygen atoms are bonded with three M +3 cations creating a centered octahedral layer composed of M +3 O6, parallel to the ab plane. This structure can be visualized as a chain of Cu-O-M-O-Cu along the c axis, as highlighted in Figure 1-2, reducing the crosslinking of Cu + ions i.e. increasing the energy gap when compared with Cu2O. However, while the optical and electrical performances are improved when compared to Cu2O, these materials do not combine high conductivity, high transparency, and low synthesis temperatures, as achieved by n-type TCOs 35 .

Delafossite CuMO2 can crystallize in two polymorphisms depending on whether the layer stacking is CuM or CuMO, for the 2H-hexagonal phase with P63/mmc symmetry, and 3Rrhombohedral structure space group 3R-m, respectively 36 . The unit cells for 2H and 3R

obtained by the VESTA software 37 can be seen in Figure 1 Theoretical studies demonstrated that the electrical conductivity is simultaneously related to the material electronic structure and the ionic size of the trivalent cation 38,39 . The orbital hybridization is responsible for the holes delocalization able to boost the carrier mobility 35,40 . Hence, the M +3 cation should possess an adequate electronic structure, able to increase the covalent aspect of the bonding with the oxygen atom to enhance the conductivity. On the other hand, optimal cationic size is required as a trade-off between a small ionic radius, easing the hopping mechanism, therefore, resulting in a greater intrinsic conductivity, and a cationic size not too limited allowing dopability and consequential increase in the carrier concentration 38 .

Amongst the possible trivalent cations, chromium was demonstrated to have the greatest covalent bonding with the oxygen atoms 41 with a moderate ionic radius, close to the one of Cu 42 . Based on these results, copper chromium oxide or copper chromate also known as Mac Connelite, with chemical formula CuCrO2, represents a very promising p-type TCO with a wide energy gap and good electrical resistivity for stoichiometric films 43 .

For this material, the 3R polymorphism was demonstrated to have greater stability and higher p-type conductivity 42,44 than the 2H polytype. Thus, only the 3R structure will be described in the following.

In the R-3m configuration, the lattice parameters are a=b= 2.973 Å and c= 17.1 Å. The lengths of the Cu-O and Cr-O bonds are 1.844 Å, and 2.032 Å 36 , respectively, resulting in a unit cell with a volume of 130.93 Å 3 . This compound has a density of 5.61 g/cm 3 and a molar mass of 147.54 g/mol. About the primitive cell of CuCrO2, considering the Cu atom situated in the origin of the crystalline plane, the Cr and O atoms are located in the (0, 0, 0.5) and (0, 0, 0.10792) position, respectively.

The energy gap of CuCrO2 has been widely studied. The earliest band gap measurement for CuCrO2 bulk powder samples was performed by photoelectrochemical characterization by Benko and Koffyberg 45 . The authors reported an indirect bandgap of 1.28 eV. The subsequent measurements of the energy gap of CuCrO2 have been debated; various groups reported that CuCrO2 behaves both an as indirect band gap 46 and a direct bandgap semiconductor 47 . Nevertheless, the consensus is that this material is characterized by a direct optical bandgap in the range of 2.95-3.30 eV, meaning CuCrO2 is transparent to visible light. 

State of the art of p-type TCOs

In the context of TCOs, transparency and electrical conductivity are equally important.

Therefore, to compare the performances of p-type TCOs, despite the variation in thickness, different Figures of Merit (FoM) have been developed. The most commonly used ones were proposed by Haacke 48 and Gordon 49 labelled FoM H and FoM G , respectively. These can be expressed by the following equations 1-1 and 1-2 :

𝑭𝒐𝑴 𝑯 𝑻 𝟏𝟎 𝑹 𝒔𝒉 1-1 𝑭𝒐𝑴 𝑮 𝟏 𝑹 𝒔𝒉 * 𝒍𝒏 𝑻 𝑹 1-2
Where Rsh is the sheet resistance (Ω/sq), and T and R are the average optical transmittance and reflectance, respectively, in the 400-800 nm range. 28 and Hu and al. 50 . The value for n-type ITO thin film is reported for comparison.

Red and blue lines correspond to isoline for the FoM G and FoM H in MΩ -1 , respectively.

In Figure 1-3 we report the comparison between the inverse of the sheet resistance as a function of the average optical transmittance in the visible range for various p-type TCOs as extracted by the works of Fleischer et al. 28 , Hu and al. 50 updated with various values found in literature. Ideally, the closest the p-type TCO will be placed to the top right corner, the highest its performances would be. To ease the comparison between various materials, FoM isolines for both the definitions are reported as well. Amongst highly performant ptype TCOs synthesized by solution-based process, Cu0.33Cr0.66O2 has set a superior limit with a value of FoM G of 2300 µS 51 , overcoming the previous record obtained by promising p-type TCOs as Ca3Co4O9 52 (FoM G = 151 µS) and Bi2Sr2Co2Oy 53 (FoM G = 800 µS) thin films. More recently, Hu et al. 50 reported the synthesis by PLD of an innovative p-type TCOs, La0.33Sr0.33VO3, with an extremely high value of FoM G of 6776 µS, the highest up to date. However, other groups that try to reproduce this result failed arising questions about the validity of the work reported by Hu et al. 50 . These results justify our interest in CuCrO2 thin films as promising p-type TCO.

Cu-Cr-O phase diagram

The temperature, the oxygen partial pressure as well as the partial copper and chromium concentrations during the growth determine the phases in thermodynamic equilibrium constituting the film, and, consequentially the properties of the synthesized material.

Schorne-Pinto et al. 54 reported a detailed investigation of the thermodynamic properties of the CuCrO2 delafossite phase. Moreover, different thermodynamic calculations 55,56 were reported about the equilibrium phase diagram of the Cu-Cr-O system for a given temperature. However, the studied temperature range is far from the one used in this thesis.

The measurement of Jacob et al. 57 , obtained by a solid-state electrochemical cell, is the one that corresponds to the used deposition conditions in this Ph.D. thesis, valuable in the 280 -480 °C range and at atmospheric pressure. More recently, Schorne-Pinto et al. 58 deeply analysed the Cu-Cr-O system in a wide range of temperatures and at ambient pressure.

These authors also computed the isothermal section of this system at 427°C, with results in good agreement with the ones of Jacob et al. Based on these considerations, the work of Schorne-Pinto is used for the analysis of the thermal stability of the system in this thesis, as reported in Figure 1-4. The possible Cu-Cr-O phases are CuCrO2, CuCr2O4, and CuCrO4, but parasitic phases like CuO, Cu2O, Cr2O3 can be formed resulting in a large variety of composite compounds that may appear during the synthesis, as visible by the results reported in Figure 1234.
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CuO, with values of electrical resistivity around 1 Ω.cm, is more conductive than Cu2O with values of 100 Ω.cm; however, its absorbent character does not make it suitable for transparent electronic applications, thus its formation has to be avoided. On the other hand, Cr2O3 is also known to have good optical properties, with transparency around 50%, but limited electrical properties with values of resistivity of 400 Ω.cm for films deposited by spray pyrolysis 59 .

CuCr2O4 has been deeply studied for its photocatalytic applications [60][61][62] , its ferromagnetic properties 63 , and spectra selective paints 64 . Values of resistivity around 5 Ω.cm, an optical transmittance around 40%, and a reflectance around 15% were reported for CuCr2O4 thin films deposited at 250°C by ALD and then annealed at 700°C in an oxygen environment.

Due to the limited transparency as well as the inadequate electrical transport properties, this material was discharged by the candidate selection as p-type TCO.

When studying the phase diagram represented in Figure 1-4, we can highlight that for a given temperature, the cationic ratio i.e. Cu/Cr ratio, plays a major role in the phase 58 .The red dashed line corresponds to the out of stoichiometry Cu0.66Cr1,33O2 thin films by Crepelliere et al 51 .

formation. We can infer that the formation of single-phase CuCrO2 with no secondary phase is achieved only for the condition of 25% Cu/ 25% Cr/ 50% O, indicated by the purple dot in the figure. This thermodynamic calculation evidences that a slight variation in stoichiometry leads to the formation of various parasitic phases according to various authors 57,58 who reported that the CuCrO2 delafossite phase accepts only a limited deviation from the stoichiometry of Cu/(Cu+Cr)=0.01. Although, various experimental works demonstrated the synthesis of out of stoichiometry CuCrO2 powders 65,66 , as well as thin films 24,51,[67][68][69][70] with a large divergence from stoichiometry. This may seem contradictory with the results obtained by thermodynamic calculation, however, Shorne-Pinto et al. 58 explain that nonstoichiometric thin films and nanometric powders are not examined in their work due to their metastable state.

Moreover, the difference between the thermodynamic calculations and the experimental reports relies mainly on the non-equilibrium thermodynamic conditions in which the deposition takes place, finally allowing the synthesis of non-stoichiometric materials.

For instance, Crepelliere et al. 51 reported the synthesis of a single-phase CuCrO2 with a large Cr excess, with Cu/(Cu+Cr)=33%, indicated by the red dashed line in Figure 1234.

Synthesis of CuCrO 2

The promising properties of CuCrO2 led to a huge effort from the scientific community to synthesize this material through various routes. A fulfilling summary of the techniques used for the deposition of CuCrO2 is presented in the work of Crepélliere et al. 51 . The first work about the deposition of copper chromium oxide was reported by Benko et Koffyberg 45 with the synthesis of CuCrO2 by solid-state method 45 . The synthesis of CuCrO2 by this method involved the grinding of Cr2O3 and Cu2O powders before the sintering at around 850°C -1250°C in a nitrogen, argon, or air atmosphere for 12-48 hours. This step was followed by calcination at around 1000°C for 10 -100 hours to obtain films with good crystallinity.

This procedure resulted in films with a very high electrical resistivity, around 10 4 Ω cm 45 .

A second common way to prepare this material was by sol-gel method. Copper and chromium acetate monohydrates dissolved in alcoholic solutions were spin-coated on quartz or sapphire substrate. A drying step in air for 3 minutes was performed after each coating. The number of deposition /drying cycles controlled the desired thickness.

However, to achieve a well-crystallized delafossite phase an annealing step at high temperature of around 700 °C in argon was required 71 . Sol-gel processed CuCrO2 thin films displayed good transparency, around 50% in the visible range, but the low charge carrier density led to high values of resistivity, around 10 3 Ω cm. Despite the successful synthesis of crystallized CuCrO2, the high temperature used in these approaches is not compatible with the deposition on glass or plastic substrates. Nevertheless, solid-state reaction and solgel method allowed the synthesis of the targets used for pulsed laser deposition (PLD) and RF magnetron sputtering. For instance, Barnabé et al. 72 reported the successful synthesis of Mg-doped CuCrO2 by RF magnetron sputtering through the grinding of starting precursors i.e. Cu2O, Cr2O3, and MgO. The mixture was heated at 900 °C for 10 h in a nitrogen atmosphere and cooled down. The powder was heated for 10h and then pressed into the sputtering target and sintered at 1200°C.

The films synthesized by these methods display an optical transmittance comparable with the ones deposited by sol-gel, but a reduced electrical resistivity, with values around 0.1 -1 Ω cm. Furthermore, PLD allowed the deposition of CuCrO2 for temperature down to 500°C, still not compatible with the fabrication requirements of transparent electronic industry. Moreover, different works on the deposition of CuCrO2 through physical methods 44,[START_REF] Sun | optical, and electrical properties of conducting p-type transparent Cu-Cr-O thin films[END_REF][START_REF] Yu | Characteristics of p-type transparent conductive CuCrO2 thin films[END_REF] reported the synthesis of the amorphous delafossite phase or contaminated by various parasitic phases as CuO and CuCr2O4, detrimental to the optical and electrical

properties. It has been demonstrated that a successive annealing step for 3 to 10 minutes at around 600 -700°C in Ar could enhance the films' crystallinity and purify the material leaving only CuCrO2, the aimed material [START_REF] Sun | optical, and electrical properties of conducting p-type transparent Cu-Cr-O thin films[END_REF][START_REF] Yu | Characteristics of p-type transparent conductive CuCrO2 thin films[END_REF] .

More recently, chemical deposition methods were used to synthesize this material reducing the synthesis temperature down to 345°C for films obtained by spray pyrolysis 24 . This first report opened the way for auspicious studies over this material deposited at low temperature, compatible with transparent electronics. More recently, Wang et al. [START_REF] Wang | Combustion Synthesis of p-Type Transparent Conducting CuCrO2+ x and Cu:CrOx Thin Films at 180 °C[END_REF] reported the deposition of CuCrO2 thin films by combustion synthesis at temperatures as low as 180°C. Various other methods were reported for the synthesis of CuCrO2 such as CVD 51,67 , spray pyrolysis 24,[START_REF] Farrell | Spray pyrolysis growth of a high figure of merit, nano-crystalline, p-type transparent conducting material at low temperature[END_REF][START_REF] Chikoidze | Control of p-type conduction in Mg doped monophase CuCrO2 thin layers[END_REF][START_REF] Sánchez-Alarcón | Ultrasonic spray-pyrolyzed CuCrO2 thin films[END_REF] , ALD 43 , hydro-thermal synthesis [START_REF] Jeong | P-Type CuCrO2 particulate films as the hole transporting layer for CH3NH3PbI3 perovskite solar cells[END_REF][START_REF] Liu | Innovative development on a p-type delafossite CuCrO2 nanoparticles based triethylamine sensor[END_REF][START_REF] Gil | CuCrO2 nanoparticles incorporated into PTAA as a hole transport layer for 85°C and light stabilities in perovskite solar cells[END_REF] , microwave heating [START_REF] Kumar | Fast synthesis of CuCrO2 delafossite by monomode microwave heating[END_REF] , and molecular beam epitaxy [START_REF] Shin | Electronic structure of CuCrO 2 thin films grown on Al 2 O 3 (001) by oxygen plasma assisted molecular beam epitaxy[END_REF] . CuCrO2 hollow nanotubes were also reported obtained by electrospinning [START_REF] Wu | Preparation of CuCrO2 Hollow Nanotubes from an Electrospun Al2O3 Template[END_REF] .

Conductivity in CuCrO 2

In CuCrO2 and delafossite generally, the conductivity is anisotropic [START_REF] Poienar | Revisiting the properties of delafossite CuCrO2: A single crystal study[END_REF] , with values of inplane resistivity 35 times lower than the out-of-plane one, and the conduction's mechanism is still argued. However previous studies 24,51,[START_REF] Scanlon | Understanding the p-type defect chemistry of CuCrO2[END_REF] showed the predominance of small polaronic hopping, supposedly among Cu +1 /Cu +2 atoms, justifying the overall low carriers'mobility 23,45 due to the non-bonded electron [START_REF] Zhang | Transparent p-Type Semiconductors: Copper-Based Oxides and Oxychalcogenides[END_REF] . The study of Scanlon et al. [START_REF] Scanlon | Understanding the p-type defect chemistry of CuCrO2[END_REF] highlighted that the great electrical conductivity of this material is originated from the strong hybridization between Cr 3d and O 2p states, which results in a higher delocalization of the carriers i.e. in a higher electrical conductivity when compared to other delafossite compounds.

When a band conduction model of semiconductors is used, the extracted activation energy is in the range of 3kBT at room temperature, which suggests that this material behaves as a strongly doped degenerate semiconductor with a great density of acceptor levels close to the valence band maximum. The latter is mainly composed of Cr 3d states as highlighted from the photoelectron spectroscopy reported by Yokobori et al. [START_REF] Yokobori | Electronic structure of the hole-doped delafossite oxides CuCr1-xMgxO2[END_REF] .

Scanlon et al. [START_REF] Scanlon | Understanding the p-type defect chemistry of CuCrO2[END_REF] demonstrated that the intrinsic p-type conductivity of this material is related to the formation of defects, such as Cu vacancies (VCu), which have the lowest formation energy as confirmed by the experimental reports 24,51 . Furthermore, various studies 69,[START_REF] Chen | Characterization of transparent conductive delafossite-CuCr1-x O2 films[END_REF][START_REF] Lin | The Optoelectronic Properties of p-Type Cr-Deficient Cu[Cr0.95-xMg0.05O2 Films Deposited by Reactive Magnetron Sputtering[END_REF] reported the possible formation of Cu anti-site defects (CuCr), i.e. Cu atoms lying in the Cr vacancies. The formation of such defects is in good agreement with theoretical calculation about the defect formation for CuAlO2 [START_REF] Scanlon | Conductivity limits in CuAlO2 from screenedhybrid density functional theory[END_REF] . The species of defects formed in the material depend on the growth conditions and finally on the deviation from the stoichiometry of CuCrO2 24,51,69,[START_REF] Chen | Characterization of transparent conductive delafossite-CuCr1-x O2 films[END_REF] .

The value of resistivity found for single-crystal thin films is around 1000 Ω.cm [START_REF] Poienar | Revisiting the properties of delafossite CuCrO2: A single crystal study[END_REF][START_REF] O'sullivan | Magnetoresistance of CuCrO2-based delafossite films[END_REF] . Values around 275 Ω.cm were reported for bulk material 41 . The deposition of stoichiometric CuCrO2 thin films (Cu/(Cu+Cr)=50%) by ALD was reported by Tripathi et al 43 , with a resistivity around 1.0 Ω.cm, transmittance in the 600-800 nm greater than 70% and an energy gap of 3.09eV for 120nm thick film. When prepared by RF sputtering, stoichiometric films presented a resistivity around 5 Ω.cm [START_REF] Chiba | Optical and structural properties of CuCrO2 thin films on c-face sapphire substrate deposited by reactive RF magnetron sputtering[END_REF] and an average transmittance of around 60%. Stoichiometric films synthesized by PLD showed a resistivity around 1 Ω.cm. The lowest electrical resistivity for non intentionally doped CuCrO2 up to date was reported by Chiba et al. [START_REF] Chiba | Thermal solid-phase crystallization of amorphous CuCrO2:N thin films deposited by reactive radiofrequency magnetron sputtering[END_REF] for films deposited by reactive radio-frequency magnetron sputtering, with values around 0.3 Ω cm.

However, these results are in contrast with the expected relation between resistivity and thickness, where for an increased thickness a reduction in resistivity is expected until the bulk resistivity is reached. The reduced electrical resistivity of the thin film, when

Thesis of Lorenzo Bottiglieri compared to the value in the bulk, can be justified by the work of Sinnarasa et al. [START_REF] Sinnarasa | Influence of thickness and microstructure on thermoelectric properties of Mg-doped CuCrO2 delafossite thin films deposited by RF-magnetron sputtering[END_REF] . The authors reported an increase in the electrical resistivity when the thickness of the film was over 100 nm, which was attributed to a decrease in hopping mobility. This reduction was justified by the presence of stress in the film [START_REF] Fluri | In situ stress observation in oxide films and how tensile stress influences oxygen ion conduction[END_REF] . Moreover, it is well known that the properties of thin films depend on various factors such as deposition method, deposition conditions, and annealing. On the other hand, for a given composition the properties of bulk samples would not be influenced by these effects. This justifies the variation in values reported for the stoichiometric compound depending on the used technique and also the lower electrical resistivity of thin films when compared to the bulk material.

Doping and stoichiometry in CuCrO 2

Despite presenting good electrical properties, these are still not comparable with the n-type TCOs. Therefore, many attempts to enhance the electrical and optical CuCrO2 properties have been reported. Besides synthesis optimization, extrinsic and intrinsic doping were the mainly investigated strategies.

Extrinsic doping consists of the insertion of an extra element in the crystalline lattice. This will substitute one of the cations in the CuCrO2 crystalline structure, resulting in the modification of the optical and electrical properties. Various dopants have been tested such as Ni [START_REF] Kim | Effect of Ni doping on the structural, electrical, and optical properties of transparent CuCrO2 films grown using pulsed laser deposition[END_REF] , Mn 98 , Ga [START_REF] Han | Raman scattering measurements of phonon anharmonicity in the delafossite CuGa1-xCrxO2 (0 ≤ x ≤ 1) films[END_REF] , Nb 100 , V 100 , Zn 101,102 , Co 103 , N [START_REF] Chiba | Thermal solid-phase crystallization of amorphous CuCrO2:N thin films deposited by reactive radiofrequency magnetron sputtering[END_REF] , Fe 100 , Ca 104 , Al 104 , and Mg 35,[START_REF] O'sullivan | Magnetoresistance of CuCrO2-based delafossite films[END_REF]105,106 .

The latter is well-known to lead to a strong enhancement of the electrical conductivity while retaining a good value of transparency as reported by Barnabé et al. 72 for Mg-doped CuCrO2 deposited by RF-sputtering. The authors reported values of resistivity around 0.62 Ω.cm with an optical transmittance of 63% after thermal treatment at 600°C under vacuum.

The theoretical calculation reported by Scanlon et al. [START_REF] Scanlon | Understanding the p-type defect chemistry of CuCrO2[END_REF] showed that Mg +2 will substitute the Cr +3 atoms leading to the formation of Mg antisite defects, indicated with MgCr. This represents the acceptor defect with the lowest formation energy, as highlighted by the work of Scanlon et al. [START_REF] Scanlon | Understanding the p-type defect chemistry of CuCrO2[END_REF] . In this case, the generation of holes will follow equation [START_REF] Lin | The Optoelectronic Properties of p-Type Cr-Deficient Cu[Cr0.95-xMg0.05O2 Films Deposited by Reactive Magnetron Sputtering[END_REF] 1-3 :

𝐶𝑟 𝑀𝑔 → 𝑀𝑔 𝐶𝑟 ℎ 1-3
Where (CrCr) x is the Cr in the original lattice position, Mg is the extra Mg atom, (MgCr) ' represents the bivalent Mg into the trivalent Cr site, and h + is the resulting hole created to maintain charge neutrality. However, it was demonstrated that an increase in Mg concentration is detrimental to the optical properties of the films [START_REF] Lin | The Optoelectronic Properties of p-Type Cr-Deficient Cu[Cr0.95-xMg0.05O2 Films Deposited by Reactive Magnetron Sputtering[END_REF]107 . The reduction in transparency is attributed to the lower ionic radius of the Mg +2 cations when compared to Cr atoms 107 , that as explained before, would modify the crystalline structure and finally the transparency of the film.

Ahmadi et al 108 reported the highest conductivity for Mg and N co-doped CuCrO2 synthesized by sputtering with values larger than 270 S.cm while retaining a good optical transmittance, around 70%. The high optical properties of the films were attributed to the N doping, through the substitution of oxygen by N. This was also demonstrated by Chiba et al. [START_REF] Chiba | Thermal solid-phase crystallization of amorphous CuCrO2:N thin films deposited by reactive radiofrequency magnetron sputtering[END_REF] .

Intrinsic doping corresponds to the variation of the stoichiometry of the materials i.e. the ratio between the various elements, which would lead to the formation of defects, as mentioned before. Intrinsic dopants are demonstrated to be responsible for the enhancement of the density of the holes and, consequentially, of the electrical conductivity of the film.

Furthermore, this approach is less complex than extrinsic doping since no additional elements are involved during the growth of the film, thus preventing unwanted reactions during the deposition of the material.

Non-stoichiometric CuCrO2 thin films were synthesized by tuning the Cu and Cr precursors partial pressure during the growth by chemical deposition process with enhanced electrical properties for films out of stoichiometry 24,[START_REF] Wang | Combustion Synthesis of p-Type Transparent Conducting CuCrO2+ x and Cu:CrOx Thin Films at 180 °C[END_REF] . Although, the impact of the cationic ratio, in the following labelled Cu/(Cu+Cr), on the optical and electrical performances in CuCrO2 is still debated 24,51,69,70 . For CuCrO2 thin films synthesized by vapour chemical route, the optimum at.%Cu in the solution, and consequentially the incorporated cationic ratio, is a function of the substrate temperature and the oxygen partial pressure in the deposition chamber 24 . These two parameters, together with the partial cationic concentration, will impact the formation of the phases and finally the properties of the thin films. In the case of CuCrO2, copper vacancies and antisites were reported to be the ones with the lowest formation energy [START_REF] Scanlon | Conductivity limits in CuAlO2 from screenedhybrid density functional theory[END_REF] .

Various works reported the characterization of Cu-poor CuCrO2 films.

Farrell et al. 24 reported the deposition of Cu-deficient CuCrO2 films with Cu/(Cu+Cr) ≈30%-35% and oxygen in excess (Cu0.4CrO2.5) by using spray pyrolysis. They reported a resistivity value around 0.08 Ω.cm, an average transmittance of 55% yielding a FoM G of 350µS.

Crepelliere et al. 51 reported the synthesis of Cu-poor CuCrO2, Cu/(Cu+Cr) of 33% in the film, by PI-MOCVD still preserving the crystalline delafossite phase with a resistivity of around 0.06 Ω.cm and an average transmittance around 50%, and corresponding to the highest FoM G up to date for this material with a value of 2300 µS.

The state of the art in terms of electric properties was reported by Lunca Popa et al. 68 for the same Cu poor composition Cu0.66Cr1.33O2, synthesized by dynamic liquid-injection MOCVD (DLI-MOCVD) resulting in a three-digit resistivity of 0.009 Ω.cm and an average optical transmittance around 40%, which would result in a FoM G of around 1700 µS, considering a zero reflectance.

The high conductivity of these Cu-poor films is generally attributed to Cu vacancies, favourable defects with holes generation in the Cu sublattice, able to enhance the p-type conductivity. Lunca Popa et al 109 were able to visualize the lack of Cu atoms, forming a chain of Cu vacancies, through angle annular dark-field STEM for as-deposited films 68 .

These authors also reported on the metastable nature of the chained VCu defects, which were healed through an atomic rearrangement 110 due to the thermal treatment that the samples experienced. Theoretical calculation by Isseroff et al. 111 demonstrated that the formation of copper vacancies in CuCrO2 takes place as in pure Cu2O 112 . These defects will form by the oxygen generated during the CuCrO2 formation 112 , following equation 1-4 :

1 2 𝑂 → 𝑂 2𝑉 2ℎ 1-4
Where O2 is the diatomic oxygen atom, O x 0 represents the oxygen in the lattice, V ' Cu is the copper vacancy and h + represents the generated holes. Superscripts, X , -, and + corresponds to the effective charge-neutral, neutral and positive, respectively.

On the other hand, Cu abundant i.e. Cr-deficient CuCrO2 thin films were also proposed as promising p-type TCOs with enhanced properties.

Ling et al. 65 reported an enhancement of two orders of magnitude of the electrical conductivity for CuCr1-xO2, for x=0.1. The authors explained that the Cr vacancies would lead to a shrinking of the Cu-O bond due to the presence of a mixed valence state of Cu + /Cu +2 improving the overlap between Cu 3d and O 2p orbitals, easing the holes hopping 65 . The reduction in Cu-O length was attributed to the substitution of a divalent cation at the Cr site, as confirmed by results from Mg-doped CuCrO2 41 . Cr vacancies would induce the presence of divalent Cu atoms leading to an excess hole at the Cu site, lowering the electrical resistivity 65 . The formation defect reactions for these defects follows equation

1-5 : 𝑂 → 2𝑂 𝑉 3ℎ 1-5
Where O2 is the oxygen, O x 0 represents the oxygen in the lattice, V -3 Cr is the chromium vacancy and h + corresponds to the generated holes. However, different theoretical calculations using first principles reported a high energy formation for these defects. Thus, their formation is less favourite than Cu vacancies and Cu antisites.

Another explanation has been proposed by Singh et al. 66 , which reported an increase in the Cu +2 content with increasing Cr deficiency. They suggest that the p-type conductivity in CuCrO2 takes place through Cu + -O-Cu +2 rather than the direct hopping between Cu + /Cu +2 .

Chen et al. [START_REF] Chen | Characterization of transparent conductive delafossite-CuCr1-x O2 films[END_REF] proposed the presence of different defect species to explain the higher conductivity of their CuCr1-xO2, such as Cu antisite. The proposed equation formation for these defects can be expressed as 1-6 :

𝐶𝑢 𝐶𝑟 𝑉 𝐶𝑢 3ℎ 1-6
where CuCu X and CrCr X represent the Cu and Cr in their original crystalline sites, respectively. (VCu) represents the Cu vacancy, (CuCr) is a Cu antisite defect, and h + is the generated hole required to preserve the charge neutrality. Sidik et al. 69 In delafossite compounds, the intercalation of oxygen in interstitial position was demonstrated to be beneficial for the conductivity 23,[START_REF] Sánchez-Alarcón | Ultrasonic spray-pyrolyzed CuCrO2 thin films[END_REF]113,114 . It was proved for CuFeO2 114,115 , CuLaO2 116 , CuYO2 117 ,CuAlO2 113 , and CuCrO2 [START_REF] Wang | Combustion Synthesis of p-Type Transparent Conducting CuCrO2+ x and Cu:CrOx Thin Films at 180 °C[END_REF] . The extra oxygen atoms could act as substitutional or as interstitial defects, producing empty states in the valence band increasing the film conductivity 15 . Furthermore, it is important to notice that the intercalation of oxygen in CuCrO2 was not always successful, strictly dependent on the synthesis method and used conditions 118 . Moreover, it is well-known that the amount of extra oxygen that can be accommodated in the delafossite structure is strictly dependent on the ionic radius of the trivalent cation, resulting in a limited amount of oxygen in excess for CuCrO2 119 .

The interstitial oxygen will be situated in the triangular Cu planes. This allows the oxidation of Cu +1 into Cu +2 which results in the formation of a mixed-valence band of Cu +1 and Cu +2

and the enhancement of the charge carrier density 114 , similarly to what was reported for Cr deficient films. This defect has been proposed as an explanation for the enhancement of the electrical properties after annealing in an oxygen-rich atmosphere 113 . Mahapatra et al. 32 reported the synthesis by Low-Pressure MOCVD of films with Cu/(Cu+Cr) around 54%, characterized by an excess of oxygen. The authors attributed the presence of Cu +2 ions, detected by X-ray photoelectron spectroscopy (XPS), to the presence of oxygen in interstitial sites. Yu et al. 120 reported the synthesis of single-phase CuCrO2+x with a resistivity of 2.35 Ω.cm and a transmittance of around 65%. In this case, the oxygen overstoichiometry was detected by XPS quantification. Sanchez et al. [START_REF] Sánchez-Alarcón | Ultrasonic spray-pyrolyzed CuCrO2 thin films[END_REF] reported the synthesis by ultrasonic spray pyrolysis of Cu-rich CuCrO2 thin films with oxygen in excess, Cu/(Cu+Cr) in the film around 55%, achieving a resistivity value around 0.03 Ω.cm and a transmittance of 51%, with a corresponding FoM G as high as 500 µS. The boost of the electrical properties found for the sample with the highest oxygen content, let them conclude about the presence of oxygen in excess. The presence of oxygen in interstitial sites was detected by XPS for CuCrO2+x films [START_REF] Wang | Combustion Synthesis of p-Type Transparent Conducting CuCrO2+ x and Cu:CrOx Thin Films at 180 °C[END_REF] and Mg/Mn codoped CuCrO2 ceramics 121 , with a peak in the 530.5 eV-532 eV range attributed to oxygen defects. The defects would be generated following the point defect mechanism presented in equation 1-7 , similarly to what was reported for CuAlO2 122 :

1 2 𝑂 → 𝑂 2ℎ 1-7
Where Oi represents the oxygen interstitial, while the remaining symbols follow the notation adopted until now. 

𝑂 → 2𝑂 𝑉 𝑉 4ℎ 1-8
where the same notation as in the previous defects equation was used.

Nevertheless, other studies reported that oxygen atoms in interstitial position behave as deep acceptor levels i.e. they would not take part in the conduction [START_REF] Scanlon | Understanding the p-type defect chemistry of CuCrO2[END_REF] . Thus, the cation deficiency is more likely to be responsible for the enhancement in p-type conductivity.

Another possible explanation for the improvement of the electrical properties found for films out of stoichiometry can be linked to the formation of complex defects. Chen et al. [START_REF] Chen | Characterization of transparent conductive delafossite-CuCr1-x O2 films[END_REF] suggested that defects with high formation enthalpy could play a major role in the increase in charge density found for Cr deficient CuCrO2 i.e. CuCr1-xO2, such as complex defects i.e. (CrCu +2 2Oi -2 ). The latter indicates two oxygen interstitials increasing the coordination number of the Cu-site through the formation of a tetrahedral site, which stabilises the Cr antisite, which should be a donor defect.

To summarize, the kind of defects present in the films will be determined by the growth technique and deposition conditions. The latter will modify the films' composition, hence strongly modulating the optical and electrical properties of the synthesized material.

Applications of CuCrO 2

Thanks to its promising electrical and optical properties, CuCrO2 was demonstrated to be suitable for integration in various transparent electronic devices. CuCrO2 was used as a channel layer in p-type thin film transistor (TFT) 124,125 . Furthermore, it was integrated as p-type TCOs in UV sensors 126,127 , due to its high optical absorbance for radiations within this wavelength range. It was also implemented as a sensor for the detection of ozone 128 , trimethylamine [START_REF] Liu | Innovative development on a p-type delafossite CuCrO2 nanoparticles based triethylamine sensor[END_REF] , and various volatile organic compounds 129 . Thanks to the advances in technological processes i.e. the reduced deposition temperature compatible with polymerbased substrates, different groups reported the possibility to use this material for flexible electronic application 130,131 . Very recently this material has been integrated for resistive switching applications in memristor 132 as well as in supercapacitor 133 .

Among other optoelectronic applications, CuCrO2 nanoparticles have been also used to regulate the output characteristics of passively Q-switched fiber laser 134 . Furthermore, CuCrO2 has also been widely studied for other peculiar features besides the optoelectronic ones its antibacterial 135,136 , and photocatalytic properties, thermoelectric behaviour 72,137,138 and magnetic properties 41,121,[139][140][141][142] . It presents a good photocatalytic activity for Cl 143 , NO2 -144 , NO3 -145 , and removal of various divalent cations A +2 ( Ni +2 , Cu +2 , Zn +2 , Cd +2 , Hg +2 and Ag + ) 146 . It has been applied for solar water splitting 61,147,148 and solar fuel generation 149 . Due to its magnetic transition 150 , it was successfully employed in magnetoresistance [START_REF] O'sullivan | Magnetoresistance of CuCrO2-based delafossite films[END_REF]151 . Due to the wide range of applications, this material attracted wide interest from the scientific community, with an increasing number of publications in the last decades. The number of publications per year as obtained by Web of science is reported in Figure 123456. 

Transparent devices based on oxide semiconductors

As mentioned previously, n-type TCOs have already been reported with high optical transmittance and metal-like conductivity, while the bottleneck for transparent electronics is represented by the lack of p-type TCOs with equivalent properties. To fabricate a transparent p-n junction, which is considered the fundamental brick in electronics from which more complex devices, like transistors, can be created, the properties of both semiconductors have to be comparable. In this section, we will illustrate the working principle of the devices studied in this thesis, namely p-n junctions that can work as diodes and solar cells.

The state-of-the-art for photovoltaic devices and p-n junctions where CuCrO2 has been integrated is reported in Chapters IV and V of this manuscript, respectively, together with the obtained results.

Transparent p-n junctions

A p-n junction is an electronic device composed of a p-type, carrying holes, and an n-type, carrying electrons, semiconductor put in contact.

In an intrinsic semiconductor, it has been demonstrated that the Fermi level EFi is situated in the middle of the bandgap. The introduction of donors in n-type and acceptors in p-type will lead to a shift of the Fermi level toward the conduction or the valence band respectively. The shift toward a given band will determine which carriers required less energy to complete the energetic transition, and thus the nature of the semiconductor. The Fermi level will be close to the valence band maximum (VBM) for the p-type semiconductor, and to the conduction band minimum (CBM) on the n-type. As it is known, in p-type semiconductor material, the majority of carriers are holes, while in n-type are electrons.

When the two semiconductors are in contact with no external voltage applied, the Fermi levels, Ef, are identical on the two sides, Figure 1-7, and a large difference in density of the carriers exists between the two sides. This results in the diffusion of free electrons from the donor impurity atoms towards the holes in the p-type material producing negative ions.

This will result in the presence of charged donor ions on the n-side, which will attract the hole from the acceptor impurities to diffuse into the n-side. This will generate the so-called diffusion current. This phenomena continues until the amount of electrons which crossed the interface is large enough to prevent further diffusion of additional carriers. At this point, a potential barrier i.e. an electric field will be generated in proximity of the interface as the donor atoms repel the holes and the acceptor atoms inhibits the migration of electrons. The presence of such electric field will lead to a movement of the charges leading to the so-called drift current, oriented as depicted in Figure 1234567. The region where the charges will diffuse and the electric field induced is called the depletion region. Its width is indicated with Wd as presented in Figure 1234567. Furthermore, the accumulation of charges results in a voltage, called built-in voltage, labelled as Vbi.

The built-in voltage width can be expressed as equation 1-9 :

𝑉 𝑉 * ln 𝑁 * 𝑁 𝑛 1-9
Where Vt is the thermal voltage equal to kBT i.e. 26 meV at room temperature, ND is the donor density, NA is the acceptor density and ni corresponds to the intrinsic carrier concentration. The built-in potential is related to the bending of the bands of the two materials.

Wd can then be calculated as 1-10 :

𝑊 2ɛ * 𝑉 𝑞 * 1 𝑁 1 𝑁 1-10
Where ɛS is the dielectric constant of the material and q is the elementary charge. As a first approximation, we can infer that Wd is inversely proportional to the doping concentration of the more doped side of the junction. For instance, if the number of donors in the n-type is greater than the p-type, the main contribution to the Wd will arise from the p-type semiconductor, as represented in Figure 1234567.

The holes and electrons will diffuse within a length equal to Wdn and Wdp on the n and ptype side, respectively, calculated as follows:

𝑊 2ɛ * 𝑉 𝑞 * 𝑁 𝑁 * 1 𝑁 𝑁 𝑊 2ɛ * 𝑉 𝑞 * 𝑁 𝑁 * 1 𝑁 𝑁 1-11
The p-n junction at the equilibrium can be modelled using a full depletion region approximation, charge neutrality, and Poisson equations 152 . For simplicity a 1D model is here presented, however, these equations can be easily expanded in the 3D case, if the assumption of uniformity and homogeneity of the material is verified. The charge neutrality, equation 1-12 , imposes that the overall electric charge shall be null:

𝑊 * 𝑁 𝑊 * 𝑁 1-12
The Poisson equation is then used to determine the electric field and the potential, equation

1-13 : 𝑑 𝜓 𝑑 𝑥 𝑑𝐸 𝑑𝑥 𝑞 ɛ * 𝑁 𝑁 1-13
Where ψ is the potential, E is the electric field and x is the distance from the interface. As a further simplification, we assume an abrupt junction where the charge density is constant within the depletion region and null outside. The electrical field is considered null at each end of the depletion region. Thus, the electrical field as a function of x can be calculated in the p-side and n-side, equation The integration of the equations 1-14 and 1-15 will allow the calculation of the voltage on the two sides of the junction, whose sum will correspond to the built-in potential, equation 1-9 , and the determination of the depletion width, equation 1-10 .

When the junction is polarized, we can distinguish two regimes. 1) Direct polarization i.e.

forward bias, Figure 1-8.a), takes place when a positive voltage, greater than Vbi, is applied to the p-type semiconductor. The presence of an additional voltage, Vpol will reduce the width of the depletion region. When forward biased, the bands will tend to be more aligned, the quasi-Fermi level in the p and side will be split by a quantity equal to q*Vpol. Hence, when direct polarized the potential barrier will be weakened, allowing the flow of the majority carrier from one side to another, resulting in a current flowing into the device. 2)

On the contrary, when the voltage applied to the p-side is negative, Figure 1 junction can be considered an electronic switch controlled by the external voltage. When a positive voltage is applied to the junction, the current can flow, thus we can consider the switch in the ON state. On the other hand, when the tension is negative the flow of carriers will be hindered and the switch can be considered off. This behaviour can be modelled following equation 1-16 , also known as Shockley equation:

𝐼 𝐼 * 𝑒 1 1-16
Where IS is the saturation current, η represents the ideality factor, kb is the Boltzmann constant and T is the temperature. The ideality factor, η, quantifies how close the device behaves with respect the ideal equation. For silicon-based diodes, this value is typically between 1 and 2. In the case of oxides based p-n junctions, the ideality factor can be much greater than 2 153,154 . A deeper discussion of the theories proposed in literature to justify these values is present in Chapter 5. The product of Is times the exponential is the current produced through polarization, while the negative part will be related to the diffusion current, which will oppose the polarization to restore charge equilibrium between the two sides. The typical characteristic of this device can be seen in Figure 1-9. The symbol representing a diode is visible in the inset of the same figure.

As mentioned before, a p-n junction can be considered as an electronic switch, with a threshold voltage, indicated in Figure 1-9, that will establish the value from which the device is in the ON regime. In silicon diode, this voltage is around 0.7V. Similarly, when the diode is under a reverse bias there will be a certain voltage, named breakdown voltage, from which a strong current will be able to flow. Based on these considerations, the quality of this device can be determined by the calculation of the rectification ratio, indicated with Ion/Ioff (±V). This quantity is defined as the ratio between the current flowing into the junction for a given positive voltage V and the current flowing when the same negative voltage is applied. This ratio indicates how good the rectification behaviour of the device is.

The p-n junctions can be extremely versatile and can be used in various applications besides diodes, for instance, it can work as a photodetector, light-emitting diode, or solar cell as explained in section 1. 

Solar cells

Solar cells are devices that can convert incoming light radiation into electrical power. These devices are primarily composed of a p-n junction, where the semiconductors have an energy gap suitable for the absorption of light in a specific wavelength range. The optical absorption of the incoming photon provokes the formation of an electron/hole pair at the interface between the materials. Due to the built-in potential, the charge will be split with the electrons being transported into the n-type material, while the holes are transported towards the p-type one. If the circuit is open, no current will flow and the electrical field in the depletion region is reduced due to the charge accumulation on the two sides of the junctions. However, when an external load is connected to the device, forming a closed circuit, the charges are put in movement creating a current. Based on these considerations, it is understandable that the production of energy by the photovoltaic method will be strictly dependent on the rate of electrons holes pairs generation, the contacts, and the conduction mechanism within and outside of the solar cell.

Similar to the classical p-n junction case, these devices can be modelled through an exponential law. However, an external contribution has to be added to take into account the flux of electrons generated through the photovoltaic effect. This contribution is considered positive while the current produced by the polarization, the same for the case of the diode, is considered negative because it will be directed in the opposite direction than the photogenerated one. The equation describing the device can be written as :

𝐼 𝐼 𝐼 * 𝑒 * * * 1 1-17
Where Iph is the photogenerated current. A large variety of parameters can be used to evaluate the performances of the solar cell. The most commonly used is the power conversion efficiency (PCE) defined as the ratio between the electrical power generated by the solar cell, Pgen, and the incident optical power, Pinc. It can be defined as:

𝑃𝐶𝐸 𝑃 𝑃 1-18
The incident optical power is typically standardized for the lamps used to test the photovoltaic devices with the AM 1.5 G spectrum and an optical power density of 100 mW.cm -2 . The theoretical maximum efficiency which can be achieved by a single junction solar cell was calculated from Shockley and Queisser 155 in 1961. The authors reported that the maximum efficiency as a function of the bandgap energy follows a Gaussian-like behaviour with a maximum of efficiency around 30%. This trend can be justified as follows. On one hand, photons with low wavelength i.e. high energy will take part in the photogeneration; however, the difference between their energy and the bandgap of the absorber will be dissipated as heat, thus contributing to the thermal losses and, finally, to a reduction of the PCE. On the other hand, photons at high wavelength i.e. low energy do not have sufficient energy to take part in the photogeneration, because their energy is inferior to the energy gap. To overcome this limitation different strategies have been reported. For instance, nanostructured material can enhance the diffraction of light thus more photons can take part to photogeneration. Moreover, smaller amounts of material would be used for the production of photovoltaics. Also, the use of polycrystalline thin films will allow the use of techniques requiring lower process temperature. A clear example is visible below from Musselmen et al. 156 . Another auspicious approach is represented by up and downconversion. The former consists in the conversion of two photons with energy too low to be absorbed by the solar cell into one photon with higher energy, easily absorbed. In downconversion, a photon characterized by too high energy and contributing to thermal losses is split into two lower energy photons that have sufficient energy to be absorbed, while minimizing the thermalisation losses.

For the measurement of solar cells, the I-V curves are obtained by sweeping the bias voltage and measuring the current produced by the cell under illumination. The presence of the photogenerated current will lead to a shift towards negative current values of the I-V characteristic, as presented in Figure 1-10, when compared to a diode in dark conditions.

The generated power is easily calculated as the product of the current and the voltage. An example of the power variation with the voltage for a photovoltaic module is presented in When the applied voltage is zero, the measured current is called short circuit current, indicated with ISC. This is the photogenerated current produced by the illumination of the cell and it would be dependent on the number of absorbed photons and how efficient the charge carrier collection is. The increase in voltage will result in an enhancement of the recombination current until the latter matches with the photogenerated one, corresponding to the open circuit voltage. In this situation, the solar cell will act as an open circuit. VOC is dependent on the properties of the p and n-type materials as well as the contact between the electrodes and the semiconductors. Based on these considerations, the PCE can be rewritten as:

𝑃𝐶𝐸 𝑉 * 𝐼 * 𝐹𝐹 𝑃 1-19
Where FF is defined as fill factor, a percentage to define the power produced by the cell related to the surface of the square that has Vmax and Imax as corners. It can be defined as 1-20 :

𝐹𝐹 𝑃 𝐼 * 𝑉 1-20
The fill factor can be considered a measure of how close to the ideal case the real cell is.

This parameter and, thus, the squareness of the I-V characteristic of the solar cell will be strongly impacted by the fabrication defects, which would lead to parasitic resistances in the devices. The equation used to describe a realistic photovoltaic cell can be expressed as:

𝐼 𝐼 𝐼 * 𝑒 * * * 1 𝑉 𝑅 𝐼 𝑅 1-21
Where Rs is the series resistance and Rsh is the shunt resistance. The former is mainly caused by the resistance and the interfaces between the different layers, especially with the external metallic electrodes. while the latter is typically due to productive defects and poor design of the photovoltaic cells. Typically, the value of Rs can be extrapolated by the slope of the I-V characteristic at the open-circuit voltage, while Rsh will affect the slope at short circuit conditions.

Regarding transparent solar cells, the basic principle is the same as the one illustrated previously, but the device should be able to absorb radiation at different wavelengths while letting the visible light pass through to guarantee transparency to our eyes. The principle is illustrated in Figure 1-11.a). However, is possible to see from the spectral irradiance of the sun in standard conditions i.e. AM 1.5G solar spectra, Figure 1 In the following chapter, we describe the procedure for the synthesis of copper chromium oxide thin films and their integration into optoelectronic devices together with the used characterization techniques. This chapter will be divided into three main parts. The first will be focused on the description of the deposition technique, the used system, and the procedure adopted for the experiments. In the second part, the characterization techniques used to obtain information about the compositional, structural, morphological, microstructural, and functional properties are described. The chapter will end with the protocol used for the device fabrication and characterization.

Aerosol-assisted metal-organic chemical vapour deposition

At the Laboratoire des Matériaux et du Génie Physique (LMGP) in Grenoble, different types of chemical vapour deposition (CVD) systems have been developed since the early years of the laboratory. The CVD process can be described as the deposition of solid material through a series of chemical reactions between gaseous precursors in the proximity of a heated substrate surface 1 . The Metal-organic chemical vapour deposition (MOCVD), a variant of this technique, is based on the use of metal-organic precursors, which can be in solid or in liquid form. These precursors are organic molecules with metallic elements presenting metal-carbon, metal-oxygen-carbon bonds that are volatile, stable in the gas phase, and decompose by reacting with a reactive gas in a thermally energetic environment. As long as the solubility and the chemical stability of the mixed precursors are granted, a wide variety of materials can be deposited through this technique.

The broad use of MOCVD technique is motivated by different advantages in materials processing, from the possibility to obtain high uniformity and quality of the layers to the growth of thin and conformal films, deposited on large surface area. Nevertheless, MOCVD presents various disadvantages. The used precursors can be hazardous with a great environmental impact, and high disposal costs. Besides, the formation of dangerous by-products has to be taken into account for the safety of the lab operators.

Among the different types of MOCVD techniques available, this research is based on

Aerosol Assisted Metal-organic Chemical Vapour Deposition (AA-MOCVD). This technique was patented by the CEA of Grenoble in the early 1970 and named Pyrosol ( Pyrolysis of aerosol) [2][3][4] . This technique can be considered among liquid source delivery CVD processes allow the deposition of conformal, high quality and homogenous thin films with no requirement of vacuum. This type of CVD process uses an aerosol to carry the solution containing the precursor into the deposition chamber. The possibility of operating at atmospheric pressure is extremely beneficial as it simplifies the conception of the reactors and minimizes the costs related to pumps and vacuum systems. Thanks to its large flexibility, this technique can be used from fundamentals studies to large surface deposition for industrial applications.

. In the apparatus used in this thesis, the atomization and vaporization of the initial liquid solution to form the aerosol mist occur through the use of ultrasonic vibrations produced by a piezoelectric transducer. The piezo actuator was put at a resonance frequency, close to 800 kHz, to maximize the amount of aerosol mist generated. The so formed mist will be composed of microdroplets, which size follows equation 2-1.

𝑑 𝑘 2𝜋𝛾 𝜌 𝑓 2-1

Where k is a semi-empirical constant, γ represents the surface tension of the liquid solution, ρl represents the density of the liquid and f corresponds to the excitation frequency of the piezoelectric transducer. The dependence between the droplets size and the used frequency was previously studied by Vukasinovic et al. 5 . An image of the creation of the droplets is presented in Figure 2-1.

Approaching the heated substrate, the mist will evaporate, generating the precursor vapors of metalorganic compounds. Then, the deposition can occur, leading to the CVD process. A schematic representation of the CVD process is shown in Figure 2-2. The precursor solution is sprayed by ultrasonic vibration (step I). The mist, composed of precursors and solvent, is then transported by a carrier gas toward the reaction chamber (step II). In the path from the atomization process and the reaction chamber, a reactive gas is added to the aerosol. Approaching the heated substrate, the organic solvent, and the precursors will evaporate (step III). At this step, the vapour will contain the organic molecules composing the metal-organic precursors and the reactive gas (blue and red circles). Then, through a gas diffusion step (step IV), the precursor would be adsorbed at the substrate surface. The reactive species undergo heterogeneous reactions i.e. surface reactions (step V), and the bonds between the metal and organic molecule composing the precursor are broken due to the thermal energy provided by the heated substrate, leading to the subsequent reaction between the metallic cations and the reactive gas. This leads to the nucleation (step VI)

i.e. the formation of small nuclei on the substrate, while the organic species, detrimental for optical and electrical properties, are evacuated from the forming film (step VII).

Consequently, the number and size of the adsorbed nuclei increase, which induces the formation of the film due to a continuous flux of metal precursors and reactive gas.

The formation rate and the density of nuclei are one of the main factors influencing the grains' size and the stoichiometry of the material, finally impacting the morphology of the film and its electrical and optical properties. Besides, many other parameters have to be controlled to optimize the structural and functional properties of the film. On one hand, the solution composition, the substrate temperature, and the oxygen partial pressure used during the depositions regulate the stoichiometry of the synthesized film, thus governing its structural, morphological, electrical, and optical properties. On the other hand, deposition parameters concerning the aerosol generation, the frequency of the piezoelectric actuator and its power, or the gas flow rate, in terms of volume injected and its speed, have a greater role over the growth rate of the films. Also, a high flow rate can lead to possible turbulent flow, a faster deposition, and finally films characterized by smaller grains.

Aerosol Assisted MOCVD was widely studied and, as reported by the work of Hou and Choy 6 , this technique possesses five main advantages. 1) The large variety of low-cost precursors that are available. 2) the easiness of the transport and the vaporization of the metal-organic precursors. 3) the film synthesis takes place at ambient pressure [7][8][9][10] and even in open air 11 . 4) The control of the oxidizing atmosphere i.e. the regulation of used gasses allows precise control of the stoichiometry of the materials. 5) the large vapour injection rate which may increase the deposition rate.

Metal-organic precursors

Metal acetylacetonates are coordination complexes obtained by acetylacetonate anion ( CH3COCHCOCH3 -) bonded with a metallic cation. In these compounds, both oxygen atoms of the organic part bind to the metal to form a six-membered chelate ring. The organic group i.e. the acetylacetonate acts as a bidentate ligand, which stabilizes the structure. These precursors present low thermal stability, thus, resulting in their decomposition at low temperatures. More precisely, these molecules are composed of metal-carbon, metal-oxygen-carbon bonds which decompose by thermally assisted chemical reaction with the selected reactive gas, the latter working as catalyzer, resulting in the formation of solid material on the substrates.

In this work, the used metalorganic precursors are Copper acetylacetonate (II) (Cu(O2C5H7)2, Strem chemical, 98% of purity) and chromium acetylacetonate (Cr(C5H7O2)3, Sigma-Aldrich, 97% of purity), labelled Cu(acac)2 and Cr(acac)3, for the Cu and Cr precursors, respectively. As visible in Figure 2-3, the copper atom is connected to four oxygen atoms, which form 2 six-membered chelate rings. On the other hand, the Cr atom is bonded with 6 oxygen atoms, resulting in the formation of 3 six-membered chelate rings.

These precursors have been selected thanks to results obtained by a previous Ph.D. student at the LMGP laboratory 12 . Additionally, there are different justification for the choice of these specific metal-organic precursors. Firstly, they present a good solubility in various solvents, such as water, ethanol, or butanol, with or without the addition of additives.

Furthermore, they are characterized by a limited cost, with a price of 0.86 €/g for Cu(acac)2

from Strem chemical and 0.54 €/g for Cr(acac)3 from Sigma-Aldrich, respectively. Their reduced cost allows the use of large amounts for solutions with a high total molar concentration. Additionally, these precursors have a low moisture sensitivity and they are commonly used in literature, easing the selection of ideal conditions. Cu(acac)2 and Cr(acac)3 were used for the synthesis of CuCrO2 thin films as reported by Mahapatra et al 13 by low-pressure CVD and for spray pyrolysis depositions, as reported by Sanchez et al. 14 , Lim et al. 15 , and by Farrel et al. 16 .

Von Hoene et al. 17 the composition of the CuCrO2 phase. The evaporation temperature of Cu and Cr precursors is around 280°C 12,18 and in the 310 °C-340°C range 19,20 , respectively, as determined by thermogravimetric analysis. The decomposition temperature of the precursors is extremely important in CVD processes because it would dictate the lowest suitable temperature for the deposition. In our case, the Cu(acac)2 presents a decomposition temperature slightly lower than the formation of copper oxide and lower than 500°C. These considerations allow the deposition in the 300°C-500°C temperature range. On the other hand, despite the Cr(acac)3 being characterized by a greater thermal stability, the 300°C-500°C temperature range can be considered compatible with this precursor. However, a too high temperature would lead to the deposition of powder above the substrate due to reaction in the vapour phase, instead of the desired solid thin film. Based on these considerations, we varied the temperature of the deposition between 300°C and 425°C. scale with a sensitivity of 10 -1 mg. The solution is prepared by mixing the precursors with the selected solvent, ethanol. To increase the solubility of the precursors, ethylenediamine was added with a concentration twice the total molar concentration of the solution, as reported by Ikenoue et al. 21 for the growth of Cu2O by ultrasonic spray-assisted mist CVD.

The solution at this step is visible in Figure 2-4.c).

In the case of out of stoichiometry CuCrO2 thin films, the ratio of the solid precursors, Cu/(Cu+Cr), indicates the partial molar concentration of Cu over the total molar concentration, (Cu+Cr). Finally, the solution undergoes a stirring step for 15 hours at room temperature by the use of a magnetic stirrer, until a homogenous solution with no visible suspension was obtained, as shown in Figure 2 Before the deposition, the substrates were cleaned to avoid all the possible contaminations present at the surface, thus minimizing the presence of defects generating centre. This step was performed by a mechanical brushing using paper and a sequence of solvents in the following order: acetone, isopropanol, and de-ionized water. After the mechanical brushing step, the substrates were subject to an ultrasonic bath in isopropanol for 20 minutes, they were abundantly rinsed with de-ionized water and then dried using compressed dry air and finally placed in the holder.

In this work, we use a cold wall reactor with a vertical configuration, schematized in Figure 2-6.a), and visible in Figure 2-6.b). This means that only the heated plate and consequentially only the substrate and its vicinity are heated. This reactor has been previously used for the deposition of TiO2, as reported by the work of Villardi 22 .

The substrates holder was placed on the heating plate in the reaction chamber, and the temperature was increased, controlled by a thermocouple type K positioned at the surface of the heating plate, amount of time is called the solution's consumption rate and it is measured in ml/min.

The vibration of a piezoelectric transducer powered by a certain frequency, around 800 kHz, put the solution in resonance leading to the aerosol formation, as visible in Figure 2-7.b), while a controllable power establishes the desirable solution's consumption rate, around 2 ml/min in this work. Figure 2345678.a) shows the mist path and the gasses entry. Dry compressed air was used as carrier and reactive gas, with a flow rate of 2.4 l/min in each line. The use of air as process gas can be considered another advantage of this technique in terms of cost and simplicity, with no requirement of a sophisticated gas mixture to grow pure delafossite phase, as will be shown in chapter III. Hence, the oxygen partial pressure, a critical parameter influencing the formation of different phases, was 0.21 atm for the whole study.

The mist is transported into the reaction chamber passing through a funnel to favorise the gas phase diffusion, as shown in Figure 23456.c). The precursor reaches the heated substrates and the CVD process occurs. When the deposition is completed, the piezoelectric actuator i.e. the generation of the mist is stopped, the gasses flow is reduced to one third of the one used during the deposition, i.e. 0,8 l/min each, and the heating system is switched off, allowing the cooldown of the system. Once the samples are at room temperature, they are removed, and the various parts composing the reactor are cleaned.

The system is controlled by a software to have a continuous feedback on the gas flow, the chamber pressure, and plate temperature and ensure a good regulation of the used deposition parameters. All the above-mentioned steps and parameters will affect the properties of the film, tuning the material phase, its composition, its homogeneity, its thickness, grain size and shape, its morphology and microstructure, the amount of carbon impurities, finally impacting the electrical and optical properties of the sample. Firstly, the solution composition will strongly impact the final properties of the films. The used solvent will determine the dissolubility of the precursors and the evaporation temperature.

A limited dissolubility of the precursors in the used solvent will result in the presence of residues of the metal-organic agents, hindering the complete evaporation of the solution.

On the other hand, the evaporation temperature of the solvent will determine the amount of energy required to produce the mist, impacting the carbon species in the film. The total molar concentration of the solution determines the dissolution of the precursors in the used solvent. A too high total molar concentration may result in the presence of precursors residues in the liquid solution. Moreover, this parameter will also affect the quantity of precursors present in the vapour phase, finally impacting the growth rate of the films and the carbon species detected in the film. As explained before, the mist from the solution is obtained by ultrasonic spraying, obtained by the vibration of a piezoelectrical actuator.

The frequency and power for the piezoelectric will establish the size of the droplets, equation 2-1, and density of the mist, respectively. A denser mist will lead to a greater presence of precursors' partial pressure, accelerating the growth rate and resulting in smaller grain and greater carbon content in the film. The gas flow will impact the velocity, concentration, and homogeneity of the mist. This parameter will establish if a laminar or turbulent flow is obtained, tuning the growth rate as well as the morphology of the film.

The oxygen partial pressure will strongly modify the content of oxygen present in the film, tuning the achievable phases, following the phase diagram reported in chapter 1. The used substrate temperature will impact the vapour evaporation, precursors decomposition, and reactivity. This will result in a modification of the phase formation, grain size, and growth rate, together with the removal of the organic species, strongly tuning the properties of the films. The pressure of the chamber, meant as depression with respect to ambient pressure, will tune the laminar aspect of the flow, the deposition rate, and the carbon content in the film, by varying the mist velocity and concentration. The deposition time will establish the thickness of the films. Table 2-1 shows a survey of the various parameters used during the deposition. 

Thermal annealing

Post deposition thermal treatment in open air was performed to investigate the thermal stability of the thin films. Additionally, various conditions in terms of annealing temperature and time were probed, investigating an enhancement of the electrical properties of the sample after the thermal treatment by in situ electrical resistance measurement. This procedure was performed in the system shown in Figure 23456789. Through the use of a temperature controller managed by a software, the sample underwent a programmable and controllable thermal treatment. In our case, the temperature ramp was set to 10°C/min until setup temperature. Then the temperature was held for 1 hour, and then a cooling ramp to RT was set. During this cycle, the resistance is constantly measured thanks to a 2-probe measurement system connected to a multimeter, obtaining information about the electrical behaviour of the sample with the temperature and the time. To ensure good electrical contact between the sample and the two probes, a silver paste was applied at the side of the sample, as shown in the inset of Figure 23456789. 

PARAMETER RANGE

Characterization techniques

The main purpose of this Ph.D. thesis was to find a reproducible way to grow thin films of conducting and transparent p-type semiconductors and integrate them into optoelectronic devices. Once the deposition took place, a wide range of characterization techniques was used to investigate the properties of the synthesized films. This section describes the used characterization techniques. Firstly, the techniques used to probe the compositional, structural, morphological electrical, and optical properties are described.

On the second axis, the description of the fabrication of the devices and the tools used for their characterization are reported.

Compositional properties

As described in the introduction, the stoichiometry of the films plays a major role over the electrical and optical properties of the films. Hence, various elemental analyses were conducted to probe the incorporated cationic ratio, Cu/(Cu+Cr), and the oxygen content in the film.

Energy dispersive X-ray spectroscopy (EDS or EDX)

Energy This excitation causes the ejection of this electron, and, consequentially, provokes the decay of another electron located in an outer, higher energy shell. Due to this decay, an Xray with an energy equal to the difference between the higher energy shell and the lower energy level is emitted, step 2 in Figure 2-10.a). These x-rays are detected by an x-ray detector and their number and energies establish the counts and the energy position in the acquired EDX spectra. However, compositional analysis by EDS suffers from different drawbacks, including high background levels and relatively low energy resolution, which results in the inability to distinguish elements characterized by peaks with close energy and, hence, in a poor detection limit. Moreover, these measurements are influenced by the atomic weight of the studied element, with an extremely poor resolution for very light elements such as oxygen. Concerning the error related to this technique, the theoretical error is around 1% for bulk materials with good 3D homogeneity. However, the uncertainty increases when working with thin films, that might present inhomogeneities in x, y, and z directions.

At the LMGP laboratory, the Bruker EDS probe, visible in The Cu Lα line is at 0.930KeV, while the Cr Lα line is located at 0.572KeV. The results reported in this Ph.D. thesis are the average values of the measurement done over 5 points of the surface.

Wavelength dispersive spectroscopy (WDS)

Wavelength dispersive spectroscopy (WDS), also known as electron probe microanalysis (EPMA), is a complementary technique to EDS to perform X-ray analysis used to determine the elemental composition of the films. This characterization overcomes the limitation of EDS, described in paragraph 2.1.1.1, having a much higher energy resolution and a better separation for closely spaced peaks, finally resulting in an improved elemental quantification and identification. This characterization was performed by using different accelerating voltages, 12, 16, and 22 KeV to take into account the small thickness variations of the deposited sample, using a CAMECA SX50 equipment. The obtained data were then treated by using the software Stratagem which allows determining the composition and the surfacic mass which is linked to the thickness and the density. 

X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a technique that analyzes the elements constituting the sample surface, their chemical oxidation state, and the overall composition of the probed specimen. The basic working principle is shown in Figure 2-11.a). The surface atoms are ionized when an X-ray impinges the sample. This will lead to the emission of an electron from the ionized atom. The binding energy can then be calculated following equation 2-2:

𝐸 ℎ𝜐 2𝜋 𝐸 2-2
Where Eb is the binding energy of the emitted electron, h is the Planck constant ( 6.62 × 10 -34 m 2 .kg/s), υ is the frequency of the incident X-ray and Ek corresponds to the kinetic energy of the emitted electron.

Each element of the sample shows a characteristic binding energy corresponding to the atomic orbital from which is been emitted. Therefore, each orbital corresponds to a peak in the XPS spectrum.

In this thesis, this technique was employed to verify the oxidation state of the cations, detecting which phase is formed during the depositions. measurements were performed using a K-alpha spectrometer from Thermo Fisher Scientific, with an Al Kα1,2 (1486. density of states and the occupancy of the electronic states in the valence band of the material, through the so-called valence band XPS (VB-XPS). The valence band spectrum was acquired in the constant analyser energy mode using a step size of 0.1 eV over the -1 to 10 eV range. Before the measurement, the samples were subjected to Ar milling in the same conditions listed before. The binding energy (BE) scale of the spectrometer was calibrated by the positions of the peaks of Au 4f7/2 (83.9 ± 0.1 eV) and Cu 2p3/2 (932.8 eV ± 0.1 eV) core levels of pure gold and copper metals, respectively.

Rutherford backscattering spectroscopy (RBS)

Rutherford backscattering spectroscopy (RBS) is a non-destructive technique that allows the determination of the composition of the material. A source of high-energy particles, He +2 ions i.e. alpha particles, is used. These ions are elastically scattered with the nuclei in the sample, the backscattered particles are then detected: the higher the mass of the collided atom, the greater the energy of the backscattered ion. This results in mass distinction and, by counting the scattered ions as a function of energy, the energy distribution of the backscatter He +2 ions at a given angle is measured and the amount of each element present can be determined. The fitting of the obtained spectra allows a quantitative compositional depth profile. One of the main advantages of this technique is its high sensitivity for low Z elements. This is the reason why we employed this technique to obtain a precise quantification of the oxygen content in our oxide thin film. This characterization was performed at the Centro de Microanalisis de Materiales at the Universidad Autónoma de Madrid. In our case, the alpha particles were accelerated using various accelerating voltages, 2, 3, and 4 MeV, with the detector located at 70°. The acquired spectra were fitted by Simnra software 24 from Max-Planck-institute.

Structural properties

The various deposition parameter involved during the deposition will impact the crystalline phase which is formed during the growth. Depending on the oxygen partial pressure and the deposition temperature various phases can be formed as shown in the introduction. This group of techniques was used to identify the phase constituting the samples.

X-ray diffraction (XRD)

X-ray diffraction (XRD) was used to obtain information about the crystallographic structure of the samples. This technique is based on the interaction between X-ray radiation and the crystalline structure of the studied specimen. The used electromagnetic waves are characterized by a wavelength comparable with the inter distance between different crystallographic planes composing the sample. This will result in interference of the diffracted X-rays probing the crystallographic arrangement of the atoms in the structure.

These interferences are possible only if the incident beam respects certain diffraction conditions i.e. the Bragg's law (equation 2-3):

2 * 𝑑 * sin 𝜃 𝑛 * 𝜆 2-3
Where d is the distance between the crystallographic planes constituting the crystalline structure, θ is the diffraction angle of the incident X rays, n corresponds to the order of the diffraction while λ represented the source wavelength. A schematic representation of the diffraction is visible in Figure 2-12.

The XRD pattern allows the identification of the various phases, an estimation of the crystallographic parameter, and, additionally, this technique is sensitive to strain present in the film, with a corresponding shift of the pattern.

In our study case, we employed a Bruker D8 advance diffractometer in Bragg-Brentano configuration, as visible in Figure 2-12.b). the source radiation was a Cu Kα1 radiation ( λ= 0.15406 nm). The diffraction angle (2θ) was varied from 20° to 70°, with a step of 0.011° for 2 s for step i.e. a scanning rate of 0.3° per minute. In the framework of the transparent p-n junctions realized during this Ph.D. thesis, whose results are reported in chapter 5, grazing incidence XRD (GIXRD) was used to probe the crystalline structure of the various layers. The main difference between GIXRD and Bragg-Brentano configuration is that the former uses small incident angles, allowing probing the surface of the layers, with a penetration depth in the order of nanometers. The use of this configuration leads to an enhancement of the electrical field at the critical angles resulting in a stronger signal. GIXRD-Coplanar grazing incidence X-ray diffraction acquisitions were collected on a RIGAKU Smartlab equipped with a 9kW rotating anode Cu source, accelerating voltage and current of 45kV and 200mA, respectively. To collimate the beam, various optics have been employed, and inserted between the source and the sample. First, a 1D parabolic mirror with a divergence less than 0.05° in the 2θ direction, followed by a 2.5° Soller slit, then a mask of 2 mm and a 0.05 mm slit. The obtained beam is a parallel x-ray beam (Cu Kα1 radiation, λ= 0.15406 nm), the dimensions of the beam are about 3 mm parallel and 0.05 mm perpendicular to the sample surface. During the acquisition, the sample was situated on a translation stage to measure five points on the sample. After the sample, various lenses were used to focus the resulting beam towards the detector. A 0.5° divergence thin film collimator, followed by a 2.5° Soller slits, and a punctual scintillator detector composed the optics after the interaction with the sample. A detector scan was performed in the 10°-90° range (2θ) with a step of 0.06° and 0.27deg/min.

Raman spectroscopy

Raman spectroscopy is a non-destructive technique capable to provide information about the vibrational and rotational modes of a material. This technique is based on Raman scattering, an inelastic scattering that takes place through the interaction light-matter when the studied specimen is illuminated by a monochromatic light source, a laser in our case.

When the high-intensity beam is focused on the sample, various photons are scattered and in some cases emitted, as visible in Figure 2-13.a). The majority of the photons will be part of the Rayleigh scattering component, having the same final energy as the initial one, i.e. an elastic scattering occurred. On the other hand, a very small amount of scattered photons, typically 0.0000001%, will have a different final vibrational state than the starting one, thus an inelastic scattering took place, also known as Raman scattering. If the final state is higher in energy than the initial one, the emitted photon will be shifted to a lower frequency (lower energy) for the energy conservation rule. This frequency shift is called a Stokes shift. If the final state is lower in energy, the scattered photon will be shifted to a higher frequency, which is called an anti-Stokes shift. Both phenomena are detected by the measuring instrument. For each energy difference, the amount of scattered photons that undergo an inelastic scattering, both Stokes and anti-Stokes, will result in different intensities corresponding to various chemical bonds, hence, a Raman spectrum can be obtained. It has to be noticed that usually wavenumber ( cm -1 ) is used instead of the wavelength to take into account the difference from the monochromatic laser source.

These measurements were performed with a Jobin Yvon/ Horiba LabRam spectrometer at room temperature combined with a liquid nitrogen-cooled charge-coupled detector. The excitation source was a blue Ar + laser, with a wavelength of 488 nm; it was focused to a spot size close to 1 μm 2 by using a 100× magnifying lens. The laser power was around 80 µW at the sample surface and the acquisition lasted 10 minutes Raman and XRD are thus both used to identify the material phase and its structural properties. However, as explained by Wang et al. 26 , Raman and XRD probe different volumes and physical phenomena, thus their results do not have to be forcibly correlated.

In the case of nanomaterials, the sensitivity of the XRD characterization tool can be too low to a have proper neat pattern. This is the reason why Raman spectroscopy is reputed to be more precise in the case of nanocrystalline materials, as reported for MoS2 27 and CuCrO2+x 26 .

Selected Area Electron Diffraction (SAED)

Selected Area Electron Diffraction (SAED) is a crystallographic technique that was performed in the transmission electron microscope (TEM) shown in section 2.1.3.3 of this work. This technique relies on electrons passing through the samples thanks to their very high energies, in the order of 100-500 KeV, and a corresponding wavelength around hundred of thousandths of nanometers. When passing through the samples, these electrons will be diffracted with the atoms of the sample acting as a diffraction center. The deflection of the electrons to certain angles will be correlated to the crystalline structure of the sample. A detector is then used to collect these electrons resulting in an image, known as selected area diffraction pattern, constituted by a series of spots or rings, depending on the crystallinity of the sample. In this image, each dot/line will correspond to an electron satisfying a certain diffraction condition, while the intensity is visible as a more marked line.

Morphology and microstructure

Morphological and microstructural properties of the films are critical parameters for their integration into optoelectronic multilayered architectures. The requirement of these analyses is justified by the fact that the morphology, roughness, and microstructure of the thin films will correspond to the interface with the successive layer, thus, it will strongly impact the growth of the latter and the final efficiencies of the optoelectronic devices. 

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) probes the sample surface with a beam of electrons created by thermionic effect or by field-effect emission 28 . The most common SEM mode is the detection of secondary electrons emitted by atoms in the layer excited by the electron beam. The collection of the secondary electrons will result in an image displaying the topography of the surface. The working principle is shown in Figure 2-14.a).

Moreover, this technique was also used to estimate the samples' thicknesses using the socalled SEM cross-section observations, thus disposing vertically the samples and measuring the distance between the substrate and the edge of the film. This procedure was effectuated because the measurement of the thickness through other techniques, such as X-ray reflectometry, did not provide reliable information.

In the LMGP laboratory, two SEM microscopes are available: A FEI Quanta 250 fieldemission scanning electron microscope (FESEM), visible in Figure 2-14.b) and FEG-ZEISS-Gemini 300 microscope, Figure 2-14.c). The first was used to obtain cross-section SEM micrograph. The latter was employed for the study of the morphology, through topview observations, and cross-section of the devices due to its higher resolution. All the SEM images reported in this Ph.D. manuscript were acquired using secondary electrons mode.

Atomic force microscopy (AFM)

Supplementary information about the morphology of the samples and their roughness were obtained by atomic force microscopy (AFM). This technique is based on the interaction of a tip and the atoms at the surface of the samples, with the tip attached to a vibrating cantilever. The deflection of the tip is due to the presence of spikes and valleys on the specimen, due to repulsive and attractive forces at the nanoscale 29 . This technique can work in two different modes, contact and tapping mode. However, in this work we only employed contact mode, thus, only this approach will be described. In contact mode, the tip is physically in contact with the surface and its movement in the x, and y directions allows the scanning of the sample. A laser is used to illuminate the end of the cantilever.

The laser reflection is detected by a 4 quadrant photodetector and the position of the reflected beam is related to the cantilever deflection. A setpoint is defined as corresponding to a certain contact force and the variation of Z is measured to reach this set point. This will create a topographic map of the sample surface. This mechanism is illustrated in Figure 2-15.a). These measurements were performed using antimony (n)

doped Si tips on a Veeco D3100 AFM, visible in Figure 2-15.b), over a 1 µm x 1 µm surface, and the collected data were processed by Gwyddion software. A second AFM microscope, an AFM-Icon from Bruker, was also used in this work, to visualize the roughness and grains of the sample.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy characterization technique that allows the analysis of the microstructure of the thin films. This characterization consists of a highly energetic electron beam focused over the sample surface through the use of 

Electrical and optical characterization techniques

The main purpose of this thesis was to synthesize transparent and conductive p-type semiconductors. To probe the electrical and optical properties of the samples different techniques were employed and the following section is devoted to their description.

4-point probes

The measurement of the sheet resistance by 4-point probes technique is one of the first characterizations performed on the sample just after deposition. In this technique, a current is injected into the sample between the outer tips, and the voltage is measured within the central probes, leading to the measurement of the resistance through Ohm's law. Two different conditions are performed allowing the conversion of the value of total resistance to sheet resistance. Then, knowing the thickness of the measured sample we can obtain the value of electrical resistivity. As described in the work of Smits 30 , two important requirements have to be satisfied to extract a correct and reliable value of the sheet resistance with this approach. Firstly, the measurement has to take place at a point where the distance with the sample border is at least 4 times the spacing between the probes. Secondly, the thickness of the film should be less than half the distance between the tips.

If those constraints are respected, the sheet resistance can be obtained by equation 2-4:

𝑅 𝐹 * 𝑉 𝐼 2-4
Where Rs is the sheet resistance, F is a constant equal to 1.442, V corresponds to the measured voltage and I is the applied electrical current.

The resistivity can then be calculated as:

𝜌 𝑅 * 𝑡 2-5
Where ρ represents the resistivity of the film and t its thickness. the second measurement, the current is applied between the contacts 1 and 4, and the voltage is measured between the contact 2 and 3. This will result in two resistances values, RA and RB, which are related to the Rs through the following expression, equation 2-6:

𝑒 𝑒 1 2-6
The sheet resistance value is calculated by the numerical solution of this equation, and the resistivity is obtained by equation 2-5.

Hall effect measurement

To investigate the electronic transport properties, charge carrier density, and mobility, Hall effect measurements were performed. This technique uses a magnetic field, labelled as B perpendicular to the sample surface, that will force the charges in the film to move when a current I, is applied. These charges will be deflected perpendicularly to the current and the magnetic field, as governed by Lorents force, FL, equation 2-7:

𝐹 𝑞 * 𝑣 𝑥 𝐵 2-7
Where q is the elementary charge ( 1.602 x 10 -19 C) and v is the charge drift velocity.

The displacement of the charges will generate a voltage perpendicular to the electric field direction. This voltage can be expressed as (2-8):

𝑉 𝐼𝐵 𝑞𝑝𝑡 2-8
Where VH is the Hall voltage, p is the carrier density, and t is the thickness of the film.

From the Hall potential, we can then calculate the nature, density, and mobility of the charge carriers. This calculation follows:

𝑝 𝐼𝐵 𝑒 |𝑉 | 2-9 µ |𝑉 | 𝑅 𝐼𝐵 1 𝑞𝑝𝑡𝑅 2-10
Where µ is the charge carrier mobility. The electronic transport properties were measured at room temperature by RH2035 Hall effect measurement setup from Phys Tech equipped with a magnetic field of 0.5T, using a

Van der Pauw configuration.

UV-VIS-IR spectroscopy

The optical properties of the films were investigated through UV-VIS-IR spectroscopy.

In this characterization, the transmittance of the sample is measured as a function of the wavelength of the incident light The variation in wavelength is obtained thanks to the use of various lamps, with specific wavelength emission spectra. On this system, we were able to measure the total transmittance and the total reflectance. The measurements were performed through an incident ray on the sample and the light was collected in a detector, which compares the obtained intensity with a previously measured baseline. The total transmittance was measured by an incident photons beam passing through the sample.

The transmitted portion of the light was then reflected by an integration sphere and collected by the detector, as visible in Figure 2-20.a). In the case of total reflectance, This apparatus used a wavelength step of 5 nm over a wide wavelength range, between 250nm and 2500nm. The total reflection was measured using PTFE/BaSO4 and a black trap light for the 100% and 0% references, respectively. 

Device fabrication and characterization

This section will be dedicated to the description of the fabrication and characterization of the devices where CuCrO2 thin films were integrated as p-type transparent conductive semiconductors.

Firstly, a special focus on the organic photovoltaic cells, with the details of the fabrication steps, their characterization, and a highlight of the issues encountered during the fabrication of these devices is reported. The second part will aim to describe the fabrication of a transparent p-n junction. In this framework, we will first explain the deposition system used to synthesize ZnO thin films followed by the description of the used characterization techniques for these devices.

Organic solar cells (OSC)

These devices were fabricated thanks to a fruitful collaboration between the LMGP and the used in these devices are processed through solution-based techniques, taking place at low temperature and ambient pressure. Among them, one of the most commonly used is the spin coating technique, described in the following section 2.2.1.1.

The realization of photovoltaic devices was performed by the following steps: of the release of few droplets of a solution containing the coating material at the center of the substrate, which is put in rotation at a controlled speed and certain time, controlled by an electronic centrifuge.

Ante the deposition of PEDOT:PSS, the ITO-covered glasses were cleaned by UV-ozone treatment, using an Ossila UV ozone cleaner model E511, for 35 mins. After filtration using glass fiber filters of 0.45 um, 50 µL of commercial PEDOT:PSS suspension in water, provided by Ossila ( Al 4083), with a concentration of 1.3 to 1.7 wt.%, was applied. The deposition of the thin film was obtained through the rotation of the substrate at 83 rps for 30 seconds, followed by a drying step on a hot plate at 120 °C for 20 min; this allows to have a continuous and homogeneous layer of 30-40 nm. These deposition conditions lead to a layer with an electrical resistivity around 500-5000 Ω.cm and a work function of 5-5.2 eV.

When using ITO/CuCrO2 structure as bottom electrode and HTL layer, respectively, a laser engraving step was performed to ensure the electrical separation of the different anodes on the same substrate. This low cost and rapid approach permitted to separate electrically the devices with high precision 33 . After laser engraving, they were UV-ozone treated for 20 mins.

Step 2: Active layer deposition by spin coating

Spin-coating was also employed for the deposition of the active layer (AL). The solution containing the AL, with a total weight concentration of 10g/l, was composed of an optimal weight ratio of 1:1.5 between a fullerene-based acceptor phase PC70BM from Solarmer (purity of 99%) and a commercial donor phase PBDD4T-2F polymer from Ossila (138 Kg/mol, polydispersity index= 2.6). The above-mentioned ratio will thus correspond to PC70BM:PBDD4T-2F of 1.5:1. Anhydrous chlorobenzene was used as solvent in this solution. A stirring step at 80 °C for 2 hours was effectuated to obtain a homogenous solution. Finally, a volumetric concentration of 3 vol.% of 1,8-diiodooctane (DIO) was added as an additive. Then, the obtained solution was stirred again for 1 hour. The deposition of the AL took place following two successive ramps; first, a ramp at 25 rps during 30 s followed by a step at 80 rps during 30 s. Both these ramps were performed with a ramp of 4 s, resulting in a 100 to 120 nm thick active layer. The spin coater was also used to perform a dynamic methanol washing step to remove the residual additive from the active layer, resulting in an enhancement of the efficiencies of the photovoltaic devices as reported in the work of Ye at al. 34 . This step was performed at 25 rps for 30 s, followed by a drying step of 1 hour under vacuum at 10 -6 mbar, to eliminate the solvents and DIO traces.

Step 3: Electron transport layer (ETL) and metallic contact by thermal evaporation

The devices were finalized through the deposition of the electron transport layer (ETL) and the metallic contacts by thermal evaporation. This technique is based on Joule effect heating and the evaporation of the metal in a high vacuum chamber and will be described in section 2.2.2.2. The electron transport layer (ETL) and the cathode were composed of 1 nm of LiF and 100 nm of Al, respectively, deposited over a 4.5 mm² surface. This step was performed in a vacuum of 10 -6 mbar, with a current of 4 A and a voltage of 10 V. The used reactor, an Auto 306 thermal evaporator from Edwards, is visible in Figure 2-26.d). It has to be noticed that thermal evaporation is the only deposition technique that takes place under vacuum during the entire production process.

Electrical characterization of the solar cells

The efficiencies of the solar cells, as described in chapter 1, were obtained by the current density-voltage (J-V) characteristics of the device. This consists of the measurement of the photogenerated current as a function of the applied voltage when the photovoltaic device is exposed to illumination emulating the solar radiation. At the LEPMI laboratory, the J-V characteristics of the devices were recorded under A.M. 1.5 standard illumination using a solar simulator, 100 mW/cm 2 LCS-100 from Oriel from the glass side using an Agilent B2902A Source Measure Unit calibrated with a silicon reference cell. The photogenerated current was measured by a Keithley 2400 source meter.

Fabrication process optimization for solar cells

As described in Chapter 4, the polymers used for the fabrication of these photovoltaic Chapter II: Experimental procedure, devices fabrication and characterization techniques 80

Spatial atomic layer deposition

Spatial atomic layer deposition (SALD) is a variant of ALD where a constant supply of precursors is injected at different locations of the heated substrate. The precursor flow is separated by an inert gas region. The location of the substrate is then varied allowing the exposure of the various precursors, leading to a surface limited reaction and the growth of the film. A comparison between ALD i.e. temporal ALD and SALD is visible in Figure 2-25, adapted by the work of Munoz-Rojas et al. 35 As for ALD, this technique allows the depositions of conformal high-quality films at low temperature (RT to 350°C), with an excellent thickness control, at the nanometer scale. Nevertheless, when compared to ALD, SALD is largely faster, resulting in growth rates comparable with the CVD process. 

Thermal evaporation

The last step in the p-n junction fabrication corresponded to the thermal evaporation of metallic contacts, to perform the electrical characterization of the devices. Firstly, the sample is located above a molybdenum crucible, visible in The metal evaporations were performed through the use of Auto 306 thermal evaporator by Edwards, shown in Figure 2 13.c). The final pressure was around 1*10 -6 mbar and the crucible is heated by 4A for 4 min, to obtain a 100 nm thick layer.

Electrical characterization of transparent p-n junction

The finalized devices were firstly characterized through current-voltage (I-V) measurements, to gauge the performance of the obtained p-n junctions. These measurements were performed by varying the voltage between two contact points and simultaneously measuring the resistance between the electrodes, allowing the calculation of the current i.e. the determination of the I-V characteristic of the p-n junction. This characterization was performed using two W tips, Figure 2 This chapter will be divided into two subsections corresponding to specific studies. As it is well known, the properties of thin films are strongly modulated by the deposition conditions, therefore, we aim to tackle the optimization of the synthesis by performing a study on the influence of several AA-MOCVD deposition parameters on the properties of CuCrO2 thin films. The obtained results are reported in Section 3.1. Afterward, using these optimized conditions, Section 3.2 is fully dedicated to the undoped CuCrO2 system, regarding the effect of the stoichiometry over functional properties of CuCrO2 thin films.

The latter resulted in a publication in the journal Materials Advances by Royal Society of Chemistry (https://doi.org/10.1039/D1MA00156F). However, we integrated in this section additional results, not presented in the publication, to offer an exhaustive study.

Effect of the deposition temperature

As mentioned in Chapter 2, the substrate temperature plays a crucial role in the CVD process and the reactivity of precursors, strongly modulating the properties of the thin films. Antecedent to this thesis, there were two studies on CuCrO2 by AACVD at the LMGP, the Joao Resende's Phd 1 and Aissatou Ndong master's student 2 . The deposition parameters of these experiments are reported in Table 3-1. The different architecture of the used reactor justifies the different used temperatures compared to the first study reported in this section. In the latter, the deposition temperature was varied to obtain the required crystallographic phase while investigating the effect of the thermal energy over the compositional, structural, electrical, and optical properties of the CuCrO2 thin films.

We used two solutions with a total concentration of 10mM and partial concentrations of Cu/(Cu+Cr) equal to 50% and 70%, to establish the influence of the solution composition for a large range of deposition temperature, varied from 300°C up to 425°C, with steps of 25°C. This range of deposition temperature was selected because Cu(acac)2 and Cr(acac)3

start to decompose at around 200°C and 300°C 3 , respectively, the lowest temperature was 300°C, to guarantee the complete dissociation of the cations constituting the acetylacetonate precursors. The maximum tested temperature corresponds to the temperature for which both the used precursors are completely pyrolyzed, as obtained by thermogravimetric analysis of these precursors 4 . The remaining parameters employed during the deposition were maintained constant, and their values are reported in Table 3.1. 

Compositional properties and growth rate

The macroscopic aspect of the as-deposited thin films allowed us to obtain preliminary information about the structural and optical properties, as visible in Figure 3-2.a). For any tested deposition temperature, our samples present mirror-like aspect over a deposition area of 625 mm², and good uniformity. Whereas the macroscopic color depends on the thickness and the refractive index of the material. This is well-known since the studies of Newton.

Thus, the composition of the sample will influence the appearance of the film. Thickness variations are easily visible on silicon because the color changes strongly in this range. In Figure 1.a), we appreciate a homogeneous blue region of 250 mm² corresponding to a thickness of 50 nm± 5 nm. As indicated in Section 2.1.2, the corning glass was placed at the center of the mask to maximize the homogeneity of the thickness of the film deposited on this substrate. We can consider that the thickness presents a variability of 5% along the glass substrate.

Thicknesses were measured by SEM observation in cross-section. For instance, the SEM cross-section image obtained on a sample deposited on glass at 375°C from a solution with Cu/(Cu+Cr)=50% is shown in Figure 3-2.b). The thickness of these samples can be estimated to be around 85-95 nm. By measuring at different points of the cross-section, we determined the thickness of the samples.

This highlights the deposition of compact, uniform and conformal thin films on a flat substrate as expected by CVD. In CVD process, the formation of powder indicates that the used temperature is too high. The extremely high thermal energy will lead to the decomposition of the precursors afar from the substrate, thus, hindering the nucleation of the oxide phase and the growth of dense solid thin films. In our used deposition conditions, no powder precipitate above the deposited films in the investigated temperature range. This indicates that the oxidation reaction does not occur in the homogeneous vapor phase condition.

EDX analysis was employed to survey the composition of the films deposited at different temperatures for both the tested partial molar concentrations and the results are reported in Figure 3-2.c). The cationic ratio in the film mimics the initial solution composition at 375°C

for a solution composition of 50% and in the range 375-450°C for the 70% solution. In both cases, at lower deposition temperatures, the films are Cu-rich compared to the solution composition. For the two solutions concentrations, the cationic ratio, Cu/(Cu+Cr) in the film decreases for increasing deposition temperature. This can be explained by the fact that Cr(acac)3 presents higher thermal stability than the Cu precursors 3 , implying that a smaller amount of Cr would be available for the chemical reaction at lower temperatures. It is noticeable that we deposited thicker films for increasing substrate temperature, Figure 3-2.d), but also for higher Cu content in the solution. A higher thermal energy will enhance the reactivity of the used precursors. This implies a larger amount of cations will be available for the nucleation and, finally, the growth of the thin films. Furthermore, we cannot exclude that the selected precursors will catalyse each other resulting in different growth rates for different deposition temperatures. This hypothesis cannot be excluded because this was verified for other materials; for instance, it has been proved that even a small amount of Ti promotes the growth of SiO2 phase 5 . To analyse the effect of catalysis between the precursors, it would be necessary first to evaluate if they undergo any reaction in the starting solution. This would be possible by performing the deposition of a film using two separated sources, one with the Cu precursor and one with the Cr one.
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Our results are in good agreement with the work reported by Sanchez et al. 6 for CuCrO2 deposited by ultrasonic spray pyrolysis using the same precursors and with a starting equimolar solution i.e. Cu/(Cu+Cr)=50%. The authors reported an increasing Cr content in the films for increasing deposition temperature, with a practically constant Cu content.

However, in their case, the composition of the films reproduced the initial solution composition, 50%, when deposited at 500°C. The different temperatures required to reproduce the initial solution composition when compared to our results can be due to the used solvents, the injection rates of the precursors, gas flow, and the architecture of the deposition system.

Structural and morphological properties

Delafossite ABO2 can crystallize in two polymorphisms depending on whether the layer stacking is AB or ABO, for 3R-rhombohedral structure space group 3R-m, and 2Hhexagonal phase with P63/mmc symmetry, respectively 7,8 . The ICDD file, ICDD 04-010-3330 and ICDD-04-010-3329, for the 3R and the 2H symmetries, respectively, can be found in the appendix of this Ph.D. thesis. These two polymorphisms are differentiated by they are oriented in the same direction but shifted with respect to each other, the rhombohedral 3R structure is formed. Furthermore, the former has been reported to be less stable and have a lower p-type conductivity than the 3R phase 10,11 . These are the reasons behind the investigation of the polymorphism obtained by our samples. The crystallographic pattern of a sample synthesized by a solution composition of 50% at 350°C is compared with the ICDD reference for the two possible polymorphisms, appendix A and B for R-3m and 2H, respectively, as reported in Figure 3-3.a). This comparison demonstrates that our film crystallizes in the rhombohedral structure.

The effect of deposition temperature on the structural properties was probed by XRD, and the results are reported in Figure 3-3.b) and Figure 3-3.c), for solutions at 50% and 70%, respectively.

Firstly, we will discuss the results obtained for samples synthesized from a solution composition of 50%, Figure 3-3.b). When the deposition temperature was set to 325°C, the sample shows a very poor crystallinity with no visible crystallographic reflection.

Increasing the temperature of the deposition up to 350°C, all the samples show two peaks at 2θ=36.4° and 2θ=62.4°. These peaks can be assigned to the (012) and (110) reflections of CuCrO2, as visible by the comparison with the ICDD reference pattern reported in the above windows in the same figure, demonstrating the crystallization in the 3Rrhombohedral configuration. The weak band in the 40°-50° range is attributed to the glass substrate. The sample deposited at 350°C shows the narrowest (012) peak with the greatest intensity among the studied samples. This suggests a higher crystallization and a grain size increase. Based on these results we can assert that, using an equimolar solution we successfully synthesized CuCrO2 when the deposition temperature was set to 350°C or higher. It seems that there is no detectable secondary phase at the resolution level of these measurements.

The effect of the substrate temperature over the crystallographic properties for the series obtained from a solution with Cu/(Cu+Cr)= 70%, is presented in Figure 3 are Raman active modes 13 and A2u and Eu are IR-active modes [13][14][15] . The A modes correspond to the O-Cu-O dumbbell vibrations along the c-axis, while the E modes represent the triangular lattice vibrations, normal to the c-axis. CuCrO2 samples are characterized by three Raman modes at 101 cm -1 , 460 cm -1 , and 709 cm -1 (dotted lines in Figure 3-4), corresponding to Eu, Eg, and A1g modes of CuCrO2, in agreement with previous reports on this material 15 . We believe that the activation of the Eu mode, which should not be detected by this technique, is due to the variation of the stoichiometry in our films.

Additional modes, in the range 500 -670 cm -1 and labelled with *, are attributed to the presence of intrinsic defects, such as copper vacancies and oxygen in interstitial sites 16 , able to perturb the Raman selection rules. Cu2O modes are expected at 108 cm -1 , 149 cm -1 , 216 cm -1, 495 cm -1, and 649 cm -1 as reported for thin films of cuprous oxide deposited by MOCVD 17 . CuO modes can be found at 297 cm -1 , 347 cm -1 , and 632 cm -1 18 . The spectra for CuO and Cu2O thin films deposited on glass and measured in the same conditions can be found as appendix H and I, respectively.

The results obtained for samples synthesized from a solution composition of 50% appear in Figure 3 Increasing the substrate temperature to 350°C, the organic related modes become barely visible. This suggests that, starting at 350°C, we have a strong reduction of the amount of carbon incorporated in the films, independently of the starting solution composition. This demonstrates that 350°C is sufficiently high to efficiently reduce the organic contamination. The zoom of the Raman spectra in the 50-500 cm -1 shows a reduction in the intensity of the Cu2O related modes, especially the one at 108 cm -1 , for increasing temperature. Taking into account the reduction of the Cu ratio in the film with the deposition temperature for a solution at 70%, as probed by EDX, we can speculate that the amount of Cu2O is reduced when increasing the deposition temperature.

The morphology of the samples deposited at 325°C, 350°C, and 400°C for the two tested solution partial concentrations was analyzed by top-view SEM images. The results are reported in Figure 3-5; the morphology of the thin films is strongly impacted by the composition, as reported in hereinafter, and by the thickness of the sample, as reported by Bergerot et al. 17 for Sr-doped Cu2O. The authors explained that the morphological properties are mainly impacted by the films 'composition. Films with comparable compositions will present similar morphology, while thinner and thicker parts of the same film will have different compositions and different morphological properties. Thus, the comparison for films deposited at different temperatures, presenting different thicknesses and compositions, would not lead to drawn proper conclusions. To overcome this obstacle, a series of samples with similar thickness differing in composition will be analyzed as reported hereafter. 

Electrical, optical properties and Figure of Merit

The electrical resistivity as a function of the deposition temperature for the two solution compositions is reported in Figure 3-6.a). At low temperatures, the resistivity decreases in both cases when temperature increases, but for higher temperatures, the behavior is different for the two solutions compositions. For the solution with Cu/(Cu+Cr)=50%, the electrical properties of the grown films are deteriorated for temperatures higher than 350°C, while when starting from a solution with Cu/(Cu+Cr)=70%, the resistivity is practically constant with values around 0.1 Ω.cm. The electrical resistivity reaches a minimum around 0.5 Ω.cm and 0.2 Ω.cm for a solution composition of 50% and 70%, respectively at a deposition temperature of 350°C. The deviation in resistivity for films deposited at 350°C when compared with samples synthesized at a lower temperature is in good agreement with the reduction of the organic contamination detected by Raman, and the improved crystallinity probed by XRD. The difference in electrical properties at high temperature for samples deposited from a solution composition of 50% and 70%, can be explained by the difference in the composition of the samples. This highlights that the composition of the films plays a greater role than the deposition temperature over the conductivity as one could suspect. The minimum resistivity can be found for composition Cu/(Cu+Cr) around 60% -70%, independently of the substrate temperature. These results justify the thorough study reported in part 2 of this chapter, which aims to tackle the best composition to synthesize highly conductive and transparent out of stoichiometry CuCrO2. The optical properties of the thin films synthesized by a starting solution composition with Cu/(Cu+Cr)=50% were investigated by UV-VIS spectroscopy. The transmittance and reflectance spectra are reported in Figure 34567.a) and b), respectively. The transmittance spectra are simultaneously influenced by the composition and the thickness of the films, thus a proper comparison is challenging. However, these spectra further corroborate the increasing thickness for higher deposition temperature, with a reduction of the measured transmittance in the visible range (400nm-800nm). Indeed, a thicker film will lead to reduced transmittance. However, the main cause of the thickness dependence is the Fabry-Perot interference fringes. In this context, an increasing thickness will lead to the appearance of refraction peaks, which will lead to an increased value in a spectral region of the measured transmittance. For instance, this phenomenon is visible around 500 nm in the spectrum of the sample deposited at 400°C, the thickest among the synthesized samples.

To avoid an under or overestimation of the transmittance by taking a value at a fixed wavelength, we prefer to calculate an average value. The average total transmittance (ATT) in the visible range (400 -800 nm) was calculated and the results are reported in Table 3-3.

These samples present values higher than 60%, highlighting a good degree of transparency of our thin films. Furthermore, it was reported that a greater Cu/(Cu+Cr) in the film will worsen the optical properties of the films 19,20 . However, we can speculate the variation in thickness of our samples can mitigate the compositional variation found for samples deposited at different temperatures, thus resulting in a practically constant value of ATT.

The samples synthesized by a solution with Cu/(Cu+Cr)= 70% were also characterized by UV-VIS spectrometry (not shown here) and displayed values of ATT around 55%. The reduced transparency of this series of samples can be justified by their greater thickness and the appearance of the Cu2O phase, which is characterized by a reduced energy gap around 2.2 eV 21 , thus inferior transparency than the delafossite phase.

The reflectance (Figure 3-7.b)) of our films can be considered relatively high, with average values in the visible range varying from 28% to 35%, for samples deposited at 325°C and 375°C, respectively, however, no significant trend with the temperature is observed. The high reflectance of our thin films could be mitigated with an antireflection layer when this material is integrated into multi-layered structures.

The absorption coefficient of the thin films deposited at different temperatures was modelled as 3-1 :

𝜶 𝟏 𝒅 * 𝒍𝒏 𝟏 𝑹 𝑻 3-1
With α the absorbance of the films, d the film thickness, R the reflectance and T the transmittance of the thin films. This model was selected to take into account the optical reflectance of the films, which is not negligible for transparent electronic applications. The absorbance of the thin films is shown in Figure 3-7.c). Close to the optical band edge, there is a part called the Urbach tail. This follows an exponential law and it appears in systems characterized by a low degree of crystallinity, disordered or amorphous materials, due to the presence of localized states which extended in the bandgap.

The absorption coefficient was then employed to estimate the energy gap of a direct gap semiconductor following the Tauc relation, equation 3-2 :

𝜶𝒉𝒗 𝟐 𝑨 𝒉𝒗 𝑬𝒈 3-2
where h is Planck's constant, 𝑣 is the frequency of the photon, 𝛼 is the absorption coefficient, Eg is the bandgap, and A is a constant. The linearization of the Tauc plot allows the estimation of the bandgap, as the intercept of the straight line used for the interpolation and the energy axis. This method is widely used in semiconductors. However, it has to be noticed that in a highly defective or doped system, the absorbance at energy lower the energy gap, which may be drastically modified, due to the arise of intraband states. This will result in a broader absorbance energy relation, with an increase in the Urbaich tail, thus, complicating the estimation of this parameter 22 .

The Tauc plot for samples deposited at different temperatures is plotted in Figure 3-7.d).

The gap is direct in this material, with values around 3.1-3.3eV 23,24 . The presence of a secondary phase by the deposition of a nanocomposite, as verified for samples deposited at 325°C from a solution composition of 50%, will strongly impact the absorbance spectra through the rise of another optical transition as visible in the 2.0 -2.5 eV. Based on this observation, the estimation of the bandgap for samples deposited starting from a solution with Cu/(Cu+Cr)= 70% was not performed because of the presence of a parasitic Cu2O phase, which will skew the results. The energy gap increases with the substrate temperature; this is likely correlated to the reduction in Cu/(Cu+Cr) content when increasing the deposition temperature, in agreement with literature 19,20 . The bandgap of the sample deposited at 400°C is slightly lower than the one at 375°C. This can be attributed to the accuracy of the used procedure to estimate such parameter. The evaluation of the performances for samples deposited at different temperatures was performed for both FoMs. The FoM H privileges transparent films despite their electrical properties, achieving high FoM values even for rather poorly conductive materials, meanwhile, FoM G is very susceptible to changes in Rsh, advantaging more conductive samples. Thus, the necessity of both the FoM.

Despite the different calculations, it is noticeable that, for samples synthesized by a solution with Cu/(Cu+Cr) of 50%, the highest FoM is obtained for samples deposited at 350°C, corresponding to the most conductive samples. When samples were deposited starting from a solution composition of 70%, there is a slight enhancement of the FoM for samples deposited at temperature higher than 350°C, which is attributed to the plateau of the electrical resistivity.

Finally, the results presented in this section were used to select the temperature used in further studies. Various factors influenced the selection of the deposition temperature adopted in the following experiments. Concerning the integration of our thin films into devices as well as the industrialization of the process, the lowest possible temperature is preferred for various reasons. Firstly, a lower temperature would imply less energy consumption reducing the time and the cost required for the heating and the cooling down of the system. Secondly, a lower temperature is beneficial for the integration of the material into optoelectronic devices. A too high temperature could provoke a modification of the layers already presented in the structure and the degradation of their optoelectronic properties. Furthermore, a reduction in the used temperature will allow the deposition over polymer-based and flexible substrates, thus expanding the applicability range of this technique and our material. From these considerations, the selection of the temperature arises as a trade-off between the lowest possible temperature which allows the synthesis of films with good optical and electrical properties.

Based on the results presented in this paragraph, the substrate temperature of 350°C was selected. This temperature was demonstrated to be high enough to eliminate the organic contaminations, leading to the deposition of conductive thin films, and to successfully synthesize polycrystalline pure delafossite phase, as aimed, with no post-treatment required in contrast to previous results on crystalline materials as explained in the introduction of Chapter 1 of this Ph.D. thesis. This temperature will then be employed in all the depositions reported in the following.

Out of stoichiometry CuCrO 2 as promising p-type TCOs for transparent electronics

As previously discussed in Chapter I, CuCrO2 is one of the most promising p-type TCOs; however, its electrical and optical properties are still inferior to the n-type TCOs. To enhance the performances of the thin films extrinsic doping was studied. In this context, Mg and N co-doped CuCrO2 holds the greatest electrical conductivity up to date, around 280 S.cm -1 28 . The doping by Mg is also supported by the theoretical calculation performed by Scanlon et al 7 , which reported Mg substituting in the Cr sites as the defect with the lowest formation energy. However, the insertion of Mg dopant is reported to be detrimental to the optical properties of the films 29 . On the other hand, intrinsic doping was demonstrated extremely efficiently to enhance the electrical properties, through the formation of defects, while preserving a good degree of transparency. In literature, the greatest FoM for this material, 2300 µS, is achieved by Cu-poor CuCrO2 (Cu/(Cu+Cr)=33%) thin films deposited by PI-MOCVD, a technique working under vacuum. As shown in the previous section, the composition of the CuCrO2 films plays a major role in their electrical properties, with a minimum in the electrical resistivity corresponding to a composition in the 60% -70% range. We choose to investigate this composition region in detail to evaluate the improvement of the functionalized properties of Cu-rich CuCrO2 thin films, never studied in films deposited by AA-MOCVD. As described in chapter 2, this technique is extremely appealing for industrial applications since it operates at low temperature and atmospheric pressure, with the deposition of conformal and uniform films over a large surface area.

Therefore, the present study aims to evaluate the impact of the cationic ratio, Cu/(Cu+Cr), on the electrical and optical properties of CuCrO2.

To properly study the effect of the composition two series of samples were synthesized. Series 1: The deposition time was fixed to 60 minutes. Two total molar concentration solutions were used, 10 mM and 20 mM, with Cu/(Cu+Cr) varying between 40% to 100%.

Series 2: The results obtained from the samples of series 1, allowed us to deposit samples with similar thickness tuning the deposition time. This series is composed of 4 samples with similar thickness, in the 75-85 nm. The total molar concentration was fixed to 10mM with Cu/(Cu+Cr)=40%, 50%, 70% and 100%.

Chemical and structural properties

The synthesis of out of stoichiometry CuCrO2 requires a deep understanding of the compositional properties of the thin films. Thus, knowing the composition of the films i.e. the incorporated Cu/(Cu+Cr) is one of the most crucial factors in this study case. For these reasons, we performed different characterization techniques to investigate the correct quantification of the incorporated cationic ratio. The cationic content in the films of samples of Series 1 was measured by Electron Probe Microanalysis (EPMA) and the results as a function of the composition of the starting solution are reported in Figure 3456789.a). The incorporated cationic ratio reproduces quite well the composition of the starting solution, which corresponds to the slope of the dashed line in the same figure. We can highlight a large variation in stoichiometry for these films, with values of incorporated Cu/(Cu+Cr) from 40% to 70%, in our deposition conditions. To validate these results, EDX quantification was also employed to obtain a calibration curve for easier quantification.

Similar values between the two techniques are expected. The Cu/(Cu+Cr) cationic content in the films as a function of the initial solution composition for the two molar concentrations tested probed by this technique is reported in Figure 3-9.b). Herein, the dashed line indicates the composition reproducing the starting solution. This graph highlights that the incorporation of Cu in the films is generally slightly higher than the Cr incorporation, suggesting a higher reactivity of the Cu precursor over the Cr one in the selected deposition conditions. Moreover, it is noticeable that the composition of the films is independent of the total molar concentration of the solution for the studied conditions. Moreover, the results obtained from these techniques were compared, Figure 3 It can be seen that the EDX tool overestimated the cationic ratio when compared to EPMA, with a variation of around 5%, attributed to the inferior sensitivity of the EDX characterization tools when compared to EPMA. Being low, this difference can be considered negligible, within the experimental limit of the techniques. Moreover, this discrepancy can be attributed to the different thicknesses of the same film which lead to different compositions as reported for Sr-doped Cu2O 17 .

Despite being more accurate, EPMA technique is slower and more expensive than EDX and the EPMA system has a very limited availability when compared to EDX setup, completely free to use in the LMGP lab.

Finally, these results validate the reproducibility of the process and the control over the composition of the films within the experimental limits. Furthermore, these results are in good agreement with the study performed by Farrell et al. 30 for samples synthesized by spray pyrolysis. The authors reported a similar trend for the incorporated cationic ratio as measured by XPS when increasing the Cu content, while Cr was kept constant.

Based on these considerations, the films will be then labelled from now on based on the EDX measurement.

The film thickness was measured from SEM cross-section images, we used these values to calculate the growth rate for the different Cu/(Cu+Cr) in the films (Figure 3-9.d)) for the two total molar concentrations. Generally, a greater total molar concentration leads to the synthesis of thicker films, however, not at twice the thickness as could be expected.

In our case, Cu-rich films are characterized by a growth rate of around 1 nm/min, which increases with Cu content reaching the highest value of 1.6 nm/min for pure Cu2O, Figure 

. Cationic ratio in the film as function of the starting solution composition as measured by a) EPMA and b) EDX for the two tested total molar concentration. c) Cationic ratio as probed by EPMA as a function of the value obtained by EDX. In a), b), and c) the dashed line reprents the composition reproducing the initial solution. d) Growth rate as function of the cationic ratio in the film.

3-9.d). The growth mechanism of CuCrO2, deeply described in literature 31,32 , is attributed to an additive reaction between the chromium oxide and the cuprous one, following the reaction (3-3):

𝐶𝑢 𝑂 𝑠 𝐶𝑟 𝑂 → 2𝐶𝑢𝐶𝑟𝑂 3-𝟑
The various step for the formation of the CuCrO2 starting from the Cu(acac)2 and Cr(acac)3 is accurately described in the work of Lim et al. 31 . However, the growth by additive process does not justify our findings. Indeed, this model suggests that the stoichiometric compound should have the greatest growth rate, satisfying the 1:1 ratio required by equation (3-4). On the other hand, the deviations from stoichiometry will hinder the film growth due to the lack of Cu or Cr atoms able to react with the Cr or Cu counterpart, respectively. In a Cupoor environment, the presence of Cu will promote the deposition of chromium compounds, while in a Cu-rich atmosphere the Cr reactant will inhibit the formation of Cubased oxides. Based on these considerations, we suppose a mutual influence of the precursors in the deposition chamber. The increasing growth rate with Cu content in the films may be justified by the catalytic effect of the Cu(acac)2 and its by-products over the decomposition and reaction of Cr(acac)3, as reported for out of stoichiometry films deposited by PI-MOCVD 19 , where a similar trend was found. Moreover, we cannot exclude that the low oxygen partial pressure used for the depositions, as reported hereafter, may impact the growth of the film. Farell et al. 30 proposed a growth mechanism for out of stoichiometry CuCrO2 thin films deposited by spray pyrolysis, based on the alternative stacking of CrO6 octahedra and O-Cu-O dumbbells. Firstly, Cr is adsorbed until the surface is saturated. Successively, the Cu(acac)2 decomposes and reacts with the Cr at the surface until a sufficient Cu coverage is obtained. Finally, the Cr atoms react with the Cu terminated surface allowing the film growth. A lack of Cu impedes the formation of O-Cu-O dumbbells and the subsequent film growth, justifying the increasing growth rate with Cu content. However, the authors reported the impossibility of grow film from a solution of pure Cr precursors at 345°C. In contrast, in our deposition conditions, we were able to synthesize an ultra-thin film (20 nm), with a corresponding growth rate of 0.33 nm/min using a solution composed only of Cr(acac)3. This film is amorphous, as visible by its XRD pattern in Figure 3-10.a). The Raman spectrum of this sample, Figure 3-10.b), shows a mode at around 500 cm -1 assigned to the A1g of Cr2O3 33 . The amorphous state of this film is also supported by the broad mode found at around 730 cm -1 which is induced by a greater edge-sharing CrO6 octahedron, in agreement with previous reports about this material 30,33 .

These considerations make us suppose about the deposition of Cr2O3, however, further analyses are required. Furthermore, this film is extremely insulating with a value of sheet resistance around 100 MΩ/sq, and discrete transparency, above 60% in the visible range, Figure 3-10.c), thus, no further investigations were performed, because outside of the purpose of this thesis. Based on the comparison between our study and the results of Farrell et al. 30 , we concluded that, in our deposition conditions, the partial pressure of the oxygen and the precursors plays a role in the growth of the film and possible mutual interactions cannot be excluded.

Complementary analyses about the composition of our thin films were obtained by RBS for samples synthesized by a total molar concentration of 10 mM. As explained in Chapter 2, this technique can be in specific conditions particularly sensitive to low Z elements such as oxygen. The fitting of the obtained spectra provided a precise quantification of the atomic content in our films, Figure 3-11.a). We found an overall increase in Cu content and a decrease in Cr one for greater Cu/(Cu+Cr) in the solution, in agreement with previous results by EDX. The quantification of oxygen shows an overall reduction of this anion for increasing Cu/(Cu+Cr) in the solution. Our samples are generally characterized by a discrete amount of carbon, in the 10% -20% range, typical of the CVD process, highlighting a not complete removal of these organic species. The presence of carbon in our films can be justified by the presence of organic decomposition products resulting from the pyrolysis of the used metal acetylacetonates, as demonstrated by Van Hoene et al. 3 . The presence of carbon species would be detrimental for the optical and electrical properties of the films, thus, an optimization of the carbon capture process during the deposition can be evidenced as a potential strategy to enhance the functional properties of this material. Although, no attempts were performed in this direction.

To evaluate the oxygen stoichiometry of our films, the ratio of oxygen over the cationic In the case of pure Cu2O, Cu/(Cu+Cr)=100%, the ratio between Cu and O should be 2:1.

We can distinguish three regions in this graph, A, B, and C, in Figure 3-11.b). In region A, we found an under stoichiometric cationic ratio, around 44%, with an excess of oxygen around 200%, thus a Cu-poor O-rich stoichiometry. The atomic ratio between the different specimens in this sample, Cu/(Cu+Cr) ≈ 0.5 and O/(Cu+Cr)≈2, can be considered close to the spinel phase, CuCr2O4. This exotic composition can explain the low electrical conductivity found in these samples, as reported in section 3.2.5. In region B, the films are characterized by an almost constant oxygen content, around 85% -90%, with an increase in the Cu cationic ratio, resulting in a Cu-rich O-poor composition. Hence our Cu-rich films are oxygen deficient. For samples synthesized by a solution with Cu/(Cu+Cr) of 100%, the ratio between copper and oxygen, of 2:1, suggests the deposition of pure Cuprous oxide, Cu2O, in agreement with the phase identification reported in section 3.2.2 of this chapter.

A comparison between the cationic ratio in the film, Cu/(Cu+Cr), as measured by EDX, RBS and EPMA is presented in Figure 3-11.c). Based on these results, we can assert that EDX overestimates the Cu incorporation, with an error as high as 5%, when compared to RBS. This overestimation can be due to the limited sensitivity of the EDX technique to distinguish between elements close in energy.

Structural properties

The analyses of series 1 allowed to tune the composition and thickness of the films and allowed us to synthesize samples of series 2, using starting solution compositions of Cu/(Cu+Cr)=40%, 50%, 70% and 100%. The film compositions of the samples of series 2 as measured by EDX corresponded to Cu/(Cu+Cr) of 50 ± 5%, 63 ± 5%, 77 ± 5% and 100% and a common thickness in the 75-85 nm. The samples will be labelled as CuCrO2:X in the following, with X corresponding to the incorporated cationic ratio (in %) in the films.

The structural properties of CuCrO2:X samples of series 2 were probed by Raman spectroscopy and the results are visible in Figure 3-12 a). Stoichiometric CuCrO2:50% and Cu-rich CuCrO2:63% are characterized by three Raman modes at 101 cm -1 , 460 cm -1 , and 709 cm -1 (squares in Figure 3-12.a)) and a).2)), respectively assigned to Eu, Eg, and A1g modes of CuCrO2, as mentioned in the section 3.1.2. The intensity of the defects-related Raman modes, indicated by *, increases with the cationic content in the film, as visible from the comparison between the spectra of CuCrO2:50% and CuCrO2:63%. No secondary phases were detected in these samples, under the detection limit of the used instrument, thus we can conclude that there is a wide compositional range, up to 63% of %Cu, in which we successfully synthesize single-phase CuCrO2. Furthermore, the absence of CuO or Cu2O Raman modes in these samples confirms that these oxides are absent or amorphous and dispersed in the CuCrO2 crystal lattice. For increasing cationic ratio in the film, CuCrO2:73% ( Figure 3-12.a) spectra named 3)), additional modes appear at 108 cm -1 , 149 cm -1 , 216 cm -1, 495 cm -1 and 649 cm -1 17 . We can assert these modes correspond to the formation of cuprous oxide, thus highlighting the deposition of a nanocomposite constituted by Cu2O + CuCrO2. This is also supported by the comparison with the spectrum XRD was employed to confirm these results and the phases were identified through the comparison with the ICDD references. The diffraction pattern obtained from the same samples are presented in Figure 3-12. Stoichiometric CuCrO2 shows a poor polycrystallinity, as deduced by the large (012) and (110) reflections, found at 2θ=36.4° and 2θ=62.4°, respectively. The shoulder presented in the 40°-50° is due to the glass substrate and it could cover the signal of the (104) peak, typical of the delafossite structure, not found in our samples. More crystallized films are obtained for Cu-rich CuCrO2, (Figure 3-12 b).2)), characterized by a narrower (012) reflection. The reduced FWHM found for Cu-rich CuCrO2 suggests a better crystallinity and an increase in grain size. This is in agreement with the work of Sidik el al. 34 where a higher crystallinity of the films was reported for increasing Cr deficiency. The lack of (006) peak (2θ=31.4°) in our films is possibly related to the randomly ordered CrO6 environment or a strong crystallographic texture of the film 35 . We can speculate that the Cr deficiency characteristic of our samples will provoke an increase in the disorder in the CrO6 octahedral, which will then deteriorate the (006) crystallinity. Finally, this pattern confirms the deposition of a single delafossite phase despite the large variation from stoichiometry. Cu2O+CuCrO2:77% (Figure 3 The films corresponding to an out of stoichiometry composition of CuCr0.58OX

(Cu/(Cu+Cr)=63%) are characterized by a greater amount of defects in comparison with the stoichiometric compound. The preservation of the crystalline delafossite phase despite the wide variation in the cationic ratio is in agreement with previous work on Cu0.66Cr1.33O2

(Cu/(Cu+Cr)=33%) by PI-MOCVD 19 and DLI-MOCVD 36 . Moreover, it is important to notice that cupric oxide, CuO, is not detected in any of our films, despite Cu +2 is present in the starting precursor. As described in the work of Lim et al. 31 , the gas phase decomposition of copper acetylacetonate results in the formation of metallic copper condensing on the substrate. After this step, Cu 0 oxidizes into Cu2O. If the oxygen partial pressure is too high, Cu2O can undergo a secondary oxidation step resulting in the formation of CuO. Metallic copper, Cu 0 , cannot directly be oxidized into Cu +2 because the copper oxidation state has to respect the transition from Cu 0 to Cu +1 and then to Cu +2 as demonstrated from energetic considerations reported by Nasibulin et al. 37 .

In our deposition conditions, the Cu-rich thin films are characterized by understoichiometric oxygen as demonstrated by RBS, hence, the formation of Cu20 and CuO is hindered. In particular, CuO has been reported to be detrimental for the electrical and optical properties, as reported for Cr-deficient CuCrO2 38 . The lack of additional parasitic phases finally proves that the used oxygen partial pressure is adequately high to completely oxidizes metallic copper into monovalent state, while it is sufficiently low to prevent the formation of CuO. Nevertheless, we cannot exclude that the reaction with Cr(acac)3 stabilises the formation of Cu +1 -based oxides. Furthermore, the O-poor composition displayed by our thin films allows the deposition of a composite material formed solely by Cu2O and CuCrO2 is in agreement with the phase diagram of the Cu-Cr-O system in our deposition conditions 39 , as reported in Chapter 1 of this Ph.D. manuscript.

Morphological and microstructural properties

The morphology, the roughness, and the microstructure of the thin films will impact their electrical and optical properties. Furthermore, they are critical parameters for the integration into devices, representing the interface between CuCrO2 and the above layer, finally influencing the performances of the device. . The evolution of the morphology and grain size for samples of series 2 is presented in Figure 3 AFM measurements were performed to survey the surface over 1µm² for samples of series 1. The choice of these samples was based on the fact that Montecarlo's simulation demonstrated that the thickness of the films does not strongly impact the superficial roughness of the layer deposited by CVD as reported by Chason et al. 40 . No particular trend is observed for the root mean square (RMS) roughness, with values in the 1 -2 nm range, with a maximum RMS roughness corresponding to films with a composition of around 65%, in good agreement with our cross-section images, (Figure 3-13.c)). This characterization highlighted the deposition of smooth thin films. Moreover, it is noticeable that the grains for samples starting from a Cu-rich solution (Figure 3-14.d), e), and f)), present a more rounded aspect.

To further understand the evolution of the morphological properties with the incorporated cationic ratio, the microstructure of two Cu-rich films, CuCrO2:59% and CuCrO2:65%, and of the Cu2O+CuCrO2:73% composite film was analysed by TEM. The cross-section observations in dark field, and the HRTEM images and SAED patterns are presented in rings corresponding to several crystallographic orientations, while more defined rings will correspond to a higher number of grains in that particular orientation.

Cu-rich CuCrO2 thin films present a nanocolumnar microstructure with a broad orientation distribution, as reported previously by our group for the growth by AA-MOCVD of CuCrO2 shell on ZnO nanowires 41 . Furthermore, this columnar growth was previously reported for CuCrO2 thin films synthesized layer by layer by sol-gel 42 . The increase in cationic ratio leads to the growth of bigger grains with higher vertical alignment, as visible by the comparison between CuCrO2:59% (Figure 3 CuCrO2 films crystallize in the R-3m CuCrO2 structure without any detectable secondary phase, in agreement with Raman and XRD results. This result corroborates that there is a wide compositional range, up to Cu/(Cu+Cr)=65%, in which the crystalline delafossite phase is preserved despite the variation of stoichiometry. Moreover, the greater definition of the diffraction rings presented by CuCrO2:65% when compared to CuCrO2:59% suggests a greater crystallinity for increasing Cu content in the film, in agreement with XRD results.

For the Cu2O+CuCrO2:73% nanocomposite film (Figure 3 

Surface chemistry analysis

As described in chapter 1, the study of the oxidation state of the cations composing the delafossite phase is fundamental to confirm the chemical nature of the compound. The technique used for this characterization is the XPS. Furthermore, the fit of XPS spectra allows also the quantification of the percentage of cations in a specific oxidation state; this is important because the conduction mechanism in Cu-based delafossite is strictly related to the hybridization of the molecular orbital. In CuCrO2, it has been demonstrated that the presence of a mixed-valence band formed by Cu +1 /Cu +2 leads to an enhancement of the hybridization between the Cu 3d and O 2p orbitals and, finally an increase in electrical conductivity as reported by Ling et al. 43 . Ex-situ XPS after Ar milling was employed for this purpose. Each binding energy corresponds to a given oxidation state, while the detected electrons i.e. the intensity of the peak corresponds to the amount of element in that state. eV, is present in the bulk of our films as attested by the asymmetry of the Cu 2p3/2 peak towards greater binding energies.

The Cr 2p3/2 core level (Figure 3-16.c)) is centred at a binding energy of 576 eV corresponding to chromium in trivalent state in agreement with previous reports on CuCrO2 19 . The peculiar shape of this peak, Figure 3 and 531.8 eV (FWHM ≈ 0.77), attributed to oxygen in the lattice (OI), oxygen defects (OII), 47 , and hydroxyl oxygen (OIII), respectively. It can be noticed that the intensity of the O1s peak is minimized for CuCrO2:65% and slightly shifted towards higher binding energies.

The latter suggests a higher presence of oxygen-related defects in the CuCrO2:65%. The fitting of these contributions can be seen in Figure 3-17.c).

It is important to notice that the existence of Cu +2 does not necessarily imply the formation of CuO, not detected in our films because it has been reported that Cu +2 can be present in the planar triangular network of the lattice 47 . This is in agreement with results obtained by combustion synthesis of CuCrO2+x 47 , where a pure delafossite phase was detected despite the great amount of Cu +2 species (37% Cu +1 vs 63% Cu +2 ). Many works reported the preservation of the delafossite crystalline phase with no formation of secondary phases despite the coexistence of monovalent copper and Cu +2 in the film. This was verified mainly in doped systems such as Mg-doped CuCrO2 48 and Co-doped CuCrO2 49 , and in various delafossite films as Cr deficient CuCrO2 50 , CuFeO2+x 51 , CuInO2+x, and CuScO2+x 52 , CuYO2+x, and CuLaO2+x 53 . The presence of Cu +2 in our samples can be induced by the Cr deficiency, leading to an excess of holes at the Cu sites, as reported by Ling et al 43 . The authors deposited out of stoichiometry CuCrO2 by solid-state reaction and they highlighted an increase in Cu +2 content for a larger Cr deficiency. In our case, because of the O-poor environment used during the growth, the formation of Cu +2 is inhibited.

Table 3-4 presents the amount in % of Cu +1 and Cu +2 to the Cu2p3/2 spectra. The FWHM of the fitted peaks is also included in brackets. This procedure evidences a maximum value of Cu +1 /Cu +2 ratio for CuCrO2:65%. As proposed by Ling et al. 43 , this suggests an enhancement of the hybridization between Cu 3d and O 2p orbitals, thus resulting in a favourable electronic structure. A more novel report from Singh et al. 50 showed that the conduction mechanism takes place among Cu +1 -O-Cu +2 sites, rather than direct hopping amid Cu +1 and Cu +2 sites. We can speculate that independently by the conduction mechanism being via Cu +1 -O-Cu +2 or direct Cu +1 -Cu +2 sites, the maximization of Cu +1 /Cu +2 ratio is required to increase the amount of hopping sites and, thus, the film conductivity. The minimization of the Cu +2 content for Cu-rich CuCrO2:63% thin films can also be linked to the deficiency of oxygen, as demonstrated by RBS. Van Hoang et al. 54 reported that the presence of extra oxygen atoms, i.e. oxygen interstitial, is responsible for the generation of Cu vacancies, VCu, and Cu +2 for CuCr0.85Mg0.15O2 deposited by solid-state reaction. Based on these considerations we can infer that the O-poor composition of our films can be a limiting factor for the formation of Cu +2 . However, no direct trend between the oxygen vacancies and Cu +2 was observed.

VB-XPS was performed on a Cu-rich film with Cu/(Cu+Cr)=65% and the results are reported in Figure 3-18. The obtained spectrum was compared with the curve resulting from the band theory, adapted by the work of Yokobori et al. 55 . The spectrum resulting from the calculation shows that the VBM is dominated by Cr 3d states (labelled with I) with a contribution attributed to the Cu 3d states (indicated with II), responsible for the peak with the greatest intensity. Additional contributions at higher binding energy (labelled with III) are attributed to the O 2p orbital. In our experimental spectrum, these three contributions are noticeable however, the resolution of the spectrometer was too poor to collect further information. The reduced intensity of Cr states compared to the Cu ones can be related to the lower cross-section of the trivalent cation compared to Cu 56 . Anyway, we may speculate that the variation in intensities can also be linked to the Cu rich/Cr deficient environment present in our films, leading to the limited presence of the shoulder of Cr 3d states, at around 1.5eV. Consequently, we can deduce that the Fermi level remains close to the VBM, in agreement with the high charge density of delafossite materials and with previous reports of VB-XPS for CuCrO2 57 . The use of a spectrometer with higher resolution will be mandatory to obtain a proper quantification of the energy difference between the Fermi level and the valence band edge. Furthermore, previous works about out of stoichiometry CuCrO2 30 reported the degenerate nature of these materials, thus the Fermi level would be indistinguishable by the VBM.

Electrical properties

First, the impact of the thickness on the electrical properties was analysed, through the synthesis of films starting from the same solution composition and with different thicknesses, as reported in Figure 3-19. The resistivity is mainly governed by the composition of the film while the thickness only plays a secondary role. The small variations in resistivity found for a given composition are due to fluctuation in composition with the thickness, as explained before.

Traditionally, it is believed that the electrical resistivity decreases for increasing thickness until the bulk value is reached, attributed to the greater amount of grain boundaries acting as scattering centers. This decrease is attributed to the growth of bigger grains and thus a reduction in the carrier scattering at the grains boundary. Interestingly, Sinnarasa et al. 58 demonstrated that there is an optimal thickness able to minimize the electrical resistivity of Mg-doped CuCrO2. Because the carrier hopping length is in the range of the crystalline parameters i.e. with the hopping among copper atoms, only the grain boundaries would act as additional potential barriers. Thus, at low thicknesses, around 50 nm, the resistivity increases as the very small grains size would lead to a high number of grains boundaries.

The increased value of resistivity found for a sample with greater thickness, around 600 nm, is attributed to the presence of stress effect which would deteriorate the carrier

Chapter III: Deposition of CuCrO2 thin films 122 mobility 59 . This can justify the greater resistivity value found for films with greater thicknesses, over 200 nm. Moreover, we cannot exclude that a greater thickness, achieved by increasing the deposition time, would also lead to greater carbon content through the CVD process, degrading the electrical properties.

The variation of the electrical resistivity as a function of the cationic ratio in the film is shown in Figure 3-20.a) for all the deposited samples (series 1 and series 2). The variation of the resistivity values with Cu/(Cu+Cr) in the film follows a U-shape curve, which was fitted using an exponential quadratic law as a guide for the eyes. The trend is the same independently of the thickness and initial total concentration of the solution. It is important to notice that the minimum of the curve does correspond to Cu-rich CuCrO2 thin films, not to the stoichiometric samples. The lowest resistivity values, below 0.1 Ω.cm, were obtained for Cu-rich CuCrO2 films with a Cu/(Cu+Cr) value comprised between 60 and 70%, corresponding to Cu-rich CuCrO2 and Cu2O+CuCrO2 composite films, respectively. For higher clarity, the graph has been divided into four regions:

 region A, from Cu-poor CuCrO2 to stoichiometric one, i.e. from Cu/(Cu+Cr)=40% to 50%; The low conductivity values obtained for samples in region A can be attributed to their low crystallinity. Although this is only a qualitative explanation, the decrease in electrical resistivity of two orders of magnitude for samples with an incorporated cationic ratio in the 50%-65% range can be justified through simultaneous factors, as reported by Chen et al. 61 .

On one hand, the increase in cationic ratio can result in the formation of defects such as Cu vacancies and Cu antisite that have lower formation energy than others, similarly to what reported for CuAlO2 62 . In our Cu-rich/Cr-poor conditions, we infer that the additional Cu atoms might be situated in the Cr vacancies to form Cu antisite defects (CuCr). This will be balanced by the generation of holes, leading to an increase of the charge carrier density in the films 61 , thus resulting in a lower resistivity of the film. The corresponding defect reaction and generation of free charge can be written as previously proposed for Mg-doped Cr deficient CuCrO2 63 and Cr-deficient CuCrO2 64 , equation 3-5 :

𝑪𝒖 𝑪𝒖 𝑿 𝑪𝒓 𝑪𝒓 𝑿 𝑽 𝑪𝒖 𝑪𝒖 𝑪𝒓 𝟐 𝟑𝒉 3-5
where CuCu X and CrCr X represent the Cu and Cr in their original crystalline sites, respectively. (VCu) represents the Cu vacancy, (CuCr) is a Cu antisites, and h• is the generated hole required to preserve the charge neutrality. However, we cannot exclude that other defects play a major role over the electrical properties. A visual representation of these defects was obtained by software VESTA 65 and it is visible in Figure 3-20.b).

In region B, films within the 60-65% compositional range show an improved crystallinity as indicated by the higher intensity of the (012) reflection in XRD and the growth of bigger grains, as observed by SEM, and TEM. Furthermore, the favourable electronic structure of these films, with the maximization of the Cu +1 /Cu +2 ratio as proved by XPS, can also contribute to the improvement of the electrical properties. Nevertheless, the lowest resistivity of 0.02 Ω.cm was achieved in region 3 for the Cu2O+CuCrO2 composite film with 67% of Cu. In our deposition conditions, a Cu content above 65% favours the formation of the Cu2O phase over the delafossite phase that is more conductive, thus increasing the electrical resistivity up to values obtained for the pure Cu2O. This increase can be attributed to the change in grain shape, with the appearance of more rounded grains, and degradation of the film crystallinity. As comparison, films deposited by PI-MOCVD with a similar composition resulted in the synthesis of CuO+Cu2O+CuCrO2 19 with a higher 

c) Variation as a function of the incorporated cationic ratio of charge density (left y axis) and carrier mobility (right y-axis). In the latter, the circles indicate the estimated values, while the triangles corresponds to the measured ones.

resistivity than the single delafossite phase out of stoichiometry, Cu0.66Cr1.33O2. This was also reported for films composed of Mg:CuCrO2+CuO synthesized by reactive magneto sputtering 38 . This finally demonstrates that the absence of CuO, as found in our deposition conditions, is extremely important for the synthesis of highly conductive p-type TCOs.

Single-phase CuCrO2 thin films are characterized by very low mobility, under the detection limit of our experimental setup. For this reason, the electrical parameters of stoichiometric and Cu-rich CuCrO2 thin films were estimated following an approach reported by Sinnarasa et al. 66 for Mg-doped CuCrO2. The authors reported that the hole density can be expressed through, equation 3-6 :

𝑁 𝑑 * 𝐶𝑢 3-6
where dcu is the density of total copper site in the crystalline lattice obtained by Rietveld refinement over the XRD pattern of the films, while [Cu +2 ] corresponds to the concentration of copper atoms in the bivalent state, as measured by XPS. The estimated values are reported as circles in Figure 3-20.c). We calculate a charge carrier density of 1*10 21 cm -3 and hole mobility of 0.06 cm 2 V -1 s -1 for a Cu-rich CuCrO2:63%. Our estimation is in agreement with literature 19 , where thanks to a very high magnetic field, the authors measured a charge density of 9*10 21 cm -3 and mobility of 0.011 cm 2 V -1 s -1 for Cu-poor CuCrO2, with an incorporated cationic ratio of 33%, the most conductive sample in that study. On the other hand, Hall-effect measurements were successfully performed on nanocomposite Cu2O+CuCrO2:79% and pure Cu2O confirming the p-type conductivity of these thin films. These values are reported as triangles in Figure 3-20.c). Hole concentration of 9.3x10 18 cm -3 and 1.5x10 16 cm -3 .were measured for these two samples, respectively. The corresponding mobilities were 0.65 cm²V -1 s -1 and 5 cm 2 V -1 s -1 , respectively. These results reveal an improvement in mobility through the formation of Cu2O. Thus we can conclude that the lowest resistivity achieved for the Cu2O+CuCrO2 with Cu/(Cu+Cr) = 67% corresponds to the best trade-off between the high charge density of CuCrO2 and the good mobility of the Cu2O phase.
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Optical properties and Figure of Merit

Macroscopically, the CuCrO2 thin films presented a mirror-like surface. To properly compare the effect of stoichiometry on the optical properties, the samples of series 2 were analyzed. The colour varied from semi-transparent gray for the stoichiometric thin film, to darker gray for Cu-rich, slightly yellowish for composite and bright yellow for pure Cu2O.

The transmittance and the reflectance of the films for samples of series 2 are reported in transition, finally resulting in a smoother slope of the transmittance curve. The reflectance (Figure 3-21.b)) does not follow any clear trend, with an average value in the 400-800 nm range varying from 26% for the Cu2O+CuCrO2 composite film to 32% for the Cu-rich CuCrO2 film. Pure Cu2O has a refractive index greater than 2 68 , which will lead to important values of reflectance around 45%, as previously reported for films deposited by magnetron sputtering 69 . The shift of the reflectance minimum could be attributed to a variation of the refractive index with the composition. However, these results do not allow any certain conclusion about the refractive index, and further studies are required.

The impossibility to measure the reflectance at the interface CuCrO2/glass led us to consider the film as stand-alone, thus the absorbance was modelized considering multiple reflections and considering the reflectance at the interface CuCrO2/glass coinciding with the one of CuCrO2/air. This model was already employed in a similar study by Crepelliere et al. 19 . The absorbance is determined analytically as described by equation 3-7 Where T represents the transmittance, R the reflectance, and t the thickness of the film. It has to be reminded that the direct bandgap in CuCrO2 is responsible for the optical properties, whilst the indirect energy gap influences the electrical properties 70 . The linearization of the Tauc plot was used to estimate the direct energy gap, Figure 3-21.c),

and the estimated values are around 3.2 and 3.15 eV for stoichiometric CuCrO2 and Curich CuCrO2, respectively, in agreement with previous results 7,30 . The reduced transparency obtained for increasing Cu/(Cu+Cr) suggests a stronger interaction between Cu 3d 10 electrons, responsible for the reduction of the energy gap and the overall transparency 71 .

The formation of Cu2O leads to an additional optical transition at around 2.5 eV, further reducing the energy gap, as noticeable for Cu2O+CuCrO2 with a value around 3.0 eV. An energy gap around 2.6 eV was obtained for pure Cu2O, in agreement with previous studies on Cu2O films deposited by CVD 21 . The formation of Cu2O as secondary phase result in an additional optical transition around 2.5 eV, similarly to the pure Cu2O sample, further confirming the presence of this compound. The formation of CuO would lead to the appearance of another optical transition around 1.6 eV, not presented by our samples 19 , hence, further confirming the lack of cupric oxide in our thin films.

To compare the optical and electrical properties of our thin films with the results reported in literature for various out of stoichiometry CuCrO2 thin films, the FoM G was calculated and the results are reported in Figure 3-21.d). Concerning the values presented in literature, when the authors did not reported the experimental datas about the reflectance, a value equal to 0% was used. This approach led to an overestimation of the FoM from other groups, so we considered this approach more appropriate. Our out of stoichiometry CuCrO2 thin films with a composition of 65% showed a promising FoM G of 2200 µS, comparable with the value of 2300 µS, the highest for this material, obtained by Crepelliere et al. for

Cu-deficient CuCrO2 films deposited by PI-MOCVD 19 . However, the AA-MOCVD process presents different advantages as it is performed at atmospheric pressure and the deposition take place at lower temperature than the PI-MOCVD method, 350°C and 370°C

for AA-MOCVD and PIMOCVD, respectively. Besides, Cu2O+CuCrO2:67% composite films with higher conductivity achieved a good FoM G of 1400 µS despite a reduction in their optical performances.

Thermal stability in air

In order to check the thermal stability of the CuCrO2 films, post deposition thermal treatments were performed in open air using the setup described in paragraph 2.1.3.

Samples with different compositions were annealed at different temperatures to evaluate how the cationic ration modifies the thermal stability of the compound. For higher clarity, only the significant results are reported in this paragraph. stoichiometric CuCrO2 (50% Cu), Cu-rich CuCrO2 (63% Cu) and a nanocomposite Cu2O+CuCrO2 (77% Cu) samples were annealed at 425°C for 1 hour
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The effect of the thermal treatment on the structural and electrical properties is reported in can be attributed to an increase in the oxygen content within the film. However, further characterizations have to be performed to confirm this hypothesis. Contrarily, the appearance of CuO found in the nanocomposite sample provokes a strong increase in the sheet resistance of the films after the thermal treatment. As a comparison, thermal annealing performed over Cu deficient CuCrO2 resulted in a degradation of the electrical properties, through the healing of the copper vacancies as explained in Chapter 1. The fact that our samples are still conductive after thermal treatment can be attributed to the inferior temperature used during this procedure. Thesis of Lorenzo Bottiglieri
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Based on these results, Cu-rich CuCrO2 is highlighted because of its greater thermal stability than nanocomposite and a higher room temperature conductivity than the stoichiometric compound.

CVD process control

To summarize the knowledge acquired during these experiments and to allow the control and reproducibility of the CVD process, the different phases and resistivity values are plotted as a function of deposition temperature and solution composition. Such information are visible in Figure 3-23. These results evidence that the greatest electrical properties are achieved for composition in the Cu/(Cu+Cr)=60-70% range, as evinced from the results of Section 0. Secondly, the temperature influences the reactivity of the precursors resulting in the tuning of the composition of the film and consequentially on its properties. 

Conclusions

Firstly, an optimization of the deposition conditions was performed while studying the differences between films synthesized from an equimolar solution and films deposited from a starting solution with Cu/(Cu+Cr) of 70%. AA-MOCVD is highlighted as a promising technique for the deposition of uniform thin films over a large surface area, at low temperature and ambient pressure. Based on these results, the substrate temperature of 350°C was selected. This corresponds to the lowest temperature which allows the synthesis of crystallized CuCrO2 and the reduction in organic species, leading to the deposition of transparent and conductive thin films. In this framework, we also obtained useful information about the impact of the composition on the optical and electrical properties, highlighting an enhancement of the electrical conductivity for films with a composition in the 60%-70% range. From these considerations, a second study was performed. For a given substrate temperature, thoughtful analysis of the effect of the incorporated cationic ratio, Cu/(Cu+Cr) in the film, was performed to establish the best composition to achieve highly transparent and conductive CuCrO2 thin films. As revealed in the present chapter, the composition of the films strongly modulates the optical and electrical properties such as mobility, resistivity, total transmittance, and energy gap. This allowed the synthesis two appealing candidates. The deposition of out of stoichiometry CuCrO2 films without any detectable secondary phase is achieved up to a composition of Cu/(Cu+Cr) = 65%. On one hand, Cu-rich CuCrO2 films display only delafossite phase with a resistivity lower than 0.1 Ω.cm, and a wide bandgap, around 3.1-3.2eV. These films are characterized by nanocolumnar grains with the formation of bigger grains for increasing the cationic ratio in the film. The optimal composition was found for Cu-rich CuCrO2:65% with a resistivity of 0.05 Ω.cm, estimated p-type mobility around 0.05 cm²V -1 s -1 , and an average transmittance of 55% in the 400 -800 nm range, resulting in a great p-type FoM G of 2200 µS. The enhancement of the p-type conductivity is attributed to the formation of intrinsic defects mainly, Cu atoms in antisite, and to the further improvement of the film crystallinity with the growth of bigger grains. Besides, the growth in an oxygen-deficient environment has been demonstrated as a good strategy to inhibit the formation of cupric oxide, CuO, detrimental for the optoelectronic properties of the film. This results in the possibility to synthesize nanocomposite films composed exclusively of Cu2O and CuCrO2, characterized by greater carrier mobility than the single-phase CuCrO2, with values around 0.65 cm²V - 1 s -1 . These materials display the lowest resistivity among the studied samples, 0.02 Ω.cm, with 67% of Cu. However, they have reduced optical properties with an average transmittance of 52%, with a corresponding FoM G of 1400 µS, and reduced thermal stability when compared to Cu-rich CuCrO2.

This chapter will evaluate the suitability of the p-type CuCrO2 films to photovoltaic technology. The integration in organic photovoltaic (OPV) devices as a promising substituent of PEDOT:PSS will be motivated and a summary of the state of art for the integration of oxides in organic solar cells will be also reported.

The results part of this chapter will be divided in two main sections. Firstly, we explore the effect of the stoichiometry of CuCrO2 over the efficiencies of PBDD4T-2F:PC70BM based organic photovoltaic devices. Moreover, we also analysed the effect on the stability in atmospheric conditions, when these oxides were integrated. The structure of hybrid photovoltaic devices was compared with PEDOT:PSS based solar cells both in terms of efficiencies and lifetime of the device, as reported in section 4. The second section will be based on the recyclability of the so-called functionalized substrate composed of Glass/ITO/ CuCrO2. In this framework, we report the first adopted approach, and its optimization with the corresponding results both in terms of material properties and device characterization.

This chapter will end with a future perspective with various suggestions for possible improvement regarding the fabrication and the architecture of the OPVs devices. Besides, suggestions about an amelioration of the recycling procedure are also reported.

Introduction

As explained in Chapter 1, photovoltaic cells are devices able to convert the incoming sunlight into electrical power. Various technologies have been developed in this framework and the working principle varies with the used materials. Among them, organic solar cells (OSC), also called polymer solar cells or organic photovoltaic (OPVs) devices, have attracted wide interest in the last decades from both industry and research. This technology firstly reported in 1906 by Pochettino, combines photo-activity, lightness, possible flexibility, and semitransparency. However, it presents also various drawbacks. The greatest problem of this technology is attributed to the degradation of the material constituting the solar cells, thus resulting in a low lifetime of these devices. The causes of this phenomenon are complex and will be further explained in the next section of this chapter.

Organic solar cell architecture

The typical architecture of these devices is called direct configuration, which is visible in 1 . Both of these configurations present their own advantages and the used architecture is mainly dictated by manufacturing limitations. For instance, in direct configuration, the ETL cannot be deposited at a temperature higher than the degradation temperature of the polymer used as AL.

In our study case, the assembly of solar cells with an inverted structure i.e. a configuration composed by glass/cathode/ETL/active layer/CuCrO2/anode would not be possible because the deposition of CuCrO2 would take place at a temperature too high for the organic thermodegradable AL, resulting in the deterioration of this polymer. We will deal only with direct configurations.

Here we present a summary of the properties required for each of the layers composing this architecture. The transparent electrode is typically composed of wide-bandgap oxides, such as FTO or ITO, to guarantee transparency while retaining great electrical conductivity. The first requirement is mandatory to guarantee a good amount of photons to pass through this layer. The latter is necessary to have a good carrier collection and minimize contact resistance. Moreover, another requirement is to possess a high work function to satisfy band alignment with the contiguous HTL.

The HTL would need to satisfy specific requirements 2,3 , such as high p-type conductivity minimizing the transport losses across it. It has to have a work function compatible with those of the adjacent layer, TCO electrode, and active slab, efficiently functioning as electron blocking layer, suppressing interface recombination while ensuring ohmic contact with the cathode, hence, minimizing carrier extraction losses 4 . Another requirement is the high transparency in the visible range, corresponding to a wide bang gap 5 , diminishing optical losses and maximizing the absorption of the AL and current photogeneration. The presence of the HTL among the ITO and the active layer is also motivated by the fact that direct contact between the two will lead to an important leakage current, thus undermining the achievable performances 4 . Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) has been widely studied for this application [6][7][8][9] in OSC obtaining values of PCE i.e. the ratio between the generated and the incident power, as defined in Chapter 1, as high as 7.2% 7 . The choice of this material is mainly due to its solubility in water 9 which permits the synthesis of PEDOT:PSS films by solution-based methods allowing the deposition of this material at low temperature at ambient pressure. For instance, this material is typically deposited by spin coating. Moreover, it is characterized by a proper band alignment when in contact with the transparent electrode and by great transparency.

In this work, we propose using out of stoichiometry CuCrO2 thin films as hole transport layer, thus a major focus will be observed on this layer and the involved problematics.

The AL is composed by a mixture of an acceptor and donor phase, as represented in Figure 4-1.b), responsible for the separation of electrons and holes, respectively. It has been demonstrated that the carrier mobility in this layer has a great impact on the final efficiencies of the devices 10 . These materials are generally composed of a conjugated polymer as donor phase and a small molecule as acceptor one. In our research, PBDD4T-2F and the fullerene-based PC70BM were selected as donor and acceptor phases, respectively.

The ETL has to observe similar constraints as the HTL, thus satisfying the band alignment to have a proper electron collection and an efficient hole blocking function. Besides, great n-type conductivity is required to minimize electron transport losses and guarantee a good carrier extraction. However, in direct configuration, this layer has not to be transparent, contrarily to the HTL. In our study case, LiF was employed for this purpose. Traditionally, the ETL is generally thermal evaporated on top of the active layer, to avoid the heating and, consequentially, the degradation of the active slab. Moreover, these films are generally extremely thin to ensure the extraction of the carriers by quantum tunneling.

The external contact i.e. the electrode deposited on top of the HBL, is traditionally obtained by physical deposition methods. The only requirement of this layer is an extremely high electrical conductivity like metals such as Au 11 , Ag 12 , Al 4,13,14 are traditionally employed.

The latter is preferable since its reduced cost when compared with noble metals.

A schematic of the working principle in organic solar cells can be seen in Figure 4-1.b).

The photogeneration in these devices is based on the formation of excitons into the AL.

After a photon is absorbed by the donor-acceptor heterojunction, an electron would be excited from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the donor phase. To preserve the charge neutrality a hole is formed in the HOMO. Due to the low dielectric constant of the organic semiconductors, the coulombian interaction between the hole and electron is particularly strong, leading to the formation of an electron-hole pair, called an exciton. To collect the carriers at the electrodes i.e. producing a current, the exciton must be dissociated. Through the different LUMO energies between the donor and acceptor semiconductors, the exciton is driven towards the interface of the two polymers. Here, the exciton dissociation can be achieved by proper energy levels offset between the donor and acceptor phase 15 . Through the charge transfer mechanism, the electron and the hole are now localized on the two sides of the interface.

At this point, the electron and the hole are split by the internal electric field and will pass through the ETL and the HTL, to be finally collected at the anode and the cathode, respectively.

delafossite for photovoltaic devices, various works were reported. A theoretical study showed the potentiality of CuFeO2 as solar converter 35 , CuGaO2 nanoplates were integrated into DSSC 36,37 , as NiO substituent. CuAlO2 thin films were implemented in perovskite solar cells 38 . CuGaO2 nanoplates have been reported as auspicious HTL for OPV device 39 .

However, the size of these nanoparticles is too large which finally limits the maximum achievable efficiencies 39 . Based on these considerations, a different delafossite material must be selected to work as HTL. CuCrO2, thanks to its high transparency, hole conductivity, emerges as promising HTL, which is supposedly able to increase the efficiency and the stability in atmospheric conditions of the photovoltaic devices.

Integration of CuCrO 2 as HTL in photovoltaics

The applicability of CuCrO2 for photovoltaic applications has been previously demonstrated. CuCrO2 nanocrystalline powder 44 and thin films 27,45 were used in DSSC, hydrothermally processed nanoparticles of this material were also implemented in perovskite cells [46][47][48] . Previous work from Akin et al. 47 reported the integration of CuCrO2 nanoparticles by spin-coating as HTL in perovskite solar cells in reverse configuration, demonstrating that this material can effectively work as HTL in reverse architecture, leading to an enhancement of the lifetime in atmospheric conditions of the perovskite solar cells. Moreover, it has been reported that the use of CuCrO2 improves the lifetime of the cells under illumination and the thermal stability of the perovskite-based devices 48 . The highest up-to-date efficiency for CuCrO2 integrated in perovskites photovoltaics was reported by Zhang et al. 46 with a PCE of 19%, demonstrating the huge potentiality of this material.

The use of CuCrO2 as HTL in OSCs has been previously reported. For instance, Wang et al. 5 implemented CuCrO2 nanocrystal as HTL in OSC, achieving PCE of 4.68% after UVozone treatment. Zhang et al. 49 integrated Mg-doped CuCrO2 nanoparticles films as HTL in OPVs devices, achieving a PCE of 5.2%, the highest among CuCrO2 based OSCs.

However, up to date, there is a lack of studies about the impact of the stoichiometry of CuCrO2 thin film on the efficiencies of the OPVs devices. One work, reported by Wang et al. 50 is presented in literature where the authors integrated CuCrO2 with over stoichiometric oxygen, CuCrO2+x, in OSC and compared the performance with the ones achieved by corundum copper doped chromium oxide Cu:CrOx based devices. The authors reported a PCE of 4.64% and 4.87% for CuCrO2+x and Cu:CrOx based OSCs, respectively. However,
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Effect of the CuCrO 2 stoichiometry on performances of OSCs

This study was based on the previous known-how of the LEPMI team, mainly Dr. The maximum PCE increases from 2.15% for CuCrO2:40% (theoretical Cu/(Cu+Cr) in the film around 48%) up to 3.1% for CuCrO2: 65% ,(theoretical Cu/(Cu+Cr) in the film of 64%). We suppose that the increase in efficiency with the cationic ratio is related to a simultaneous effect between the transparency, the electrical conductivity of the HTL, and the band alignment. Unfortunately, these properties are not compatible in CuCrO2 for the same composition.

On one hand, a more transparent film will allow a greater number of photons to participate in the photogeneration. The layer with X = 40% is characterized by a higher optical transmittance than Cu-rich films, and by increasing X, the optical transparency of the films deteriorates, probably due to the deposition of a film with a lower energy gap, as seen in Chapter 3.

On the other hand, a lower electrical resistivity of the HTL will improve the charges collection at the cathode, increasing the photogenerated current. The electrical conductivity is enhanced for increasing Cu content, with an optimal value found for X=65%. Based on these considerations, it seems coherent that the greatest efficiency was found for CuCrO2:65%, representing the best trade-off between electrical, optical properties and FoM.
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The average parameters (Jsc, Voc, Rseries, Rshunt, Fill factor (FF), and PCE), and their standard deviation, were extracted from the J-V curves of all the devices and listed in Table 4-1. The series resistance and the shunt resistance values were obtained by the linearization of the J-V curves at the open circuit and at short circuit conditions, respectively. No trend with Cu/(Cu+Cr) is observed for these parasitic resistances nor the Fill Factor. This is because these parameters depend on many factors, such as the electrical resistance of the materials, the interfaces, the design of the photovoltaic devices, and manufacturing defects. Thus, any speculation would lead to uncertain results. As observed, the increase in PCE is mainly related to an enhancement of electrical conduction provoking an increase in Jsc and a diminution of Rseries for the optimal composition of X=65% (theoretical Cu/ (Cu+Cr) around 64%). A similar result was reported by Zhang et al. 49 for Mg-doped CuCrO2 nanoparticles films based OPVs devices, where an increase of Jsc was reported for more conductive films. In their case, 5% Mg:doped CuCrO2 was used as HTL and combined with a non-fullerene AL, PTB7-Th:ITIC, led to a PCE as high as 5.2%. The greater efficiencies found for Mg-doped CuCrO2 compared to our out of stoichiometry CuCrO2 can be attributed to the greater atmospheric stability of this AL when compared to the one used in this Ph.D. thesis or to the well-controlled atmosphere employed during the fabrication of the OSCs. However, the integration of out of stoichiometry CuCrO2 presents several advantages compared to the extrinsically doped case. As an example, the modulation of the optoelectronic properties of CuCrO2 by the variation of stoichiometry is less sophisticated than extrinsic doping, and that our films are synthesized at atmospheric pressure by a faster method compared to nanoparticles films.

Moreover, films synthesized by AA-MOCVD are generally characterized by a lower electrical resistivity than nanoparticles ones, in agreement with the values reported for CuCrO2 nanoparticles 51 . This may be attributed to a more compact morphology for thin films deposited by AA-MOCVD.

For Cu/ (Cu+Cr) greater than 65%, films have lower electrical and optical properties, thus jeopardizing the OSC performances. Nevertheless, it is noticeable that the efficiency measured for CuCrO2: 67% OSCs is higher than the CuCrO2:60% devices. CuCrO2 synthesized by a solution composition of 67% is less transparent and its electrical conductivity slightly lower than the 60% film. However, the enhancement of the carrier mobility found for nanocomposite films can be responsible for the mitigation of the lower optical and electrical properties of the nanocomposite films, i.e. Cu/(Cu+Cr)=67% as HTLs, resulting in similar efficiencies between the CuCrO2: 60% and CuCrO2: 67% devices. Moreover, this consideration does not take into account the energy band, extremely important in optoelectronic applications.

The energetic diagram of CuCrO2:65% is schematized in Figure 4-2.d). A proper bands' alignment is required for the conception of high-performance OSC to limit carrier recombination. In an ideal case, the valence band maximum (VBM) of the HTL must be below the Fermi level of the anode and above the HOMO level of the donor material. On the other hand, the conduction band minimum (CBM) of the HTL is required to be higher than the LUMO level of the donor material. This will reduce the electron leakage current at the anode and ensure the separation of photo-generated holes in the AL, thus maximizing the current collection at the electrodes.

CuCrO2 is generally characterized by a VBM at 5.3 eV 52,53 , which guarantees an efficient hole collection at the ITO contact. Its CBM is believed to vary depending on the value of X. Nevertheless, the values obtained by Tauc plot in section 3.2.6 suggest that the CBM is placed above the LUMO of the PBDD4T-2F for each composition of the HTL. Finally, we can assert that the CuCrO2 thin films have suitable energetic levels to work as HTL in PBDD4T-2F:PC70BM based devices, while preserving ohmic contacts with the ITO electrode, thus representing a valid alternative to PEDOT:PSS 54 . The values of the HOMO and LUMO levels of ITO, PBDD4T-2F, PC70BM, LiF, and Al were obtained from literature [55][56][57] .

About the influence of the thickness on the PCE, it has to be reminded that based on the knowledge acquired during the study reported in Chapter 3, the variation in stoichiometry is the main responsible for the modification of the electrical properties while the thickness plays only a secondary role. The variation in thickness may affect the optical properties of the thin films, so the comparison among the different CuCrO2 thin film performances as HTL can be complicated. However, for Cu-rich thin films with X between 60% and 80%, Chapter IV: Out of stoichiometry CuCrO2 as HTL in performant and recyclable organic solar cells 154

The decrease in current density is more severe in the case of PEDOT: PSS-based devices with a final value around 30% of the original one Figure 4-4.d). On the other hand, the use of CuCrO2 as HTL leads to the conservation of a Jsc around 60% of the initial value after 2 h. The faster deterioration of the PEDOT:PSS-based device when compared to CuCrO2based OSCs, can be attributed to its degradation when exposed to the humidity and oxygen present in the atmosphere as mentioned before. This polymer undergoes alteration of the morphology when exposed to open air, strongly reducing the short-circuit current 17,58 .

Besides, the loss in short circuit current found for both devices can be attributed to the chemical degradation and morphological evolution of the AL, with many factors such as light, heat, humidity, and oxygen as well described in the work of Wan et al. 40 . These photoactive polymers undergo a phase separation phenomena, leading to a vertical gradient of the donor and acceptor phases, significantly impacting the photogeneration process, charge transport, and carrier recombination 59 , thus, degrading the short-circuit current.

Additionally, it has been reported that photoactive polymers undergo a UV-induced photodegradation process, causing a severe reduction of the photogenerated current 16 .

CuCrO2 is characterized by a very high optical absorbance in the UV, as obtained by UV-VIS spectroscopy. This will result in an inferior number of photons involved in the photogeneration, limiting the achievable performances. Nevertheless, we can speculate that the CuCrO2 works as a UV-protective layer, preventing the UV-activated photo-oxidation of the photoactive material, hence leading to an extension of the lifetime of the device.

The faster decay found for PEDOT:PSS-based OSCs can then be justified by the simultaneous degradation of both the HTL and AL. Finally, the integration of out of stoichiometry CuCrO2 thin films is evidenced as an auspicious strategy to increase the stability of organic solar cells in atmospheric conditions.
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Recyclability of the CuCrO 2 based organic photovoltaic devices

As aforementioned, the degradation of the photovoltaic performances can be reduced by the substitution of unstable materials as well as the chemical modulation of their properties.

Even though this strategy led to a slower degradation of the efficiencies after exposure to open air, as reported in the previous section, these devices will always face failure in the long run. Based on these considerations, an auspicious approach is represented by the recycling of the various materials composing the device. The development of the recyclability process will strongly lower the environmental footprint, the time, and the cost for the fabrication of organic-based solar cells. For these reasons, recycling will allow the fastening for the production of these devices and finally, their real-life application, i.e. the recycling of these materials will correspond to saving two productive steps, the deposition of the ITO and the one of CuCrO2 strongly accelerating the prototyping of new highperformance organic photovoltaic devices. Nevertheless, great attention has to be paid to recycling, where the properties of the saved material have to be unaltered after this procedure. For instance, the preservation of the original properties of the HTL would allow the optimization of the AL chemistry, its thickness, or the change of any other fabrication parameters, while reusing the same substrate. This idea is schematized in Figure 4-5.

In literature, few studies have been reported for the recycling of polymer-based devices.

For instance, in the work of Hu et al. 60 , the ZnO film used as ETL in indirect OSC was dissolved by using chloroform and lactic acid and proved the possibility to regenerate the ITO electrode underneath. For PEDOT: PSS-based OLED, the use of water was sufficient to remove this layer and leave the ITO untouched 61 . However, up to date, only the recycling of the ITO was addressed. Another approach report is based on the dissolution of the substrate and the preservation of the other layers, as reported for photovoltaic devices composed of cellulose nanocrystals substrates 62 . The authors demonstrated that one rinse with chlorobenzene is adequate for the dissolution of the AL 62 .

The good chemical resistance of the CuCrO2 to the wet etching was previously reported by Lim et al. 63 . The authors used a solution of (NH4)2Ce(NO3)6/HNO3/H2O 63 to obtain a reaction-limited etching, while more commonly used etchants, such as HCl, HNO3 or H3PO4 would not. These allowed a good selectivity of the wet etching for the removal of ZnO from CuCrO2. This is extremely auspicious because will permit saving an additional productive step respect what has been reported in literature. This will imply an important fastening of the research in this field together with a not negligible reduction of costs and time for the device fabrication.

The effect of the cationic ratio over the chemical resistance of the films was first evaluated.

It was observed that the pure Cu2O i.e. the 100%, was completely dissolved by the immersion into HCl, and only the glass/ITO structure was retained after the recycling procedure. When the cationic ratio was lower i.e. for films synthesized by an initial solution with Cu/(Cu+Cr) = 80% or inferior, the HTL was still covering the substrate.

A chemical etching was tested on the CuCrO2-based OSC to recycle the functionalized substrates glass/ITO/CuCrO2. After the OPV device characterization, the reusability of glass/ITO/CuCrO2 was tested by the elimination of the top part Aluminum/LiF/Active layer through a simple chemical method. This was followed by the assembly of new cells above the glass/ITO/CuCrO2. For this study, we used a nanocomposite composed by Cu2O+CuCrO2, synthesized by a solution with Cu/(Cu+Cr) = 70% and effectively

Chapter IV: Out of stoichiometry CuCrO2 as HTL in performant and recyclable organic solar cells 158 integrated as HTL in the OSCs for the study of the variation of the compositional, structural, and morphological properties. This choice is also justified by the fact that Raman modes and XRD reflections have a greater intensity for cuprous oxide, thus easing the evaluation of any impact over the structural properties. The feasibility of the recycling of the functionalized substrate over the electrical properties of the devices was proved by the fabrication of 6 new solar cells over the as-deposited and the recycled HTL and their results compared.

The cleaning procedure was optimised in two different approaches named hard and soft procedure.

Hard Procedure

The protocol followed for the hard recycling procedure is reported by the 14 steps below, while Figure 4-6 illustrates the effect of the most significant steps on the assembled photovoltaic cells. The macroscopic aspect before and after recycling is also visible in this Chapter IV: Out of stoichiometry CuCrO2 as HTL in performant and recyclable organic solar cells 162 around 577.1 eV 64 , likely linked with the exposure of the film with the various chemical agents. However, the identification of the oxidation state of this element is difficult, and it is complicated by the presence of the Cu Auger peak, Cu LMM.

An increase in carbon content is visible by the higher intensity of the contribution in the C1s at 285 eV in Figure 4-9.c). This fact can be related to the exposure to contaminations present in the atmosphere or a not complete removal of the AL from the surface of the HTL.

Nevertheless, Raman spectrum does not corroborate this last hypothesis. It is also important to notice that the C1s contribution at 289 eV and attributed to metal carbonate appears constant before and after recycling. This is congruent with the constant intensity of the peak of the O1s orbital at 532 eV in Figure 4-9.d). Moreover, it is noticeable that the oxygen contribution attributed to the oxide, indicated with Olattice, in figure Figure 4-9.d), strongly decreases. We can speculate that this is due to the reducing agent, present in chlorobenzene, chloroform, and hydrochloric acid, leading to a reduction of the oxygen content.

To demonstrate the applicability of the recycling procedure, new solar cells were assembled over the recycled functional substrate, ITO/CuCrO2. In this context, the electrical performances of six solar cells based on an as-deposited HTL prepared from a solution with Cu/(Cu+Cr)= 65% and the ones which underwent the hard procedure were compared. We expect similar variations of the properties for this composition when compared to the nanocomposite used for the characterization reported previously. The average values of the photovoltaic parameters and their statistical dispersion are reported in Table 4-2. It is noticeable that the solar cell based on the hard recycled HTL presents an enhancement of the efficiencies mainly linked with a greater short circuit current. This improvement in photovoltaic performances will result in an increase of the average PCE from 2.3% to 2.5%, for the as-deposited and the recycled HTL, respectively. As demonstrated previously this procedure strongly alters the properties of the HTL, thus it is complicated to determine the cause of this enhancement. We may speculate that this enhancement can be due to the synergetic effect of the reduction in the cationic ratio and the modification in the morphology. On one hand, a reduction in Cu content will lead to more transparent films with a reduced energy gap, as reported in Chapter 3 of this Ph.D. thesis. This may improve the photogeneration and the band alignment. On the other hand, the modification of the morphology after the recycling procedure can result in an improvement of the interface between the HTL and AL, resulting in greater efficiencies of the solar cell.
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In conclusion, even though this chemical approach cannot be classified as a proper recycling procedure, as the requirement of the unaltered properties of the material is not respected, it can be considered interesting as a surface treatment to enhance the efficiencies of future hybrid solar cells. Moreover the use of toxic chemical agents should be minimized.

Nevertheless, we should introduce the concept of cycle i.e. the number of solar cells sequentially assembled and tested on the same reusable structure glass/ITO/CuCrO2. The performances of the recycled cells were measured for each cycle while testing various AL recipes. The maximum PCE as a function of the cationic content in the initial solution for each cycle is reported in Figure 4-11.

We obtain an enhancement of the performances for each cycle. However, the origin of this amelioration is far from being understood. On one hand, the use of the hard approach will strongly impact the properties of the HTL. On the other hand, the use of different AL compositions in each cycle, due to the volatility of the deposition process of this film will surely impact the achievable PCE. Based on these considerations, any attempts to point out the origin behind this enhancement would lead to uncertain results and conclusions. The Based on these results, in the following section, we will describe the optimization of the recycling procedure with the conception of an approach called soft procedure.

Soft procedure

The optimization of the recycling procedure was aimed to avoid the use of hydrochloric acid, considered as the main responsible for the change found for the hard recycled HTL.

However, the use of a chlorine-based compound was required to dissolute the AL from the surface of the CuCrO2 thin films. In this case, we choose chlorobenzene over chloroform as the number of chlorine groups in the former is lower than in the latter, thus a lower influence over the HTL properties can be expected.

The list of steps composing this procedure is reported below: As aforementioned, the washing in CB, step 1, was performed to dissolve the active layer.

The next stages, steps from 2 to 4, were employed to clean the surface from the CB and to eliminate any organic contamination and the remaining AL. The drying steps, from 5 to 7, were performed to eliminate the carbon contamination from the solvents used in the previous steps. At this point, the structure still presents aluminium as visible in Figure 4-13.e). Finally, mechanical polishing using sandpaper was employed to avoid the use of HCl, while still being able to completely remove the remaining metal. Good care was used to avoid damage to the underneath ITO.

EDX quantification revealed a small change in composition, changing from Cu/(Cu+Cr)=72% to 68% for the as-deposited and the soft recycled HTLs. This small modification in stoichiometry was attributed to sensitivity of the EDX measurement and it can be considered within the experimental error of the used technique, around 10%. phase content. This is in good agreement with the reduction of the cationic ratio found by EDX. Nevertheless, the cationic ratio is higher than Cu/(Cu+Cr)=66%, value found as the limit of composition to grow a pure delafossite phase, as reported in Chapter 3. As in the hard-recycled case, the modes in the 1200-1500 cm -1 , which increases after the recycling procedure were attributed to the substrate, probably due to a thinner oxide layer where this characterization took place, rather than the presence of residual of the AL. This hypothesis will be checked by XPS. The morphological properties of the as-deposited and the soft- of the Cr2p3/2 is only slightly decreased. This lets us conclude that the reduction of the cationic ratio as found from EDX is mainly related to a decrease in copper, similar to the results obtained by the hard procedure, but to a lower extent. Moreover, it can be noticed that the formation of Cr hydroxide, with a contribution at 577.1 eV, is hindered by the soft procedure. Indeed, the Cr2p3/2 orbital does not present a significant shift towards higher binding energies and its intensity is almost unvaried. The intensity of the C1s orbital The average values and their statistical dispersion is reported in Table 4-3. The Jsc is improved after the soft procedure. As reported before the soft procedure does not Chapter IV: Out of stoichiometry CuCrO2 as HTL in performant and recyclable organic solar cells 170 significantly impact the compositional, structural, and morphological properties of the CuCrO2 film. We can then conclude that the enhancement of short circuit current is related to a better solar cell fabrication. The photovoltaic parameters, can be considered constants, within the experimental error. 

Ag Nanowires/ CuCrO2 composites as promising bottom electrode

Here, we discuss briefly the preliminary results obtained from the replacement of the ITO electrodes. This promising approach is justified by the elevated cost of the ITO, due to its vacuum manufacturing process, together with the toxicity and limited availability of Indium. Preliminary studies were conducted in this direction thanks to the collaboration of the silver nanowire networks (Ag NWs) team at the LMGP laboratory. A further advantage for the use of these nanostructures is the greater transparency when compared to FTO thin films 67 , which would lead to a higher portion of photons to participate in the photogeneration. The Ag nanowires were deposited by spray coating by airbrush. This system can be seen in reference 67 . The nanowires were deposited in the center of the glass substrate and contacted to 6 ITO pins on the outer part of the substrate. This architecture can be seen in Figure 4-18.a), while a SEM micrograph of the bare Ag NWs is offered in the Ag NWs that would be destroyed if pressed against the pins of the characterization system. Then, the CuCrO2 was deposited on top of the Ag NWs. However, good care has to be paid to preserve the structure of Ag NWs. When under thermal stress, these nanostructures undergo spheroidization which would lead to a not continuous network, degrading the electrical properties finally, hindering the correct operation as electrode 68 .

Based on these considerations, the CVD process was slightly modified. The deposition of CuCrO2 started at 300°C, while progressively increasing the temperature up to 350°C during the deposition.

Typically, this temperature was reached in the first 5-10 mins of the deposition, hence we suppose not a strong variation of the properties of CuCrO2. This approach was used to have Concerning the recyclability, further tests may be required to evaluate the feasibility of the soft procedure over the long run i.e. repeating the procedure for more cycles and evaluating the stability of the functionalized substrate. Preliminary tests were conducted in this way, however, due to an issue during the spin coating process of the AL, the results were inconclusive.

compositional, and morphological properties of the HTL. The assembly of new cells over the hard recycled functionalized substrate leads to an enhancement of the efficiencies, from 2.3% to 2.8% for solar cells based on the as-deposited and the hard recycled HTL, respectively. Since the properties of the HTL have been strongly modified this approach cannot be considered a proper recycling method and no proper conclusions can be drawn about the enhancement of the efficiencies.

Finally, the recycling procedure was optimized resulting in the so-called soft approach.

This method was acid-free, only using chlorobenzene to dismantle the active layer and the LiF/Al above it. No significant changes in the compositional, morphological, and structural properties were found for the HTL recycled using this approach. Finally, the solar cell assembled over the soft recycled functionalized substrate led to values of efficiencies comparable with the original device, within the experimental error. The preservation of the properties of the HTL allowed us to classify this process as a successful recycling procedure. Moreover, we demonstrated the suitability of the AA-MOCVD process for the conception of Ag nanowires/ CuCrO2 thin films composite successfully working as transparent p-type electrode. This promising result permit to avoid the use of costly ITO with an increase of the Fill Factor of the OPVs devices.

In this chapter, we will assess the suitability of our out of stoichiometry CuCrO2 thin films by AA-MOCVD for application in transparent p-n junctions. This work was possible through collaboration with the SALD team at the LMGP laboratory. ZnO was selected as n-type TCO, due to the expertise in the synthesis of this material acquired in our laboratory.

Abderrahime Sekkat, a Ph.D. student at the LMGP laboratory, performed the deposition of the Zinc oxide. In the introduction, section 5.1 of this chapter, the motivations of this study as well as the state-of-the-art of these devices will be reported. The results, Section 5.2, will begin with a summary of the electrical, optical, and structural properties of the materials used in this study. Secondly, we will illustrate the optimization of the device architecture, aimed to maximize the rectifying behavior of the junctions. The thoughtful characterization of the optimized structure was conducted, and the results are reported hereafter. Furthermore, the chapter will end with a comparison with the results previously reported in literature, in terms of performances of the devices and the fabrication processes.

The preparation of the draft of a peer-reviewed paper containing these results is ongoing.

Introduction

As presented in Chapter 1, the fabrication of transparent, performant, and low-cost p-n junctions represents a great challenge for transparent electronic applications. These devices can be used in a wide variety of transparent applications such as diodes, photo detectors 1,2 , transparent solar cells 3,4 , and light-emitting diode 5 , justifying the effort of various research groups for the development of such technology. Though various metal oxides have been integrated as active and passive components in the previously mentioned devices, the limiting factors are represented by the lack of highly conductive p-type transparent conductive oxides (TCOs), as explained in Chapter 1, as well as the challenges faced for the fabrication of these devices.

Different works reported the fabrication of CuCrO2/ZnO-based p-n junctions. Traditionally these junctions were fabricated by physical deposition methods involving high temperature and great vacuum level 6,7 . Magnesium doping reduces the electrical resistivity of CuCrO2, as explained in Chapter 1, and allows to achieve a greater rectification ratio; however, this strategy is not suitable for all deposition systems. Furthermore, the junctions fabricated through these methods showed poor rectification behaviour, enhanced only through the use of thermal annealing. For instance, the greatest rectification ratio up to date, Ion/Ioff (±5 V) of 120, was reported by Chiu et al. 7 obtained for a device composed of ITO/AZO/ZnO/Mg:CuCrO2 fabricated by pulsed laser deposition with in situ laser annealing. Very recently, Ahmadi et al. 8 reported the fabrication of an (Mg, N) codoped CuCrO2/AZO junction by sputtering with an Ion/Ioff (±1 V) around 100, which increased up to 41000, when the device was tested under UV illumination, demonstrating the excellent performances as UV photodetector of this junction. In this case, only the codoped CuCrO2 film underwent thermal annealing under vacuum for 2 h at 900°C.

Regarding solution-based processes, these have been highlighted for the production of such devices thanks to various productive advantages like the possibility to reduce the deposition temperature and achieve easily surface scalability. Lim et al. 9 firstly reported the synthesis of Mg:CuCrO2 heterojunction by ultrasonic spray -pyrolysis (SP) coupled with ZnO by low-pressure chemical vapour deposition (LP-CVD). These devices were characterized by high optical transmittance of 60%-75%; however, their rectification ratio was extremely low, around 10. More recently, Narro-Ríos et al. 10 reported the fabrication of a CuCrO2 /ZnO diode deposited by SP at a temperature of 400°C. These devices showed good transparency in the visible range, around 55%, with a rectification ratio above 100, one of the highest values ever reported.

Furthermore, it has been demonstrated that the stoichiometry of CuCrO2 strongly influences the electrical properties of the films [11][12][13][14] , as reported in Chapter 3 of this thesis. However, there is a lack of reports on the integration of out of stoichiometry CuCrO2 in transparent p-n junctions. Afonso et al. 15 reported the integration of Cu0.66Cr1.33O2 by direct liquid injection metal-organic chemical vapour deposition (DLI-MOCVD) coupled to ZnO by atomic layer deposition (ALD) successfully working as a diode. However, the device presented an extremely low rectification ratio, around 13 15 , achieved only after thermal annealing at 700°C. The authors suggested the existence of midgap levels due to the deviation from the stoichiometry or the presence of high interfacial defects to justify the relatively high ideality factor they found, around 6. is reported. The optimization of the device is then achieved through the fine-tuning of the deposition parameters and evaluating their effect on the rectification power of the device.

Firstly, the impact of the composition of out of stoichiometry CuCrO2, thin films was analysed and, then the deposition temperature, as well as the thickness of the ZnO film, were varied.

This optimization allows the fabrication of extremely high performance and transparent pn heterojunctions, presenting the highest rectification ratio ever reported. These results and the productive advantages for the fabrication of these devices highlight that the combination out of stoichiometry CuCrO2 and ZnO is extremely promising for transparent electronics.

Thin films and devices characterization

The electrical and optical properties of CuCrO2 deposited by AACVD and ZnO thin films synthesized by SALD in our laboratory are summarized in Table 5-1. The values in the table correspond to the measured parameters for the reference samples deposited on glass.

As presented in Chapter 3, in CuCrO2 films a greater Cu/(Cu+Cr) cationic ratio in the initial solution reduces the electrical resistivity of the thin films with a minimum found for samples synthesized by an initial solution composition of Cu/(Cu+Cr) of 70%, with a value of 0.08 Ω.cm. The bandgap monotonically decreases for increasing Cu content. ZnO films were deposited by following the procedure reported in the work of Nguyen et al. 18 , a former Ph.D. student at the LMGP laboratory. The effect of increasing the deposition temperature on the ZnO properties is a reduction of the resistivity through a simultaneous increase of the carrier mobility and density. Furthermore, an increase in the deposition temperature will lead to a reduction energy gap for this material. The effect of the solution composition on the CuCrO2 film properties is reported in section 3.2. To summarize, increasing Cu content leads to an improved crystallinity of the films and a tuning of the crystalline phase going from single-phase CuCrO2 films, for samples synthesized by a solution composition Cu/(Cu+Cr) up to 60%, to a nanocomposite material composed by Cu2O and CuCrO2 for those deposited from an initial solution of 70% and 80%.

The deposition temperature modulates the structural properties of the ZnO films, as visible in 3), respectively. The increasing crystallinity when CuCrO2:60% and CuCrO2:70% devices is attributed to the extremely low reverse bias current, in the order of pA, under the detection limit of the Kethley multimeter used for these measurements. When comparing device for different stoichiometry we notice a shift in all of them without a significant trend with the composition thus the origin of this shift is still unclear and further investigation are required. One can observe that composite materials always present a lower I on current, hence we may speculate about the impact of the secondary phase over the created dipole and depletion region width. However, this point is still far from being understood and require additional analysis.

The greatest rectification ratio was obtained for CuCrO2:70% with a corresponding Ion/Ioff (±2.5V) around 10 6 . This can be attributed to the strong reduction of the current under negative bias, with a variation of 3 order of magnitude when compared to the CuCrO2:50% diode, while the direct current can be considered practically constant. The greater performances of CuCrO2:70% can be explained through the simultaneous enhancement of the crystallization and of the carrier mobility, with the minimization of the electrical resistivity for these films. Lim et al. 9 justified the increase of the reverse current by a greater presence of current leakage paths through deep defects states at the interface. The density of these deep defects states is reduced by a greater crystallinity of the films 9 . Based on these considerations, one can expect that the CuCrO2:70%, which possesses a greater crystallinity than the 60% film, presents a lower reverse current finally resulting in a greater rectification ratio than the CuCrO2:60%. On the other hand, the lower electrical resistivity for the films synthesized by Cu/(Cu+Cr)=70% when compared to the one deposited by a solution with Cu/(Cu+Cr)=80%, while being characterized by similar crystallinity, can justify the better performances achieved for the CuCrO2:70%. Another factor that can influence the rectifying behaviour is the superficial roughness. In Chapter 3, we demonstrated that the stoichiometry of the films results in a negligible effect over the roughness of the films, thus we exclude that the performance achieved by CuCrO2:70% would be related to a significant change in morphology when compared to the other tested p-type TCOs. However, the energy gap and charge carrier density, Table 5-1 also play a major role over the depletion region width and finally on the device performances.

Moreover, we cannot exclude the appearance of interband gap state through the formation of Cu2O for the nanocomposite films. Finally, the conduction mechanism in these devices is far to be understood, with various elements to be taken into account 15 . The J-V Chapter V: Out of stoichiometry p-CuCrO2/n-ZnO as fully oxides based planar heterojunction 188 characteristic under illumination was also recorded however the produced generation current was too low, in the order of 0.1 nA, for real applications.

The trend of Ion/Ioff ratio with the composition of the initial solution is confirmed by the statistical dispersion of various devices for a given composition, as reported in Figure 5-2.c). This analysis was used to confirm the validity of the fabrication procedure and the achieved results. The reproducibility of the extremely high rectification ratio obtained by our CuCrO2:70% device was validated through the fabrication of four different devices using the same conditions, Figure 5-2.d). In this graph, each dot corresponds to a different measurement performed over 3 months, during which the samples were conserved in open air. We can then assert that the performances of our devices are stable for at least three months in atmospheric conditions. Furthermore, it is noticeable that despite the discrepancy of the performances attributed to experimental variation, the devices CuCrO:70% always achieved a rectification ratio above 10 4 , two orders of magnitude higher than literature 7,10 .

Based on these results, CuCrO2:70% resulted to be the most promising p-type TCO for optimization of the n-type counterpart. The deposition temperature for ZnO was varied and the results are reported in Figure 5-4.a). For these diodes, a small shift of the origin of the characteristic can be noticed. This shift is also reduced by increasing the deposition temperature of the ZnO. This may be justified by the reduction in carbon contamination, which may act as a dipole resulting in a shift of the curves. Finally, a greater temperature will likely reduce the organic contamination resulting in minimizing the shift.

The forward bias current exceeds the reverse bias current by two orders of magnitude, for each of the tested deposition temperatures. As mentioned before, a higher deposition temperature would lead to the synthesis of more crystallized samples with increased electrical conductivity. The reverse current increases correspond to the main cause of the deteriorated rectification ratio. This observation may appear contradictory to the fact that a greater crystallinity of n-type TCO will result in a lower reverse current, as explained before. However, the results obtained from Chiu et al. 7 for devices with inverted architecture i.e. ZnO/CuCrO2:Mg demonstrate that a greater deposition temperature for the top layer deposition would induce defects at the interface. This will complicate the correlation between the properties of the n-type TCO and the diode performances.

Furthermore, the presence of recombination centres at the interface can justify the shift of the origin of the characteristics, as visible in Figure 5-4.a). We observe that the origin of the curves tends towards the 0 V value when increasing the ZnO deposition temperature. This is coherent with the fact that a greater deposition temperature would reduce the presence of impurities i.e. recombination centres. Nevertheless, these heterojunctions are based on polycrystalline TCOs with large lattice mismatches 7 , which may provoke structural imperfection at the interface, resulting in leakage current paths which are responsible for the limited reverse current achieved for diodes where ZnO was deposited at a temperature higher than 100°C. These results are supported by literature 7 , where the authors concluded that the optimization of the performances of these devices is dominated by the trade-off between the TCOs conductivity, linked with the extension of the depletion region, and the recombination centre at the interface. A lower rectification is achieved when a thinner ZnO is used. These results evidenced that the optimized architecture corresponds to the combination of CuCrO2 synthesized by an reported for Cu0.66Cr1.33O2 24 where samples annealed at 900°C still conserve their peculiar ZnO, and Au respectively. In the case of CuCrO2, we assume that the electronic affinity is not significantly influenced by the variation in stoichiometry. For the n-type TCO, this value was previously used by Afonso et al. 15 for ZnO deposited at 150°C by ALD, thus we considered it as valid in our case as well. The position of the Fermi level for Cu2O+CuCrO2 was obtained by the valence band XPS, reported in Section 3.2.3. Here, we assume a similar band structure for the nanocomposite and the Cu-rich CuCrO2. Finally, the Fermi level of this material will be 70 meV above the valence band maximum (VBM). This is in good agreement with the extremely high carrier density for the delafossite phase, as explained in Chapter 3. Nevertheless, the separation between occupied and unoccupied electronic states would be complicated by the deviation of stoichiometry presented by the p-type CuCrO2. The formation of a secondary phase, characterized by a lower energy gap, may lead to the formation of midgap states. Thus, the out of stoichiometry CuCrO2 is very likely to present a broadening of the valence band with the presence of defects levels within the energy gap. For ZnO, the low crystallinity and the short-range order would imply the broadening of the band edges into tails of localized states 17 .

One can remember that the built-in voltage should correspond to the energy difference between the bands of the materials, and when an external potential equal to threshold voltage is applied, the band diagram is flat. In our case, the difference between the energy of the conduction band minimum of the two materials, around 2.2 eV, and the turn-on voltage found by the fitting of the diode characteristic suggests the presence of defects states, similar to the results obtained by Afonso et al. 15 . This implies an inferior amount of Chapter V: Out of stoichiometry p-CuCrO2/n-ZnO as fully oxides based planar heterojunction 198 energy required to have the energetic transition since these defect levels will be situated within the energy gap. These carriers would participate in the conduction through hopping mechanism 23 . As mentioned before the cause of these additional energetic levels is likely linked to the formation of the Cu2O secondary phase, the Cu excess of the p-type TCO, and the poor crystallinity of the ZnO. The presence of these intraband levels can justify the high performances and the high ideality factor for our devices.

The performances of the optimized structure ITO/CuCrO2:70%/ZnO were compared with the results reported before for p-n junctions based on these materials, Figure 5-11. This comparison highlights that our diode presents the highest rectifying ratio ever reported, three orders of magnitude higher than any other result presented in literature. Moreover, our device is characterized by very high transparency, around 75% in the visible range, which makes it one of the most transparent devices ever reported. These factors make our devices extremely auspicious as transparent diodes. Furthermore, the productive process of our devices was compared with the ones in literature, Table 5-5-2. From this comparison, we can evidence that our fabrication procedure presents various advantages. On one hand, we successfully synthesize layers of out of stoichiometry CuCrO2 at the lowest temperature ever reported among chemical deposition techniques. Moreover, AA-MOCVD coupled with SALD allows the synthesis of high-performance transparent diodes at atmospheric pressure by relatively fast, low-cost, and scalable solution-based processes, without the requirement of any post-deposition treatment. All these advantages make this junction extremely appealing for transparent electronic industry. 

Conclusions

In this chapter, we successfully applied out of stoichiometry CuCrO2 thin films as p-type TCO demonstrating its suitability for application as a transparent diode when coupled with n-type ZnO. The composition of the CuCrO2, as well as the deposition temperature and the thickness for the ZnO, were optimized and the results analysed. The optimized architecture corresponds to a nanocomposite Cu2O+CuCrO2 combined with a 80 nm-thick layer of ZnO deposited at 100°C. This device presents values of ION/IOFF (±2.5V) up to 10 6 , setting a new record on the performances of these devices. Moreover, our diode is characterized by high optical transparency, with a value around 75% in the visible range, which classify it as one of the most transparent p-n junctions based on these materials. The reproducibility of these results was tested and proved. XPS in-depth evidenced no interdiffusion of the various element among the layer, thus the chemical stability of the used material. The fitting of the J-V characteristic led to values of 0.85 V, 3.9, 850 Ω.cm -2 , and 350 MΩ.cm -2 , for the threshold voltage, the ideality factor, the Rs, and the Rsh, respectively

Although, only a limited number of recycling processes, up to 3, can be effectuated before making the substrate unusable mainly due to the etching of the ITO electrodes.

The recycling process was optimized by avoiding the use of acids. This prevented significant changes in the properties of the HTL after the recycling. New cells assembled over the soft recycled functionalized substrate led to a value of PCE comparable with the original device, with values of 2.4% and 2.7% for the as-deposited and the recycled device, respectively. This slight fluctuation in PCE is attributed to small variations in the experimental procedure.

The applicability of out of stoichiometry CuCrO2 thin films as p-type TCOs was further demonstrated, through their coupling with ZnO films deposited by SALD for the fabrication of a planar p-n heterojunction. The structure of the device was optimized by the fine tuning of various deposition parameters, testing the effect of the stoichiometry of the p-type TCOs, and the deposition temperature and the thickness of the n-type semiconductor. All the tested devices displayed a high rectification ratio, demonstrating their potential for diode applications.

The optimal architecture was found to correspond to a nanocomposite Cu2O + CuCrO2

synthesized by an initial solution with Cu/(Cu+Cr)=70% combined with an 60 nm thick

ZnO layer deposited at 100°C. These junctions displayed a rectification ratio I on /I off (±2.5V) as high as 10 6 , the highest ever reported in literature, while retaining a great average optical transmittance of around 75%. The synergetic variation of the crystallinity, electrical properties, and energetic alignment resulted in a strong decrease of the reverse current, which is considered the main reason behind the enhancement of the rectification ratio. Furthermore, the extremely high performances of our devices are also attributed to the appearance of intraband energetic levels due to the large crystalline disorder present in the p-type TCOs, through the formation of the Cu2O secondary phase, and the reduced lattice order of the ZnO due to the limited deposition temperature.

However, further investigations are required to understand the conduction mechanism in these devices. The found ideality factor was around 3.9, although the origin of this high value is not yet comprehended and it is attributed to various sources of non-ideality. An enhancement of the heterojunction interface, as well as an amelioration of the used technological processes, for instance avoiding the exposure to open atmosphere of the CuCrO2 film before the SALD process as well as the test of annealing conditions, could

Chapter VI: Concluding summary and prospects 206 represent a further improvement of the performances with a reduction of the ideality factor.

Moreover, the used processes present various advantages like the reduced temperature, which make these devices extremely appealing for transparent electronics.

To conclude, this Ph.D. thesis illustrates the successful synthesis and characterization of transparent and p-type semiconducting Cu-based delafossite thin films by a solution-based and low-temperature process at atmospheric pressure with a special focus on their integration into transparent optoelectronic devices.

Prospects

Some complementary experiments to the exposed results will allow having a better understanding of the out of stoichiometry CuCrO2 system. Moreover, various propositions for the amelioration of the device performances are indicated as possible future works.

To improve the understanding of the conduction mechanism in Cu-rich CuCrO2 and nanocomposite thin films, electrical measurement at low temperature can be employed, This hypothesis can also be confirmed by impedance spectroscopy, which would yield information about the energetic levels of the materials. The study of the thermal stability of the junction could also provide interesting information.

In a more general way, this promising p-type material could be tested or integrated in various optoelectronic devices which required semi-transparent p-type semiconducting thin films processed at low temperature over a large surface, such as perovskite solar cells, OLED or TFTT. It can be expected that this will also allow the deposition over flexible substrates. Furthermore, we can forecast the use of out of stoichiometry CuCrO2 thin films for further applications such as gas sensors, photocatalysis, and water splitting, which may be attractive in the near future.
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 11 Figure 1-1. Schematic band diagram for Cu-based oxides, in particular the chemical bonding between the cation with closed d 10 shell and the oxygen anion. Reproduced by Kawazoe et al 21 .

  -2.a) and Figure 1-2.b), respectively.
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 12 Figure 1-2. Unit cell for the two polymorphisms of the Cu-based delafossite compounds. a) 2H crystalline lattice and b) 3R polytype. Blue, red, and gray spheres correspond to copper, oxygen, and trivalent cation, respectively, as elaborated by Vesta software.
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 13 Figure 1-3 Comparison of the performances of various p-type TCOs. Here the inverse of the sheet resistance is plotted as a function of the average values of optical transmittance in the visible range. The different values for the p-type TCOs were obtained by the articles of Fleischer et al.28 and Hu and al.50 . The value for n-type ITO thin film is reported for comparison. Red and blue lines correspond to isoline for the FoM G and FoM H in MΩ -1 , respectively.
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 14 Figure 1-4 Equilibrium phase diagram for the Cu-Cr-O system at 427°C at atmospheric pressure. Adapted by the work of Schorne-Pinto et al. 58 .The red dashed line corresponds to the out of stoichiometry Cu0.66Cr1,33O2 thin films by Crepelliere et al 51 .

  reported a reduction of the electrical resistivity for their CuCr1-xO2 thin films synthesized by PLD from 0.125 Ω.cm to 0.04 Ω.cm, for values of x=0.00 and x=0.03, respectively, related to an increase of the higher crystalline degree of the films. A visual representation of the Cu vacancies and the Cu antisites defects as obtained by VESTA software is presented in Figure 1-5.a) and Figure 1-5.b), respectively.
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 15 Figure 1-5. Schematic representation of the defects in CuCrO2 as obtained by VESTA software. a) Copper vacancies, VCu and b) Copper antisite defects, CuCr. Blue, red, and gray spheres correspond to Copper, Oxygen, and Chromium, respectively. Green balls in b) correspond to the Cu atoms occupying the Cr vacancies.
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 16 Figure 1-6. Number of publications in Web of science since 2000 to 2021.
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 17 Figure 1-7 Schematic working principle and band structure of a p-n junction in unbiased conditions, Vpol=0.
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 18 Figure 1-8 Working principle of a p-n junction under polarization. a) forward bias, and b) reverse bias.
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 19 Figure 1-9. Characteristic of a p-n junction under different polarization conditions.

  2.2 of this chapter. The potentiality of this technology justifies the work in Chapter 5 of this Ph.D. thesis, with a specific focus on the CuCrO2 based p-n junctions.
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 1 Figure 1-10. Current (in red) and power (in blue) as function of the applied voltage for a phototvoltaic devices. FF is calculated from I-V characteristic, as reported in equation 1-20.

Figure 1

 1 Figure 1-10.

  -11.b), the photons with a wavelength in the visible range are the ones with the greatest optical power when compared to the ones in the UV range, 100-400 nm. The reduction on absorbed optical power can thus be one of the causes for the reduced efficiencies of the oxide-based solar cells when compared to Si-based ones. For this reason, the enhancement of the performances of oxides-based solar cells is nowadays a hot topic in research. Chapter 4 will provide a complete overview of the state of the art of CuCrO2-based photovoltaic devices, with a special focus on organic solar cells, corresponding to the photovoltaic devices analysed in this Ph.D. thesis.

Figure 1 -

 1 Figure 1-11. a) Example of the working principle for a transparent solar cell. b) AM 1.5G solar spectra. Evidenced here the various wavelength regions i.e. UV, visible and IR radiation.
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 21 Figure 2-1 Generation of droplets by ultrasonic vibration with the use of a piezoelectric transducer adapted by the work of Vukasinovic et al.5
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 22 Figure 2-2. Schematic representation of the AA-MOCVD process. Red and blue circles represent the reactive cations, while grey balls correspond to the organic molecules present in the used precursors
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 23 Figure 2-3 Chemical structure of a) copper acetylacetonate (orange ball correspond to copper atom) and b) chromium acetylacetonate (purple ball correspond to chromium atom). For both the figures, red balls, black balls and white ones correspond to oxygen, carbon and hydrogen atoms, respectively. Courtesy of Wikipedia.

2. 1 . 2

 12 Deposition procedure and AA-MOCVD setup The first step in the experimental procedure consists of the preparation of the liquid solution. The visual aspect of the Cu(acac)2 and Cr(acac)3 precursors i.e. powders, is visible in Figure 2-4.a) and b), respectively. These precursors are weighted by a Mettler AE 100

  -4.d). Before the deposition, the solution was heated up to 55°C for 1 hour to enhance the dissolution of the precursors. Concerning the error of the solution composition, this is lower than 0.1%, which corresponds to the error propagation considering the sensibility in the scale used for weighting, 10 -1 mg, and the error in volume measurements, around 1 ml. The next step consists of the preparation of the substrates. Alkaline earth boroaluminosilicate glass (Corning 1737, 6.25 cm², 1 mm thick ), microslide glass, and p-type silicon wafer were used as substrates. These substrates were accommodated into the central window present in the holder, as visible in Figure2-5.a). The dimensions of the used mask are reported in Figure 2-5.b). Generally, the corning glass is situated in the central position, while silicon slices and micro-slides occupy the lateral positions of the holder, Figure 2-5.a). The substrates were cut using a diamond tip into a 2.5 cm x 2.5 cm shape. Concerning the fabrication of organic solar cells and transparent p-n junctions, the ITO patterned glasses and the ITO covered glasses respectively, were positioned in the top and bottom windows of the mask as shown in Figure 2-5.a). The large borders of these windows were used to mask part of the ITO, ensuring access to the bottom electrode for electrical measurement of the completed devices. Other substrates were also tested during this work, such as Ag nanowires networks or FTO.
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 24 Figure 2-4. Visual aspect of a) Cu(acac)2 and b) Cr(acac)3 precursors. c) and d) shows the obtained solution of these precursors in ethanol prior and after stirring step, respectively.
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 2 6.c). An Infrared camera from FLIR was used to check the validity and the homogeneity of the temperature measurement. The result for a set temperature of 350°C, is visible in figure Figure 2-6.d). The precursor solution is spilled into a vessel, shown in Figure 2-7.a) connected to the piezoelectric transducer by a manual valve. The level of the liquid in the vessel, Figure 2-7.a), allows the control of the amount of the solution injected into the piezoelectric actuator, Figure 2-7.b). The volume of solution transferred into the piezo in a certain
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 2 Figure 2-5. a) Metallic substrates holder and position of the different substrates used during this study. b) Scheme of the used substrate holder and its dimensions.
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 2 Figure 2-6. a) Scheme of the AA-MOCVD system 28 , b) picture of AA-MOCVD system. c) Specific of the interior of the reaction chamber with the cleaned substrate inside the holder. Indicated the thermocouple position and the heating plate d) IR view of the heating plate for a set temperature of 350°C.
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 2 Figure 2-7. a) Vessel containing the solution that allows to follow the solution level. b) ultrasonic spray region with the generation of mist and the piezoelectric actuator indicated.
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 2 Figure 2-8. a) Reactor during deposition, the mist transport, its path and the gas inlet are highlighted with arrows, b) barometer controlling the pressure into the reaction chamber and c) liquid nitrogen trap.
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 29 Figure 2-9. Annealing system with in situ resistance measurement by 2-probe setup. Highlighted the temperature controller and the multimeter used to monitor the temperature and the electrical resistance, respectively. In the inset, the two probe station with the sample above the heating plate is visible.

  dispersive X-ray spectroscopy (EDS or EDX) was used to analyse the chemical composition of the sample at a microscopic scale. The working principle of this characterization is visible in Figure 2-10.a). This technique relies on an incident electron beam that excites an electron situated on the inner atomic shell, step 1 in Figure 2-10.a).
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 2 10.b), is integrated within an FEI Quanta 250 field-emission scanning electron microscope with an Oxford Inca Energy detector. The energy of the beam was 15 KeV, to probe the bulk of the sample.
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 2 Figure 2-10. Working principle of the EDS technique. b) Electron Dispersion Spectroscopy probe by Bruker at LMGP.

  Figure 2-11. a) working principle of XPS. b) Kα XPS system from Thermofisher.
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 2 Figure 2-12. a) scheme of the diffraction mechanism between X-ray and the crystalline structure, obtained by Wikipedia. b) scheme of a XRD apparatus in Bragg-Brentano configuration, and c) Bruker D8 Advance in LMGP.
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 2 Figure 2-13. a) Schematic representation of the Reyleigh and Raman, Stokes, anti-Stokes and fluorescence scatterings. b) Jobin Yvon/ Horiba LabRam spectrometer at the LMGP laboratory.
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 2 Figure 2-14. a) Schematic working principle of a scanning electron microscope. b) FEI Quanta 250 FESEM and c) FEG-ZEISS-Gemini 300 microscopes at the LMGP laboratory.
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 2 Figure 2-15. a) AFM setup for the contact mode. b) Veeco D3100 AFM available at the Centre Interuniversitaire de MicroElectronique et Nanotechnologies (CIME) of Grenoble.
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 2 Figure 2-16. a) Schematic of the components of a TEM drawn by Eric Kvaalen, courtesy of Wikimedia. b) TEM JEOL 2010 LaB6 microscope in the LMGP laboratory.

The 4 -

 4 probe system, shown in Figure2-17, was a Por-4 probes by Lucas Fab using rounded tips with a distance of 1.066 mm between the tips. This apparatus was connected to a Keithley multimeter used for the voltage measurement. In this work, the values of sheet resistance correspond to the mathematical average of the measurement performed in 5 points for each sample, the center and the 4 corners over a 6.25 cm² surface.
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 2 Figure 2-17. Sample under 4-probe measurement. The sheet resistance is measured in five different points by manually shifting the sample.
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 2 Figure 2-18. The two configuration used for Van der Pauw measurement, from Rietvield et al 36 .
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 2 19 shows a scheme for the measurement of VH.

Figure 2 -

 2 Figure 2-19. Scheme of the Hall effect measurement setup used for the determination of VH, as courtesy of electronics-tutorials.ws.
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 2 Figure 2-20.b), only the portion of the light reflected from the sample was directed towards the detector.

Figure 2 -

 2 Figure 2-20. Scheme for the measurement of a) total transmittance and b) total reflectance. c) Lambda 950 spectrophotometer from Perkin Elmer at the LMGP laboratory.

  photoactive layers. In this context, the devices were fabricated on ITO patterned glass (reference S101 by Ossila, 1.5 cm x 2 cm, ) with a100 nm thick ITO film characterized by a sheet resistance value of 20 Ω/sq and a root mean square (RMS) roughness of 1.8 nm.Each substrate has six ITO patterns, which create six independent devices with dimensions of 1.5 mm x 3 mm each. Substrates were sonicated at room temperature in acetone, ethanol, and isopropanol for 5 min each. Finally, the substrates were rinsed with deionized water.The fabrication procedure of the solar cells where CuCrO2 was used as hole transport layer (HTL) and its characterization is schematized in Figure2-21. Traditionally, the polymers

Figure 2 -

 2 Figure 2-21. Fabrication steps and characterization of organic solar cells when CuCrO2 is integrated as hole transport layer (HTL). Courtesy of A. Nourdine.

1 .

 1 Figure 2-22. KLM SCC 200 spin coater by Schaefer techniques at the LEPMI laboratory. Highlighted the rotating plate and the substrate positon.

  devices are extremely sensitive to atmospheric humidity and oxygen, which strongly alter the properties of these materials through morphological, compositional, and structural modifications, thus affecting the final performances of the device, the reproducibility of the results and finally the reliability of the fabrication process. At the beginning of this study, the fabrication of these devices was performed in open air, resulting in limited efficiencies and a wide statistical variation among the tested diodes. To overcome this issue and obtain a reliable productive procedure, the deposition of PEDOT:PSS, of the active layer, as well as the characterization of OSC were effectuated in a homemade N2 filled glovebox (Glas-Col X-27-27H-EVAL, 27 cm x 27 cm x 15 cm). This allowed the control of the atmosphere during all the experiments by using an oxygen sensor and a hygrometer to measure the oxygen partial pressure and the humidity in the glove box, respectively. Typical values of relative humidity (RH) were inferior to 3 %, and the oxygen content was in the 0.2 -1 % range. The optimization of the fabrication procedure allowed us to achieve great performances of the solar cells, as reported in Chapter 4. The oxygen sensor, as well as the incorporation of the spin coater and the solar simulator under the homemade glove box, is visible in Figure 2-23. Transparent p-n junction The fabrication and the characterization of transparent p-n junctions are described in this section. After the deposition by AA-MOCVD of p-type CuCrO2 thin films on ITO-covered glass, spatial atomic layer deposition (SALD) was used to deposit n-type ZnO thin films on top of the structure. The deposition of the ZnO film was performed by Dr. Sekkat (LMGP). The device was then finalized by the thermoevaporation of electric contacts on top of ITO and ZnO, working as cathode and anode, respectively. The schematic of the fabrication steps can be seen in Figure 2-24.
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 2 Figure 2-23. System used during the optimized fabrication process of the organic solar cells. a) Oxygen sensor, b) optimized fabrication procedure with N2 filled homemade glovebox (Glas-Col 27x27) containing the used spin coater. c) Solar simulator (Oriel LCS-100) under the homemade glovebox.
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 2 Figure 2-24. Fabrication steps for the fabrication of transparent p-CuCrO2/n-ZnO heterojunctions.

  Furthermore, this technique can work in open air with no requirement of a deposition chamber. The ZnO films were deposited on top of the ITO/CuCrO2 structure by using a home-built SALD reactor. Diethylzinc ((C2H5)2Zn) was used as Zn precursor, which was injected towards a head with a mass flow of 25 sccm, diluted in a nitrogen flow of 275 sccm. Water was used as oxidant with a mass flow of 150 sccm, and transported in a N2 flow of 300 sccm. N2 was used to separate the Zn precursor and oxidant to ensure a proper ALD reaction. The deposition temperature and the number of cycles were varied as explained in Chapter 5 of this Ph.D. thesis.

  Figure 2-26.a) carrying the

Figure 2 -

 2 Figure 2-25. comparison between ALD and SALD techniques, adapted by the work of Munoz-Rojas et al.35 

  Figure 2-27.b). The voltage was varied among ±3V, with a step of 0.06 V taking around 2 s for measurement, and recording the corresponding current. The diode parameters were obtained by fitting the experimental curves using the 2-3 Diode Fit software by nano-HUB following the classic diode equation.
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 2 Figure 2-26. a) Crucible and b) mask used for the evaporation of Au contacts over transparent p-n junctions. c) Auto 306 thermal evaporator by Edwards present at the LMGP laboratory. Here are highlighted the crucible, the shutter, the sample and the liquid nitrogen container position. d) Auto 306 thermal evaporator by Edwards.

Figure 2 -

 2 Figure 2-27. a) Tungsten tips of the I-V curves characterization apparatus. b) Kethley 2400 mulitmeter. c) Solar simulator. Pn junction holder d) without mask and e) with mask.

  successfully synthesized single-phase CuCrO2 by AA-MOCVD and found that Curich CuCrO2 thin films show greater electrical properties than the stoichiometric compound, as reported in Figure 3-1.a), while retaining good optical transmittance in the visible range. Moreover, these studies evidenced a decrease in energy gap with the cationic content in the film, Figure 3-1.b).
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 31 Figure 3-1. Previously reported results obtained at the LMGP laboratory. a) variation of the resistivity as function of the cationic ratio in the film, obtained by the Master thesis of Ndong Aissatou 2 and b) energy gap modulation by cationic ratio in the film, as obtained by the Ph.D. thesis of Resende Joao 1 .

Figure 3 -

 3 Figure 3-2 a) Macroscopic aspect for a sample deposited at 350°C on silicon and corning glass and b) cross-section images as obtained by SEM for a samples deposited at 375°C. c) Cationic ratio, Cu/(Cu+Cr) in the film, d) thickness

Figure 3 - 3 .

 33 Figure 3-3. Effect of the deposition temperature on the crystallographic properties of the CuCrO2 thin films. a) Comparison of the XRD patter of a sample deposited at 350°C with an initial solution of 50%. and the ICDD references for the two possible polymorphisms of the delafossite phase. b) XRD patterns with Bragg-Brentano configuration of samples deposited from a solution composition of 50% and c) 70%, respectively. The top windows show the ICDD references (ICDD 04-010-3330) for CuCrO2 and (ICDD 00-005-0667) for Cu2O.

  -3.c). For deposition temperature lower than 350°C, the peak at 2θ=36.4° could correspond to Cu2O or CuCrO2 phases, but based on the compositional results reported in Figure3-2.c), with a Cu/(Cu+Cr) above 90%, we attributed this peak to Cu2O. When deposited at 350°C, we have the appearance of an additional peak situated at 2θ = 42°, which has been also attributed to the formation of Cu2O. The (012) and (110) reflections of the CuCrO2 delafossite phase are barely visible, but they cannot be excluded in the diffraction pattern at 350°C. Raman spectroscopy, Figure3-4, was used to confirm these analyses. The primitive cell of CuCrO2 is composed of 12 vibrational modes 12 , 9 are optical modes and the remaining are acoustic ones. They can be written as Γ A E 3A 3E where Eg and A1g

Figure 3 - 4

 34 Figure 3-4 Raman spectra of the samples deposited at different temperature. a) and c) Raman spectra of samples synthesized by a solution with Cu/(Cu+Cr) of 50% and 70%, respectively. b) and d) Zoom in the 50-500 cm -1 range of the spectra of samples synthesized by a solution with Cu/(Cu+Cr) of 50% and 70%, respectively. Black circles are correspond to Cu2O modes, while dotted lines correspond to the Raman modes of the 3R-CuCrO2 delafossite phase.

  -4.a) and b). For samples deposited at temperatures higher than 325°C, the entirety of the modes is attributed to the delafossite phase, confirming the deposition of CuCrO2. The intensity of the defect-related modes decreases with increasing deposition temperature, suggesting a greater amount of defects for samples deposited at a lower temperature. The sample deposited at 325°C shows further modes, which do not belong to the delafossite phase. Due to the extremely high Cu content in this film, we excluded the presence of Cr-based oxides. Although, we can speculate about the possible formation of parasitic phases, such as Cu2O and CuO. Based on the comparison with the spectra of the possible Cu-based oxides, we attributed the presence of the additional modes to the formation of a Cu2O phase for the sample deposited at 325°C. Moreover, it is also noticeable that the sample deposited at 325°C possesses the greatest intensity for carbonrelated modes in the 1000 -1750 cm -1 . This suggests that this temperature is not sufficiently high for the complete removal of the carbon contaminations, which will have a strong impact on the electrical properties. Furthermore, the coexistence of the delafossite phase and the cuprous oxides is confirmed by the presence of the Eu mode of the CuCrO2 and the three modes for the Cu2O as evidenced by the zoom of the Raman spectra in the 50-500 cm -1 , Figure3-4.b).Raman spectra of the samples synthesized by a solution with a partial molar concentration of 70% highlight the deposition of a mixture of Cu2O and CuCrO2, independently of the deposition temperature, as suspected in XRD diagrams, Figure3-4.c). The presence of organic contamination in samples deposited at low temperature, 300°C and 325°C, is also verified for films synthesized from a solution with Cu/(Cu+Cr)=70%, Figure3-4.c).
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 35 Figure 3-5. Top view SEM micrographs of the films deposited at various temperature. Surfaces of the samples deposited from a solution composition of 50% and 70% at a) and d) 325°C, b) and e) 350°C and c) and f) 400°C, respectively.
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 3 6.b) shows the variation of the electrical resistivity as a function of the incorporated cationic ratio, Cu/(Cu+Cr) in the film.
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 36 Figure 3-6 Variation of the resistivity as function of a) the deposition temperature and b) the composition of the film for the samples synthesized from a solution of 50% and 70%.

Figure 3 - 7

 37 Figure 3-7 Optical properties for samples deposited at different temperature starting with a 50% solution. a) Transmittance, b) reflectance and c) absorbance spectra. d) Tauc plot for the same samples. The legend in figure a) is valid for all the curves.

3. 1 . 4

 14 Figure of Merit (FoM)As explained in Chapter 1, in the context of TCOs, transparency and electrical conductivity are equally important. Two FoM have been defined to allow the comparison of the performances of p-type TCOs presenting different thicknesses, the one by Hackee26 and the one by Gordon27 labelled FoM H and FoM G , respectively.
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 38 Figure 3-8 Figure of Merit as defined by Haacke (full symbols) and as defined by Gordon (Empty symbols) for the samples deposited at various temperature and synthesized from solution with Cu/(Cu+Cr) of 50% (black symbols) and 70%. (red symbols)

  -9.c), where the Cu/(Cu+Cr) quantified by EPMA is plotted as a function of the values measured by EDX.
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 39 Figure 3-9 Composition and thickness of the samples of series 1. Cationic ratio in the film as function of the starting solution composition as measured by a) EPMA and b) EDX for the two tested total molar concentration. c) Cationic ratio as probed by EPMA as a function of the value obtained by EDX. In a), b), and c) the dashed line reprents the composition reproducing the initial solution. d) Growth rate as function of the cationic ratio in the film.

Figure 3 -

 3 Figure 3-10. a) XRD pattern, b) Raman spectra and c) transmittance spectra of a samples synthesized by a solution of only Cr(acac)3 i.e. Cu/(Cu+Cr)=0%. The inset in b) corresponds to the macroscopic aspect of this sample.

  amount, O/(Cu+Cr) is plotted in figure Figure 3-11.b). The cationic ratio, Cu/(Cu+Cr) as probed by RBS is also reported in this figure. In stoichiometric CuCrO2, the ratio between O and (Cu+Cr) should be equal to 1:1, as represented by the dashed lines in the same figure.

Figure 3 -

 3 Figure 3-11. RBS quantification for out of stoichiometry CuCrO2 thin films. a) Atomic content of various specimen, b) Oxygen and cationic ratio incorporated in the film as function of the cationic ratio in the initial solution. The dashed line represents the oxygen content for the stoichiometric CuCrO2, while the dotted line represents the oxygen in the stoichiometric Cu2O. c) Comparison of the incorporated cationic ratio measured by RBS, EDX and EPMA as a function of the initial solution composition.

  of a sample synthesized by a solution of pure Cu(acac)2 and deposited in the same conditions ( Figure 3-12.a) spectra 4)).

Figure 3 -

 3 Figure 3-12. Structural properties of samples of series 2. a) Raman spectra of 1) Stoichiometric CuCrO2, 2) Cu-rich CuCrO2, 3) Cu2O+CuCrO2 and 4) Cu2O films. b) XRD pattern of the same films. The top windows show the ICDD references (ICDD 04-010-3330) for CuCrO2 (ICDD 00-005-0667) for Cu2O and (ICDD 00-048-1548) for CuO.

- 12 b

 12 ).c)) shows Cu2O (200) reflection at 2θ = 42°confirming the synthesis of a nanocomposite Cu2O+CuCrO2, in agreement with the pattern of the Cu2O film synthesized in the same deposition conditions (Figure3-12 b).d)) and the results obtained by Raman. The overall poor crystallinity of our samples is attributed to the low deposition temperature and atmospheric pressure used during the synthesis. These results allow the classifications of the thin films belonging to series 2 in 4 categories: stoichiometric CuCrO2 (50%), Cu-rich CuCrO2 (63%), Cu2O+CuCrO2 (77%), and Cu2O (100%).

  -13. Stoichiometric CuCrO2 (Figure 3-13.a)) presents small, close-packed, and well-defined grains whereas Cu-rich CuCrO2 presents an irregular grain shape with an overall greater grains size (Figure 3-13.b), in agreement with XRD results. When a nanocomposite Cu2O+CuCrO2 film is deposited (Figure 3-13.c)) the surface presents more rounded grains with a heterogeneous shape. Crosssection images in insets evidence the similar thickness and density of the three films.

Figure 3 -

 3 Figure 3-13 Top view and cross-section (inset) SEM micrographs of the films of series 2. a) Stoichiometric CuCrO2, b) Curich CuCrO2 and c) Cu2O+CuCrO2 samples. Each micrograph has its own scale bar. The used magnification was 100000X.
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 315 Figure 3-15. The first will provide information about the grains' size, the second is an observation of the microstructure in the film, and the latter yields information about the crystallographic orientation of the film. Here, polycrystalline films will present diffraction

Figure 3 -

 3 Figure 3-14. AFM micrograph in top view for samples of series 1, with an incorporated cationic ratio, Cu/(Cu+Cr) of a) 0%, b) 39%, c) 59%, d)65%, e) 73% and f) 100%. Each micrograph has its own colorbar. Each Inset represent the 3D mapping of the corresponding sample.

Figure 3 -

 3 Figure 3-15 Microstructural characterisation by TEM of the Cu-rich CuCrO2 films. From the left, cross-section HRTEM in dark mode, cross-section HRTEM in bright mode and SAED patterns for a) CuCrO2:59%, b) CuCrO2:65% and c) Cu2O+CuCrO2 (Cu/(Cu+Cr)=73%) samples. The corresponding SAED pattern identifying the CuCrO2 rhombohedral delafossite phase and the Cu2O cubic phase are presented along with the theoretical diffraction patterns of the present phases as computed with the software JEMS.

  -15.c)), the formation of Cu2O impacts the microstructure causing a spheroidization of the grains resulting in a lower superficial roughness, in agreement with SEM and AFM observations. SAED pattern for this sample further confirms the presence of both Cu2O and CuCrO2 phases, in agreement with Raman and XRD results. This can be evinced by the appearance of a defined diffraction ring corresponding to the (200) crystallographic orientation of the cuprous oxide phase, Figure 3-15.c).

First, a survey

  spectrum is acquired to show the entire elements in the sample. A deeper investigation of the oxidation state of the specimen was carried out through the analysis of C 1s, Cu 2p, Cr 2p, and O 1s contributions and the results are reported in Figure3-16.a), b),c) and d), respectively. In our case, we expect copper in the monovalent state and chromium in the trivalent one, to give Cu +1 Cr +3 O2. This characterization was performed on samples with a Cu/(Cu+Cr) in the film of 59%, 65%, and 73%, and the acquired spectra were overlapped to properly compare their intensity.The C 1s peak, Figure3-16.a), is characterized by a high electronic noise due to the low intensity of this contribution. This indicates a limited presence of organic contaminations within our films. The intensity of the Cu 2p3/2 peak increases with the incorporated cationic ratio and that of the Cr 2p3/2 peak decreases, indicating a reduction in Cr content and an increase in the Cu one in good agreement with the compositional analysis reported in paragraph 3.2.1. The spectra from the Cu 2p3/2 core level (Figure 3-16.b)) are similar for all the samples. They are characterized by a small intensity of Cu (II) satellite peaks between 940 eV and 945 eV associated to the Cu +2 state, as visible by the fitting of this peak, Figure 3-17.a). The main peak is centred at 932.6 eV, which can be attributed to both Cu 0 or Cu +1 due to their close binding energy centred at 932.5 eV and 932.6 eV, respectively. The width of the peak (FWHM≈1.2 eV) suggests the presence of Cu in the monovalent state. Besides, a small contribution of Cu +2 (FWHM≈2.0 eV), centred at 933.7
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 3 Figure 3-16 XPS spectra in the a) C 1s, b) Cu 2p3/2 c) Cr 2p3/ 2 and d) O1s for CuCrO2:59%, CuCrO2:65% and Cu2O+CuCrO2 (Cu/(Cu+Cr)=73%). The legend is valid for all the graphs.

  -17.b), suggests the presence of Cr(III) hydroxide, centered at 577.7 eV, while other oxidation states, such as Cr 0 or Cr +6 which should be centered at 574.2 eV and 579.6 eV44 , respectively, are not detected. Nevertheless, the distinction among the Cr species is complicated due to the presence of a Cu Auger peak, Cu LMM, centered at 569.9 eV, as testified by the poor precision of the fitting, Figure3-17.b). Again, the position of this Auger peak suggests the presence of Cu +1 rather than metallic Cu 45 , which should be centered at 568.3 eV46 . These results evidence that Cu and Cr are mainly in the +1 and +3 oxidation states, respectively, despite the stoichiometry variation.

Figure 3 -

 3 Figure 3-17. Fitting of the a) Cu 2p3/2, b) Cr 2p3/2, and c) O 1s for the CuCrO2:65% sample. For each peak, the various contribution are indicated.

Figure 3 -

 3 Figure 3-18 Comparison between the theoretical density of states of CuCrO2, adapted by Yokobori et al55 . and the valence band spectra of Cu-rich CuCrO2 with Cu/(Cu+Cr)=65%. The energy zero was set to the Fermi level.
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 319 Figure 3-19. Variation of the resistivity as a function of the cationic ratio in the initial solution for films with various thicknesses.

Figure 3 -

 3 Figure 3-20 Electrical properties of out of stoichiometry CuCrO2 thin films. a) Variation of the resistivity with the cationic ratio in out of stoichiometry CuCrO2 thin films. b) Crystalline structure of Cu-rich CuCrO2:63%. Red, blue, and grey spheres denote O, Cu, Cr atoms. The green sphere correspond to Cu antisite defects. c) Variation as a function of the incorporated cationic ratio of charge density (left y axis) and carrier mobility (right y-axis). In the latter, the circles indicate the estimated values, while the triangles corresponds to the measured ones.
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 3 Figure 3-21.a) and b), respectively.

Figure 3 -

 3 Figure 3-22.a) and b), respectively. The Raman spectra of the as deposited samples, Figure 3-22.a) curves 1), 2), and 3), were compared with the ones of the annealed samples, Figure 3-22.a).From these results, we can highlight that stoichiometric and Cu-rich CuCrO2 are thermally stable up to 425°C, with no formation of any parasitic phase. The preservation of the delafossite phase is in good agreement with the findings of Lunca Popa et al.72 , where the authors reported the preservation of the stability of single-phase Cu-deficient CuCrO2 after annealing at 900°C for 4000s with the preservation of the composition. On the other hand, composite material Cu2O+CuCrO2 undergoes a phase transformation, with the oxidation of cuprous oxide into CuO, likely due to exposure to atmospheric oxygen. This will affect the electrical properties of the films, as shown in Figure3-22.a). Stoichiometric CuCrO2 preserves values of sheet resistance comparable to the original ones, within the experimental uncertainty. The slight increase in sheet resistance visible for Cu-rich CuCrO2

Figure 3 -

 3 Figure 3-22 Thermal stability of CuCrO2 thin films. a) Raman spectra of 1) stoichiometric, 2) Cu-rich CuCrO2 and 3) nanocomposite Cu2O+CuCrO2 samples annealed at 425°C in open air. b) Variation of the sheet resistance during the annealing at 425°C for the same samples.

Figure 3 -

 3 Figure 3-23 Map as function of the deposition temperature and the solution composition of the phases composing the film and the corresponding resistivity values.
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 4 Figure 4-1.a). This structure is formed by the stacking following the order: transparent substrate/ transparent electrode/ hole transport layer (HTL) also called electron blocking layer (EBL)/ active layer (AL) / electron transport layer i.e. holes blocking layer (HBL)/ electrode. This architecture will require to have the light coming from the substrate thus working by frontside illumination. However, another possible structure is represented by the so-called indirect (or inverted) configuration where the order of the HTL and ETL is reversed. A meaningful illustration of the various architecture is visible in the work of Krebs et al. 1 . Both of these configurations present their own advantages and the used

Figure 4 -

 4 Figure 4-1. a) Architecture of the organic solar cell in direct configuration. The light will arrive from the substrate side. b) Schematic of the band structure for an organic solar cells. Inhere, a representation of the working principle of an organic solar cells is also presented. Minus and plus signs represent electrons and holes, respectively. The dashed line surrounding the two corresponds to the Coulomb interaction, thus, the couple of charge within it represents an exciton. The light coming from the cathode side is also evidenced.

  Nourdine, which allows to select LiF as ETL and to work with an optimized recipe for the AL fabrication process. Several structures with the same architecture were fabricated. This architecture is schematized in Figure 4-2.a) and the oxides-based OSCs architecture is defined as glass/ITO/CuCrO2:X/AL/LiF/Al, where X represents the cationic ratio Cu/(Cu+Cr) in the

Figure 4 -

 4 Figure 4-2. a) Schematized architecture of the fabricated OSCs with out of stoichiometry CuCrO2 thin films as HTL, indicated with CuCrO2: X. b) Statistical dispersion of the PCE for OSC with out of stoichiometry CuCrO2 thin films as HTL calculated from the J-V characteristic under AM 1.5 illumination as a function of the Cu cationic ratio in the solution. The percentiles are set to the 95% whisker top, 75% box top, 25% box bottom, and 5% whisker bottom for each data set. The full and empty squares correspond to the outliers and the mean, respectively. c) J-V characteristics under A.M. 1.5 illumination for the best devices where out of stoichiometry CuCrO2 thin films is used as HTL. In the latter, not all compositions are presented for higher clarity. d) Proposed band diagram for a CuCrO2:65% solar cell

  photogeneration in the case of PEDOT:PSS based solar cells while will be absorbed by the
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 43 Figure 4-3. Comparison of a) J-V characteristic under A.M. 1.5 illumination and of OSC with a HTL of PEDOT:PSS and of CuCrO2:65%. B) Total transmittance spectra for PEDOT:PSS and CuCrO2 single layers deposited on glass (left y-axis) and AM 1.5 solar spectra (right y-axis).
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 44 Figure 4-4. Comparison of the stability in atmospheric conditions for the PEDOT:PSS and CuCrO2:65% OPVs devices. Variation as function of the time of exposure to open air of a) PCE, b) Short circuit current density, c) open circuit voltage. c) Normalized open circuit voltage, Voc, ( left axis and full symbols) and normalized short circuit current density, Jsc, ( right axis and empty symbols) for the same devices. These values are normalized respect the value measured prior exposure to air.
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 45 Figure 4-5. Schematic of the fabrication and recycling of the OSCs where out of stoichiometry CuCrO2 was integrated as HTL.

1 . 5 .

 15 Chlorobenzene (CB) in sonication bath at 60 °C for 10 min (Figure 4-6.b)) 2. Fresh CB in sonication bath and heating at 60 °C for 10 min 3. Chloroform (CF) in sonication bath and heating at 60 °C for 10 min(Figure 4-6.b)) 4. HCl (0.1M) in sonication bath and heating at 60 °C for 10 min ( Figure 4-6.c)) Sonication in deionized water for 5 min 6. Rinsing in deionized water 7. Acetone in sonication bath 5 min 8. Rinsing in deionized water 9. Ethanol in sonication bath 5 min 10. Rinsing in deionized water 11. IPA in sonication bath 5 min 12. Rinsing in deionized water 13. Drying at 60°C for 20 min 14. UV-O3 treatment for 35min Each of these steps had a specific purpose. Step 1: CB was employed to dissolve the AL, as the latter is soluble in chlorine compounds. The elimination of the AL, a blue polymer, was verified by the change in color of the CB, from transparent to violet. Step 2: the second washing in CB was performed to guarantee the complete removal of any possible residue of the photoactive film, as visible in Figure 4-6.c). Depending on the effectiveness of the first cleaning step, the residues of the AL still present on top of the HTL could lead to a change in a more violet color of this solvent. The layers above the AL were eliminated by the detachment of the AL from the HTL. Step 3: CF was employed to eliminate the remaining residues of the AL from the surface of the HTL. At this step, the surface of the samples presented a clean macroscopic aspect, however, the thermal evaporated Al, on top of the ITO was still present. Step 4: hydrochloric was used to eliminate this metal. The macroscopic aspect of the recycled cell is visible in Figure 4-6.e). The remaining steps, from 5 to 14, were performed to eliminate the possible organic contaminations from the previous steps and obtain a clean surface for the deposition of the AL.The effect of this hard chemical approach on the properties of the recycled functional substrate was analysed. EDX measurement revealed a change in the composition of the films, with a variation of the cationic ratio, Cu/(Cu+Cr) in the film from 72% to 56% for the as-deposited and the hard recycled HTLs respectively. This change in the composition will modify the structural properties of the HTLs, as verified by XRD patterns and Raman spectra for these samples, Figure4-7.a) and Figure 4-7.b), respectively. As evidenced by the XRD patterns and the comparison with the ICDD reference reported in the above window, the recycling procedure annihilates the peak related to the Cu2O phase, and only the (012) peak with very low intensity, associated with the delafossite phase is visible. Raman spectra, Figure 4-7.b), were acquired to confirm these results. These spectra were normalized to have a proper visualization when compared to the ITO substrate. These
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 46 Figure 4-6. Schematic representation of the hard recycling procedure. a) Macroscopic aspect and scheme of a OSC with CuCrO2 as HTL before the recycling. b) Representation of the dissolution of the AL resulting in the dismantling of the device by the immersion in chlorobenzene. c) and d) removal of the residual of the AL by sonication in chlorobenzene and chloroform, respectively. e) elimination of the aluminium still present at the cathode by ultrasonic bath in HCl. In here, a picture of the recycled HTL i.e. the functionalized substrate is reported.
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 47 Figure 4-7. Comparison of the structural properties of the as deposited HTL and the one recycled through the hard approach. a) XRD patterns for 1) as-deposited and 2) recycled by the hard procedure. b) Raman spectra for 1) ITO substrate, 2) asdeposited and c) hard recycled HTLs.
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 4849 Figure 4-8. SEM micrograph for the a) as deposited HTL and the layer recycled following the hard procedure. Each micrograph has its own scale bar.

Figure 4 - 9 .

 49 Figure 4-9. XPS spectra in the a) Cu 2p3/2, b) Cr 2p3/ 2 orbitals c) C1S and d) O1S energy ranges for the as deposited and the hard recycled HTLs. The spectra were overlapped to better visualize the variation in intensity.
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 4 Figure 4-10. Average J-V characteristic under AM 1.5 illumination for the solar cells based on a as deposited HTL and the one subject to the hard recycling procedure.

Figure 4 -

 4 Figure 4-11. Maximum PCE as a function of the cationic content in the initial solution for each cycle of solar cells recycled using the hard approach.

1 .

 1 Chlorobenzene (CB) in sonication bath and heating at 40 °C for 10 min (Figure 4-13.b)) 2. Isopropanol in sonication bath and heating at 40 °C for 10 min(Figure 4-13.c)) 3. Acetone in sonication bath and heating at 40 °C for 10 min(Figure 4-13.d)) 4. Deionized water in sonication bath and heating at 40 °C for 10 min(Figure 4-13.e))
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 412 Figure 4-12. Schematic of the degradation of the ITO electrode uncovered by the HTL, with the repetition of the hard recycling procedure indicated as cycle in the figure.

Furthermore, it is

  Figure 4-13. Soft recycling procedure. a) Macroscopic aspect and scheme of a OSC with CuCrO2 as HTL before the recycling. b) Representation of the dissolution of the active layer resulting in the dismantling of the device by the immersion in chlorobenzene. c) sonication in isopropanol, d) in acetone and e) in deionized water. In the latter, aside the macroscopic aspect of the functionalized substrate after these step, where it is still visible the remaining Al cathode.

  recycled HTL were probed by SEM. The results are reported in Figure 4-15.a) and Figure 4-15.b). These observations revealed no significant variation of the morphological properties after the soft recycling procedure. This is in good agreement with the findings by AFM, Figure 4-15.c) and Figure 4-15.d), which evidence a similar morphology for the two samples. Furthermore, this characterization confirmed the conservation of the roughness, with values of RMS roughness of 1.8 nm and 1.7 nm before and after the soft recycling procedure, respectively. The oxidation state of the elements at the surface of the films was probed by XPS, and the results are reported in Figure 4-16. The Cup3/2 shows a decrease in the Cu content, Figure 4-16.a). This is also supported by the strong reduction in the intensity of the Cu auger peak, at 568 eV, Figure 4-16.b). Furthermore, the intensity

Figure 4 -

 4 Figure 4-14. Comparison of the structural properties of the 1) as-deposited and 2) soft recycled HTL. a) XRD patterns and. b) Raman spectra for the same samples.

Figure 4 - 15 .

 415 Figure 4-15. Comparison of the morphological properties for a) and b) SEM images of the as deposited sample and soft recycled HTLs, respectively. c) and d) AFM micrographs for the same samples. Each micrograph has its own scale bar.

Figure 4 -

 4 Figure 4-16. XPS spectra in the a) Cu 2p3/2, b) Cr 2p3/ 2 orbitals c) C1S and d) O1S energy ranges for the as deposited and the HTL recycled following the soft procedure. The spectra were overlapped to better visualize the variation in intensity.
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 4 Figure 4-17. Average J-V characteristic under AM 1.5 illumination for the solar cells based on a as deposited HTL and the recycled one suing the soft procedure.
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 4 Figure 4-18.b). These ITO layers were used as contacts with the measurement setup, illustrated in chapter 2. This choice was justified by the limited mechanical resistance of
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 4 Figure 4-18. a) ITO patterned glass used for the deposition of Ag NWs as bottom electrodes. SEM micrograph for the b) bare Ag NWs networks and c) covered by CuCrO2:70%. d) Comparison of the J-V curves under AM 1.5 illumination for cells where Ag NWs and ITO were used as bottom electrode.

Figure 4 -

 4 Figure 4-18.d), let us conclude that the S-shape obtained for the ITO/CuCrO2 based device is related to the interface between the ITO and the CuCrO2. It has to be mentioned that these cells were assembled before the optimization of the fabrication process and the AL, hence the inferior performances when compared to the results reported in section Figure 4-18. The inferior Voc of the NWs-based device when compared with the ITO one, can be linked to the difference in the work function of these two materials. However, the AgNWs based solar cells present a greater FF than the ITO based one, representing an auspicious starting point for further research.

3 .

 3 Previous results achieved in our laboratory, reported in Resende Ph.D. thesis16 , demonstrated the rectification behaviour of CuCrO2 by AA-MOCVD coupled with ZnO by spatial atomic layer deposition (SALD) in a planar heterojunction. However, the rectification ratio of these devices was low, with an ION/IOFF (±5V) around 20, for the planar configuration. In this chapter, we report the optimization of this device by integrating out Chapter V: Out of stoichiometry p-CuCrO2/n-ZnO as fully oxides based planar heterojunction 184 of stoichiometry CuCrO2 films. Firstly, a summary of the electrical and optical properties of the ZnO thin films deposited by SALD as obtained by the Ph.D. thesis of Nguyen Viet 17 ,
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 51 The experimental patterns, acquired by XRD in Bragg Brentano configuration, were compared with the ICDD 00-036-1451 reference, appendix F of this Ph.D. thesis. These films present a poor crystallinity when synthesized at 100°C, Figure5-1.1) and improved crystallinity along the (002) direction when deposited at 150°C and 200°C, Figure 5-1Figure 5-4.2) and .
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 52 Figure 5-2. Results for the diodes based on out of stoichiometry CuCrO2 and ZnO deposited at 100°C. a) I-V characteristic of the single layer CuCrO2 and the ZnO deposited on ITO using Au as contact. The inset in this figure represent the Au/ITO/ZnO or CuCrO/Au structure. b) Semilogarithmic plot of the J-V characteristics in dark for the CuCrO2:X devices. The inset shows the architecture of diodes with out of stoichiometry CuCrO2 as p-type TCOs, indicated with CuCrO2:X. c) box chart of the Ion/Ioff calculated from the J-V characteristics of the devices. In figure c) the percentiles are set to the 95% whisker top, 75% box top, 25% box bottom, and 5% whisker bottom for each data set. The solid and empty squares represent the outliers and the mean, respectively. d) Statistical dispersion of the Ion/Ioff for the ITO/CuCrO2:70%/ZnO in four different devices.

  Chapter V: Out of stoichiometry p-CuCrO2/n-ZnO as fully oxides based planar heterojunction 190 Based on these results, we may attribute the extremely high Ion/Ioff of our CuCrO2:70% coupled with ZnO deposited at 100°C to the best trade-off, combining a very good electrical conductivity of the oxides, a good band alignment, and a low density of recombination center at the interface. The former will allow a limited direct current, while the latter will lead to an extremely low off current, finally resulting in an extremely high rectification ratio.Further optimization was performed by evaluating the effect of the ZnO layer thickness. We tuned the number of SALD cycles depositing a thinner ZnO film, ~ 25 -35 nm, maintaining the remaining parameters constant. These results are reported in Figure 5-4.b).

Figure 5 - 4 .

 54 Figure 5-4. Optimization of the n-ZnO layer. a) effect of the deposition temperature of ZnO over the J-V characteristics of the device. The number of SALD cycles was varied to obtain a 80-100 nm film, at each temperature. b) Variation of the ZnO thickness over the performance of the diodes. Here, the deposition temperature of ZnO was set to 100°C.

Figure 5 - 3 .

 53 Figure 5-3. Fitting of the J-V characteristic of the best device, CuCrO2:70%/ZnO-100°C--60 nm. a) Linearization of the direct current to obtain the threshold voltage, Vth, and b) linear fit of the semi log I-V curve to extrapolate the ideality factor.

  stoichiometry. Optical properties, band diagram of the p-n junction and comparison with literature UV-VIS spectroscopy was employed to probe the optical properties of the stacks used during the fabrication of the device, as reported in Figure 5-9. The average optical transmittance in the visible range, 400-800 nm, is around 63% for the ITO/CuCrO2:70% stack and increases up to values around 75% for the ITO/CuCrO2:70%/ZnO device. This demonstrates that the ZnO layer acts as antireflective film, mitigating the relatively great reflectivity of the Cu2O+CuCrO2, with values around 25%, as reported in section 3.2.5 of this thesis. The bandgap values obtained by the linearization of the Tauc plot for the Cu2O+CuCrO2 nanocomposite film and the ZnO film are reported in Table 5-1. That allowed us to draw a schematic of the energetic level of this material.

Figure 5 -

 5 10 shows the energetic level of the single-layer before the contact, Figure 5-10.a), and the band diagram for the optimized p-n junction, Figure 5-10.b). The electronic affinity was obtained by various reports present

Figure 5 - 9 .

 59 Figure 5-9. UV-Vis transmittance spectra of the glass substrate, ITO covered glass, glass/ITO/CuCrO2:70% and the finalized device. The inset shows the macroscopic aspect of the completed p-n junction before the thermal evaporation of the Au contact.

  Finally, Figure 5-10.b) indicates a type-II alignment between the p-type and the n-type TCO.

Figure 5 -

 5 Figure 5-10. a) Proposed band diagram of each material prior the contact. The values were obtained by the reference samples deposited on glass and Tauc plot. b) Band diagram for the p-n junction based on CuCrO2:70% and ZnO. Here, the interface states are highlighted.

Figure 5 -

 5 Figure 5-11. Rectification ratio, Ion/Ioff at ±V0, for various CuCrO2/ZnO based heterojunctions measured at different values of V0 as a function of the average transmittance in the visible, as obtained by literature. The various reports are indicated by the deposition methods for the CuCrO2 and ZnO, respectively.

  photoemission spectroscopy (UPS) or Kelvin probe force microscopy could be employed to probe the band structure of the junctions confirming the existence of the intraband levels.

Table 1 -

 1 

1 shows a summary of the out of stoichiometry CuCrO2 thin films reported in the literature. Based on these results, we can infer that chemical deposition methods allow a wider variation of stoichiometry when compared to physical deposition techniques, achieving higher electrical and optical properties.

Table 1 -

 1 1 Summary of the compositional, electrical, and optical properties for stoichiometric and out of stoichiometry CuCrO2 thin films reported in literature. The reported information are the cationic ratio in the film, the oxygen content, the film's thickness, the electrical resistivity, the average optical transmittance in the visible range, the deposition temperature, the used technique, and the reference. Note: 2+x indicates an excess of oxygen, not quantified in the paper,

	51	2	100	0.04	60	PLD	600	69
	52	2	Not reported	2x10 3	Not reported	Solid-state reaction	900-1100	65
	55	2+x	390	1.1	40-50	LP-MOCVD	550	32
	55	2.4	100	0.03	51	Spray pyrolysis	400	78
	55.5	2.17	210	6.25	75	Sol-gel	RT (*)	

70

However, it has to be noticed that the defects formation can be more complex with respect to what is illustrated. Different works attribute the formation of Vcu and Vcr to the presence of extra oxygen in the film, as reported initially by Banerjee et al.

113 

for CuAlO2 and in a very recent work from Van Hoang et al. 112 on CuCrO2:

  1-14 and 1-15 :

	𝐸 𝑥	𝑞 * 𝑁 * 𝑥 𝑊 ɛ	, 𝑓𝑜𝑟 𝑊	𝑥 0	1-14
	𝐸 𝑥	𝑞 * 𝑁 * 𝑥 𝑊 ɛ	, 𝑓𝑜𝑟 0 𝑥 𝑊	1-15

Table 2 -

 2 1. Summary of the deposition parameters used in this study.

Table 3 -

 3 

1. Summary of the deposition conditions used for the studies performed at the LMGP Joao Resende Ph.D.

thesis 1 Aissatou Ndong Master thesis 2

  

	Solvent	Ethanol	Solvent	Ethanol
	Total	molar		

Table 3 -

 3 2. Parameters kept constant during the temperature study. The value of pressure corresponds to the depression with respect to the value of atmospheric pressure (AP).

	PARAMETER	VALUE
	Organic solvent	Ethanol
	Total molar concentration	10 mM
	Gas flow	4.8 l min -1
	Carrier and reactive gasses	Dry compressed air
	Oxygen partial pressure	21%
	Solution consumption rate	2 ml min -1
	Relative chamber pressure (to AP)	2.5 mm H2O
	Deposition time	60 min

Table 3 -

 3 

	Deposition temperature	ATT in the 400 -800 nm	Energy gap (eV)
	(°C)	(%)	
	325	63	2.9
	350	62	3.15
	375	63	3.23
	400	66	3.18

3

. Optical parameters for samples deposited at different substrate temperatures from a solution at 50%Cu. The reported information are the deposition temperature, the average total transmittance (ATT) in the visible range, and the energy gap of these films.

Table 3 -

 3 4 Fitting results of the Cu2p3/2 XPS peak. Reported information are the cationic ratio in the film as probed by EDS and distribution in the Cu 2p3/2 core level of monovalent (Cu +1 ) and bivalent (Cu +2 ) copper ions (in %). For each component, the corresponding FWHM of the fitted peak is reported in the brackets.

	Cu/(Cu+Cr) in the film by EDS (%)	Cu +1 (%) (FWHM)	Cu +2 (%) (FWHM)
	59 65 73	80 (1.26 eV) 87 (1.25 eV) 79 (1.22eV)	20 (2.05 eV) 13 (2.05 eV) 21 (2.04 eV)

Table 3 -

 3 5 Summary of the Hall effect measurement for out of stoichiometry CuCrO2 thin films. The information here reported are, the cationic ratio in the film, the compound, the compound, its electrical resistivity,its charge carrier density, its carrier mobility, and the used approach to determine these parameters.

	Cu/(Cu+Cr) in	Compound	ρ(Ω.cm) N ( cm -	µ (	Estimated or
	film (%)			3 )	cm 2 V -1 s -	measured)
					1 )	
	50	CuCrO2	10	1.6*10 21 0.4*10 -3	Estimated
	63	Cu-rich	0.1	1*10 21	0.06	Estimated
		CuCrO2				
	79	Cu2O+CuCrO2	0.2	9.3*10 18	0.65	Measured
	100	Cu2O	100	1.5*10 16	5	Measured

  1.2. These results were published on Nanomaterials, MDPI in the special issue Mesoporous Materials and Nanoscale Phenomena in Hybrid Photovoltaics, under the name "Optimized Stoichiometry for CuCrO2 Thin Films as Hole Transparent Layer in PBDD4T-2F:PC70BM Organic Solar Cells'' (DOI: Nanomaterials 2021, 11, 2109. https://doi.org/10.3390/nano11082109).

Table 4 -

 4 

	1. Average values and their standard deviation of the photovoltaic parameters for the different OSCs under 1
	sun illumination (AM 1.5G, 100 mW/cm 2 ). Reported information are the cationic ratio in the initial solution (X), the
	number of tested devices, open-circuit voltage (Voc), short-circuit current density (Jsc), series resistance (Rseries), shunt
	resistance (Rshunt), Fill factor (FF), and power conversion efficiency (PCE) values of the OSCs for each tested HTL.	
	HTL	Number of devices	Voc (V)	Jsc (mA/cm 2 )	Rseries (Ω.cm 2 )	Rshunt (Ω.cm 2 )	FF (%)	PCE (%)
	PEDOT:PSS 12	0.83 ± 0.01	10.4 ± 1.0	6.9 ± 1.6	166.9 ± 20.9 43.3 ± 3.4	3.8 ± 0.7
	𝑋 = 40%	6	0.74 ± 0.01	6.0 ± 0.8	108 ± 42	202.9 ± 17.0 39 ± 1.6	1.8 ± 0.3
	𝑋 = 50%	4	0.76 ± 0.01	4.16 ± 1.9	87 ± 67	282.3± 91.18 34 ± 4.7	1.2 ± 0.7
	𝑋 = 60%	6	0.73 ± 0.02	8.4 ± 0.6	46 ± 7	108.6 ± 14.0 32 ± 2.1	2.0 ± 0.2
	𝑋 = 65%	12	0.75 ± 0.02	10.0 ± 0.4	49 ± 10	113.6 ± 13.3 37 ± 2.1	2.8 ± 0.2
	𝑋 = 67%	8	0.73 ± 0.02	7.6 ± 2.1	98 ± 55	168.7 ± 80.6 31 ± 4.4	2.2 ± 0.4
	𝑋 = 70%	10	0.75 ± 0.02	6.6 ± 1.3	83 ± 29	137.1 ± 28.4 31 ± 8.0	1.9 ± 0.2
	𝑋 = 80%	4	0.77 ± 0.01	6.4 ± 0.8	75 ± 4	166.3 ± 19.5 34 ± 0.1	1.7 ± 0.2
	𝑋 = 100%	6	0.79 ± 0.01	3.7 ± 0.9	44 ± 17	358.8 ± 76.8 39 ± 2.7	1.2 ± 0.3

Table 4 -

 4 2. Average values and their standard deviation of the photovoltaic parameters for the different OSCs under 1 sun illumination (AM 1.5G, 100 mW/cm2 ) corresponding to OSC fabricated with as-deposited or hard-recycled HTL.

	The

Table 4 -

 4 

	HTL	J sc	V oc (V)	FF (%)	R shunt	R series	PCE (%)
		(mA/cm 2 )			(Ω.cm 2 )	(Ω.cm 2 )	
	As dep	8.0 ±0.5	0.78±0.01	36.2±1.0	147.0± 16.2 34.1±16.3	2.4±0.2
	Soft	8.95±0.8	0,81±0.01	37.5±0.5	144.5±11.7 23.9±11.73 2.7±0.3
	recycled						

3. Average values and their standard deviation of the photovoltaic parameters for the different OSCs under 1 sun illumination (AM 1.5G, 100 mW/cm 2 ) corresponding to deposited or soft recycled HTL. The parameters are opencircuit voltage (Voc), short-circuit current density (Jsc), Fill factor (FF), shunt resistance (Rshunt), series resistance (Rseries), and power conversion efficiency (PCE) values of the OSCs for each tested HTL.

Table 5 -

 5 1. Optical and electrical properties for CuCrO2 and ZnO on glass for different deposition conditions. The reported information are energy gap (Eg), obtained by Tauc plot representation of the transmittance, the electrical resistivity (ρ), the carrier mobility (µ), and the charge carrier density (N) as obtained from Hall measurement. In this table, 'NR' stands for not reliable corresponding to the experimental impossibility of measuring the transport properties of certain materials.

	CuCrO2				
	Cu/(Cu+Cr) in the solution (%)	Eg (eV)	ρ (Ω.cm)	µ (cm².V -1 .s -1 )	N (cm -3 )
	50	3.2	1	NR	NR
	60	3.05	0.1	<NR	NR
	70	2.9	0.08	0.9	1*10 20
	80	2.6	1.2	1.1	8*10 19
	ZnO				
	Deposition temperature (°C)	Eg (eV)	ρ (Ω.cm)	µ (cm².V -1 .s -1 )	N (cm -3 )
	100	3.5	1.5*10 4	N R	N R
	150	3.4	0.32	0.5	2.6*10 19
	200	3.3	0.05	3.2	4.5*10 19

Table 5 -

 5 5-2. Summary of the productive steps reported in literature for the fabrication of CuCrO2/ZnO-based heterojunctions compared with our work. The reported information are the structure of the device, the CuCrO2 and ZnO technique and growth temperature, , used annealing conditions ( here '/' corresponds to no annealing step), and the reference.

		Structure	CuCrO 2		ZnO	Annealing Reference
			Growth technique	Growth temperature (°C)	Growth technique	Growth temperature (°C)		
	n	+ ZnO/ZnO/CuCrO 2 :Mg	PLD	500	PLD	500°C	/	28
							Thermal	
	AZO/ZnO/CuCrO 2 :Mg	PLD	250	PLD	500°C	500°C 10 annealing	7
							min	
	n ZnO/ZnO/CuCrO 2 :Mg + -	PLD	RT	PLD	RT	laser 10mins annealing 500°C	29
			RF		RF			
		ZnO/CuCrO 2 :Mg	magnetron	450	magnetron	450	/	6
			Sputtering		Sputtering			
		Cu 0,66 Cr 1,33 O 2 /ZnO	DLI-MOCVD	450	ALD	150	Thermal 15 min annealing 700°C	15
		ZnO/CuCrO 2	SP	500	SP	400	/	10
	CuCr 0.93 Mg 0.07 O 2 /ZnO	SP	450	LP-CVD	400	/	9
		CuCrO 2 :70%/ZnO	AA-MOCVD	350	SALD	100	/	This work

This Ph.D. scholarship was funded by the French Ministry of Higher Education and Research. It is supervised by Dr. Jean-Luc Deschanvres (CNRS, France) and co-supervised by Carmen Jiménez (CNRS, France). This work was conducted at the LMGP ( Laboratoire this work was possible through the successful collaboration with the LEPMI ( Laboratoire d'Electrochimie et de Physicochimie des Matériaux technologies. The support of two high-level research platforms, Materials Characterization

Chapter II: Experimental procedure, devices fabrication and characterization techniques

Substituion of PEDOT:PSS by p-type TCOs

Despite being extremely promising photovoltaic devices, the commercialization of organic solar cells is still hindered by the limited lifetime of the device. A wide literature is devoted to the description of the failure mechanism of organic electronic devices 16,17 . In this section, we will report a summary of these causes and the possible solution presented in literature.

PEDOT:PSS ( or PEDOT) is commonly used as HTL. However, when exposed to atmospheric conditions, the oxygen and the humidity, i.e. H2O intake would modify its morphological and compositional properties 18 . Moreover, it is hygroscopic 19,20 . It has been reported that the addition of a small number of crosslinking agents into the PEDOT solution leads to the enhancement of the resilience of PEDOT:PSS to humidity 21 , through the formation of covalent bonding. Furthermore, the acid nature of the PEDOT:PSS leads to the etching of the ITO, typically used as a transparent electrode 19 . Besides, the contact between these two materials leads to the diffusion of In from the electrode leading to a reduction of the electrical conductivity of the ITO and of the efficiency of the device 19 .

Norrman et al. 22 reported that the acid nature of PEDOT:PSS would etch the ITO contact worsening the lifetime of the device.

Based on these results, the substitution of the PEDOT:PSS is mandatory to have stable devices in atmospheric conditions. An auspicious solution is represented by the exotic combination of inorganic compounds within the polymer-based solar cells, forming the socalled hybrid photovoltaic, through the integration of p-type TCOs as HTL. These promising candidates are easily synthesized by solution-based processes at relatively low temperatures and have relatively high p-type conductivity (0.1-1 S*cm), an appropriate bands' alignment, and discretely good transparency in the visible. Moreover, they are well known to be inert in atmospheric conditions. NiOx 4,14,23,24 was the first tested PEDOT substituent and it was demonstrated to improve the device's photostability and efficiencies.

This material was also tested as HTL in bulk heterojunctions 4 , dye-sensitized solar cell (DSSC) 25,26 , and perovskite solar cells 16 . Although, NiO presents a high light absorption in the visible range, small holes' diffusion coefficient and carrier mobility that limits the device performances [26][27][28] . Based on these results various alternatives have been proposed.

Amidst them, we can find molybdenum oxide, MoOx 5,29,30 , tungsten oxide, WOx 31 , vanadium oxide (VOx) 29,32,33 , chromium oxide, Cr2O3 34 . Moreover, thanks to their great properties, as described in Chapter 1, delafossite arose as a promising alternative. About

Conclusions

In this chapter we tested and proved the applicability of out of stoichiometry CuCrO2 thin films as HTL in organic photovoltaic devices. The previous knowledge acquired from the study of the composition was employed to relate the properties of the p-type materials with the photovoltaic performances of the devices. The highest PCE in this work, 3.1%, was achieved for single-phase CuCrO2 synthesized by a starting solution composition Cu/(Cu+Cr) = 65%, corresponding to the optimum compromise between optical transmittance, electrical properties and band alignment of the HTLs. The increase in efficiency was mainly due to an increase in the Jsc. Furthermore, our CuCrO2 based photovoltaic cells have greater stability in atmospheric conditions than the PEDOT:PSS OPVs devices. The oxide-based OSC retains a PCE around 65% the starting one after 2 hours in atmospheric conditions. This value is greater than what was obtained by PEDOT:PSS based solar cells, where the efficiency was diminished to 25% the original one, in the same conditions. The failure mechanism of the CuCrO2 was attributed to the degradation of the AL, as evidenced by the reduction of the photogenerated current, the main cause for the decrease in efficiency. As highlighted results, we confirmed the suitability of out of stoichiometry CuCrO2 thin films as HTL reporting the potentiality of these p-type materials to be integrated in various optoelectronic devices, which require HTL synthesized by a chemical method at low-temperature.

Even though, here we report an enhancement of the lifetime of the device through the integration of CuCrO2, the degradation of the AL would lead inevitably to the failure of the device. This will also lead to a huge waste of materials associated with this technology, thus limiting its breakthrough in real applications. For these reasons, we focused our attention on the recycling of the CuCrO2 based solar cells. This practice was performed by the removal of the Aluminum/LiF/AL stack by using ultrasonic bath in a sequence of solvents. This allowed the reusability of the functionalized substrates, glass/ITO/CuCrO2, which could open many promising routes in prototyping, reducing the number of required materials and processes i.e. the manufacturing costs and time, by eliminating two steps in the OSC production. This will favor the development of new performant and sustainable organic photovoltaic devices.

The first approach studied for recycling was called hard procedure, which involved the use of hydrochloric acid. This approach was demonstrated to strongly impact the structural,

Chapter IV: Out of stoichiometry CuCrO2 as HTL in performant and recyclable organic solar cells increasing deposition temperature is in agreement with the lowest energy gap found for samples synthesized at 200°C. An increasing crystalline order would imply a more neat separation of the band edges, hence resulting in a reduction of the optical energy gap, as present in the thesis of Nguyen et al. 17 .

Electrical measurement of the p-n junction

The fabrication processes for the p-n junctions are reported in Section 2. The effect of the stoichiometry of CuCrO2 on the performance of the devices was probed by varying the cationic ratio, Cu/(Cu+Cr), in the initial solution indicated by X. The devices inside which an out of stoichiometry CuCrO2 film is integrated as p-type TCO will be defined as CuCrO2:X.

The effect of X over the electrical performances of the diodes is reported in Figure 5-2.b).

All the fabricated devices present a rectification ratio, with a value of Ion/Ioff (±2.5V) higher than 1000, independently of the composition of CuCrO2. These results corroborate the ptype nature of CuCrO2 films. The noise present in the J-V characteristics of the were 0.85 V, 3.9, 850 Ω.cm -2 , and 350 MΩ.cm -2 , for the threshold voltage, the ideality factor, the Rs, and the Rsh, respectively

The value of turn-on voltage is related to the charge carrier density and the band alignment of the materials, as illustrated in Chapter 1, paragraph 1.2.1. The turn-on voltage extrapolated for our device is coherent with previous results for Cu0.66Cr1.33O2/ZnO junctions 15 , where the authors reported a Vth of 1.4 V, and a similar band alignment is expected.

As mentioned in Chapter 1, the ideality factor gives information about how close the device behaves to the ideal case, and for oxide-based p-n junctions, a value greater than 2 can be expected. Only recently, Narro et al. 10 reported a value of η as low as 1.57 for a CuCrO2/ZnO junction. Different models have been reported in literature to justify the found values. Kirah et al. 19,20 explain that this value can be attributed to the charge recombination at the interface of the used TCOs, together with a non-ohmic behaviour of the metal in contact with the semiconductors. Furthermore, the surface roughness of the films, the presence of lattice mismatches, and defects at the interface, are also considered responsible for values of η>2 as explained by Schein et al. 21 for a CuI/ZnO junction. Shah et al. 22 proposed that the ideality factor of the device corresponds to the sum of the ideality factor associated with every interface present in the device. Based on these considerations, we can assert that the ideality factor found for our device is in good agreement with the ones reported in literature. In our case, the fitted value of ideality factors is in accord with the findings reported by Afonso et al. 15 , for Cu0.66Cr1.33O2/ZnO diodes. The authors attributed their relatively high value, with η =6.3, to the formation of midgap impurity levels induced by a high interface defect density or chromium excess. Based on these results, we can conclude that the relatively high ideality factor of our devices may be attributed to the presence of a high defective interface or the deviation from stoichiometry and the formation of a secondary phase in our nanocomposite Cu2O+CuCrO2. These factors are responsible Chapter V: Out of stoichiometry p-CuCrO2/n-ZnO as fully oxides based planar heterojunction 192 for the appearance of midgap levels in the energy gap, where the carrier could conduct through a hopping mechanism as explained by Biederman 23 .

Regarding the parasitic resistances, it has to be reminded that the series resistance should be minimized, while the shunt one should be the highest as possible. In the case of Cu0.66Cr1.33O2/ZnO junction 15 , the values of Rs=2MΩ.cm² and Rsh= 1.8 kΩ.cm² were reported, with a Ion/Ioff (±4V) of 13. Our relatively low values of series resistance, and the considerably high value of the shunt resistance, can justify the strong increase in rectification ratio found for our devices when compared to the Cu0.66Cr1.33O2/ZnO device, implying a greater device fabrication. However, these parasitic resistances are related to various factors, such as the interfaces between the films, the resistances of the materials, and the presence of current leakage due to the fabrication of the device. Thus, no proper conclusion can be drawn from these resistance values.

Structural and morphological properties

The structural and morphological properties of the ITO/CuCrO2:70%/ZnO-100°C-80 nm heterojunction were studied. The Raman spectra of the ITO/CuCrO2:70% and ITO/CuCrO2:70%/ZnO structures are reported in Figure 5-5.a).1) and Figure 5-5.a).2), respectively. CuCrO2:70% is characterized by the modes at 99 cm -1 , 108 cm -1 , 149 cm -1 , 216 cm -1 , and 649 cm -1 . The Raman mode located 99 cm -1 corresponds to the Eu mode of the CuCrO2 phase, while the further modes are assigned to the Cu2O phase, which is a more active Raman mode than the delafossite one 14 . These results are very similar to what was obtained for the samples grown on glass substrate, whose results are presented in Section 3.2.2, validating the formation of a nanocomposite Cu2O+CuCrO2 on ITO covered glass.

The additional broad Raman mode in the 500-600 cm -1 is attributed to the ITO substrate, which spectrum is visible in Appendix G of this Ph.D. thesis. The Raman spectrum for the complete device is reported in Figure 5-5.a).2). The additional Raman lines found at 90 cm - 1 and 439 cm -1 are assigned to the E2 low , and E2 high modes of the ZnO thin film respectively.

GIXRD was employed to confirm these results. The pattern of the ITO substrate, Figure However, the low resolution of the SEM micrograph did not allow a proper measurement of the thickness of the films. TEM cross-section observations were used for this purpose.

As visible in Figure 5-6.b), the device is composed of a 30 -40 nm thick CuCrO2 film and 60 nm for ZnO. SAED pattern of the device, Figure 5-6.c), was used to confirm the crystallographic results. Electronic diffraction shows the presence of rings and defined dots, which are attributed to the CuCrO2 phase, and the large ITO grains, respectively. ZnO is not detected from this characterization suggesting an amorphous state. This may seem contradictory with the GIXRD, however, it has to be reminded that the sample undergoes Ar ion milling before the characterization, which can provoke the amorphization of a part 

Compositional properties

The atomic content of the films as a function of the depth was analyzed by XPS, through successive etching and acquisition of the spectra in various binding energy ranges. The evolution of the spectra as a function of the etching time starting at the sample surface is From this characterization, we can evince that the interface CuCrO2/ZnO is situated at around 900s. Considering that the ZnO layer thickness is 60 nm, the approximate etching rate is around 0.066 nm/s. The presence of carbon contamination at the interface, Figure 5-8, can be justified by the exposition of CuCrO2 to open-air between the two deposition processes. On this figure, we can also observe that the CuCrO2 layer, between 900 to 1200 s is characterized by a deficiency of oxygen, coherently with the results obtained by RBS reported in Section 3.2.1. The fitting of the XPS spectra allowed us to quantify the atomic content for each element as a function of the etching time; these results are reported in Figure 5678. From these quantifications, we can conclude that our layers are chemically stable with no interdiffusion among the films. This can be explained through the low deposition temperature used for the synthesis of ZnO, which prevents any diffusion of elements from the p-type TCOs to the n-type one. Moreover, this is in agreement with the results for the Cu0.66Cr1.33O2/ZnO junctions, where the authors demonstrated that even after annealing at 700°C, the layer would not interdiffuse 15 . This is also coherent with findings 

Chapter VI: Concluding summary and prospects

In the presented Ph.D. thesis, we propose CuCrO2 films as a candidate to fulfill the lack of transparent p-type semiconducting oxide thin films. We successfully synthesized two promising copper-based delafossite thin films, focusing on the improvement of the optical and electrical properties of these materials and we demonstrated their applicability through the integration into organic solar cells and transparent diodes.

Concluding summary

A preliminary optimization was performed to establish the effect of the deposition temperature over the properties of CuCrO2 thin films by aerosol-assisted metal-organic chemical vapour deposition. A deposition temperature of 350°C was selected because it is the lowest temperature for which the synthesis of crystalline delafossite phase was achieved while representing the optimal trade-off between optical and electrical properties.

The minimization of the temperature while guaranteeing good optoelectronic properties may be extremely attractive for the possibility to deposit these thin films over flexible or thermal sensitive substrates. Moreover, this study evidenced that the composition of the films has also a strong influence on the electrical properties of the films. Based on these results, the effect of the incorporated cationic ratio in the film i.e. Cu/(Cu+Cr) on electrical and optical properties was analysed at the optimal deposition temperature. We demonstrate the synthesis of two different promising candidates as highly conductive p-type oxides. with values around 2200 µS, comparable with the greatest ever reported for this material.

single-phase

The enhancement of the electrical properties for these thin films, when compared to the stoichiometric compound, is attributed to the synergetic improvement of their crystallinity and the formation of intrinsic dopant, believed to be Cu in antisite defects, CuCr. properties. This will strongly promote the development of new performant and sustainable organic photovoltaic devices.

Nanocomposite

The first studied approach was called hard procedure, which involved the use of hydrochloric acid, leading to strong modifications of the properties of the recycled HTL.

The assembly of new cells over the hard-recycled functionalized substrate leads to an enhancement of the efficiencies, from 2.3% to 2.8% after the recycling procedure.