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Résumé
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General Context

Renewable energy sources are of great interest to produce the green energy required to meet all human beings' needs without polluting our planet. The ability to produce ecofriendly and sustainable power is decisive for the present and future generations. The global energy supply is mainly dominated by conventional non-renewable energy sources, having a share of 86% in 2018 and which is expected to diminish by only 9% in 2050 1 . While the global energy demand has depicted a slight decline by 4% in 2020, mainly caused by the covid-19 pandemic and being the largest decrease since World War II, the resumption of normal life activities will induce an increase in energy demand, following the pre-pandemic trend. This is indeed confirmed by a recent report from the international energy agency in which they predict a drastic increase in energy demand in 2021 by 4.6% (0.5% above pre-covid restrictions) and even further in the following years 2 . Another factor that is also likely to rebound is carbon dioxide emission since it will reach back to its initial observed level in the 2019 peak 2 . All these factors are a strong indication that energy is more than ever a main asset in the world and much care needs to be addressed in the way in which it is produced. Towards the objective of reducing the dependency on conventional energy sources, many efforts are dedicated to developing emerging and eco-friendly technologies that could cover a big share of the energy demand. Among the different renewable energy sources, the sun is a natural source that is virtually unlimited and indispensable to life while providing a substantial amount of energy to the earth. In particular, the photovoltaic effect, first discovered by Edmond Becquerel in 1839 while performing pioneering studies of color photography in 1848 3 , represents a potential candidate to achieve this purpose. Moreover, the total installed worldwide solar capacity has increased drastically by an average value of 100 MW in the last five years as shown in Figure 1. 1. This represents a percentage of 25% with respect to the total installed renewable capacity in 2020 4 . Indeed, photovoltaic technology is a very promising alternative to other conventional energy sources. However, it accounts only for ~3% of worldwide energy consumption 3 . The main reason behind this low value is that the technology still faces several challenges related to device development and large scale deployment. Another apparent issue is its cost when comparing it to other existing technologies such as coal and oil. Intermittence represents also a relevant issue related to this technology. This is overcome by the utilization of batteries, a field that presents also an intense development. Thus, the need for a competitive and effective solar technology based on abundant resources is desired so that it can cope with the evolution of the worldwide energy demand, while limiting the stress over the natural resources. This would need to be supplemented with the recycling and storage aspect to allow a proper spreading of the technology in the rural areas and increase its use in our daily life. This is more relevant when integrating the technologies to buildings and district scales following the aim of the EcoSESA project which is producing knowledge, concepts, and methods to rethink the planning and governance of urban energy system and their components.

To achieve this purpose, the focus should be oriented towards the investigation and study of several emerging devices starting from the material to the structural level. In fact, the output results of a solar cell will depend on several criteria i.e. the semiconductor materials whether p-type or n-type forming the junction, microstructural/material quality, point defects, interface formed between the different layers, and structure of the device itself. For that, high-quality films are needed with a full understanding over their fundamental properties (absorption and recombination) to maximize efficiency. The formed junctions between two semiconductors with different conductivity will generate electricity upon absorption of the photon energy brought by sunlight and/or indoor illumination. Different solar photovoltaic technologies are known so far (at the industry and research level) whether based on crystalline silicon for the case of the mono and polycrystalline wafer-based structures or amorphous silicon thin-film solar cells based on multi-junctions. Another potential technology is based on highly absorbing thin films, conventional existing ones being copper indium diselenide, cadmium telluride, or a-Si, while emerging ones such as organic PV, perovskites, are also gaining much importance. A combination of different technologies is also made possible thanks to the tandem concept 5 . The renewable share in energy use for the building sector is reported to have a percentage of 36% in 2015 and is expected to grow until it reaches a value of 81% in 2050 6 (we should keep in mind that these values could have been impacted by the pandemic situation). Still, the integration of solar technologies into different architectures is an asset towards achieving the goal of increasing the renewable energy share and diminishing the impact of non-renewable resources. Finally, metal semiconducting oxide thin films are key components not only for photovoltaic devices but also quite significant in other optoelectronic applications such as photodetector and photo-catalysis. All-oxide solar cells represent also one of the expected arising technology 7 . Moreover, it promotes several advantages such flexibility of the cells and ability towards integrating them into different complex forms i.e. glazing or building. Thus, metal oxide semiconductors with great abundance in nature, low-cost fabrication process, and chemical stability are required towards efficient p-type oxide for photovoltaic applications 8,9 . While n-type semiconductors present optimum transport properties, the implementation of transparent electronics is hindered by the lack of p-type oxides with transport properties comparable to their n-type counterpart. The inferior performance of p-type oxides is due to much lower mobility values mainly due to the large hole effective masses 10 . Additionally, p-type films suffer from flat bands that are triggered by the localized oxygen p-orbitals of the valence band 11,12 . Another reason regarding their scarcity is that the valence bands of the oxides are low in energy which promotes the compensation of formed and/or intrinsic defects, i.e. oxygen vacancies 13 . The field of p-type semiconductors has recovered attention lately and until now the main question that remains is: How could we control the formed defects that are a key point in the p-type metal oxides towards producing efficient oxide ptype semiconductor for optoelectronic applications?

To answer this question is not that easy and will need further time and effort at the research scale. Clearly and thanks to the several groups working in the field, numerous advancements have been carried out to explain the different mechanisms of the p-type semiconductors 10 . This will be discussed in more detail in the next section. Likewise, promising p-type candidates with stable phases "binary oxides" have been selected from the literature by comparing the Fermi level at top valence and their respective hole effective mass as shown in (Figure 1. 2) 13,14 . The number of existing p-type binary oxides is observed to be limited to six metal oxides: Cu2O, CuO, Cr2O3, NiO, MnO, and SnO 13 . Additionally, p-type Cu2O and CuO reveal to be abundant which makes it the most promising candidate as a p-type semiconducting binary oxide. Furthermore, the copper compounds offer the unique possibility towards tuning their material phase from the semiconducting phase to metallic compounds. Thus, copper-based materials and Cu2O, in particular, are of great interest for optoelectronics applications since Cu2O thin films offer several attributes in terms of abundance and absorbance with predicted efficiencies of ~20% for a single junction according to Schockley-Queisser limit (SQL) 15,16 . Nevertheless, several factors limit the energy conversion of Cu-based solar cells. The structure of the junction, the quality of the charge collector, the absorption coefficient, and the main important factor is the interface quality. Thus, the depletion layer should be free of parasitic tunneling current and recombination due to the form defects at the interface. Adding to that, there will be always a contribution of the series and shunt resistance that is created while optimizing the devices. All these reasons contribute to the obtained low efficiency values so far in the literature and therefore provide a piece of strong evidence that there is room for improvement and optimization at the material level as well as device fabrication. Following this purpose, the photovoltaic performance based on our films will be evaluated. Thus, the following part demonstrates an overview from the fundamentals until the application to all-oxide and heterojunction solar cells.

In the next sections of the introduction, we will present the motivation behind using Cu2O and CuO films in photovoltaic application. Further, a bibliography summary on Cu2O and other relevant Cu-based compounds with an explanation over their fundamental properties is described as well. Then, we will present the basic working principle of solar cells in general and all-oxide solar cells in particular. We will also cover a part of the usage of p-type semiconducting oxide as an absorber in all-oxide solar cells and as a hole transporting layer in silicon heterojunction solar cells. Last, we will state the aim and the outline of this work.

Towards Efficient Cu-based p-type Oxide Semiconductors

Cu2O Thin Films as a Potential Candidate for photovoltaic applications

All-oxide solar cells represent an alternative, low-cost, and non-toxic technology, combining two or three oxides in one stack 17 . In particular, cuprous oxide thin film is a promising candidate for alloxide solar cells since it provides a high optical absorption with a bandgap around 2.1 eV. Further, the Shockley-Queisser theory predicts that the theoretical efficiency of Cu2O based solar cells is over 20% under AM1.5 solar illumination 15,16 . The Cu2O thin film is often combined with n-type ZnO metal oxide due to the suitable band alignment and the lack of good n-type Cu-based thin films 18 .

Figure 1. 3. Abundance Elements in Earth Crust extracted (from Wiley) 19

Another advantage of integrating this technology is that copper, as well as zinc, are quite abundant in nature, yet not as much as silicon, since still silicate is the most abundant element of minerals in the crust. However, the requirements of thick Si wafers "around 180 µm" due to the low absorption coefficient as well as the high-temperature processing induce an increase of the (c-Si) crystalline silicon's cost. It is worth mentioning that the silicon thickness could be reduced to 100 µm to keep an acceptable absorption and good mechanical resistance. Copper and zinc are known as the 26 th and 24 th most abundant element in the earth's crust as shown in Figure 1. 3 but it should also be mentioned that the extraction cost of these particular materials from limited mines is exponentially increasing while the metal content decreases.

Furthermore, an MIT study published very interesting results on the abundance and the cost of the distinctive raw materials versus the material intensities that take into account typical device structures and absorber compositions, assuming 100% material utilization, manufacturing yield, and current record lab-cell efficiencies as shown in Still, the growth methods are widespread and several are applied to develop the metal oxides, i.e. electrodeposition, thermal oxidation, pulsed laser deposition, solution-processing, sputtering, and so on 17,21 . In fact, the number of papers related to Cu2O thin films is gaining great momentum since the number of publication covering this field in the last 15 years have been increasing drastically from 160 publications until 1100 publications lately as revealed by the data taken from Web of Science (Figure 1. 5). The formed natural crystals of Cu2O can be found worldwide and researchers are developing it in the form of thin films/nanoparticles with different approaches, i.e. thermal oxidation of copper sheets, using melt or floating zone growth, as well as hydrothermal growth 21 . There are several techniques to grow or deposit Cu2O thin films with different optical and electronic properties. The thin films/nanostructured Cu2O, that are prepared with different approaches in the literature, display different parameters as summarized in Table 1. 1. It can be seen that a large number of works that grow copper oxides with different techniques are used for applications in optoelectronics and photovoltaic solar cells. Concerning deposition temperature, while is observed that high temperatures are conventionally used for thermally oxidized oxide from metallic copper (~ 1000 °C), the lowest temperatures are attributed to ALD and electrodeposition techniques (45 °C -220 °C). Most importantly, transport properties are revealed to vary as well from one method to another showing different mobility, resistivity, and hole charge density.

The carrier concentration may differ from the total number of defects since not all of them are ionized to produce holes 22 . The defects are then very important to identify and understand while developing the Cu2O thin film so that an in-depth understanding of the physiochemical properties of the film can be harnessed. Adding to that, the different approaches could promote different oxidations states and thus other material phases such CuO and/or metallic copper [START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF] . Cu2O in particular is revealed to be thermodynamically stable [START_REF] Soon | Thermodynamic stability and structure of copper oxide surfaces: A first-principles investigation[END_REF] . In fact, the slow oxidation kinetics to form CuO at room temperature proves that the metal oxide is indeed quite stable and could be easily applied to different fields [START_REF] Tertian | Transformations in thin foils of cuprous oxide as observed in an electron microscope[END_REF][START_REF]Stable mineral assemblages of anhydrous copper and iron oxides[END_REF] . Still, other phases are also of great interest since they will allow more flexibility for the applied applications thanks to the different properties and display optical absorption. New and scalable deposition techniques are needed to achieve the goal of controlling and understating the properties of metal oxides aimed to be integrated into photovoltaic applications. Following this purpose, conventional atomic layer deposition, as well as chemical vapor deposition, have been used extensively for thin-film deposition of ZnO 47 and Cu2O 21 in academia as well as in industries following different fields. ALD has been first introduced as atomic layer epitaxy by Suntola and Anstson in 1977 to deposit ZnS for panel display applications [START_REF] Suntola | Method for Producing Compound Thin Films[END_REF][START_REF] Puurunen | Surface chemistry of atomic layer deposition: A case study for the trimethylaluminum/water process[END_REF] . Right after, the name was modified to atomic layer deposition since metal and metal oxide are not always needed to grow epitaxily [START_REF] George | Atomic layer deposition: An overview[END_REF] . This technique relies on the spatial separation of precursors that are continuously injected in different locations (always separated by an inert gas) before reaching the sample. This allows the reaction with different substrates through a self-limiting process that grows one monolayer after the other. Despite the several advantages of this growth method, ALD represents a quite expensive technique since it is often based on vacuum processing and in most cases considered as a long process of deposition [START_REF] George | Atomic layer deposition: An overview[END_REF][START_REF] Leskelä | Review Article: Atomic layer deposition of optoelectronic materials[END_REF][START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF] . As an alternative, the AP-SALD reveals to be a favorable candidate to achieve a fast and scalable deposition of thin-film providing similar quality as the conventional ALD [START_REF] De La Huerta | Gas-Phase 3D Printing of Functional Materials[END_REF] . In particular, this technique relies on a continuous and spatial injection of gases (metal precursors, oxidants, and inert gas barrier) at different locations. As the sample is exposed to the different regions, the standard ALD cycle is reproduced. Because no purge steps are needed, SALD can be up to two orders of magnitude faster than ALD. This approach represents, in our case, a novel technique to fast-print low-cost metal oxide and in particular p-type Cu2O thin films for optoelectronics application.

Cuprous Oxide: Fundamental and Material Properties

History of Cu2O semiconductor. Cu2O is the oldest semiconductor known in history, way before silicon and germanium started to emerge, and a fundamental understanding of semiconductors (Bose-Einstein condensation and excitonic properties) was based on this particular binary oxide. Cu2O presents several advantages with a bandgap of 2.1 eV that, according to the Schockley-Queisser limit (SQL), predicts ~ 20% efficiency for single-junction solar cells 16 . It is worth mentioning that this value is assumed for an ideal case involving only a single junction structure and so far current data report poor efficiencies. In real devices, Cu2O needs to be combined with n-type semiconductors since n-Cu2O is hard to achieve due to self-compensation [START_REF] Korzhavyi | Literature review on the properties of cuprous oxide Cu2O and the process of copper oxidation[END_REF] . The first patent was filled in 1925 [START_REF] Grondhal | A New Electronic Rectifier[END_REF][START_REF] Grondahl | Unidirectional Current Carrying Device[END_REF] and then from 1926 [START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF] , the first work starts to be achieved on solar cells based on this particular material. The material has not gained great attention since then. Nevertheless, there is a renewed interest lately in Cu2O due to its integration ability to several optoelectronic applications with several emerging growth techniques.

Crystallographic Structure. Cu2O (known as "cuprum" in Latin) crystallizes in a simple cubic Bravais lattice (Pn-3m, 244 th space group) as shown in Within the structure, two interpenetrated networks are presented and are not connected through primary (chemical) bonds but instead forced by electrostatic interaction triggered by van der Waals forces. This is due to the absence of ioniccovalent bonds between the O 2-and Cu + ions which promote a loosely bond interaction as shown in Electronic Properties and the Role of Defects. Oxides tend to be by nature cation-deficiency with a more positive oxidation number as it can be expressed by the general equation for most of the binary metal oxides (p-and n-type) [START_REF] Kofstad | Diffusion, and Electrical Conductiv-ity in Binary Metal Oxides[END_REF] . Following this theory, the p-type conductivity of the cupric oxide is induced by the formation of copper vacancy in the normal and split configuration as shown in the following equation.

𝐶𝑢(𝐼) → 𝑉 𝐶𝑢 + 𝑉 𝐶𝑢,𝑠𝑝𝑙𝑖𝑡 + 𝑛 𝑝 (1.1) where VCu is the vacancy of copper, np is the generated holes. The split configuration represents the displacement of the copper atom towards a normal copper vacancy site by half the distance between the Cu-Cu bonds [START_REF] Wright | Theory of the copper vacancy in cuprous oxide[END_REF] . The split and normal configurations of a copper vacancy are presented in Figure 1. 7. Indeed, the conductivity is caused by the oxygen excess or/and metal deficit that induces a nonstoichiometric structure of the material [START_REF] Kofstad | Diffusion, and Electrical Conductiv-ity in Binary Metal Oxides[END_REF] . Likewise, the formation of (VCu) and (VCu,split), which have both lower energy formation (stable conductivity induced by a small acceptor ionization energy) tends to form shallow holes produced in the thin film [START_REF] Wright | Theory of the copper vacancy in cuprous oxide[END_REF] . This is also due to the presence of an anti-bonding state of Cu (I) (d 10 ) orbitals at the valance band maximum, which results in less electron density between the nuclei. In general, the optical and electronic properties of metal oxides are the result of non-stoichiometric defects. The possible intrinsic defects formed in the crystal lattice of this particular oxide structure are CuO and OCu antisites, Oi and Cui interstitials as well as vacancies, such as VCu and VO [START_REF] Wu | LSDA+U study of cupric oxide: Electronic structure and native point defects[END_REF][START_REF] Aggarwal | Intrinsic acceptorlike defects and their effect on carrier transport in polycrystalline Cu2O photocathodes[END_REF] . Cu2O can also host other complex defects that are reported in the literature such as Frenkel defects (VCu-Cui) and (VO-Oi) and Schottky defects (2VCu-VO) that are considered as stoichiometric (their presence does not modify the stoichiometry) [START_REF] Biccari | Defects and Doping in Cu2O[END_REF][START_REF] Porat | Defect chemistry of Cu2-yO at elevated temperatures. Part II: Electrical conductivity, thermoelectric power and charged point defects[END_REF] . On the other hand, the p-type conductivity in the metal oxide is intrinsically stable due to the lack of potential hole killers. As a result, the cation vacancies have no donor level inside the bandgap (high formation energy with respect to hole producer) which thus prevents their compensation 22 .

The formation energies of defects in intrinsic cuprous oxide are shown in Figure 1. 8. The role of the polaronic behavior promoted by VCu as well as their impact on the conductivity of Cu2O thin films and single crystals is well documented [START_REF] Scanlon | Acceptor levels in p-type Cu2O: Rationalizing theory and Experiment[END_REF][START_REF] Nolan | The p-type conduction mechanism in Cu2O: A first principles study[END_REF][START_REF] Brattain | The Copper Oxide Rectifier[END_REF][START_REF] Elliott | Symmetry of excitons in Cu2O[END_REF] . Copper vacancies in the normal and split configuration have been demonstrated to act as acceptor defects with low formation energy compared to other defects both in a rich or poor oxygen atmosphere (Figure 1. 8) 22,[START_REF] Scanlon | Acceptor levels in p-type Cu2O: Rationalizing theory and Experiment[END_REF] . Further, their role was found to be essential to the conduction properties of the films [START_REF] Nolan | Tuning the electronic structure of the transparent conducting oxide Cu2O[END_REF] .

Thus, the tailoring of the transport properties seems very challenging due to the weak control over the formation of low energy non-stoichiometric defects (VCu and VCu,split) in the different deposition techniques. S. Han et al. studied the conduction mechanism and the tuning of copper vacancy density in Cu2O thin films and demonstrated that copper vacancy concentration seems to decrease with a high-temperature post-annealing treatment in a vacuum atmosphere, which limits the grain boundary conduction and induces trap-limited conduction mainly in the film. Nevertheless, the presence of the split configuration has not been assessed in this work with respect to normal vacancy sites [START_REF] Han | Analysis of the Conduction Mechanism and Copper Vacancy Density in p-type Cu2O Thin Films[END_REF] . Several studies have shown that the oxidation from Cu2O to CuO phase could be easily promoted prior to an increase of annealing or deposition temperature. This is mainly explained by the oxidation mechanism of the Cu 1+ to Cu 2+ species [START_REF] Resende | Resilience of cuprous oxide under oxidizing thermal treatments via magnesium doping[END_REF][START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] .

On the other hand, introducing extrinsic defects could be considered as a feasible route towards adjusting the numerous properties of the films. Several candidates have been selected and studied to incorporate them within cuprous oxide thin films, such as calcium [START_REF] Jacob | Improving the conductivity of cuprous oxide thin film by doping Calcium via feasible nebulizer spray technique for solar cell (FTO/ZnO/Ca-Cu2O)[END_REF][START_REF] Zhan | Critical Roles of Doping Cl on Cu2O Nanocrystals for Direct Epoxidation of Propylene by Molecular Oxygen[END_REF] , nitrogen [START_REF] Li | Probing defects in nitrogen-doped Cu2[END_REF] , chlorine [START_REF] Biccari | Chlorine doping of Cu2O[END_REF] , magnesium [START_REF] Resende | Resilience of cuprous oxide under oxidizing thermal treatments via magnesium doping[END_REF][START_REF] Kardarian | Effect of Mg doping on Cu2O thin films and their behavior on the TiO2/Cu2O heterojunction solar cells[END_REF] , and nickel [START_REF] Zhang | Acceptor-Doping Accelerated Charge Separation in Cu2O Photocathode for Photoelectrochemical Water Splitting: Theoretical and Experimental Studies[END_REF] . Further, n-type doping of Cu2O was also investigated and is claimed to be achieved by incorporating fluorine, bromine, and chlorine interstitials as a substitution of oxygen atoms and forming a donor level inside the metal oxide [START_REF] Bai | N-type doping in Cu2O with F, Cl, and Br: A firstprinciples study[END_REF] . Still, David O. Scanlon et al. have demonstrated that further work needs to be achieved to clarify the defect chemistry behind the ntype conductivity source in Cu2O thin films 18 . All these studies provide an insightful understanding of the extrinsic defect formation within the metal oxide with its impact on the transport and other physicochemical properties. Even though, the tuning of extrinsic defects may alter the metal oxide completely without providing control over the shallow holes (especially non-stoichiometric defects that are responsible for the conductivity in the cuprous oxide thin film). This will restrain a complete control over the formed intrinsic defects in cuprous oxide and thus its fundamental properties. All these studies provide an insightful understanding over the properties of Cu2O, which will allow optimizing the film quality towards its integration into photovoltaic based devices.

Photovoltaic Solar Cell: From Fundamentals to Applications

The increasing worldwide energy demand needs potential technologies such as emerging photovoltaic technologies to cope with this evolvement. Binary p-and n-type oxide materials integrated into all-oxide solar cells offer great potential as low-cost photovoltaic devices. In this section, the working principle of solar cells will be presented, and then an overview of the all-oxide architectures and the p-type hole transport layer for different structures mainly focused on silicon heterojunction solar cells will be given.

Working Principle of Solar Cell

The photovoltaic effect was first discovered by Edmond Becquerel in 1839 by exploring the effect of solar light absorption on coated electrodes with copper and silver halides [START_REF] Becquerel | Mémoire sur les effets électriques produits sous l'influence des rayons solaires[END_REF] . From there, it took 44 years to have the first working solar cell based on Cu/Se film interconnected with gold electrodes [START_REF] Fritts | On a new form of selenium photocell[END_REF] and 45 years more to have a properly installed solar array [START_REF] Mouchot | La chaleur solaire et ses applications industrielles[END_REF] . The in-depth studies on the semiconductor materials and the implementation of new technologies such as Silicon cells and tandem structures give a new aspect to the solar cell technology and thanks to that, emerging structures and devices are now studied and developed to allow a proper integration for future applications. Before going into details, it is worth coming back to the fundamental properties and working principle of a solar cell. As stated by its name, photovoltaic, as explained by quantum physics, is the direct conversion of the sun light into electricity. The photon coming from the sunlight is characterized by a wavelength denoted as λ. The photon energy (Eph) thus is inversely to the light wavelength where h ~ 6.62.10 -34 J.s is the Planck's constant and c ~ 3.10 8 m/s as the speed of light, as shown in equation (2).

𝐸 𝑝ℎ = ℎ𝑐 𝜆 (1.2) To achieve a proper conversion of the photon to electrical energy, the use of p-type and n-type semiconductors is essential. The two materials are combined to form a p/n junction which therefore frames a depletion layer and an electric field allowing charge collection as shown in Figure 1. 9. a. The figure reveals the three main mechanisms occurring while converting photons to electricity that can arise with a p/n junction with the same or different materials. The three main steps are listed below:

 First step: the incident light is coming from the sun with a certain energy and then generates an electron-hole pair for photon energy higher than Eg.  Second step: After to the light excitation, the electrons-hole pair thermalizes and relaxes to the band edges.  Third step: the electron and hole diffuse to the metallic contact, which requires a proper built-in asymmetry and proper work function alignment. Another important aspect is the properties of the semiconductor materials used for the PN junction since the absorption of light should be optimized as much as possible to allow a proper charge separation of the e --h + pair.

Also, this parting is done only once the incident photon has greater energy than Eg (Eph>Eg). This is shown by Figure 1. 9. b. in which the solar spectrum is revealed with an AM1.5 Global solar spectrum which is the standard reference and depicts an integrated power of 1000 W/m². The figure shows also a green part that describes the photon that is being converted, the yellow part is related to the excess energy induced by the photo-generated electrons that have energy Eph greater than Eg. The red part shows the non-absorbed photons due to the lower Eg. This analysis is confirmed by the Schockley-Queisser limit that analyzed the limitation of the photovoltaic energy conversion [START_REF] Guillemoles | Guide for the perplexed to the Shockley-Queisser model for solar cells[END_REF] . The bandgap has a great contribution to the output parameter of the cell as revealed by the model of energy conversion as a function of the optical bandgap of the semiconductor shown in Figure 1. 10.

Figure 1. 10 shows also the fraction of the incident solar radiation as a function of the material band gap. One can observe that the output power as predicted by the Schockley Queisser limit for band gaps is around 1 eV to 2.2 eV ranging from 20 % to 32%. This figure also presentes that an achievable efficiency so far is still below the theoretical Carnot efficiency value of 95%-85% extracted from the thermo dynamic approach. Another conclusion that could be drawn out of this graph is then the role of the optical bandgap and absorption coefficient of the material as stated previously. As an example, silicon has a bandgap of 1.12 eV, which is considered a promising absorber. The absorption of the photon is less efficient though due to the indirect bandgap of the material and thus needs a high thickness to act as an efficient absorber. Several works are done towards reducing the thickness of silicon while keeping similar output results as for thicker cells. [START_REF] Sekkat | Silicon Foils on Aluminium Substrates Structures for Solar Cells[END_REF] Similarly, the tandem concept is considered as a good compromise to integrated thin silicon layers with plenty of different structures. Other materials with direct bandgap such as (GaAs, InP, or Cu2O) could promote high absorption efficiency and thus will not require thick layers to collect the incident light towards charge separation occurring at the cell level.

Under dark and illumination, the solar cell exhibits different behavior since under dark the current is generated via the applied voltage while under illumination is coming from the photogeneration of e --h + pairs. The IV characteristic of the cell is very important since it conveys much information on the performance and output results. The illumination provides a shifting effect between both curves under dark and illumination to the fourth quadrant, which allows a proper power extraction as shown from Figure 1. 11. a. This is represented by the following equation (neglecting resistive effects):

𝐼 = 𝐼 𝑝ℎ -𝐼 0 [𝑒 ( 𝑞𝑉 𝑛 𝑖𝑑 𝑘𝑇 𝑐𝑒𝑙𝑙 ) -1] (1.3)
where Iph is the light generated current and nid is equal to 1 or 2 depending on recombination/diffusion mechanism, q is the elementary charge. At low voltage, the light generated Iph dominates the dark saturation current I0 and then the equation under illumination becomes as follow:

𝐼 = 𝐼 𝑝ℎ -𝐼 0 [𝑒 ( 𝑞𝑉 𝑛 𝑖𝑑 𝐾𝑇 𝑐𝑒𝑙𝑙 ) ] (1.4)
The open-circuit voltage corresponding to I=0 is given by the following equation:

𝑉 𝑂𝐶 = 𝑛 𝑖𝑑 𝑘𝑇 𝑞 ln ( 𝐼 𝑝ℎ 𝐼 0 + 1) (1.5)
Plotting the above equation leads to an IV curve. To evaluate the performance of the solar cell, all these parameters are significantly important to compare between different devices and architectures. It has also a great impact on defining the different variables of solar cells by calculating the power which is the current times the voltage. The maximum power point represents the highest achieved output power Mpp. The fill factor is thus another essential parameter which is represented as the ratio between the Mpp and the conjunction of the short circuit current density Jsc (at V=0) and open-circuit voltage Voc as shown in Figure 1. 11. c. The commonly used parameter to compare the performance of different solar cells is the efficiency. It is noted as the ratio between Mpp coming from the solar cell (represented as the maximum power) over the input Power Pin given by incident light coming from the sun. The latter is represented as the following:

ƞ = 𝑀 𝑝𝑝 𝑃 𝑖𝑛 = 𝐽 𝑠𝑐 𝑉 𝑜𝑐 𝐹𝐹 𝑃 𝑖𝑛 (1.6)
While citing the most common known parameters i.e. optical absorption, recombination, charge separation, and output results, we should also provide a brief outlook of the electrical properties of semiconductor materials. Mobility and lifetime are both important parameters to consider while assessing materials for solar cell application since the first term depicts the ability of the carriers to move within the semiconductor under an electric field while the second term reveals the average time a carrier will spend after being generated and being recombining. Overall, to optimize the layers used for the photovoltaic application, one should improve both parameters. Other parameters that are notable in the field are the quantum efficiency of the cell as well as its spectral response. Both might be given as a function of wavelength or energy and while the first term represents the efficiency in converting incident photons into electrons, the second one promotes the effectiveness of the generated current with respect to incident power on the solar cell. Another important aspect is the antireflective coatings i.e. SiOx, SiNx, and passivation layers i.e. Al2O3 that are widely used for silicon solar cells.

Applications of Oxide Thin Films as Components in Solar Cells: Transport layers and All-Oxide Solar Cells

Several technologies have been proposed in the market starting from the first generation solar cells until now. The first generation was known to be mainly composed of single-junction devices with high-quality crystalline silicon followed by technologies based on emerging/conventional thin films. To sum up, the photovoltaic technologies can be separated into three main distinct parts as shown in Figure 1. 12: the first axis is known as wafer-based which is composed of crystalline silicon whether multi-or mono-crystals. The second part is composed of conventional known thin films, i.e. CdTe or CIGS, and then emerging ones known as (OPV, PKs, QDs, and DSCs). A combination of all the generations can be done to produce tandem concepts based whether on thin films and/or wafer-based technologies 5 . Recently a new field has emerged into the thin film section that focuses on solar cell devices all based on metal oxide semiconductors. Several semiconducting metal oxides i.e. Cu2O and ZnO, fulfill several criteria desired for the photovoltaic field starting with their non-toxicity, abundance, chemical stability, and most importantly low-cost fabrication that is more and more needed to meet the global energy demand [START_REF] Ru | All-oxide photovoltaics[END_REF] . They have also been explored as actual absorbers and/or hole and electron transporting layers in solar cells based on silicon, perovskite, and other structures [START_REF] Ru | All-oxide photovoltaics[END_REF][START_REF] Mahmood | Current status of electron transport layers in perovskite solar cells: materials and properties[END_REF] . The hole transporting layers such as Spiro-OMeTAD, PEDOT:PSS, Cu2O, CuO, NiOx, and P3HT grown by spin coating or solution-based deposition is widely incorporated into perovskite solar cell [START_REF] Kung | A Review of Inorganic Hole Transport Materials for Perovskite Solar Cells[END_REF][START_REF] Li | A brief review of hole transporting materials commonly used in perovskite solar cells[END_REF] . Similarly, electron transporting layers i.e. SnO2, WO3, TiO2, and ZnO demonstrate to be necessary for such technology [START_REF] Mahmood | Current status of electron transport layers in perovskite solar cells: materials and properties[END_REF] . The introduction of metal oxide induces certain flexibility and ability to tune the energy band diagram which allows a better charge separation and collection. The metal oxide could be incorporated also into CIGS, QDs, OPV, and other technologies [START_REF] Neugebohrn | Improved Metal Oxide Electrode for CIGS Solar Cells: The Application of an AgOX Wetting Layer[END_REF][START_REF] Gershon | Metal oxide applications in organic-based photovoltaics[END_REF][START_REF] Kumar | Functionalized metal oxide nanoparticles for efficient dye-sensitized solar cells (DSSCs): A review[END_REF] . Their usage is mainly for charge transport and could also be integrated as the electrode for charge collection in different structures. On the other hand, silicon heterojunction solar cell combines thin hydrogenated amorphous silicon (a-Si:H) layers with a crystalline silicon absorber using whether interdigitated back contact (IBC) or both side contacts (BSC) architectures [START_REF] Yoshikawa | Exceeding conversion efficiency of 26% by heterojunction interdigitated back contact solar cell with thin film Si technology[END_REF][START_REF] Green | Solar cell efficiency tables (version 51)[END_REF][START_REF] Yoshikawa | Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26%[END_REF][START_REF] Qiu | Front contact optimization for rear-junction SHJ solar cells with ultra-thin ntype nanocrystalline silicon oxide[END_REF][START_REF] Dewolf | High-efficiency silicon heterojunction solar cells: A review[END_REF] . The amorphous layer acts as a passivation layer but also a hole or electron transport layer in these particular structures. It promotes also several advantages in terms of transparency with a wide band gap [START_REF] Steffens | Correlation between the optical bandgap and the monohydride bond density of hydrogenated amorphous silicon[END_REF][START_REF] Abdulraheem | Optical bandgap of ultra-thin amorphous silicon films deposited on crystalline silicon by PECVD[END_REF][START_REF] Kyaw | Heterojunction solar cells[END_REF] . Nevertheless, the layer depicts several drawbacks such as low conductivity and induced parasitic absorption at the front side of the cell [START_REF] Reiter | Parasitic Absorption in Polycrystalline Si-layers for Carrier-selective Front Junctions[END_REF][START_REF] Sahraei | Investigation of the optical absorption of a-Si:H solar cells on micro-and nano-textured surfaces[END_REF][100][101][102] . As a result, different works are focused on exploring other alternatives based on oxide and alkaline metals to enhance those parameters and obtain low surface recombination velocities and high carrier selectivity, and low resisitivity [103][104][105][106] . Metal oxides seem to be a promising alternative as a potential component that allows flexible tunability of several parameters on the optical and electronic properties.

Besides, metal oxide thin films are used also in a completely different way by integrating it as the main absorber in a solar cell. For that and to achieve a proper structure and efficient charge collection, several criteria need to be taken into account while choosing the metal oxide as listed below [START_REF] Ru | All-oxide photovoltaics[END_REF] :

(i)
The band gap should be in the range of the predicted theoretical efficiency limit

(ii)

The metal oxide should exhibit a high optical absorption and its inverse should be shorter than the minority carrier diffusion length which represents the average distance a carrier moves before recombining.

(iii) The band alignment should respect a certain continuity between the valence and conduction band, whether between the p-and n-type semiconductor or the metal oxide and electrodes responsible for charge carrier collection

As shown in Figure 1. 13, a non-optimized structure at the left part shows under dark and illumination in a). & c). result in discontinuities between the conduction and valence band promoting an offset of ΔECB and ΔEVB. This offset would lead to discontinuities between the absorber and the front and back contacts. Thus, enhancing the band alignment will increase the photovoltaic voltages of the cell as shown in b). & d). To achieve the above, one should dedicate a lot of effort in choosing the suitable metal oxide displaying the desired electronic properties. Further enhancement could also be done by performing a simulation study to predict the effect of several variables and parameters during experimental work.

Aim and Outline of the Thesis

As shown above, metal oxides are very appealing materials for different applications, but their efficient integration depends both on finding cheap, scalable, and high throughput deposition methods and on the ability to control their properties. In this thesis, the aim is to develop low-cost p-type, namely, cuprous oxide (Cu2O), and explore their use as an absorber in all-oxide solar cells and as hole transporting layers for silicon heterojunction solar cells using an innovative and scalable approach known as AP-SALD. The CuO and metallic Cu films are also of great interest while being integrated accordingly to different applications used for novel studies. This work is co-supervised by three laboratories within the framework of the EcoSESA project: LMGP, IMEP-LAHC, and SIMAP. The cross-disciplinary project aims to generate innovation in ways a mono-disciplinary framework cannot through taking into account the societal challenges of the energy transition, extend the notoriety of Grenoble in social sciences, increase the capacity to develop deployable innovations and, hence, strengthen Grenoble's worldwide leadership in the field. Following this objective, a comprehensive investigation is performed on the material science part of the cuprous oxide thin film with an in-depth inquiry on the formation defect since it is crucial to the integration at the device level in the building integrated photovoltaic technology. This has been organized as follows:

The second chapter presents the growth technique used for this work which is the AP-SALD technique with a description of the working principle of the chemical growth process, CVD and ALD. The main characterization techniques used in this thesis are also described with more insight into the positron annihilation lifetime spectroscopy technique.

The third chapter presents a study of cuprous oxide thin film using a metal precursor that has not been used in a chemical-based approach. The effect of the different parameters and the deposition temperature was studied by assessing the material, optical, and electrical properties of the film. A correlation between formed defects and transport properties is also carried on.

To have a further understanding of the defect formation of the film and to further tune its transport properties, the fourth chapter aims at discovering the limiting factor for the film conductivity and understand the mechanism of the defect formation. An in-depth understanding of the formed defects in the films after oxygen doping is conducted. Thanks to DFT calculation and the acquisition made by the positron annihilation lifetime spectroscopy. At the end of this chapter, the integration of the developed film with different doping levels to PN diodes is presented and correlated with the study on the material part.

The fifth chapter focuses on the integration of the developed film into a silicon heterojunction solar cell as a hole transporting layer with numerical fitting to extract the output results based on a 2-diode model. The second part of this chapter is mainly focused on the integration of the cuprous oxide thin film to all oxide solar cells combined with ZnO with extensive simulation study using SCAPS software and a correlation on the experimental work is carried on.

The sixth chapter will then focus on the development of the three known phases of the copperbased thin films from the metallic phase to the binary oxidized phase namely CuO and Cu2O. This part will explain the optimization process towards achieving this purpose and a proposed model will be discussed from the literature at the end of this chapter.

Finally, a summary of the work will be given in the conclusion part by providing the main contributions of this thesis to the research field and detailing also future perspectives.

The manuscript is closed by the references section and several annexes detailing other collaborative work performed during this thesis and the outputs (papers, presentations in conferences, etc) produced.

Chapter 2

Deposition and Characterization Methods

"Somewhere, something incredible is waiting to be known." -Carl Sagan In this chapter, the deposition method used in this work, namely Spatial Atomic Layer Deposition (SALD), is explained, starting with a general overview on the Atomic Layer Deposition (ALD) technique and followed by a detailed description of the SALD approach used in this work. The characterization methods employed in this study are then briefly discussed. Finally, a more detailed description of the positron annihilation lifetime spectroscopy (PALS) technique is provided in the last section.

Deposition Approach: Spatial Atomic Layer Deposition

Overview of Atomic Layer Deposition

ALD is a chemical gas phase technique considered as a special variant of traditional Chemical Vapor Deposition (CVD) in which the precursors are not exposed simultaneously to the substrate. Conversely, ALD relies on sequential and self-limiting surface reactions which allow a high control of the film thickness at the Ångstrom or monolayer level. It also allows a conformal film deposition on high aspect ratio or porous structures with excellent step coverage [START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF] . ALD was historically established as atomic layer epitaxy (ALE) in the 1970s. This approach was pioneered by Tuomo Suntola first showing the ALE process in 1974 [START_REF] George | Atomic layer deposition: An overview[END_REF] with an emerged patent in 1977 [START_REF] Suntola | Method for Producing Compound Thin Films[END_REF] and then a first paper published in the literature in 1980 107 . Then, in the mid-1980s, the interest in ALE focused on the development of light-emitting diodes and semiconductor lasers based on III-V semiconductors 108 . Until then, the focus was placed also in the 2010s on the plasma-enhanced ALD for growing nitride thin films 109 . A typical ALD cycle is illustrated in Figure 2. 1: (i) The first half-reaction starts with the exposure of the substrate to the metallic precursor with pulses for a designated and sufficient amount of time to allow surface saturation during the exposure pulse. (ii) The second step consists of purging the reactor with an inert carrier gas, usually nitrogen or argon, or by applying vacuum, to remove all the by-products and/or unreacted precursors. (iii) As a third step, the substrate is then exposed to a second precursor that will react with the adsorbed layer formed previously. (iiii) The last step consists of purging again the reactor removing all the excess reactants and by-products from the reaction, leaving a formed monolayer of the desired material [START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF] . Those steps are repeated several times to achieve the chosen thickness of the developed materials. This technique requires suitable chemical precursors that fit the reaction condition. So far, there is a multitude of ALD processes developed to deposit different materials, from pure elements to nitrides, oxides, or sulfides, as shown in the ALD database published in the Atomic Limits site managed by the Plasma & Materials Processing group at the Eindhoven University of Technology 110 . An ideal ALD precursor should be volatile, reactive, and stable 111 . As an example, diethylzinc (DEZ) and trimethylaluminum (TMA) are the most common chemical precursors used to deposit ZnO and Al2O3 with the ALD approach.

ALD processes are typically thermally activated. As for the CVD approach, plasma or radicalenhanced species can be used to promote reactions that are difficult to achieve based on conventional thermal ALD. ALD presents plenty of advantages starting with the exact thickness control to the conformal deposition and excellent step coverage induced by the self-limiting aspect of the process. This is shown in Figure 2. 2 in which the conformal deposition over deep trenches can be observed. Johnson, et al., Mater. Today -2014) [START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF] .

Deposition temperature plays a key role in the deposition based on the ALD approach since it modifies the chemical reaction that takes place during the reaction step and the adsorption/desorption kinetics. It is commonly reported that at low-temperature deposition, the chemical reaction is poorly driven by the thermal energy which may result in an incomplete reaction and a low growth. But low temperatures can also induce multi-layer condensation. On the other hand, at high temperature deposition, thermal decomposition of the precursor can take place, increasing the deposition rate, while enhanced thermal desorption can produce the opposite effect. Between both temperatures, a constant growth per cycle (GPC) known as the ALD window is ideally achieved, as shown in This is partially true since the growth rate depends also on the chemical nature of the precursor and its reaction with the substrate surface and the growth of thin films and nanoparticles. shows the most common ideal case in which the GPC is found to be stable at a certain range of deposition temperatures. Although the first scenario is the most common and reported, other scenarios are also possible due to the presence of a large panel of different chemical precursors and their interaction with the substrates (different surface energy). Thus, the second proposed scenario shows the case in which the GPC still increases with the deposition temperature and this might be the case for a film that becomes rougher with the rise of the thermal budget. The final and third scenario demonstrates the case where the GPC could decrease. This could be explained by the increase of the film density with deposition temperature.

Spatial Atomic Layer Deposition Technique

The conventional ALD technique (known also as temporal ALD) offers several unique advantages, as mentioned previously. Still, there are some important drawbacks related to the process. ALD cycles tend to be long due to the purging steps and most of the ALD processes operate in vacuum which represents an important cost when scaling up 113,114 . Consequently, there are several approaches to overcome these drawbacks as demonstrated from the literature 50 .

Among these, an emerging appealing alternative, highly versatile, is spatial atomic layer deposition 113 . Spatial ALD (SALD) has established itself as a high-throughput alternative to conventional ALD. SALD is based on the spatial separation of precursors, as opposed to the sequential (temporal) separation in ALD as shown in Figure 2. 4 [START_REF] Suntola | Method for Producing Compound Thin Films[END_REF]115 . Thus, precursors are continuously injected in the reactor chamber but in different locations, which are spatially separated by an inert gas region. As the sample is exposed to the different regions, the standard ALD cycle is reproduced. Because no purge steps are needed, SALD can be up to two orders of magnitude faster than ALD [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF]116 . In addition, SALD can be performed at atmospheric pressure (AP-SALD), thus resulting more convenient for scaling-up than vacuum-based ALD 114,117,118 . But because SALD is based on the same surface-limited, self-terminating chemistry as ALD, the low-temperature processing, unique conformality, and thickness control to the sub-nanometer scale of ALD are maintained in SALD 119 . The quality of thin films deposited by SALD has been shown through their intense application to photovoltaic 113 .

While AP-SALD can be implemented in many different ways 115 

c) More in-depth representation of a typical deposition process of ZnO thin film by injecting DEZ carried by N2 and then water as an oxidant all separated by an inert-gas barrier (The design may vary from one head to another by increasing and reducing the number of channels of precursors and oxidants). d) Actual head installed in the SALD system in LMGP to perform deposition of metal oxide 53

The deposition manifold head is the key piece of such SALD systems, and thus could in principle be easily adapted to the size of the sample to scale up (for large-area deposition) or down (for ASD or patterning) the process. The deposition head has traditionally been fabricated in metal by different approaches. In the original patents by Levi et al. the gas distribution inside the head was done through channels that were obtained by putting together a series of plates with cut channels or engraved grooves 121 . Such a head is not ideal since it requires disassembly, reassembly, and polishing every time a channel gets blocked with materials that are not easy to dissolve away. More recently, simpler heads have been obtained by conventional machining approaches, such as water jet cutting, to get the gas distribution channels, followed by welding of different parts (Figure 2. 5. b) 122 . Nevertheless, in both cases, the procedures for fabricating the heads are expensive and complex, and/or timeconsuming. In addition, the use of conventional fabrication approaches limits the flexibility and complexity of the design of the head. Finally, many connections and pipes are necessary to distribute the different flows, increasing the likelihood of having leaks or contamination as shown in In this work, we combine the potential of 3D printing with the unique assets of SALD to present a new approach for the printing of functional materials. In particular, we apply 3D printing to fabricate customized close-proximity heads for our open-air SALD system. The obtained heads are fabricated in a matter of hours. They are as well much cheaper and easy to tune than standard heads fabricated by conventional approaches. For example, 3D printing allows the integration of the whole gas distribution system inside the body of the head, simplifying the connection of the head. Due to their low cost, they can be considered as disposable components since they can be easily fabricated if blocked or damaged during deposition. The flexibility of 3D printing offers the possibility to adjust the number of channels and their size in a fast and easy way. The head dimension used for the deposition of Cu2O is as follows: width of exhaust and injection line of 2 and 0.75 mm respectively with a length of 5 cm. It is worth mentioning that before employing the metal heads, the system was first optimized using resin that is cheaper and quite easy to implement, however, cannot reach high-temperature deposition (> 220 °C) as needed for the case of the copper-based films developed in this work. Other parameters are also evaluated such as the speed of the substrate, the flow of the gases, and the gap between the head and the substrate. A global view of the AP-SALD system is presented in Figure 2. 7 with the whole system used for the deposition of different oxides and with a zoom over the mechanical components responsible for the motion of the platen and also the manifold injections head that is shown earlier. The distance between the platen and the injection head is kept at a distance approximately around ~ 150 µm to prevent a gas-mixture and ensure deposition in the ALD mode. In fact, the SALD approach could also be used in the CVD mode while increasing the gap between the manifold head and the substrate which allows a mixture of the gases before reaching the substrate 123 . Unlike the ALD process, the CVD regime allows for rapid film deposition, but compactness, homogeneity, and thickness control are sacrificed. As stated above, the control of the gap between the head and the substrate is essential to ensure effective precursor separation and thus the ALD reaction mode. But the possibility to mechanically adjust the gap is also interesting since it allows to tune the deposition regime between ALD and CVD (where precursors react in the gas phase above the substrate) 123 . Deposition in spatial CVD (SCVD) mode can be quite useful when dealing with flat, featureless substrates since the deposition rate is higher.

Further Development of SALD done at LMGP

In my thesis work, I have also contributed to the development of the SALD reactor to selective pattern oxide in the 3 dimensions. While previous research on SALD has put the focus on the convenience of the technique towards up-scaling thanks to the atmospheric processing and high deposition rate, SALD heads can also be miniaturized, and this can be used to obtain selective deposition. c). With such a head, freeform deposition can be achieved since in any direction that the head is moved the substrate is going to be alternatively exposed to the different precursors. The versatility offered by 3D printing is again very convenient in this case for the design and fabrication of the SALD pen shown. Such a head can then be easily implemented in a 3D table to perform the direct printing of functional materials with freeform patterns (Figure 2. 8. d). Although inject printing has similar characteristics that the printing approach proposed here, several assets make our SALD based approach unique. printed. c) View from the bottom of the SALD pen approach where the concentric circular gas outlets allowing deposition in any direction can be seen. d) Scheme of the SALD pen installed in a 3D table. e) Image of the printed SALD pen installed in the 3D table and drawing a ZnO circle. f) ZnO circle and g) LMGP initials on a Si wafer drawn with the 3D printed SALD pen.

In the first place, our approach is based on a gas phase deposition, thus being suitable for applications and processes where the use of solvents is not suitable or, simply, not possible. Secondly, the printing approach proposed is based on the ALD technique, and this implies that the resolution in Z can be controlled down to the sub-nanometer, something not possible with inject printing. Also, the approach benefits from the other unique assets of ALD, namely, conformality, density and compactness of the deposited films, and high material quality at low deposition temperature. This is important when comparing with other deposition systems based on spray coating or plasma aerosol jets that are based on CVD reactions 125 , which yield less homogeneous thin films. Figure 2. 8. e shows an image of our 3D printed SALD pen installed in a 3D table, used in this case to directly print a circle of ZnO without any previous patterning step. Figure 2. 8. f shows a 50 nm thick ZnO circle on a silicon substrate printed with our SALD pen. Note that the lateral thickness of the circle is smaller than the diameter of the SALD pen. This is so since the reaction only takes place in the area below the pen where the metallic precursor is exposed (i.e. below the metal precursor outlet and adjacent exhaust outlet). The minimal lateral resolution of the system is thus defined by the design of the head, in particular the diameter of the outlet for the metallic precursor and the distance between the latter and the adjacent exhaust outlet. Nevertheless, the lateral resolution can also be affected by the deposition parameters (i.e., whether the system is operated in SALD or SCVD mode). Another example of freeform direct printing with our SALD pen is shown in Figure 2. 8. g, where the initials of our lab (LMGP) have been written with a 120 nm thick ZnO film. While previous approaches use a miniaturized plasma gun to selectively modify the substrate prior to a conventional ALD deposition 126 , our approach allows the direct deposition of functional materials at low temperatures with complex patterns in the open air. This is the first time that ALD, with all its assets, is implemented as an open-air 3D printing method, and the first time as well than a gas-based 3D printing approach is proposed.

Characterization Techniques

Elemental & Structural Composition Characterization

This section details the different structural, chemical, morphological, optical, and electrical characterization techniques and instruments used to study the thin films and materials developed in this thesis. Also, a detailed introduction to Positron Annihilation Spectroscopy (PALS) is provided since it has been used for the first time to study the nature and concentration of defects in Cu2O films.

The morphology of the films was evaluated by a scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Both methods allow acquisition of high resolution and magnification revealing the topography of the developed material. The TEM characterization as for the case of the SEM were used to obtain information on the fine structure of the developed thin films with additional information on the crystallography through the diffraction mode. The crystallographic experiments are performed with a selected area electron diffraction (SAED) inside the TEM. Chemical analysis was also performed using an energy dispersive X-ray (EDX) analyzer. The film roughness was measured during this thesis using atomic force microscopy (AFM).

X-ray diffraction (XRD) analysis were used to evaluate the film crystallinity and the phase of the developed thin films with the Bragg-Brentano configuration or Co-planar grazing incidence configuration. The first configuration is measured in a Bruker D8 Advance diffractometer in the (θ-2θ) configuration, with Cu Kα1 radiation (0.15406 nm) while the second one is provided by a RIGAKU Smartlab equipped with a 9 kW rotating anode Cu source (45 kW and 200 mA). Those techniques provide a probing of the atomic position and thus the crystals structures of the thin films. Ellipsometer (using a compact Film Sense FS-1) and X-ray reflectometry (XRR, with Siemens D500 model, using Cu Kα radiation (λ= 0.15406nm), 0.01°/step, 2 s/step) were used to determine the film thickness with a sensitivity of 0.5% as the film density and roughness for the case of the XRR technique. The thermal behavior of the precursor was also analyzed with a thermogravimetric analyzer Setsys 16/18 Setaram analyzer with a heating range varying from room temperature to 600 °C with a ramp of 10 °C/min under inert gas atmosphere.

Raman spectroscopy represents a strong tool to perform chemical analysis of the films, especially for cuprous oxide thin films. The measurements for our films were carried out with a Jobin Yvon/Horiba LabRam spectrometer. Most of the measurements are done with a blue Ar + laser having a power of 0.8 mW and a wavelength of 488 nm. As demonstrated in the literature, this particular wavelength seems to provide distinctively all the typical phonon vibration modes of the Cu2O crystals with respect to other incident light 127 . The focus area of the laser is around 1 µm² using an x50 working distance objective.

The photoluminescence of thin films was carried out with the same Raman equipment while measuring for a very large wavelength. Concerning the photoluminescence measurement for the thin films deposited on silicon solar cells at CEA, LIS-R2 equipment from BTI at 1 sun intensity and 0.2 seconds integrations time is used. Both techniques provide information on the defect in the films and the passivation properties of the metal oxides.

X-ray photoelectron spectroscopy is considered a sensitive tool to the surface (at the Ångstrom level). The measurement done in the framework of this thesis were done with an XPS ThemoScientific tool with an Al Kα1,2 (1486.6 eV) X-ray source to investigate the presence of different chemical species of deposited thin films. Ar milling with 2 KeV was also used to pretreat the sample to quantify the chemical species at the bulk level as well.

Electrical and optical properties

Van der Pauw. This technique named after the inventor Leo J. Van der Pauw 128 is commonly used to determine the electrical transport properties of a material, in particular the resistivity. It is applicable to thin films that are conductive and with any desired shapes. Still, some prerequisites should be met to obtain a correct measurement:

 The four metal contacts should be deposited on the corner of the samples with smaller dimensions with respect to the measured samples.  The film is supposed to be continuous and should be free of pinholes or agglomerations that can promote a difference in the film conductivity.  The sample should present a uniform thickness, being not bigger than 5% of the distance between the metallic contact. 

𝑅 𝐴𝐵,𝐶𝐷 = 𝑉 𝐶𝐷 𝐼 𝐴𝐵 (2.1)
where the current IAB passes through contact A and then leaves through B and the VCD is the voltage difference between contact C and D. Similarly for RBC,DA The measured films had a surface area of 1 cm², while the Au contacts were evaporated with a defined surface of 1 mm². The resistivity, based on the reciprocity theorem, is then given by:

ρ = 𝜋𝑅 𝐴𝐵,𝐶𝐷 𝐿𝑛(2) 𝑡 (2.2)
where 𝜋 𝐿𝑛 (2) is the Van der Pauw constant ~ 4.53236 and t represents the film thickness.

Hall Effect Measurements. The Hall Effect measurement is used to measure the average drift velocity of the carriers induced by an electric field perpendicular to the direction of an exposed magnetic field B. This results in the value of the mobility, resistivity relying on the Van der Pauw method, and carrier concentrations of a particular material/thin film. Figure 2. 10 shows a schematic of the Hall Effect where the magnetic field is applied towards the perpendicular direction of the sample and the flow of the current horizontally to the sample. The perpendicular magnetic field to the current direction creates a potential voltage difference, which is explained by the charge accumulation induced by the Lorentz force at equilibrium that creates the electric field known as EHall that are balanced as follow:

𝐹 = 𝑞[ 𝑣 ˄ 𝐵 𝑧 ] + 𝐸 𝐻𝑎𝑙𝑙 = 0 (2.3)
where q is the elementary charge, Bz is the magnetic field, v is the drift velocity of the carriers, and EHall is the electrical field. The measured induced Hall voltage VH along the perpendicular axis then becomes:

𝑉 𝐻 = 𝐼 𝑥 𝐵 𝑧 𝑞𝑛𝑤 (2.4)
Where n is the volumic density of the charge carrier, w is the thickness, and Ix is the current in the x-direction. Two main important parameters are the sign of the Hall voltage that is positive for ptype material and negative for n-type materials. The carrier concentration n is also determined from the same formula promoting the values of the carrier mobility. In this work, most of the electrical measurements were performed with the same architecture as shown in Figure 2. 9. a (Similar to the structures used for the Van der Pauw measurements). For this purpose, a Hall Effect setup with a magnetic field of 0.5 Tesla was used. Additionally, some of our samples were also measured at The National Institute of Solar Energy (INES, Bouget du Lac, France) using the Industrial Ecopia HMS-5000 series Hall Effect measurements system to confirm the obtained results. I-V curves measurements were performed at room temperature with a Keithley 2400 source meter with a 2-tip probe station using a scan rate of 0.03 mA/s. For light I-V curves, a Newport solar simulator (model 67005) providing AM1.5G illumination was used in LMGP. Silicon heterojunction solar cells have been characterized in CEA-INES using a designated area of 3x3 cm 2 . The lamp light intensity has been calibrated to match the Jsc of the cells measured under standard AM 1.5G conditions.

External Quantum Efficiency measurements were performed with a large area set up (illumination area of 160x160 mm²) using the same designated area as for J-V testing. The extracted values represent the ratio of the collected carrier and the number of photon incidents on the solar cell for a certain wavelength.

A UV-VIS-NIR Lamda 950 spectrophotometer from Perkin Elmer was used to measure the transmittance and optical band gap of the films (Figure 2. 11). The measurements were made in the wavelength range from 250 nm to 2500 nm using an integrating sphere. Both transmittance and reflectance spectra were used to calculate the bandgap of the films using the Tauc plot method. To take into account the effect of the reflectance in the calculation of optical bandgap Eg, the original version of the Tauc formula has been used in this work: 𝛼ℎ𝑣 = 𝐾(ℎ𝑣 -𝐸 𝑔 ) 𝑟 (2.5)

Where α is the absorption coefficient (m -1 ), h is the photon energy, K is a constant, Eg is the optical bandgap, and r is equal to 0.5 if the bandgap is direct and 2 if the bandgap is indirect. The absorption coefficient can be calculated from the Beer-Lambert law based on Transmittance (T) and reflectance (R) as follow:

𝐼 𝑇 = (𝐼 0 -𝐼 𝑅 )𝑒 -𝛼𝐿 (2.6)
where I0 is the initial intensity, I is the final intensity, IT transmitted intensity, IR reflected intensity, and L represents the film thickness.

Therefore:

𝑇 = (100 -𝑅)𝑒 -𝛼𝐿 (2.7) 𝑙𝑜𝑔𝑇 = 𝑙𝑜𝑔(100 -𝑅) -𝛼𝐿 (2.8) 𝛼 = 𝑙𝑛10 𝐿 [𝑙𝑜𝑔(100 -𝑅) -𝑙𝑜 𝑔(𝑇)] (2.9)
The term log(100-R)log(T) is called absorbance, and used for Eg calculation :

[𝑙𝑜𝑔(100 -𝑅) -𝑙𝑜𝑔(𝑇) . ℎ𝑣] 2 = 𝐾(ℎ𝑣 -𝐸 𝑔 ) (2.10)

Positron Annihilation Lifetime Spectroscopy

Positron annihilation lifetime spectroscopy (PALS) is a powerful technique allowing to probe subnanometric voids inside materials, thus providing information of the amount and nature of defects and as well on porosity. The positrons are positively charged subatomic particles having the same mass and charge as the electron. They are formed during the decay of nuclides having an excess of protons in their nucleus with respect to the number of neutrons.

This technique relies on exposing the samples to a beam of positrons to measure the positron's lifetime (dwelling time) and to correlate it to the size of the voids within the sample. In particular, a longer measured positrons lifetime corresponds to larger void sizes in the samples 130,131 .

A Quasi-bond state with electrons is formed with thermalized positrons which are known as positronium (Ps), as shown in Figure 2. 12. a. The annihilation of the positronium induced by a neighbor electron is thus correlated to free volume, i.e. nanohole radius 132 . PALS experiments were performed at the mono-energetic positron spectroscopy (MePS) beamline, which is the end station of the radiation source ELBE (Electron Linac for beams with high Brilliance and low Emittance) at HZDR (Germany) by Dr. Maciej Oskar Liedke 132 using a digital lifetime CrBr3 scintillator detector with a dedicated software employing a SPDevices ADQ14DC-2X digitizer with 14-bit vertical resolution and 2 GS/s horizontal resolution 133 and with a time resolution function down to about 0.205 ns. The setup is displayed in Figure 2. 12. b. The resolution function required for spectrum analysis uses typically two Gaussian functions (the so-called resolution functions) with distinct Ep dependent intensities and relative shifts. Typical lifetime spectrum N(t) is described by:

𝑁(𝑡) = ∑ 1  𝑖 𝐼 𝑖 𝑒 -𝑡  𝑖 N (2.11)
where i and Ii are the positron lifetime and intensity of the i-th component, respectively (Ii=1). All spectra contained at least 1•10 7 counts. The spectra were deconvoluted using the non-linearly least-squared based package PALS fitting software 134 into 3 discrete lifetime components (τ1-τ3), which directly evidence three different defect types (sizes). The corresponding relative intensities (I1-I3) reflect relative changes in density for each defect type (size). The positron lifetime and its intensity have been probed as a function of positron implantation energy Ep or, in the other words, implantation depth (thickness).

Another powerful and complementary positron-based technique to the PALS was used, namely, Doppler broadening variable energy positron annihilation spectroscopy (DB-VEPAS). This technique has been conducted at the apparatus for in situ defect analysis (AIDA) 135 of the slow positron beamline (SPONSOR) 136 , also at HZDR (Germany). Positrons were accelerated to discrete kinetic energies Ep in the range between 0.05 and 35 keV and implanted into samples at depths as shallow as the surface down to a couple of micrometers. A mean positron implantation depth can be approximated by a simple material density dependent formula:

< 𝑧 >= 36 𝜌.𝐸 𝑝 1.62 (2.12) Where in our case ρ=6.01 g•cm -3 is the density of Cu2O. During the implantation process positrons lose their kinetic energy due to thermalization and after short diffusion annihilate in delocalized lattice sites or are trapped in vacancy-like defects and their agglomerations as well as in dislocations. Once they encounter electrons emission of two anti-collinear 511 keV gamma photons usually follows the annihilation. Since the thermalized positrons at the annihilation site have very small momentum compared to the electrons a broadening of the 511 keV line is observed mostly due to the momentum of the electrons. The energy of the emitted photons is measured through one or two high-purity Ge detectors (energy resolution of 1.09 ± 0.01 keV at 511 keV). The broadening of the annihilation spectrum is described by the so-called S-parameter, defined as a fraction of the annihilation line in the middle (511±0.93 keV) of the spectrum. The S-parameter is a fraction of positrons annihilating with low momentum valence electrons and represents vacancy type defects and their concentration. Plotting the calculated S as a function of positron implantation energy, S(Ep), provides depth dependent information 137 .

For the analysis of positron diffusion length, L+, which is inversely proportional to the defect concentration, the VEPFit code 138 has been utilized, which permits to fit S(Ep) curves for multilayered systems and to acquire thickness, L+, and specific S-parameters for each layer within a stack.

To correlate obtained pore sizes with possible defects in the Cu2O structure, DFT calculations were also performed by Dr. Maik Butterling from HZDR.

In the next section, the deposition of Cu2O is investigated using a metal precursor that has not been used before in a chemical-based approach. This study provides an insightful understanding of the formed defects in the metal oxide with a correlation of the physicochemical properties. 

Introduction

As mentioned in Chapter 1, Cu2O is attracting much attention in the last decade, with a large community working on investigating its fundamental properties and potential applications. The majority of works focus on the deposition and study of thin films, both physical and chemical deposition approaches being used involving very different deposition conditions. As detailed in Chapter 1, the final properties of the obtained Cu2O thin films are highly dependent on the synthetic approach used and can be tuned by post-deposition treatments. As shown by Figure 3. 1, Cu2O thin films deposited with these three techniques, namely, electrodeposition, thermal oxidation, and sputtering are increasing since 2000 with many groups investigating those approaches for the development of the cuprous oxide thin films until reaching 40 to 90 papers published in 2020, respectively. Additionally, the approaches provide a certain ability to control several parameters for each process, i.e. heating temperatures, atmosphere composition, and laser rate. On the other hand, only a few publications are dealing with the MOCVD deposition of Cu2O and scattered over the years. The weak control of the film's homogeneity and thickness makes it less appealing for growing such oxides. The successive ionic layer adsorption and reaction (SILAR) method 139 starts to emerge from the beginning of 2012 and is being developed nowadays with a slight increase in the number of publications lately. The process is quite convenient as a simple solution method to produce inexpensive Cu2O thin films. PLD and ALD are particular cases since they have shown a more or less stable number of papers over the years, with a mild recent increase, especially for the case of the ALD since 2010.

In the case of SALD, the first paper was published by D. Muñoz-Rojas et al. [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] in 2012, describing the deposition of dense and pure Cu2O thin films using copper hexafluoroacetylacetonate trimethylvinylsilane as precursor (Cu(hfac)(TMVS)), also known by its commercial name Cupraselect®. The precursor is among the best know commercial precursors to deposit metallic copper films with low resistivities by chemical vapor deposition techniques 140 but had not been explored as precursor for the deposition of Cu2O thin films. The Cu2O films deposited by SALD with Cupraselect are phase pure and dense, with mobility values of ~5 cm²/Vs at a deposition temperature of 225 °C46 , thus being comparable with mobility values obtained for thermally oxidized Cu2O films obtained at 400 °C and much higher than the mobility values obtained in electrodeposited Cu2O films (< 0.5 cm²/Vs). Given the appealing results and film properties obtained, several other works have been lately published as demonstrated by the number of papers published on this particular field after 2014 141,142 . Right after, the interest in the integration of these metal oxides using this particular technique into several applications, mostly PVs and TFTs, has increased in the last 5 years. The number of publications has not increased drastically as shown by the graph since SALD is still only available in around 20 groups around the world and only few work on copper based materials.

In this chapter, we have investigated Cu2O thin films deposited by a precursor named Cu(hfac)(COD). The precursor used in this work has not been used to the best of our knowledge by a SALD, ALD, or CVD to deposit Cu2O thin films. Nevertheless, it was initially used to deposit metallic copper by CVD since it is well known as a thermally stable and volatile precursor, despite being solid 143,144 . Still, the deposition was first optimized by studying the precursor volatility as it will be mentioned in the next section and then more advanced work was oriented towards the process itself by varying the deposition temperature, precursor temperature, and so on. As discussed in chapter 2, ideal ALD precursors should fulfill simultaneously several critical requirements including high thermal stability, purity, reactivity, good volatility, as well as cost-effectiveness 111 . Several Cu ALD precursors have been used to date for the deposition of Cu2O, such as Cu(hfac)2 [145][146][147] , [Cu(5Bu-Me-amd)]2 148 , [(hfac)Cu(I)(DMB)] 149 , copper acetate (Cu(AcO)2) [START_REF] Iivonen | Atomic Layer Deposition of Photoconductive Cu2O Thin Films[END_REF] , [Cu(tmhd)2] 150 , and Cu(dmap)2 [START_REF] Avila | Atomic layer deposition of Cu(i) oxide films using Cu(II) bis(dimethylamino-2-propoxide) and water[END_REF][START_REF] Kim | Highly-conformal p-type copper(I) oxide (Cu2O) thin films by atomic layer deposition using a fluorine-free amino-alkoxide precursor[END_REF] . However, the GPC obtained in these studies is limited to a range of 0.004 nm/cycle to 0.012 nm/cycle, with a resulting low growth rate that varies from 0.001 nm/s to 0.003 nm/s. Adding to this, some of these Cu precursors have presented decomposition issues during deposition [START_REF] Iivonen | Atomic Layer Deposition of Photoconductive Cu2O Thin Films[END_REF]145 . Interestingly, preliminary studies on the growth of Cu2O thin films by AP-SALD showed one order of magnitude faster growth rates (0.016 nm/s) as compared with conventional ALD and promising results in terms of transport properties and application in ultra-low-cost, alloxide ZnO/Cu2O solar cells [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF]151 . Nevertheless, the (hexafluoroacetylacetonate)-Cu(I)-(trimethylvinylsilane) presents low thermal stability over time and the factors behind the good transport properties of Cu2O deposited by SALD were not studied 152 . Thus, the main two objectives of this part of my thesis were to reproduce or improve the previously published results in terms of transport properties using a stable precursor, and to gain a fundamental understanding of the reasons behind the superior transport properties of Cu2O films deposited by SALD. In the SALD approach used and developed at LMGP, the deposition takes place at atmospheric pressure, in the open air, as detailed in chapter 2. Consequently, the precursors used must be nontoxic and with sufficient vapor pressure so that they can be transported to the head. Cu(hfac)(COD) is a solid precursor presenting a much lower vapor pressure than conventional ALD precursors. It has a vapor pressure is around 14 Pascal at ambient temperature. Its boiling point is 13 Pa with a molecular mass of 378.77 g per mol as shown in Table 3. 1. Thus, there is a clear challenge in using Cu(hfac)(COD) for the SALD deposition of Cu2O thin films with our system. 154,155 , this precursor has a vapor pressure of 5 mm Hg, almost two orders of magnitude higher than the Cu precursor used here, and was used only to introduce doping (i.e. a small amount was sufficient).

Optimization of

Thus, prior to the optimization of the deposition parameters, and given not much information was available about the properties of Cu(hfac)(COD) in the literature, thermogravimetric analysis was performed to evaluate its behavior upon heating at ambient pressure. This analysis aims to assess the minimum temperature at which one would expect evaporation of the precursor. Taking into account these results, the first depositions were tried at 55 °C but no film was observed, probably due to the low concentration of precursor reaching the substrate. It is worth mentioning that the gas lines are always overheated at 5 °C more than the bubbler's temperature to avoid condensation of the precursor and blocking of the lines. Then, the precursor temperature was slowly increased until obtaining homogenous films and reproducible growth per cycle, which took place for a precursor heating temperature of 90 °C. In particular, this temperature ensures a proper deposition without inducing degradation of the precursor as will be demonstrated in the next section since no carbon was observed by XPS and only the cuprous oxide phase was obtained and demonstrated by different characterization techniques (XRD, Raman, and XPS). It is very important to mention that the optimum precursor temperature may vary for different systems or flows used. In our case, we explored different flow combinations for each bubbler temperature tested. Again, the criteria were to obtain homogeneous films with reproducible GPC. Table 3. 2 below presents the optimization of the bubbler temperature and the flow of nitrogen through the metallic precursor and dilution to obtain the homogeneous and reproducible deposition of Cu2O thin films with the chosen standard conditions in bold. In this work, the flow has been balanced and the distance between the head and the substrate decreased as much as possible (< 150 µm) to ensure the deposition in the ALD mode. The head contains one metal precursor outlet (Cu(hfac)(COD) in this case), separated from the reagent outlets by inert gas barriers alternatively located in between the reactive gas flows to prevent them from mixing 156 . Inside the bubblers, Nitrogen flows through Cu(hfac)(COD) and H2O with a volumetric flow of 60 sccm and 120 sccm, respectively. These gases are then diluted with an extra nitrogen flow (60 sccm for Cu(hfac)(COD) and 120 sccm for H2O) before being sent to the injection head. Finally, the nitrogen barrier flow is adjusted to obtain a total flow of 120 sccm per outlet. The precursor and water streams are injected continuously from the manifold head onto the substrate that oscillates at a scanning speed of 10 cm/s a maximum deposition area of 5cm2.5cm.

Deposition Rates and Physical Properties of Cu2O Thin Films

The deposition of Cu2O thin film using Cu(hfac)(COD) precursor was then carried out at different temperatures to evaluate the impact on the deposition rates and the physical properties of the obtained films (the deposition temperature was maintained below 260 °C in our study to prevent the formation of CuO 46 ). The temperature was kept as low as possible so that the process is cheap and compatible with soft substrates (plastics, fabrics, and papers). In particular, deposition temperature is of great interest for the deposition of metal oxides by ALD method since it modifies the chemical reaction that takes place during the reaction step.

The substrate temperature was varied from 180 °C to 260 °C with an incremental value of 20 °C between each sample. The number of ALD cycles is fixed also at 1500 cycles in all cases which took 22 minutes of deposition. shows the obtained thickness and growth rate as a function of deposition temperature. The obtained thickness varied from 24 nm to 78 nm, which corresponds to a GPC that increases from 0.016 nm/cycle at 180 °C to 0.052 nm/cycle at 260 °C (similar to previous results using Cu(hfac)(TMVS) [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] ). This corresponds to a growth rate that varies from 0.018 nm/s at 180 °C to 0.059 nm/s at 260 °C, as shown in Figure 3. 3. a. The reported GPC for other precursors used to deposit Cu2O by ALD shows a GPC range varying from 0.006 to 0.012 nm/cycle, with the growth rate varying approximately from 0.001 nm/s to 0.003 nm/s [START_REF] Iivonen | Atomic Layer Deposition of Photoconductive Cu2O Thin Films[END_REF][START_REF] Kim | Highly-conformal p-type copper(I) oxide (Cu2O) thin films by atomic layer deposition using a fluorine-free amino-alkoxide precursor[END_REF]150 , as detailed above, the latter being about one order of magnitude lower than the maximum growth rate obtained in this work.

Two examples of homogeneous and semitransparent Cu2O thin films deposited at 220 °C on borosilicate glass and a flexible substrate (Neopulim® -Transparent polyimide resin, supplied by Mitsubishi) with our home-built AP-SALD system are shown in Figure 3. 3. b. It is worth mentioning the GPC provided by the SALD approach enables a fast printing of cuprous thin films, which is quite suitable for application with limited exposure time at ambient and open atmosphere. After obtaining successfully the cuprous oxide film, an in-depth characterization was carried out to analyze the chemical properties and the phase purity of the material. This will be detailed in the following section.

Chemical Properties of Cu2O Thin Films

Material Properties of the Metal Oxide

After optimizing the different conditions for the deposition of homogeneous Cu2O thin films by AP-SALD using Cu(hfac)(COD), a thick layer was deposited at 220 °C with 8000 cycles corresponding to 160 minutes of deposition resulting in a thickness of approximately ~200 nm. An XRD pattern of the thick Cu2O film is shown in TEM analysis of the cross-section of a 100 nm thick cuprous oxide film deposited at 260 °C was conducted to verify whether other phases were present. The image in Figure 3. 5. a exhibits columnar growth, as previously demonstrated in previous SALD studies for Cu2O 46 . This differs from other materials grown by SALD or other CVD methods, which show a pyramidal growth leading to increased grain size as the thickness of the film increases 156,157 . Selected-area electron diffraction, shown in Figure 3. 5. b, confirms the crystallinity of the films, with diffraction rings matching the lattice spacing of Cu2O and without other phases being detected. This is indeed in agreement with previous XRD results since no contribution of other phases is observed. A highresolution TEM image is also presented in Figure 3. 6, where the crystallinity of the film is clearly observed. The effect of deposition temperature on the composition, crystallinity, and texture of the films was also studied since it is considered an important parameter that could impact significantly the properties of the films. Thus, the densities of the deposited films are very close to the density of single-crystal Cu2O (6 g/cm 3 ). This is a strong indication that our films display a high density and crystallinity despite their low film thickness. The surface morphology of Cu2O films prepared at 180 °C, 220 °C, and 260 °C was evaluated by SEM and AFM, as shown in Figure 3. 9. a&b. In all cases, both SEM and AFM results confirm the polycrystalline characteristic of deposited films with a larger mean grain size measured by both techniques for higher deposition temperatures (from roughly 30 nm to 70 nm, similar to our previous SALD report) [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] . AFM measurements also show a slight roughness increase from 1.3 nm at 180 °C to 4.1 nm for the sample deposited at 260 °C. But in all cases, RMS values below 4.1 nm are obtained. Thus, given the columnar nature of the grains, the increase in the grain size is mainly attributed to the effect of deposition temperature rather than the film thickness. [START_REF] Kim | Highly-conformal p-type copper(I) oxide (Cu2O) thin films by atomic layer deposition using a fluorine-free amino-alkoxide precursor[END_REF] , where an increase in the grain size was observed with the rise of substrate temperature. After analyzing and studying the material properties of as-deposited Cu2O thin films with the effect of the thermal budget on the microstructure and crystallinity, an in-depth investigation on the phase purity of the material was conducted to identify whether there was any contamination coming from organic residues or other Cu phases (i.e. Cu, CuO) present in the films.

Phase purity of the Cu2O Thin Films

It is very important to determine the phase purity since XRD does not rule out the presence of other phases (content below 5% in the film) and is not as sensitive as XPS for this particular purpose. The chemical composition of the films and the oxidation state of Cu ions were probed by XPS after 10 seconds of an Ar-etching process with a voltage around 2 KeV (to remove surface contamination), as shown in the survey spectra in First, the O1s core level shows the same peak of the Cu-O which corresponds to the interconnection of the oxygen and copper atoms into the lattice. Similarly, the peak revealed at 530.85 eV is typically observed for Cu 1+ in oxides. The absence of carbon in the bulk of the film is demonstrated since an Ar-milling was performed for 10s to remove the surface contaminations as shown in Figure 3. 12. This is indeed quite remarkable to obtain a pure phase of the material knowing the cuprous oxide is quite sensitive to the atmosphere and may oxidize easily if grown in an open atmosphere. The following results are in agreement with previous results shown in XRD since no other phases are formed during the grown of the material ruling out the presence of mixed phases such as CuO and Cu(OH)2 that may be potentially present in the lattice. It is worth mentioning that the kinetic of Cu2O formation in the presence of oxygen induces a very thin layer of CuO (in the level of Angstroms) at the top surface of Cu2O layers 159 . After conducting an in-depth study on the material properties and confirming the phase purity of the obtained thin films, the monitoring of point defects needs to be assessed. Thus, the transport properties of the material are investigated in the next section and then correlated with defect formation through RAMAN measurement and DFT calculation from the literature.

Transport properties and study of defects by Raman spectroscopy

Transport Properties of the Semiconducting Metal Oxide

The carrier concentration, mobility, and resistivity of the different films are presented in Figure 3. 14. a. The films present a low resistivity in all cases, between 64 and 160 Ω.cm, comparable with the values obtained for Cu2O thin films deposited by SALD with Cu(hfac)(TMVS) at similar temperatures [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] . Notwithstanding, the results show that the hole carrier concentration tends to decrease from 2.10 15 cm -3 to 7.10 14 cm -3 with increasing deposition temperature. Conversely, the mobility value obtained shows a clear increase from 42 cm²V -1 s -1 to 92 cm²V -1 s -1 for samples deposited from 200 °C to 260 °C, respectively. The mobility values obtained for the Cu2O films deposited with Cu(hfac)(COD) are remarkably high, considering that the films are barely 40-70 nm in thickness and that they are deposited at low temperatures by a chemical approach.

For instance, films deposited at 200 °C in this study show mobility values that are one order of magnitude higher than for films deposited by AP-SALD using Cu(hfac)(TMVS) at similar temperatures (~5 cm²V -1 s -1 ) [START_REF] Hu | Reduced bandgap and enhanced p-type electrical conduction in Ag-alloyed Cu2O thin films[END_REF] . Even more remarkable, the mobility value obtained at 260 °C, above 90 cm²V -1 s -1 , is comparable to that of Cu2O single crystals and epitaxial thin films 160 . To try to understand the high mobility values obtained here, the transport mechanism in Cu2O needs to be evaluated. It is well known that the nature of p-type conductivity in Cu2O is due to intrinsic defects, mainly copper vacancies and copper vacancies in the split configuration 22,[START_REF] Wright | Theory of the copper vacancy in cuprous oxide[END_REF] . Normally, grain boundaries play a key role in the carrier mobility of semiconductors, especially for n-type, such as ZnO 165 . In Cu2O, the presence of CuO-rich regions in the grain boundaries can also show an effect on the conductivity of the films 166,167 . Another study also points to the effect of the orientation on the conductivity of Cu2O, which is impacted by the conductivity of interfaces 168 (although the presence of CuO at the interfaces was not evaluated in this study). In a recent study by G. Aggarwal et al., it is shown that for single crystals and polycrystalline Cu2O thin films, grain boundaries play a role in the mobility only at low temperatures but not at room temperature, where defects are the main parameter affecting mobility [START_REF] Aggarwal | Intrinsic acceptorlike defects and their effect on carrier transport in polycrystalline Cu2O photocathodes[END_REF] . But it is worth noting that in this study, in all cases the samples contain grains that are microns in size, and thus the number of grain boundaries is much lower than for typical CVD/ALD films that are made of nanometric crystals. Finally, the fact that films obtained from Cu(hfac)(TMVS) show similar particle sizes to films obtained from Cu(hfac)(COD) [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] , while the mobility values of the former are much lower, confirms that mobility in Cu2O is strongly affected by defects. The key parameter affecting the mobility at room temperature (both for polycrystalline films and single crystals) is indeed the trapping of holes by the acceptorlike intrinsic defects [START_REF] Aggarwal | Intrinsic acceptorlike defects and their effect on carrier transport in polycrystalline Cu2O photocathodes[END_REF] . Therefore, the increase of the hole mobility with temperature shown in Figure 3. 14. a&b could be explained by the decrease in the hole carrier concentration at higher deposition temperatures. This is also in agreement with the fact that films deposited from Cu(hfac)(TMVS) have one order of magnitude higher carrier concentration [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] , which would explain their lower mobility as compared with films deposited at similar temperatures from Cu(hfac)(COD).

Raman Measurements and Correlation with Defect Formation in the Film

To further probe the effect of defects on mobility, the films obtained at different temperatures were analyzed by Raman spectroscopy. While Raman spectroscopy is mostly used to identify phases, it can also provide insights into the present defects. This is particularly the case for Cu2O, which should exhibit only one Raman active mode, but instead presents many peaks associated with the presence of intrinsic defects, regardless of the synthesis technique 169 . In particular, the T1u (transversal and longitudinal) at 148, 624, and 649 nm and the second-order of an optical silent 2Eu mode at 235 nm are commonly observed (A 3D schematic representation of the Cu2O vibrational modes giving rise to the different peaks can be found in Figure 3. 15) 170 . These extra peaks are the result of a perturbation of the material symmetry due to the presence of defects, in particular copper vacancies in the split configuration, as demonstrated by T.Sander et al. 169 . Figure 3. 16 shows the Raman spectra of Cu2O thin films deposited at different temperatures by SALD. In all cases, the expected peaks for Cu2O are obtained, with no CuO being detected, in agreement with the XPS and TEM results shown above. The intensity of the vibrational modes (T1u and 2Eu) decreases with increasing deposition temperature. This result is counterintuitive since the films present a higher crystallinity as the deposition temperature increases. Indeed, it implies that the amount of copper vacancies in the split configuration and probably normal copper vacancies decrease as the deposition temperature increases, which is again in agreement with the carrier concentration data obtained (Figure 3. 14. a).

In summary, as the deposition temperature increases, the concentration of copper vacancies in the split configuration decrease, which results in fewer trap centers and less charge scattering 10,169,172 . This is further confirmed by the observed XRD shift to lower angles with the decrease of deposition temperature since the introduction of copper vacancies will remove Cu atoms and displace one of its non-O-linked partners halfway toward the vacancy site relaxing atom positions towards the reference pattern. As a result, and also thanks to the purity and high quality of the thin films deposited (i.e. high density), high mobility values have been obtained for non-epitaxial Cu2O thin films. More remarkably and interesting for the industrial exploitation of the material, this has been achieved using a chemical approach at low temperature and atmospheric pressure.

Raman Assessment of the Copper Precursor Selection upon Formed Defects and Transport Properties

The reasons behind the difference in the formed defects and transport properties of the film deposited with both Cu precursors are displayed below:

 Cu(hfac)(TMVS) is liquid, more reactive, and more unstable than Cu(hfac)(COD) 140,173 .

Although both precursors can form Cu2O by hydrolysis reaction with H2O, the mechanism and the final chemical nature (type and amount of defects) are expected to be different.

 Indeed, a very interesting study that investigates the Cu(hfac)(TMVS) precursor shows that the copper films produced with it present contamination of fluorine 152 .

 In the case of the Cu(hfac)(COD), the precursor has never been used in CVD or ALD to deposit Cu2O. However, it was optimized for deposition of metallic copper and was shown to be a thermally stable and volatile precursor that is suited for CVD approach 144 .

For our study, we have purchased Cu(hfac)(TVMS) from Epivalence to reproduce the previous results obtained by D. Muñoz-Rojas et al. [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] . We have again noticed that the precursor is not thermally stable with time 152 , as opposed to the reproducible results we obtain with Cu(hfac)(COD). We have also performed Raman measurement of samples deposited with similar conditions at 260 °C using both precursors, since as explained previously, Raman is an ideal tool to prove the presence of defects in Cu2O films. Indeed, the spectra present a reduction in the peak intensity of the vibrational mode for samples deposited by Cu(hfac)(COD) while the samples deposited with Cu(hfac)(TMVS) display highintensity peaks in most of the vibrational modes. A comparison of the Raman spectra of films deposited with the two precursors at the same temperature also shows that more defects are obtained when Cu(hfac)(TMVS) is used (Figure 3. 17). 

Spectral Absorption Properties of the Films

The optical properties of the films were then characterized by UV-VIS spectroscopy. The total transmittance and reflectance were measured for the different films (Figure 3. 18. a&b), having thicknesses that vary from 24 nm at 180 °C to 78 nm at 260 °C, to calculate the optical direct bandgap using the Tauc plot 174 , as explained in chapter 2. The transmittance of the films was analyzed and have demonstrated higher absorption at a lower wavelength for the film deposited with a higher thermal budget as shown in Thus, the absorption of the films in the UV region increases with deposition temperature, corresponding to a decrease of the optical bandgap of the layer from 2.5 eV to 2.08 eV (Figure 3. 18. c&d). This is in agreement with previous studies that show such a decrease in the bandgap as the crystallinity and morphology of the material change 175,176 . A wider bandgap in more amorphous phases is due to the short-range order present that displays an enlargement of the band edges into tails caused by the presence of localized energy states 177 . The change of the optical bandgap in our films is also likely to be affected by the variation of the energy band structures induced by the change in the point defects.

Another important point to mention is that while there could be a possible impact of the change in the bandgap on the RAMAN data obtained (a blue laser was used to do the measurements, in our case, the laser wavelength (488 nm) is in all cases lower than the optical bandgap of the films (from 596.07 nm, corresponding to 2.08 eV, to 497.92 nm, equivalent to 2.49 eV). Therefore, there is no expected effect in the Raman cross-section, in agreement with the data obtained. Indeed, the application of 488 nm seems to provide distinctively all the typical phonon vibration modes of the Cu2O crystals with respect to other incident light as reported by Wenlei. Y, et al 127 .

Conclusion

In this chapter, a solid and stable Cu precursor, Cu(hfac)(COD), has been used to deposit Cu2O thin films by a chemical approach, namely, AP-SALD. The effect of the deposition temperature on the microstructure, optical, and transport properties of the obtained thin films has been studied. The films obtained are phase-pure and present good quality, with densities comparable to single-crystal Cu2O. More remarkably, the films present in all cases show high mobility values, 1 order of magnitude higher than for Cu2O thin films deposited previously by AP-SALD using Cu(hfac)(TMVS), and even higher than the ones obtained for sputtered films deposited at much higher temperatures. A high mobility value of 92 cm²V -1 s -1 has been obtained for the films deposited at 260 °C, using a scalable, low-temperature, and fast approach. Such high mobility values are explained by the combination of low carrier concentration (in the range of 10 14 -10 15 cm -3 ) and the high quality of the films. In particular, Raman spectroscopy has been used for the first time to prove the presence and evolution of the defects in Cu2O thin films. The data show a decrease in the number of copper vacancies in the split configuration as the deposition temperature increases, which can explain the enhanced mobility. A comparative study has been carried on between the two different precursor Cu(hfac)(TMVS) and Cu(hfac)(COD) used up to date for the deposition of cuprous oxide by SALD and prove that films deposited with the latter present fewer defects, therefore explaining the superior mobility values obtained.

In the next chapter, cuprous oxide thin films with different oxygen fraction, deposited by an atmospheric pressure spatial atomic layer deposition technique, has been fully investigated in terms of material, optical, and transport properties. The nature of the defects formed has been revealed using positron annihilation lifetime spectroscopy (PALS) for the first time for this particular metal oxide. The results have been correlated with another advanced technique known as coincidence Doppler broadening (cDB) and DFT calculations are performed to quantify the defect density and diffusion length in the gradient correction scheme. Record resistivity of 0.4 Ω.cm has been obtained for optimized films deposited at 260 °C.

Introduction

Cu2O has been extensively studied due to its appealing optical properties, with a direct bandgap within the range of ~1. 93-2.4 eV and a high absorption coefficient of ~10 5 cm - 1 21,23,178,179 . In addition, the non-toxicity, abundance, and low production cost with respect to the high potential of its integration to various optoelectronic devices have prompted a renewed interest in Cu2O 10,180,181 . Cu2O tends to present free holes as a result of shallow point defects, i.e. copper vacancies (Vcu) and copper vacancies in the so-called split configuration (Vcu,split) [START_REF] Wright | Theory of the copper vacancy in cuprous oxide[END_REF] . This is also due to the presence of anti-bonding Cu (I) (d 10 ) orbitals at the valence band maximum, which results in a lower electron density between the nuclei 22 . Besides, the p-type nature of the metal oxide is intrinsically stable due to the lack of effective donors inside the bandgap, thus minimizing the compensation effect 22 .

Several works have reported the impact of different film parameters, such as grain size, morphology, and film density on the properties of Cu2O for many applications [182][183][184][185][186] . Conversely, limited attention has been given in the literature to comprehend the impact of intrinsic point defects on those properties 14,[START_REF] Han | Analysis of the Conduction Mechanism and Copper Vacancy Density in p-type Cu2O Thin Films[END_REF] . In fact, it is widely believed that the main Cu2O intrinsic defects are copper vacancies in the normal and split configuration due to their low formation energy, without taking into account the role of other defects present in the structure such as complexes and antisites 58- 60,64,169 . Hence, comprehending the nature and role of the different defects in thin Cu2O films is necessary to better understand the physical phenomena occurring at the quantum level and allow a good integration to electronic and optoelectronic devices 21,172 . Overall, high-quality Cu2O thin films have been achieved based on techniques requiring high vacuum processing and a large thermal budget, thus preventing its mass production in the industry [START_REF] Hu | Reduced bandgap and enhanced p-type electrical conduction in Ag-alloyed Cu2O thin films[END_REF][START_REF] Fara | Complex investigation of high efficiency and reliable heterojunction solar cell based on an improved Cu2O absorber layer[END_REF]187 . Recently, AP-SALD has received great consideration for active devices due to its ability to fast print semiconducting oxide thin films using whether thermal or plasma activation in general 113,142,165,188,189 , and Cu2O in particular [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF]151,190,191 . High-quality cuprous oxide has recently been developed, as shown in the previous chapter, using this innovative roll-to-roll technique, which makes it a potential candidate for industrial use 191 .

In this chapter, the impact of introducing an oxygen fraction during the deposition process on the resulting intrinsic defects is studied. The nature of point defects in Cu2O has been experimentally revealed using positron annihilation lifetime spectroscopy (PALS) for the first time in the literature. The results have been correlated with another advanced technique known as Doppler broadening variable energy positron annihilation spectroscopy (DB-VEPAS, see chapter 2 for more details on these techniques) 135,136 . DFT calculation was also performed to estimate the density of defects and diffusion length in the gradient correction scheme. Interestingly, the presence of complex defects and vacancy clusters of Cu and oxygen (V2Cu-V2O) is demonstrated for pristine films with a decrease of the weighed overall average density while incorporating oxygen fraction into the process up to the level where VCu,split are detected. Photoluminescence measurements demonstrate the decrease of the Vo-like defects with the incorporation of the oxygen fraction into the lattice.

Record resistivity values down to 0.4 Ω.cm have been obtained for 100 nm-thick optimized films deposited at 260 °C. In addition, tuning of carrier concentration (~7.10 14 to 2.10 18 cm -3 ), mobility (~1 to 86 cm 2 /V.s), and optical bandgap (~2.44 to 2.52 eV) has been achieved. Eventually, this study provides the first experimental approach to understand the intrinsic defects present in Cu2O thin films and their dependence on the deposition conditions and effect on the final transport properties.

Optimization of the Growth with Different Oxygen Fractions

In the present study, Cu2O thin films were deposited using different oxygen fractions (0% to 50%), initially at 220 °C, with 1500 ALD cycles for each condition. In our previous work, the AP-SALD technique was used to deposit Cu2O thin films based on a continuous injection of metal precursor (CuhfacCOD) and oxidant (H2O) at different locations in the reactor separated by an inert (N2) gas zone 191 . The heated platen oscillates back and forth under the injected gases replicating the atomic layer deposition cycles with a faster growth rate. While previous studies on Al:ZnO by Dr. V. Nguyen from the SALD team had revealed that the open-air processing was detrimental to the transport properties due to ambient oxygen being trapped in the grain boundaries of the polycrystalline films 165,192 , in the case of Cu2O the opposite was observed. Thus, to assess the effect of O2 on the properties of the Cu2O films in a systematic manner, an oxygen fraction was used in purpose by simply adding pure oxygen to the nitrogen flow as shown in . 2 shows the variation of film thickness from 35 nm to 41 nm with respect to the variation of the oxygen fraction from 0% to 50%. This corresponds respectively to a growth per cycle that varies from 0.023 nm/cycle to 0.027 nm/cycle, which corresponds to a growth rate varying from 0.0265 nm/s to 0.031 nm/s. In all the cases, the growth thickness does not vary much with the variation of the oxygen fraction. The average thickness for all the samples is approximately 38±3 nm with an average growth per cycle of 0.0253±0.002 nm/cycle.

Structural and Elementary Properties

Transport properties of Films deposited with Different Oxygen Fractions

The measured Van der Pauw resistivity values of the films at 220 °C with different oxygen fractions are displayed in Figure 4. 3. The resistivity is noticed to decrease by two orders of magnitude from 4.10 2 Ω.cm to 2 Ω.cm with the increase of the amount of oxygen from 0% to 15%. The resistivity then starts to increase with increasing oxygen fraction until it reaches an approximate value of (≥10 3 Ω.cm) for a 50% oxygen fraction at 220 °C (For higher fractions, the film became too resistive for our Van der Pauw setup). As shown in the previous chapter, deposition temperature has a strong impact on the transport properties of Cu2O films deposited by AP-SALD. Thus, depositions with different O2 fractions were also performed at 260 °C. A similar trend is observed as for the films deposited at 220 but in this case, the resistivity values are further improved, for films having a thickness of approximately 100±5 nm for the four samples. This corresponds to 3000 ALD cycles and a growth per cycle of 0.033 nm/cycle. Such resistivity value is quite significant and represents, to the best of our knowledge, the lowest obtained in the literature without using any seed layer or epitaxial growth, and including studies in which PVD methods were used. In fact, low resistivity films have been deposited using expensive techniques such as pulsed laser deposition (PLD) and sputtering (high-temperature deposition/vacuum processing) or by incorporating extrinsic defects into the films [START_REF] Resende | Resilience of cuprous oxide under oxidizing thermal treatments via magnesium doping[END_REF][START_REF] Kale | Magnetism in cobalt-doped Cu2O thin films without and with Al, V, or Zn codopants[END_REF][START_REF] Pallecchi | Cu2O as a nonmagnetic semiconductor for spin transport in crystalline oxide electronics[END_REF][START_REF] Hu | Reduced bandgap and enhanced p-type electrical conduction in Ag-alloyed Cu2O thin films[END_REF][START_REF] Fara | Complex investigation of high efficiency and reliable heterojunction solar cell based on an improved Cu2O absorber layer[END_REF]187 . In the present study, very conductive films are obtained based on an open-air and low-temperature chemical approach by simply inducing oxygen fraction into the process.

Effect of Deposition Temperature on the Electrical and Optical Properties

Deposition temperature represents one of the most important parameters that need to be investigated further since it has a direct impact on the defect formation and would probably cause a modification over the morphology of the film as well as its transport properties [START_REF] Ozaslan | The effect of annealing temperature on the physical properties of Cu2O thin film deposited by SILAR method[END_REF]193 . This indeed confirmed the improved resistivity with respect to samples deposited at 220 °C. Hence, deposition temperature was varied from 180 °C to 260 °C by an incremental value of 20 °C between each sample at an oxygen fraction of 15% related to the lowest resistivity value obtained, which is 2 Ω.cm. shows the variation of the resistivity from 483 Ω.cm at 180 °C to 0.9 Ω.cm at 260 °C. This variation follows the same trend observed for the deposition made with 0% O2 fraction, presented in the previous chapter. Thus, in all cases, an increase in deposition temperature to 260 °C is beneficial toward a lower resistivity of the films. In this case, the values are very close between the films deposited at 220 and 260 °C, which hints at a different defect landscape formed in the films when introducing an O2 fraction during the deposition. Indeed, recent work has shown that the impact of the crystallinity and grain boundaries may not be the main aspect affecting the transport properties of the film as compared to the impact of the defects [START_REF] Aggarwal | Intrinsic acceptorlike defects and their effect on carrier transport in polycrystalline Cu2O photocathodes[END_REF] . A decrease of the bandgap from 2.52 eV to 2.44 eV is also observed (Figure 4. 4. b) when increasing the deposition temperature. The optical direct allowed band gap was then extracted from total transmittance and reflectance measurements of those samples using a Tauc plot fitting as shown in The XRD pattern at 0% O2 shows a crystalline structure with only two peaks corresponding to the (111) and ( 200) planes of the cubic cuprite phase of Cu2O. The increase of the amount of oxygen fraction to 15 % induces a decrease in peak intensity, being more pronounced for the (002) peak. A shift of the peaks to lower angle values is also observed. Thus, the introduction of O2 in the process results in lower crystallinity and cell expansion. A further increase of the oxygen ratio results in a moderate increase of crystallinity and a peak shift back to higher angles. The Raman spectra of Cu2O thin films deposited at both temperatures (220 °C and 260 °C) and with various O2 fractions are presented in Figure 4. 7. a&b. For 0%, the spectra are in both cases the typically reported for Cu2O, which contain acoustic and optical phonon modes at lower and higher Raman shifts. The modes are observed to disappear sharply after the introduction of oxygen into the films for both temperatures, which is associated with the modification of the defect amounts into the film, as discussed in chapter 3. In particular, a decrease of the vacancies-like defects and namely copper vacancies in the split and normal configuration is expected to take place 169 . Figure 4. 8 below shows the Raman spectra of Cu2O thin films deposited at 220 °C and 260 °C with an O2 fraction of 15%. A slight decrease in peak intensity is shown while rising the deposition temperature from 220 °C to 260 °C. This is in agreement with our previous results (see chapter 3 and A. Sekkat,et al 191 ), in which we demonstrate that the rise in the deposition temperature causes a decrease in the intensity of the vibrational modes and therefore vacancy defects of copper in the two configurations. We should mention that the only Raman mode attributed to Cu2O is T2g (Raman shift of about 550 cm -1 ) while the other peaks are attributed to defects in the thin film. 

XRDs and RAMAN Measurements of Cu2O with Different Oxygen Fractions

Study of the Defects in Optimized Cu2O Films based on PALS, DB-VEPAS, and DFT

Based on the obtained results and our previous work 191 , the focus has been made on films deposited at 260 °C for the following results with an amount of oxygen fraction fixed at 0%, 5%, 15%, and 25%. The thickness of the layer has been fixed at approximately 100±5 nm for the four samples, which corresponds to 3000 ALD cycles, to allow a better understanding of the material and transport properties. 

Structural Properties of Films deposited at 260 °C with Different Oxygen Fractions

diffraction, and c) SEM images of Cu2O thin film deposited on a borosilicate glass substrate at 260 °C and with a variation over the oxygen fraction (0% -5% -15% -25%). (Insets show picture illustration, of 1 cm² Semitransparent Cu2O thin film deposited on a borosilicate glass substrate)

Likewise, XPS measurements were performed and confirmed that there is no Cu 2+ or metallic Cu present in the deposited at 260 °C with 15% oxygen fraction, as shown in Figure 4. 10. The XPS spectrum in the O 1s region demonstrates the presence of only the Cu2O phase and the survey spectrum proves that the film does not contain carbon and other impurities (Figure 4. 10). This is a strong proof that the added oxygen is not oxidizing the film to the CuO phase. Another important feature to consider is the mass density of the films at different oxygen fractions. b displays the dependence of the mass density with respect to the amount of the O2 fraction. The density at 0% and 5% is approximately around 5.8±0.2 g/cm 3 similar to the density of single-crystal Cu2O, while a slight decrease to 5.45±0.2 g/cm 3 is observed. This could be triggered by the change in the defects within the films as well as the observed change in the morphology. Interestingly, the density attains again an appreciable high value at 25% oxygen fraction of 5.8±0.2 g/cm 3 , as in the initial states. In any case, the densities obtained are high in all cases, close to the single crystal value. 

Transport Properties of Films deposited at 260 °C with Different Oxygen Fractions

Figure 4. 12. a shows the electrical properties, namely resistivity, mobility, and charge density for different amounts of oxygen fraction at 260 °C. The mobility is observed to gradually decrease from 85 cm².V -1 .s -1 at 0% oxygen fraction to 1.1 cm².V -1 .s -1 at 25 % oxygen fraction and the charge density of holes increase inversely from 7.10 14 cm -3 at 0% to 1.10 18 cm -3 at 25%. The resistivity, as mentioned previously, measured by Van der Pauw and confirmed by the 4-point probe, is noticed to decrease from 94 Ω.cm at 0% to 0.4 Ω.cm at 5% and 15% and then noticed to increase to 3.11 Ω.cm at 25%. These data were compared with the resistivity values of other growth techniques as extracted from the literature to have more insight into the comparison between thin films developed in this work and other reported works. Indeed, Figure 4. 12. b displays the resistivity values obtained with different methods versus the publication year and it seems that the average reported resistivity value for all cuprous oxide films are located around 100 Ω.cm with a clear enhancement over the years, especially for the sputtering methods. [START_REF] Rakhshani | The role of space-charge-limited-current conduction in evaluation of the electrical properties of thin Cu2O films[END_REF][START_REF] Mahalingam | Galvanostatic deposition and characterization of cuprous oxide thin films[END_REF][START_REF] Mahalingam | Potentiostatic deposition and characterization of Cu2O thin films[END_REF][START_REF] Transactions | Electrical Characterization of Cu/Cu2O Electrodeposited Contacts[END_REF][START_REF] Han | Electrochemically deposited p-n homojunction cuprous oxide solar cells[END_REF][START_REF] Elfadill | Preparation of p-type Na-doped Cu2O by electrodeposition for a p-n homojunction thin film solar cell[END_REF]194 , Th.Ox [START_REF] Hill-Pastor | Study of the effects of NaCl or NaOH as sodium dopant precursors in p-type nanocrystalline Cu2O thin films[END_REF][START_REF] Musa | Production of cuprous oxide, a solar cell material, by thermal oxidation and a study of its physical and electrical properties[END_REF] , PLD [START_REF] Kale | Magnetism in cobalt-doped Cu2O thin films without and with Al, V, or Zn codopants[END_REF][START_REF] Pallecchi | Cu2O as a nonmagnetic semiconductor for spin transport in crystalline oxide electronics[END_REF] , Sputt [START_REF] Hu | Reduced bandgap and enhanced p-type electrical conduction in Ag-alloyed Cu2O thin films[END_REF][START_REF] Fara | Complex investigation of high efficiency and reliable heterojunction solar cell based on an improved Cu2O absorber layer[END_REF] , Silar 42 , SALD [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] , AACVD 157 , MOCVD 37 vs. year of publication).

Defect evolution with PALS, DB-VEPAS, and DFT

Aiming to gain a deeper knowledge on the mechanism behind the defect formation in the Cu2O films, positron annihilation lifetime spectroscopy (PALS) and Doppler broadening variable energy positron annihilation spectroscopy (DB-VEPAS) was conducted for the first time for Cu2O. These advanced techniques permit to estimate the types of defects in oxide films 135 . Positrons have been implanted into the sample with discrete kinetic energies Ep in the range between 0.05 and 35 keV, which allows for depth profiling from the surface down to a couple of micrometers. A mean positron implantation depth can be approximated by a simple material density-dependent formula: (4.1) where ρ=6.01 g•cm -3 (the density of single crystal Cu2O). Implanted into a solid, positrons lose their kinetic energy due to thermalization and after short diffusion annihilate in delocalized lattice sites or localize in vacancy-like defects and interfaces emitting usually two anti-collinear 511 keV gamma photons once they meet electrons. Since at the annihilation site thermalized positrons have very small momentum compared to the electrons a broadening of the 511 keV line is observed mostly due to the momentum of the electrons, which is measured with one or two high-purity Ge detectors (energy resolution of 1.09 ± 0.01 keV at 511 keV). This broadening is characterized by two distinct parameters S and W defined as a fraction of the annihilation line in the middle (511±0.93keV) and outer regions (508.56±0.35keV and 513.44±0.35keV), respectively. The S-parameter is a fraction of positrons annihilating with low momentum valence electrons and is linked to vacancy type defects and their concentration. Plotting calculated S as a function of positron implantation energy, S(E), provides depth-dependent information 195 . The following measurements, shown in Figure 4. 13, probe the weighted average concentration of all the defects present in the film and we can notice that the increase of the oxygen fraction promotes a decrease of the overall open volume. This may prompt that the film shows fewer oxygen vacancies that are supplemented by an increase of the oxygen interstitial along with other complex defects 195 . This seems to be more emphasized for films deposited at higher deposition temperatures. The positron annihilation lifetime is acquired as a time between positron generation (or implantation into a material) and annihilation with an electron inside a film at a defined thickness (approximated by <z>) depending on Ep. The positron lifetime strongly depends on the local electron density, which is lower in open volumes, e.g., vacancy-like defects and their agglomerations. The lower electron concentration leads to increased positron lifetime, which can be translated to specific defect types. The larger is the defect size, the longer the positron will exist inside the trap 131 . Typical lifetime spectrum N(t) is described by:

𝑍 𝑚𝑒𝑎𝑛 = 36 𝜌. 𝐸 𝑃 1.62
𝑁(𝑡) =  ( 1  𝑖 ) 𝐼 𝑖 𝑒 (- 𝑡  𝑖 ) (4.2)
where i and Ii are the positron lifetime and intensity of the i-th component, respectively (Ii=1). Whenever more defect types exist in a film, positrons will localize there as long as the defects charge is neutral or negative. Hence, more different defect contributions can be acquired at the same time.

The relative intensity provides information about the relative density of a particular defect state but can be treated as an absolute measure only for cases with the same trapping cross-section. The latter strongly depends on the vacancy complex size 130 .

The positron annihilation lifetime experiments were performed at the mono-energetic positron spectroscopy (MePS) beamline, which is the end station of the radiation source ELBE (Electron Linac for beams with high Brilliance and low Emittance) at HZDR (Germany) 132,196 using a digital lifetime CrBr3 scintillator detector with a homemade software employing a SPDevices ADQ14DC-2X with 14-bit vertical resolution and 2GS/s horizontal resolution and with a time resolution function down to about 0.205 ns. The resolution function required for spectrum analysis uses two Gaussian functions with distinct intensities depending on the positron implantation energy, Ep, and appropriate relative shifts. All spectra contained at least 1•10 7 counts. The spectra were deconvoluted using the non-linearly least-squared based package PALSfit fitting software 134 into 3 discrete lifetime components (τ1-τ3), which directly evidence 3 different defect types (sizes). The corresponding relative intensities (I1-I3) reflect relative changes of each defect type (size) density. These results demonstrate the shortest positron lifetime components of τ1 ≈ 320 ps from samples having a 0% oxygen fraction. Cu2O crystals were expected to have a lifetime of 175 ps which is not the case of our films due to the positron trapped in the vacancies of neutral and ionized copper. On the one hand, it is suggested that lifetimes of about 320 ps indicate VCu-VO pairs 197 , however, as revealed by our DFT-ATSUP calculation, the latter displays a presence of vacancy clusters consisting of two Cu and two oxygen atoms, V2Cu-V2O. The bulk lifetime, on the other hand, (positron annihilation at interstitial positions) was not detected 198 , which suggests a large initial defect concentration.

The increased oxygen fraction to values of 5% and 15% induces a strong reduction of the positron lifetime to τ1 = 244-271 ps, which is larger, however, than oxygen vacancy (VO) and Cu vacancy (VCu) 197 . In order to predict precisely the defect type, DFT calculations were performed. Theoretical calculations of positron lifetimes for the delocalized (bulk lifetime) and localized states trapped at vacancy-like defects and their agglomerations were obtained using the atomic superposition (ATSUP) method within two-component density functional theory (DFT) ab initio calculations 199 . For the electron-positron correlation, the generalized gradient approximation (GGA) scheme with a gradient correction (GC) was used 200 . The gradient correction scheme is more sensitive to details of the electronic structure compared to other schemes used, e.g. to Boronski-Nieminen (BN) approach. For the calculations performed here, the Cu2O crystal structure with a space group #224, Pn-3m and a lattice constant of 0.4267 nm was used. Different vacancy configurations were simulated including Cu (VCu), oxygen (VO), and split vacancies (VCu,split), as well as their complexes. The calculated positron lifetimes corresponding to these states are presented in Table 4. 1. The experimental lifetimes ranging from between 240 ps to 270 ps for samples having an oxygen ratio of 5% and 15% can be attributed to the positrons trapped in split vacancies and VCu --VO + complexes, respectively. The relative intensity, shown in Figure 4. 14. b, is reduced for samples deposited with elevated oxygen fraction. This indicates a larger number of positrons undergoing annihilation at larger defects like vacancy clusters. The correlation between the different results is interesting because it represents strong evidence for the decrease of the overall defect, and in particular oxygen vacancy VO, within the films with increasing O2 fraction, to the point where the VCu,split is indeed detected. In fact, photoluminescence measurements, shown in Figure 4. 14. d, present the expected Cu2O excitonic peaks (Y1 and G2), with a decrease in the oxygen vacancy VOrelated luminescence and a change in the slope of the copper vacancy VCu related luminescence, thus in agreement with the results obtained from PALS and DFT-ATSUP 201 . While the PALS technique provides information of the defects present in the lattice, the Doppler Broadening spectroscopy technique determines the chemical composition at the vacancy-like defects, since the positrons are efficiently trapped in vacancy-like defects and this can be used to determine the defect concentrations in the film. Fitting the S(Ep) dependencies enables analysis of positron diffusion length, L+, which is inverse proportional to the defect concentration 𝒄 𝑽 , as summarized in Table 4. 2. This concentration represented the weighted average overall defects present into the thin films. This is indeed confirmed by Table 4. 2, where the samples with 0% oxygen fraction display the largest S parameter and the lower diffusion length. Thus, this implies a large defect concentration of the complex defects, in agreement with the PALS measurements. Additionally, the increase of the oxygen fraction to 5% and 15 % results in a decrease in the S-parameters and an increase in the L+. This suggests both a reduction of the complex defect size and/or concentration, as shown in Table 4. 2. Assuming that the films mostly contain one major type of defect (as indicated by the PALS analysis) the vacancy concentration Cv can be calculated as follows:

c V = 1 ν V τ B ( L +,B 2 L + 2 -1) (4.3)
where Vv is a specific positron trapping rate (trapping coefficient), τB and L+,B are the bulk lifetime and diffusion length, respectively, in a defect-free material. The latter can be calculated as 𝐿 +,𝐵 = √𝐷 + 𝜏 𝐵 , where D+ is the room temperature positron diffusion coefficient. According to our ATSUP calculations τB ≈ 180 ns was utilized, which possibly is slightly overestimated 202 . The values of D+ are often not available in the literature. For semiconductors, the diffusion coefficient is typically in the range D+ = 1-2 cm 2 s -1 131 . The known values for metals, for example for Al and Cu are in the same range: D+,Al = 1.7±0.2 cm 2 s -1 and D+,Cu = 1.7±0.5 cm 2 s -1 203 . Utilizing D+ value for Cu L+,B=174.9 nm is obtained. On the other hand, the specific positron trapping rate in semiconductors is Vv ≈2•10 15 s -1 for single vacancies 204 and N•Vv for N number of vacancies within a complex 205 or N number of neutral pairs of metal vacancyoxide vacancy complexes 206 . In our case, at least N=2 is expected, hence Vv ≈ 4•10 15 s -1 was taken to calculate defect concentration. However, assuming that VO is not neutral within a complex N=3-4 should be taken. It is suggested by our ATSUP calculations by increased positron lifetime once VO is added to VCu. The results are presented in Table 4. 2. The latter is likely electrically inactive since, in the PALS and PL measurements, we have also observed a decrease in the amount of the oxygen vacancies with respect to the other formed defects into the layers. The oxygen vacancies have been demonstrated to act as hole killers leading to a decrease of the carrier concentration inside the film 22,[START_REF] Scanlon | Acceptor levels in p-type Cu2O: Rationalizing theory and Experiment[END_REF] . This is even demonstrated by the DFT calculation that shows a decrease of the complex defect to the level of which VCu,split are detected into the lattice. In fact, inducing oxygen fraction is demonstrated to have a direct relationship with increasing the charge density. This is due to the nature of the anion defect VO that acts as hole killers by recombining with holes 207 . Thus, the decrease of the VO leads to a reduction of the recombination and therefore the rise of the hole carrier concentration controlled by the vacancies of copper. The role of the polaronic behavior promoted by vacancies as well as their impact on the conductivity of Cu2O thin films and single crystals are well documented [START_REF] Scanlon | Acceptor levels in p-type Cu2O: Rationalizing theory and Experiment[END_REF][START_REF] Nolan | The p-type conduction mechanism in Cu2O: A first principles study[END_REF][START_REF] Brattain | The Copper Oxide Rectifier[END_REF][START_REF] Elliott | Symmetry of excitons in Cu2O[END_REF] . In addition, the reduction of anionic defects leaves room for copper vacancies in split configuration to be dominant, which therefore explains the increase in the conductivity of the film. The number of copper vacancies in normal configuration also decreases with the injection of oxygen, as shown above. However, the level of cation ionic defects is certainly more dominant at 5% and 15%. The mobility value seems to degrade beyond 5% of the oxygen fraction and this is explained through the trap limited conduction caused by the non-spherical Cu 3d orbitals, which cause a strong tailing at the valence band 208,209 . The present study answers several questions related to the impact of defects in Cu2O thin films since previous work has demonstrated that the electrical conductivity is mostly dependent on the tuning of these defects prior to a post-annealing process [START_REF] Porat | Defect chemistry of Cu2-yO at elevated temperatures. Part II: Electrical conductivity, thermoelectric power and charged point defects[END_REF][START_REF] Han | Analysis of the Conduction Mechanism and Copper Vacancy Density in p-type Cu2O Thin Films[END_REF] .

Conclusion

In this chapter, an atmospheric pressure spatial atomic layer deposition process was used to prepare high-quality Cu2O thin films. A record resistivity of Cu2O thin films of 0.4 Ω.cm has been obtained at low temperature (≤ 260 °C) with 15% oxygen fraction as compared to other reported Cu2O grown films by other techniques. Tunable carrier concentration (~7.10 14 to 2.10 18 cm -3 ), mobility (~1 to 86 cm 2 /V.s), and optical bandgap (~2.2 to 2.48 eV) have been achieved. Positron annihilation lifetime spectroscopy (PALS) reveals the presence of complex defects of vacancy clusters of Cu and oxygen (V2Cu-V2O). Doppler broadening variable energy positron annihilation spectroscopy (DB-VEPAS) combined with DFT calculations based on the VEPfit code were performed using the gradient correction scheme to gain more understanding of the formation and concentration of defects. The incorporation of the oxygen fraction in the process yields a reduction of vacancy-like defects until the split configuration of the copper vacancies is detected. Photoluminescence measurements prove the decrease of the VO-like defects, which act as hole killers, upon the addition of oxygen, thus resulting in an increase of the charge density. As a summary, we believe that the mechanism in all Cu2O grown film, especially in chemical approaches, is strongly impacted by the level of vacancy defects and a compromise needs to be found between the latter and other defects present in the metal oxide film. The reported results will surely open new insight for a further study concerning p-type semiconductors and especially for the application of photovoltaic and thin-film transistors.

In the next section, a complete study is conducted on integrating optimized Cu2O thin films as holetransporting layer in silicon heterojunction silicon cells and all-oxide solar cells fully made by AP-SALD. The two different precursors, mentioned above, were used according to the practical suitability of the applications. This has been developed prior to an in-depth simulation study on the different parameters of the cell intrinsically and on the different parts of the structure. Moreover, Cu2O layers with different oxygen fractions have been implemented as a simple diode in order to assess the impact of the formed in the defect.

Introduction

Cu2O thin films have been extensively studied and optimized in the previous chapters starting from the development of the thin films while investigating their different properties until an in-depth examination of the formed defects into the bulk structure. The potential application of semitransparent Cu2O in solar cell devices is prominent and has been demonstrated largely by the research community. Binary oxides offer plenty of advantages in terms of transparency, absorption, charge collection, and cost-efficiency. This makes a good candidate that needs to be explored for future generation solar cells. The lack of p-type semitransparent thin films makes it a very attractive material for several architectures. In fact, the ability to tune its transport properties and defect landscape allows us in this study to explore different roles of Cu2O thin films as an absorber that needs high mobility and low transparency or as a hole-transporting layer where higher carrier concentration is needed.

In this chapter, the first part will present the work done in collaboration with The National Institute of Solar Energy in France to integrate Cu2O thin films as a hole-transporting layer in silicon heterojunction solar cells (SHJSCs). This first part will be separated into three different parts: i. the first part will study the material science of the film deposited on textured silicon surfaces by exploring the crystallinity, phase purity, and morphology. ii. The second part will be focused on device integration and fitting parameters. iii. Then, the final part will discuss the obtained results with respect to the literature.

In the second part of the chapter, the developed Cu2O thin films have been explored as an absorber in all oxide solar cells. An in-depth numerical simulation has been achieved on the ZnO/Cu2O stacks using the SCAPS software 210 to define the main parameters of the all-oxide solar cell and correlate them with the actual device in this work.

The final part focuses more on device fabrication of the solar harvester devices and diodes with different oxygen concentrations to understand the main parameters of the formed defect into the film. Finally, flexible tests have been performed to assess the impact of integrating this technology into different architectures and surfaces.

Cu2O Thin Films as Efficient HTLs in SHJSCs

SHJ solar cells combining thin hydrogenated amorphous silicon (a-Si:H) layers with a crystalline silicon (c-Si) absorber are a mature technology that has demonstrated record efficiencies above 25% for large-area devices ( ̴ 180 cm 2 ), both using the interdigitated back contact (IBC) or both sides contacted (BSC) architectures [START_REF] Yoshikawa | Exceeding conversion efficiency of 26% by heterojunction interdigitated back contact solar cell with thin film Si technology[END_REF][START_REF] Green | Solar cell efficiency tables (version 51)[END_REF][START_REF] Yoshikawa | Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26%[END_REF][START_REF] Qiu | Front contact optimization for rear-junction SHJ solar cells with ultra-thin ntype nanocrystalline silicon oxide[END_REF][START_REF] Dewolf | High-efficiency silicon heterojunction solar cells: A review[END_REF] . The use of a-Si:H layers between the crystalline silicon core and the metal contact promotes a drastic reduction of recombination at the contacts, yielding an increase in the open-circuit voltage [START_REF] Yoshikawa | Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26%[END_REF]211 . The doped and intrinsic thin a-Si:H layers act both as a passivation film on the dangling bonds of the crystalline silicon wafer and as a selective contact. This is mainly attributed to the high hydrogen content and ability to promote doping of these films, together with adequate interface band offsets [START_REF] Dewolf | High-efficiency silicon heterojunction solar cells: A review[END_REF]103,212 . Such passivation effect allows to use thinner c-Si wafers, and thus, this technology represents a promising alternative to the current c-Si technology 213 .

Due to their wider bandgap ( ̴ 1.7 eV) with respect to crystalline silicon, a-Si:H films offer higher transparency, thus facilitating the transmission of photons to the bulk absorber [START_REF] Steffens | Correlation between the optical bandgap and the monohydride bond density of hydrogenated amorphous silicon[END_REF][START_REF] Abdulraheem | Optical bandgap of ultra-thin amorphous silicon films deposited on crystalline silicon by PECVD[END_REF][START_REF] Kyaw | Heterojunction solar cells[END_REF] . Nevertheless, the transparency of these films is still not enough to avoid parasitic absorption at the front side of the device [START_REF] Reiter | Parasitic Absorption in Polycrystalline Si-layers for Carrier-selective Front Junctions[END_REF][START_REF] Sahraei | Investigation of the optical absorption of a-Si:H solar cells on micro-and nano-textured surfaces[END_REF][100] . Another major drawback of the a-Si:H layers is their low conductivity, which therefore increases the series resistance within the device 101,102 . As an alternative, several works focus on the development of nano-crystalline layers (nc-SiOx:H) to substitute the a-Si:H layer, to improve both the conductivity and the transparency of this active window layer 188,[214][215][216] .

In a different approach, several groups have proposed to replace the a-Si:H films with oxides or alkaline metals [103][104][105][106] , targeting ultra-low surface recombination velocities, high transparency, excellent carrier selectivity, and low resistivity values 104 . Among the different oxides, Cu2O is a promising semi-transparent p-type HTL thanks to the high abundance of Cu, a work function of 5 eV (close to ̴ 5.2 eV of a-Si:H(p)), and a wide optical bandgap of approximately ~1.7 to 2.1 eV 10,21 . As a result, Cu2O has been explored as a component in numerous optoelectronic applications, such as photovoltaics [217][218][219] , water splitting 181,220 , and photodetectors [221][222][223] .

The integration of Cu2O in emerging and industrial-scale solar cell technologies has shown strong interest in recent years 21 : it has been integrated into hybrid perovskite solar cells as an HTL and buffer layer, contributing both to the enhancement of the power conversion efficiency and the stability of the perovskite films 141,224,225 . In organic solar devices, Cu2O has demonstrated an improvement in the power conversion efficiency compared to conventional PEDOT:PSS HTL 226 . Cu2O has also been significantly explored as a potential component in Si-based PV technologies. Undoped and doped sputtered Cu2O has been explored for the first time as a hole selective contact in c-Si solar cells 227 . The maximum reached power conversion efficiency reached so far for Si-based solar cells is 9.54%, incorporating a solution-processed Cu2O layer and after introducing a MoOx antireflective coating 228 . Cu2O is also a potential candidate to replace the a-Si:H(p) layer in SHJ devices 21,179 , however, Cu2O HTLs developed so far in the literature are mostly obtained with growth techniques that require either high thermal budgets (>350 °C) or involving several steps. These growth conditions are incompatible with SHJ cells, which require low-temperature processing to preserve the passivation conferred by the a-Si:H. Apart from being able to deposit the Cu2O layers at maximum temperatures around 200 °C, their implementation in SHJ cells also requires low-cost and scalable processing while retaining good transport properties and a high growth rate. Atmospheric Pressure -Spatial Atomic Layer Deposition (AP-SALD) represents an appealing option since it allows the deposition of high-quality thin films at low temperatures and high throughout [START_REF] De La Huerta | Gas-Phase 3D Printing of Functional Materials[END_REF] , even when processing at atmospheric pressure 229 . AP-SALD has indeed already been widely applied to new generation photovoltaic technologies 156 , among others 155,230,231 . In particular, Cu2O thin films deposited by SALD have been extensively studied in terms of structural, optical, and electrical properties previously [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF]232 , and have been used in all-oxide ZnO/Cu2O solar cells 151 .

In this part, we have used AP-SALD to integrate Cu2O layers as HTL in 3x3 cm² SHJ solar cells. The effect of the HTL deposition temperature and thickness on the passivation, recombination level, and output results after each step of the solar cell fabrication has been evaluated. Moreover, the obtained results are rationalized by performing a two-diode model fitting on the IV curves. Our cells present record efficiencies when compared to other Si-based solar cells incorporating Cu2O layers. Especially appealing is the large area for which our results have been obtained.

Device Fabrication and Optimization

Heterojunction solar cells represent an efficient structure of silicon-based devices at the industry and research levels. The fabrication process relies on high-quality n-type monocrystalline Si-wafer combined with amorphous hydrogenated silicon thin film that allows reducing the surface state density of c-Si. A sketch of a typical SHJ cell is, with its different components, displayed in The cell precursors (i.e. before depositing the AP-SALD Cu2O layers were prepared at INES through different steps. First, a high-quality Czochralski (CZ) n-type crystalline Si (<100>, 170 μm thick, 1-5 Ω.cm) absorber was used. The full-sized (~244.33 cm²) wafers were textured on both sides (KOH solution) and cleaned using an automatic wet bench from AKRION. Thin hydrogenated amorphous silicon (a-Si:H) layers were deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD): an intrinsic a-Si:H(i) layer on the rear side and a-Si:H(i)/a-Si:H(n) stack on the front. P-doped a-Si:H layers were deposited by PECVD at the rear side of some samples to form the typical rear emitter SHJ as a reference. All the full-size wafers were cleaved into 5x5 cm² substrates, maximum size compatible with the SALD reactor at LMGP.

Figure 5. 2. Scheme of the close-proximity SALD manifold head used to deposit 9 cm² of Cu2O on 10 cm² SHJ solar cell

Then as a second step, the samples without the a-Si:H(p) emitter layer received the Cu2O deposition using SALD on top of the rear side a-Si:H(i) layer. Cupraselect® (hexafluoroacetylacetonate)-Cu(I)-(trimethylvinylsilane) was used as Cu precursor [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] . This particular precursor was used because Cu(hfac)(COD) exhibits lower growth per cycle at low deposition temperatures which deteriorates the passivation of the a-Si:H(i) layer. The injection SALD manifold-head used, shown in Figure 5. 2, contains one metal precursor outlet, separated from the oxidizing agent outlets by inert gas barriers alternatively located in between the reactive gas flows to prevent them from mixing. The Cu precursor was heated at 65 °C and the transport line between the bubbler and the manifold injection head was heated at 70 °C to avoid any condensation of the precursors in the lines. The nitrogen flows bubbled through the precursor with a mass flow of 60 sccm that is diluted in extra nitrogen flow (60 sccm) before being sent to the injection head. Finally, the nitrogen barrier flow was adjusted to obtain a flow of 120 sccm per outlet. The precursor and water are injected continuously from the manifold head onto the substrate that oscillates at a scanning speed of 10 cm/s. Films were deposited on a silicon heterojunction solar cell with a surface area of 10 cm², the cell was covered with a mask to ensure a 9 cm² coating. Front and back Indium Tin Oxide (ITO) transparent electrodes with a thickness of about 75 nm and sheet resistance of about 60 Ω/sq were then deposited by sputtering on an area of 3x3 cm². Finally, for the front and back electrodes, a low-temperature Ag paste was deposited using a screen-printing technique followed by an annealing treatment at 200 °C for several minutes. shows the corresponding tilted cross-section SEM views. The Cu2O layer is conformal over the textured Si surface (pyramids) and appears continuous and free of pinholes, which is a prerequisite to minimize shunt-related defects. In this study, the film thickness of Cu2O was fixed at 10, 60, and 80 nm deposited at a temperature lower than 220 °C. This temperature was kept as low as possible to find a compromise between the material transport properties while being below the degradation limit of the SHJ, thus maintaining the passivation effect of the a-Si:H layer. The effect of the deposition temperature was also evaluated in this study. 

Material Properties

As mentioned previously, the ability to deposit high-quality Cu2O thin films at low deposition temperatures is limited. The objective is to reduce the occurring recombination phenomena as much as possible while preserving good passivation properties induced by a-Si:H (i). Thus, the deposition temperature effect was evaluated by growing Cu2O thin film at 200 °C and 220 °C. The thickness was also varied from 10 nm, 60 nm, and 80 nm to define the impact on the output results of the solar cell.

After deposition of Cu2O on top of the silicon heterojunction solar cell, Raman spectroscopy measurement was performed to evaluate the phase purity of the material. The obtained results indicate that, to the limit of detection of the technique, there is no presence of other phases (Cu and/or CuO) as shown in Figure 5. 5. The measurement was done at 488 nm to reveal all the present modes in the films. The reference Raman modes have been included to have a clear comparison. In the case of the 10 nm films deposited at 220 °C, the intensity of the peaks decreases, and this is mostly explained by the decrease in the film thickness. The typical observed Raman modes for Cu2O are included as a reference.

X-ray diffraction (XRD) measurements for the different samples are shown in Figure 5. 6. The samples were titled during the measurement by 3 degrees to diminish the effect of the silicon signal. The cuprous oxide deposited on top is observed to be crystalline in all cases with a preferential texture along the (111) plane, which corresponds to the reflection at 36.28° (referenced to the ICSD26963 database) 235 . The difference in peak intensity between the 80 nm and 60 nm films is mainly due to the different deposition temperatures and resulting crystallinity [START_REF] Suntola | Method for Producing Compound Thin Films[END_REF] . In the case of the 10 nm films, the low intensity is mainly due to the low thickness of the film. Besides, these measurements are indeed insensitive to impurities and cannot rule out the presence of other phases: CuO and/Cu in the deposited film. and Cu 2p1/2 signals and without the presence of the Cu 2+ and Cu 0 species for samples deposited on a glass substrate at 150 °C and 250 °C. The spectra were obtained after an Ar-milling process at 2 KeV for 10 seconds to remove the carbon contamination at the surface. This is a very important step while investigating the material properties of the films since many recombinations may arise in the case of phase contamination. This is even confirmed by the cross-section TEM analyses of Cu2O samples deposited on top of the SHJ solar cell, for 10 nm and 60 nm thick Cu2O HTL shown in Figure 5. 8. The images confirm that the films do not present cracks nor pinholes and that they follow the textured Si profile in a very conformal way especially for the film deposited with 60 nm. Conversely, we were not able to obtain a SAED pattern for the 10 nm film in which the Cu2O signals could be seen (see Figure 5. 8), although Raman and XRD show that it should be crystalline, even only partially. In this respect, it also has to be considered that the preparation of the sample for the evaluation of the cross-section may have resulted in partial amorphization or modification of the films, as is often the case. Overall, the film is observed to be conformal and well deposited at the top surface of the silicon heterojunction solar cell with a relative variation of the roughness for the thick films. This is indeed something we have already observed in previous works, and it is probably due to a partial CVD growth, as reported by D.Muñoz-Rojas and K.P.Musselman [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF]236 . 

Recombination Mechanism

One of the main concerns while integrating Cu2O HTL into SHJ cells is the passivation quality, which should be conserved after the deposition process to allow reaching a high Voc.

Figure 5. 9. a&b shows photoluminescence (PL) images of both standard cells with an a-Si:H(p) layer and cells with a 10 nm Cu2O HTL. PL data were obtained at different stages: before Cu2O deposition and after the deposition of ITO and silver contact. PL intensity can be directly converted to the absolute excess Minority Carrier Densities (MCDs) 237 . The Voc value is in turn related to the excess MCDs ∆𝑛 and ∆𝑝 (considering: ∆𝑝 = ∆𝑛) by the equation 238 :

𝑖𝑚𝑝𝑙𝑖𝑒𝑑 𝑉𝑜𝑐 = ( 𝑘𝑇 𝑞 ) 𝑙𝑛 ( (𝑁 𝑑 +∆𝑛)∆𝑛 𝑛 𝑖 2 ) (5.1)
where Nd is the doping concentration, ni is the intrinsic carrier concentration, k is the Boltzmann constant (≈8.617x10 -5 eV/K) and T is the temperature (K). Therefore, an implied Voc can be quantitatively estimated from PL data. With the presence of Cu2O HTL, it appears that the PL intensity was lower at some local areas, indicating a lower excess MCD in these regions as a result of higher recombination. In addition to PL measurements, carrier recombination has also been evaluated with a WTC120 instrument from Sinton Instruments 239 . After the deposition of the Cu2O HTL, minority carrier lifetimes and the corresponding implied Voc at specific 𝑀𝐶𝐷 = 10 15 𝑐𝑚 -3 were reduced from 2140 µs and 736 mV to 1156 µs and 729 mV, respectively, as shown in Figure 5. 9. c&d. The values obtained for the reference cell with a-Si:H(p) and without ITO/Ag contact are equal to 1858 µs and 733 mV respectively. Thus, it can be concluded that the SALD deposition did not degrade drastically the passivation properties during the growth of the 10 nm thick Cu2O film, since the implied-Voc stays almost the same with a reduction of the lifetime values. This is in agreement with previous reports on the deposition of ZnO layers by AP-SALD on SHJ cells 156 . For thicker Cu2O layers, we found strong PL intensity reduction on the sample borders, in the regions covered by the mask (See Figure 5. 10). In addition, transportation and more handling of the samples were required for the SALD coating, which could have caused further damages on the cells incorporating the Cu2O HTL as compared with the standard cells.

It can be seen from Figure 5. 9 that there is almost no lifetime value change after ITO deposition for the reference sample at MCD >10 15 cm -3 , while it is reduced as MCD <10 15 cm -3 , as often observed in the literature 240 . Similarly, in Figure 5. 9.d, we can observe that almost no further change in the lifetime measurements is observed after ITO deposition on top of the Cu2O HTL over the full MCD range. This could be related to the slight protection provided by the 10 nm (or thicker) Cu2O layer from ITO sputtering process damages 241 . Even though the passivation quality of the Cu2O based SHJ cell is lower than the reference one, samples with 𝜏 𝑒𝑓𝑓 ≈ 1156 µ𝑠 and implied 𝑖𝑉 𝑜𝑐 ≈ 729 𝑚𝑉 still remain acceptable for SHJ cell finalization. Indeed, these values fall in the same order of magnitude of the a-Si:H(p) SHJ (only 4 mV lower), showing that replacing this latter layer by a Cu2O HTL does not affect significantly the passivation properties at the c-Si/a-Si:H(i) rear interface.

Output Results and Comparative Study

All the Cu2O HTL with different thicknesses were thus integrated into complete SHJ cells and the performances were evaluated. The IV curves and a table summarizing the obtained cell parameters are presented in Figure 5. 11. a&b. In the best case, i.e. for the SHJ cell with a 10 nm thick Cu2O HTL, a Voc of 584 mV and a Jsc of 36.8 mA/cm² could be obtained, leading to a maximum power conversion efficiency (PCE) obtained on the 9 cm² inverted emitter prototype of 13.7%. EQE (External Quantum Efficiency) measurements were conducted on the best sample, as shown in Figure 5. 12.c. The obtained EQE is very similar to the one obtained for the standard cell incorporating an a-Si:H(i) layer (Figure 5. 11), especially in the infrared range where the replacement of a-Si:H(i) by Cu2O was expected to have more impact. The Jsc values calculated from the EQE data are 35.8 mA/cm² and 36.4 mA/cm² for the Cu2O and the a-Si:H(p) based cells, respectively. These values are in good agreement with the values obtained from the JV measurement. The small difference could be related to a slight variance of the mask positioning when doing the different characterizations (note that the silver contacts account for 5.8% of the aperture area).

A small difference in Jsc ( ̴ 0.5 mA) is observed between the two samples (Figure 5. 11) where EQE is slightly smaller at the green-blue range but may be related to poor signal-tonoise ratio for the very first acquisition point (340 nm). In addition, good surface passivation and moderately high carrier lifetime contributed to the Jsc in this rear emitter configuration. However, the Jsc can be still improved by reducing recombination and optimizing the front metal grid design to reduce shading with a potential gain of 0.8% shading reduction.

A limiting parameter for the efficiency is the Fill Factor (FF). The reported FF for our best device is 63.8%, which is comparable to 66.2% and 66.3%, reported for perovskite solar cells incorporating a Cu2O HTL 224,226 , and is much higher than the maximum reported value of 40.6% for Cu2O HTL integrated into Si-based devices 227 . However, this value is sensibly lower than the typical 78%-84% generally reported for crystalline silicon-based devices. Furthermore, the obtained fill factor value is mainly correlated to the large contribution of the series resistance between a-Si:H(i)/Cu2O and/or Cu2O/ITO interfaces that could be decreased by optimizing further the growth conditions. cells measured, with the best efficiency of 13.7% being obtained [Green Square]. Note that the front metal grid shadowing is estimated at 5.8% and could be further optimized for Jsc enhancement.

The influence of the Cu2O deposition temperature on the performance of integrated SHJ devices was investigated. JV curves of samples with Cu2O deposited at different parameters are presented in Figure 5. 12.a and show that for lower deposition temperatures and thicker HTL layers, the performance of the cell is decreased. In order to rationalize these results, a two-diode model was used to fit the relation between the current J and voltage V 242,243 :

𝑱(𝑽) = 𝑱 𝒑𝒉 -𝑱 𝟎𝟏 {𝒆𝒙𝒑 [ 𝒒(𝑽 + 𝑱 * 𝑹 𝒔 ) 𝒏 𝟏 * 𝒌𝑻 ] -𝟏} -𝑱 𝟎𝟐 {𝒆𝒙𝒑 [ 𝒒(𝑽 + 𝑱 * 𝑹 𝒔 ) 𝒏 𝟐 * 𝒌𝑻 ] -𝟏} - 𝑽 + 𝑱 * 𝑹 𝒔 𝑹 𝒔𝒉 (5.2)
where Jph, J01, and J02 are photogeneration, diode saturation current densities, respectively. Rs and Rsh are denoted for series resistance and shunt resistance; n1 and n2 are diode ideality factors; k and T are Boltzmann constant and temperature, respectively. The fitting data, displayed in Table 5. 1, indicate the obtained results calculated for the two-diode model 243 . It should be noted that the diode saturation current densities and shunt resistance vary very little from one sample to another.

Interestingly, the cell with a 60 ± 10 nm thick Cu2O HTL deposited at 200 °C shows the highest series resistance. This is in agreement with an increase in resistivity of Cu2O thin films when decreasing the deposition temperature with AP-SALD [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF]232 . Therefore, we consider that series resistance is one of the main parameters limiting cell performance. On the other hand, on some occasions, the JV curve presents a small S-shape which possibly stems from the counter-diode effect where the interface ITO(n)/Cu2O(p) electrically acts as a parasitic p-n junction. In addition, it can be seen from the JV curve (Figure 5. 12) that the last sample deposited at 220 °C with a higher number of deposition cycles (80 nm) can degrade further the cell. The decrease of Voc (down to 369 mV) might result from suppression in passivation due to longer AP-SALD deposition time. In the same line, It has indeed been shown that the short deposition times offered by AP-SALD have allowed depositing buffer layer oxides, at temperatures up to 180 °C, on sensitive hybrid perovskite cells without degrading them 141,244 . Thus, the thickness of the Cu2O layer has two main effects, a direct one and an indirect one. In the first case, the thicker the films, the higher the resulting series resistance, thus affecting the performance of the cell. This effect is nevertheless modulated by the different crystallinity of the films (i.e. 60 nm film deposited at 200 °C shows higher series resistance due to its lower crystallinity when compared with the 80 nm films deposited at 220 °C). The indirect effect has to do with the different deposition times involved in thin versus thicker films. As indicated before, the difference between 80 nm and 10 nm mainly comes from the different degradation of the a-Si:H(i), since for the 80 nm layer, the samples are exposed for a longer time to 220 °C. Indeed, a recent study by R. A. Jagt et al. has demonstrated that the low exposure time during deposition of the Cu2O by SALD on perovskite solar cells using SALD contributes drastically to preserve the device's performance stability 141 . In the same line, another study by R. D. Raninga et al. again on perovskite solar cells, shows that the fast deposition of SnO2 by SALD prevents the degradation of the cell, increasing the cell efficiency 244 .

Our results represented, at the moment of publication, the best efficiency value ever reported for a Si-based solar cell using Cu2O as a hole transporting or buffer layer. Indeed, several works have been reported on doped and undoped Cu2O being integrated into cells based on c-Si. Markose et al. have reported a sputtered boron-doped and undoped Cu2O as a hole-selective layer for c-Si solar cells 227 . The maximum achieved power conversion efficiency was around 5.48% with a reported Voc of 114 mV for non-doped films and 370 mV for the doped ones 227 . Cu2O thin films deposited by sputtering techniques have been widely reported in the literature as hole selective layer in c-Si solar cell structures with maximum efficiency values of 3.39% 245 , and 1.12% 246 . Other approaches have been used to grow Cu2O and integrate it in Si-based solar cells with a low reported value of 0.45% for electro-deposition approaches 247 . The highest reported efficiencies so far are 9.54% using spin-coating approach 228 and 6.02% with the thermal oxidation process 248 . In all cases, the surface areas in these studies varied from 0.01 to 1 cm², thus between 9 and 900 times smaller than for the study presented here. The validation of high-efficiency values for large laboratory cells is a key factor towards the largescale integration of technology into industrial processes. 5. 2 summarizes the cell parameters, including cell area, for all reported Si-based cells incorporating a Cu2O layer, along with our results while Figure 5. 13 focuses on the differences in terms of efficiency, Jsc, and area for the different reports. To sum up, most of the other deposition techniques require a high thermal budget in the case of the thermally oxidized films or complex processes such as sputtering (more damages, vacuum required) and spin coating as well as electrochemical techniques that provide hardly uniform films over the surface substrate (therefore not suitable for up-scaling). Furthermore, the comparison shows that the reported devices involve a smaller surface area (< 1 cm²), which prevents the integration to the industrial level. In this work, the HTL layer was deposited over a large surface area of 9 cm², and the resulting solar cells exhibit higher efficiency and current density compared to other heterojunction Si-based structures. This demonstrates the potential ED: Electrodeposited, TE: Thermal Evaporation of using the SALD technique to integrate Cu2O HTL p-type semiconductors for solar cell devices in the industrial and R2R processes. In summary, we present the first rear emitter SHJ cell using Cu2O as a HTL, as a possible alternative to a-Si:H(p). AP-SALD was used to deposit the Cu2O HTL. Our results show that AP-SALD allows obtaining a conformal and uniform large area of Cu2O deposited at a low thermal budget without degrading the passivation effect of the a:Si:H(i) layer. The best efficiency obtained was 13.7% on a large-area 9 cm² active cell, with a Jsc = 36.8 mA.cm -2 and a Voc = 598 mV. These values were obtained for a 10 nm thick Cu2O HTL deposited at 220 °C and are the highest reported to our knowledge for PV devices integrating Cu2O as HTL in silicon absorber-based devices. These results could be related to the intrinsic high quality of SALD thin films, together with the low deposition temperature that prevents the degradation of the passivation properties at the c-Si/a-Si:H(i) rear interface. Further optimization in the deposition conditions and the corresponding transport properties of the Cu2O HTL is expected to increase further the efficiency of the device closer to that of standard SHJ (in particular addressing the low Voc and FF obtained). Finally, our work represents a proof-of-concept study of integrating Cu2O deposited by SALD as HTL in c-Si based PV devices.

In the next section, we will focus on the role of Cu2O as an absorber in all-oxide solar cells starting with an in-depth numerical simulation study based on SCAPS 210 and then the combination of the Cu2O and ZnO metal oxides. A further look will also be given at the effect of the formed defects on device performance.

All-Oxide Solar Cells based on Cu2O and ZnO: From Simulation to Applications

As explained previously, the interest in developing all-oxide solar cells is growing significantly due to their low cost and eco-friendly aspects. In an ideal case scenario, Cu2O based solar cells, in particular, are predicted to provide a theoretical efficiency of 20% according to the Schockley-Queisser limit (SQL) 15,16 . This is based on a single junction without taking into account the different issues related to the band alignment with the charge collector as well as the possible structures that could be achieved. Current experimental data, however, reveals only achieved efficiency over ~ 1-2% so far. Thus, the field is still under development and a huge gap between the theoretical studies and experimental work is revealed and consequently needs to be filled. Several factors limit the energy conversion of Cu2O-based solar cells: material quality, quality of the charge collector, material absorption coefficient, and interface quality. Among them, the properties and quality of the Cu2O film itself are of key importance, since they will directly impact the amount of absorption and the series and shunt resistance values obtained in the final device.

Simulation study

In this section of the thesis, we focus on developing Cu2O and ZnO stack solar harvesters for building-integrated PV applications. Before that, a systematic study on the key parameters that affect the behavior of the solar cell at the nano-metric level is required. Therefore, an in-depth numerical simulation study based on SCAPS software 210 was conducted to understand the limiting factors and move forwards towards optimizing the device structures. The SCAPS software is a 1D solar cell simulation software, similar to PC1D 249 or wxAMPS 250 , which was developed at the University of Gent (Belgium) at the Department of Electronics and Information Systems (ELIS). In the following subsection, more details will be given on the integration of all the optical, material, and physical properties to the software and then followed with a correlation of the numerical simulation and also experimental work.

Material and Optical Properties

Optical Parameters. As a first approach, the strategy is oriented towards implementing experimental data of metal oxides (Cu2O & ZnO). The optical parameters, namely, the refraction index and extinction coefficient, were extracted from C. Malerba et al. 251 for Cu2O. For the case of ZnO, those parameters were extracted from (C. Stelling et al) 251 as shown in Figure 5. 14. since a ZnO thin film deposited on glass substrate was measured using spectral ellipsometry and then simulated using a Lumerical Solution, Inc software with a polynomial function. These parameters are included in a text file that is integrated into the software. Then, the absorption coefficient is calculated based on the Beer-Lambert Law since it is related to the extinction coefficient using the following equation:

𝛼 = 4 * 𝜋 * 𝑘 𝜆 (5.3)
where 𝜆 is the wavelength and k is the extinction coefficient. The extracted data are used to calculate the optical absorption of both metal oxide (ZnO and Cu2O) for each wavelength. This is shown in Figure 5. 15.a&c. Another significant parameter that has been calculated is the inverse of the absorption coefficient as presented in Figure 5. 15. b&d. This parameter is correlated with the thickness of material that is needed to absorb the light of different wavelengths.

Where 𝑁 𝑡 represents the defect density, Vth the thermal velocity, 𝜎 𝑋 is the defect capture crosssection Electron Thermal Velocity (cm/s) [START_REF] Biccari | Defects and Doping in Cu2O[END_REF][START_REF] Han | Analysis of the Conduction Mechanism and Copper Vacancy Density in p-type Cu2O Thin Films[END_REF]262 1.0 x 10 7 1.0 x 10 7

Hole Thermal Velocity (cm/s) [START_REF] Biccari | Defects and Doping in Cu2O[END_REF][START_REF] Han | Analysis of the Conduction Mechanism and Copper Vacancy Density in p-type Cu2O Thin Films[END_REF]262 1.0 x 10 7 1.0 x 10 7

Electron Mobility (cm²/Vs) 17,[START_REF] Biccari | Defects and Doping in Cu2O[END_REF][START_REF] Han | Analysis of the Conduction Mechanism and Copper Vacancy Density in p-type Cu2O Thin Films[END_REF] 100 60

Hole Mobility (cm²/Vs) 17,[START_REF] Biccari | Defects and Doping in Cu2O[END_REF][START_REF] Han | Analysis of the Conduction Mechanism and Copper Vacancy Density in p-type Cu2O Thin Films[END_REF] 50 30

The lifetime value is then used to calculate the diffusion length that is the squared product of diffusivity and lifetime 263 . Another important parameter that needs to be fixed is the distribution of the defects in the band gap. For our study, we have chosen the Gaussian model for defect distribution since it is commonly used for modeling the defect properties of solar cells 264 . Thus, all the carrier lifetime, defect concentration, and diffusion length have been summarized in Table 5. 4. After fixing all these parameters, the focus is now oriented towards the whole junction. The device structure is shown in Figure 5. 16.a with a starting thickness of 2 µm for Cu2O thin film and 0.1 µm for ZnO thin film. The illumination in this case is performed through the ZnO layer, and will be done later on in the following section on the Cu2O side to provide an insightful comparison. The external quantum efficiency (EQE) is key to understand the absorption and collection phenomena that are happening inside the structure. Thus, we have compared the output of our simulation with values from the literature (extracted with the Digitizer software). Figure 5. 17. b&c show the different EQEs obtained from different studied structures, which show different tendencies and behavior at different wavelengths with the ideal case shown in the graph obtained from the digital simulation. The structures based only on ZnO/Cu2O thin films (red and blue curve) show relatively high EQEs in the wavelength between 400 nm and 550 nm, while the addition of the AZO layer (green curve) shows higher EQEs in the UV part of the spectrum (375 nm to 400 nm). Furthermore, the EQEs of Cu2O thin films combined with ZnO nanowires show very low values compared to the thin film based structures. Most importantly, the obtained EQE in our numerical simulation results reveals that at lower wavelengths the absorption is mainly attributed to ZnO thin film, and then between 380 nm to 500 nm, an increase in the absorption is observed due to the contribution of the Cu2O film that has a thickness quite sufficient to convert more of the incident light to collected charge carriers. Overall, the obtained results are in correlation with the obtained experimental work performed on the ZnO/Cu2O stack.

Impact of the Different Parameters

Thickness of Cu2O. The effect of the different materials parameters is discussed in this section. The Cu2O film thickness was varied from 0.15 µm to 3.1 µm. Figure 5. 18.a presents the IV curve of the obtained simulated results. The output results are noticed to decrease with a small shoulder at higher voltage (>0.8V) that might be attributed to different band alignment at the junction and contacts within the structure. d show that for wavelengths lower than 500 nm, a thickness around 300 nm is needed to absorb 60-65% of incident light and explains that below 475nm, absorption mainly influences the variation of the EQE curve. Above this wavelength, the variation is explained through an additional effect of recombination occurring within the junction along with the absorption of the film.

Figure 5. 19 shows the variation of the output results with respect to the Cu2O thickness. Three parameters reveal a sharp increase with the thickness of the Cu2O film. This is mainly attributed to the increase of the absorption of the film and therefore the current density and maximum power point. This affects significantly the fill factor and the efficiency of the device. Even though, the Voc is noticed to decrease in an opposite trend with respect to the thickness of the absorber. This is caused by the increase of the charge recombination while increasing the thickness. This leads to an increase of the saturation current J0 and thus induces a reduction of the Voc 268 .

Diffusion Length of Cu2O. As mentioned earlier, the diffusion length has an important role in recombination and was chosen in the previous section based on the literature (Table 5. 4). However, its effect has never been studied using a modeling system and thus in the following part, we have increased the diffusion length of holes and electrons to assess its impact on the output results of the cell. The difference in the external quantum efficiency and power conversion efficiency is displayed in Figure 5. 20 for two values of the diffusion length (1 µm and 2 µm). In terms of the output results, a similar trend was observed while varying the thickness of the Cu2O. Figure 5. 20.a presents the observed subtracted EQE for the two diffusion lengths of the Cu2O film (1 µm and 2 µm). This difference was plotted for different Cu2O thicknesses at different wavelengths. Between 350 nm to 480 nm, the carriers are generated near the junction and inside the depletion region, which explains that there is almost no observable difference while increasing the diffusion length. Above 480 nm, the difference becomes trivial when varying the diffusion length and this is explained by the photons that are absorbed more deeply at this wavelength, and generated carriers must move for a greater distance to be collected. Thus there is a limitation related to the recombination and absorption as well. Figure 5. 20.b presents the effect of the diffusion length on the power conversion efficiency and a clear increase is observed in the difference when increasing the Cu2O thickness.

As expected, the impact of varying the diffusion length of the absorber plays a major role in the output results of the solar cell. Towards understanding further its impact, a variation of the diffusion length from 0.01 µm to 15 µm is applied for a reference cell (Cu2O-2µm and ZnO-0.1µm). The material and optical properties were kept similar as mentioned in the first part of this study. Thickness of ZnO. The thickness of the ZnO is also an important parameter that needs to be considered and varied towards understanding its impact on the device performance. Therefore, a simulation study was conducted by varying the thickness of the charge collector from 30 nm to 200 nm (Figure 5. 22). Figure 5. 22.a shows the obtained IV curves with no significant variation of the curve except a small change in the current density. The EQEs presented in Figure 5. 22.b increase at a lower wavelength with the decreasing of the ZnO thickness. A decrease of the values and thus the device performance is noticed when increasing the ZnO thickness with a stable Voc. The explanation behind this variation is the increase of the recombination induced by the thicker ZnO layer along with its antireflective properties that might enhance light absorption. Therefore, the conclusion from this study is that the decrease in the ZnO thickness is preferable due to its low absorption coefficient in the visible range and low diffusion length. As a first approach, the illumination from the Cu2O side was performed with a Cu2O thickness of 2 µm. In this case, the simulation did not converge since the diffusion length is lower with respect to the film thickness and thus does not allow a proper charge separation and collection. Following this issue, the thickness of Cu2O was reduced to 0.8 µm and 0.5 µm and, we have observed a reduction in the IV curve with respect to the illumination for the ZnO side as shown in Figure 5. 23.a. This is also confirmed by the EQE shown in Figure 5. 23.b since, at lower wavelengths below 475 nm, the photons are absorbed at the surface when illuminating from the Cu2O side. The generated carriers have a greater distance to travel in order to reach the depletion layer and junction, which indicates that a smaller thickness is suitable while inducing illumination from this side. Above 475 nm, the carriers are generated deeper and therefore closer to the depletion region which increases their probability to be collected. On the other hand, the bifacial illumination demonstrates a high and constant EQE between 350nm and 530nm and then starts to decrease gradually. Table 5. 5 summarizes the obtained output results for different side illuminations and demonstrates that the efficiency is less when illuminated from the Cu2O part since the carrier generated have more path to reach the depletion region and would induce more recombination through their motion. Defects at the ZnO/Cu2O Interface. As mentioned previously, all the performed study was done without taking into account defects at the interfaces. A careful look should be attributed to this parameter since different phenomena could occur and cause recombination of the charges and prevent their collection. Not much data are found in the literature on the defect types and their concentration, especially for the ZnO/Cu2O interface. The SCAPS software uses a thermionic emission model that is integrated for the interface transport properties.

In SCAPS software, the recombination mechanism at the interface is modeled based on the Pauwel-Vanhoule theory that is an extension of the Schockley-Read-Hall theory 210 . The integrated type of defects at the interface was then chosen neutral since it is contributing to the SRH recombination. The default capture cross-section cn and cp are all set to be 10 -13 cm -2 , which means the interface states capture coefficient electrons and holes with an equal probability 269 . Then, the impact of the concentration of defect on cell performance was evaluated. drastically from 10 10 cm -2 to 10 13 cm -2 and then stabilize after this value. The quantum efficiency is impacted only at wavelength below 520 nm. The trend shows that as the defect concentration increases more recombination is induced at the depletion layer and therefore promotes degradation of the device performances. Different defect types at the interface were tested and the same behavior was noticed concerning the output results of the solar cell since the same SRH model is used with different charges.

Summary

Overall, numerical simulations of the ZnO/Cu2O architectures using the SCAPS software were achieved in order to identify the main parameters that affect the behavior of the cells, namely thickness variation, side illumination, the quality of the interface of semiconducting thin films. Thanks to fruitful discussions with the SCAPS developer Prof. Marc Burgelman, bifacial simulation was implemented in this software and used for the first time in our study. Therefore, while varying the Cu2O thickness, the EQE demonstrates to be mainly limited by the absorption at lower wavelengths (λ< 475 nm), however, the contribution of the recombination was shown during the evolution of the EQE at higher wavelengths. Thus, a comprehensive study will enable us to implement our findings into experimental work by varying the thickness of the Cu2O and ZnO as well as the quality of the material through adjusting its temperature deposition. These will provide an insightful overview of the impact of physical behavior on all-oxide solar cells.

Integration to All-Oxide Solar Cells

After understanding the influence of the parameters and given the good transport properties of the Cu2O films deposited, a semitransparent solar harvester device combining extremely thin Cu2O and ZnO layers, namely ~200 nm and ~130 nm (see SEM image in Figure 5. 25), was fabricated and evaluated. The ZnO layer was also deposited by AP-SALD at 200 °C using Diethylzinc ((C2H5)2Zn, DEZ) precursor and water as a coreactant. The deposition temperature was settled at 200 °C with a distance gap of ̴ 150 μm for 800 cycles. N2 bubbling flow rates through the DEZ and H2O bubbler were 25 sccm and 100 sccm, respectively, and diluted with N2 flow rates of 225 sccm and 275 sccm, respectively, before reaching the injection head and being distributed to the different output channels. The sample oscillates under the injection head at a traveling speed of 10 cm/s. The efficiency obtained is demonstrating the potential of the structure given the total thickness of the device and, in particular, the ~200 nm thick Cu2O absorber layer. Indeed, if compared with devices with similar thickness made by vacuum approaches, or with devices made by chemical approaches incorporating much thicker Cu2O layers, the devices presented here are clearly superior. Figure 5. 28 shows the performance obtained with ZnO/Cu2O cells made by different approaches, including chemical deposition methods carried out at ambient pressure, both low and high temperatures. In all cases, the Cu2O layer is one order of magnitude thicker than in our device, but the obtained Jsc and efficiency values are comparable (see Table 5. 6 for a comparison of the different cell parameters). This is also the case when comparing with a device having a similar thickness of Cu2O, but in which both the ZnO and Cu2O have been deposited by sputtering. If the current density and efficiency values are divided by the corresponding thickness of Cu2O in each device, our device stands out as the one achieving a higher current density and efficiency per nanometer of absorber among all the devices. We ascribe the superior performances of our device to the good quality of the SALD Cu2O layers obtained. Indeed, the quality of the materials obtained by AP-SALD has already been exploited in new generation solar cells 113,244 . 

Oxygen Doped Cu2O for Transparent Diode Applications

In order to relate the material and electrical properties, semi-transparent PN junctions were fabricated and characterized. Cu2O thin films having different oxygen ratios were combined with polycrystalline ZnO thin films by the same SALD approach, to produce a transparent diode as mentioned above. The measurements reveal a rectifying diode behavior in all cases with an increased current density as the oxygen ratio goes up from 0% to 25%. The output results of the diode were then extracted, in 𝑉-𝐽𝑅 𝑠 𝑅 𝑠ℎ (5.5) where J is the current density (mA.cm -2 ), J0 is the saturation current density (mA.cm -2 ), q is the electron charge, V is the applied voltage, RS is the series resistance (Ω.cm 2 ), n is the ideality factor, kB is the Boltzmann's constant, T is the absolute temperature, and RSh is the shunt resistance (Ω.cm 2 ). The saturation current density is noticed to increase from 0.21 mA.cm -2 to 28 mA.cm -² from an oxygen content of 0% to 25%. The rectification ratio between the reverse and forward current density at ±1 V is approximately above 58000. The ratio is noticed to decrease to 9600 as the oxygen fraction increases to 25%. Likewise, the ideality factor is noticed to increase gradually from 1.83 to 3.4. This could be explained by the increase of the defects and the decrease in the mobility values with the introduction of the oxygen ratio in the thin films, which inhibit the charge collection at the interface and bulk level.

The presence of complex defects of vacancy clusters of Cu and oxygen 2(VCu-VO) were shown to have a large size and concentration for pristine films. The incorporation of the oxygen fraction promotes the split vacancies but also VCu-VO complexes. Furthermore, semi-transparent PN junctions have been fabricated in order to correlate the role of the formed defects on the device performances. In fact, the variation of the oxygen shows inhibition of the output results caused by a change in defects chemistry of the films inducing lower carrier lifetime in the fabricated devices.

Conclusion

Cu2O as HTL for SHJSCs. In this work, we have presented the first rear emitter SHJ cell using Cu2O as HTL, as a possible alternative to a-Si:H(p). AP-SALD was used to deposit the Cu2O HTL. Our results show that AP-SALD allows obtaining a conformal and uniform large area Cu2O film deposited at a low thermal budget without degrading the passivation effect of the a:Si:H(i) layer. The best efficiency obtained was 13.7% on a large-area 9 cm² active cell, with a Jsc: 36.8 mA.cm -2 and a Voc: 598 mV. These values were obtained for a 10 nm thick Cu2O HTL deposited at 220 °C and are the highest reported to our knowledge for PV devices integrating Cu2O as HTL in silicon absorber-based devices. These results could be related to the intrinsic high quality SALD thin films, together with the low deposition temperature that prevents the degradation of the passivation properties at the c-Si/a-Si:H(i) rear interface. Further optimization in the deposition conditions and the corresponding transport properties of the Cu2O HTL are expected to increase further the efficiency of the device closer to that of standard SHJ. Finally, our work represents a proof-ofconcept study of integrating Cu2O deposited by SALD as HTL in c-Si based PV devices.

Simulation Study of the ZnO/Cu2O Stack. In this part of the work, a reference cell was modeled. The Simulation was done on ZnO/Cu2O solar cells and comparable trends to the literature were obtained. The effect of the variation of the absorber and collector film thickness, diffusion length, side illumination, and defect at the Cu2O/ZnO interface were investigated aiming at discovering the key parameters that may affect drastically the device performance. In particular, we can underline:  The efficiency is less when illuminated from Cu2O side due to lower collection efficiency.  The influence of the defects at the interface is significant since it induces recombination at the depletion region and therefore decreases FF, eta, Jsc, Voc.

Integration of the Cu2O to all-oxide solar cell. After understanding the main parameters that may impact the device performance of the solar cell, a similar structure was realized based on Cu2O and ZnO thin films all made by AP-SALD. The obtained efficiency is comparable to devices that incorporate thicker Cu2O layers. The comparison is done with structures deposited by other growth methods and display thicker and opaque cells with relatively low efficiencies which limit their integrability and applicability. In our case, both ZnO and Cu2O are developed with the AP-SALD, which is a clear advantage from the manufacturing point of view. Additionally, we demonstrate the impact of defect formation and recombination of the doped Cu2O by the fabrication of transparent diodes based on Cu2O.

Chapter 6

Gaining Control of the Copper Phases using an Industrially Scalable Open Air Process: Reality or Fiction?

"All truths are easy to understand once they are discovered; the point is to discover them." -Galilea Galilei 

Introduction

The performance of optoelectronic 276,277 and microelectronic 278,279 devices depends mainly on the properties of active functional materials such as metals, semiconductors, and insulators. Thanks to its low resistivity, high thermal stability to electromigration 280 , copper has been widely used as an interconnecting material and as an electrode material for several applications [281][282][283][284] . On the other hand, semiconducting copper oxides represent promising materials for photovoltaics, catalysis, and sensors 21,[START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF]179,285 . Metallic copper can be grown using different approaches, and most of the industrial processes to manufacture copper metallization are based on chemical vapor deposition (CVD) 286 , electroless deposition 287 , and electroplating 288 . Other approaches have been reported in the literature such as chemical fluid deposition (CFD) 289,290 . Another technique that has been used for the deposition of metallic copper is ALD [START_REF] George | Atomic layer deposition: An overview[END_REF][START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF] due to the advantages of thickness control with the depositions at lower temperatures. The ALD of metallic copper has been achieved using different chemistries. For example, Knisley et al. have studied the formation of pure copper films at 120 °C using a three-step ALD process including Cu(OCHMeCH2NMe2)2, formic acid, and hydrazine 291 . Kalutarage et al. proposed, however, a two-step process between 100 and 180 °C using Cu(OCHMeCH2NMe2)2 and borane dimethylamine as a reducing co-reagent on Ru substrates 292 . Other studies, alternatively, have been performed on the deposition of copper films using different precursors and hydrogen gas as a coreactant in a single-step method [293][294][295] . Besides thermal activation, a plasma-assisted process has also been used to allow for the lower temperature growth of copper with the ALD approach (≤130 °C) 188,296,297 . As stated in previous chapters, AP-SALD appears to be a promising candidate to achieve a fast and scalable deposition of thin films providing similar quality as conventional ALD [START_REF] De La Huerta | Gas-Phase 3D Printing of Functional Materials[END_REF]119,298 . Metallic copper has already been developed using this technique with a carbine stabilized precursor for the first time using a hydrogen plasma-enhanced system within a controlled atmosphere 299 . However, this process still required an inert atmosphere with a controlled plasma setup which may slow down the integration of such technology for industrial applications and induce damage to sensitive substrates.

On the other hand, the oxidized phases of the metallic Cu-based thin films provide the ability to achieve binary copper-oxide compound semiconductors with tunable properties [START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF] . Different phases are obtained while inducing oxidation into the process namely CuO 300,301 and Cu2O 21,179,223 , which provide respectively different bandgap energies around 1.4 eV and 2.1 eV [START_REF] Meyer | Binary copper oxide semiconductors: From materials towards devices[END_REF] . Several growth techniques such as ALD [START_REF] Iivonen | Atomic Layer Deposition of Photoconductive Cu2O Thin Films[END_REF][START_REF] Avila | Atomic layer deposition of Cu(i) oxide films using Cu(II) bis(dimethylamino-2-propoxide) and water[END_REF][START_REF] Kim | Highly-conformal p-type copper(I) oxide (Cu2O) thin films by atomic layer deposition using a fluorine-free amino-alkoxide precursor[END_REF] and electrodeposition [START_REF] Rakhshani | The role of space-charge-limited-current conduction in evaluation of the electrical properties of thin Cu2O films[END_REF][START_REF] Mahalingam | Galvanostatic deposition and characterization of cuprous oxide thin films[END_REF][START_REF] Mahalingam | Potentiostatic deposition and characterization of Cu2O thin films[END_REF][START_REF] Transactions | Electrical Characterization of Cu/Cu2O Electrodeposited Contacts[END_REF][START_REF] Han | Electrochemically deposited p-n homojunction cuprous oxide solar cells[END_REF][START_REF] Elfadill | Preparation of p-type Na-doped Cu2O by electrodeposition for a p-n homojunction thin film solar cell[END_REF][START_REF] Mizuno | Structural and Electrical Characterizations of Electrodeposited p-Type Semiconductor Cu2O Films[END_REF] are used to prepare the semiconducting metal oxides providing different properties and oxidation states of the material 21 . Alternatively, Cu2O could also be obtained by performing a post-annealing treatment at different temperatures (≤200 °C) to promote the oxidation of metallic copper 302,303 . This temperature is further increased (300 °C-500 °C) in order to obtain the CuO phase 303,304 .

Overall, the means are multiple and diverse to develop the three phases and no reported work has been published on how to control the oxidation state and obtain pristine films using the same approach (without introducing a post-annealing treatment). In fact, Lenef et al. has deposited Cu2O films using hydrogen and oxygen plasma and the other two phases were obtained by inducing a postannealing treatment of 600 °C in a vacuum (for Cu) and 350 °C in air (for CuO) 305 . Likewise, L. Jürgensen et al. have investigated the deposition of metallic copper using the MOCVD technique at 400 °C on several substrates followed by a post-annealing treatment at 500 °C for 2 h to promote the CuO phase. Moreover, they have also used a PECVD technique inducing oxygen and hydrogen to grow metallic copper and Cu2O thin films respectively that were then converted to CuO films prior to a post-annealing treatment 306 . Thus, obtaining the three different phases as-deposited without using an activator and/or a plasma reducing agent proves to be a delicate task, in particular for lowtemperature applications.

In this chapter, we have demonstrated for the first time that AP-SALD can be used as a low temperature and open-air approach to grow the three main phases by only changing the coreactant during deposition (H2O for Cu2O, as detailed in chapters 3 and 4, O3 for CuO, and N2 for Cu). We present a process allowing the deposition of the oxidized and metallic phases at open-air conditions with low temperatures without inducing multiple steps and/or a reducing agent to the deposition chamber 189,229 . Since Cu2O has been already studied in the literature and in the previous chapters [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF]190,191 , here we will focus mainly on the CuO and Cu phases [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] . Metallic copper films with resistivity as low as ~3.7x10 -6 Ω.cm have been obtained, and resistivity values of 100 Ω.cm and 0.2 Ω.cm have been measured for the Cu2O and CuO semiconductor layers. The three materials were pure and crystalline, as revealed by X-Ray photoelectron spectroscopy (XPS) and X-Ray diffraction (XRD) studies. The growth mechanisms of the three phases Cu, Cu2O, and CuO are expected to be based on disproportionation, hydrolysis, and oxidation reactions, respectively. By combining the spatially separated supplies of the Cu precursor and different oxidative chemistries at atmospheric pressure (Figure 6. 1), these novel processes demonstrate the versatility of SALD and open prospects for the manufacturing of novel devices such as wearables, sensors, or flexible electronics. This is possible since the metallic precursor could be confined with a nitrogen curtain preventing its interaction with the atmosphere. In all cases, Cu(hfac)(TMVS) was used as precursor, which was heated at 65 °C (the lines being heated at 70 °C). A precursor flow of 60 sccm with a dilution flow of 60 sccm were used. Finally, the nitrogen barrier flow was adjusted to obtain a flow of 120 sccm per outlet. A scanning speed of 10-8 cm/s was used. Films were deposited on borosilicate glass substrates with a surface area of 3×5 cm². The substrates were cleaned with isopropanol in an ultrasonic bath for 5 min and then dried with N2. The gap between the head and the substrates was maintained at a distance of 150 µm in all cases. In order to gain an understanding of the growth mechanisms of these 3 phases, thermogravimetric analysis, and in-depth literature studies have been carried out to explain the chemical kinetics of the reactions taking place and the mechanism responsible for the growth of the different phases using the Cupraselect® precursor Cu(hfac)(TMVS). A thermogravimetric analysis (TGA) was performed here in order to assess the decomposition and the volatility of the precursor, as shown in Figure 6. 2. The TGA measurement reveals gradual evaporation starting from 50 °C which implies that the precursor has a sufficient vapor pressure at 60-70 °C to permit ALD growth.

The precursor has been studied previously with numerical simulation to investigate the bonding between the different chemical species 140 . An interesting study has explored the activation energy and reaction rate of the precursor to produce copper and consequently reported that delamination problems at the interface remain while depositing metallic copper at 200 °C due to the presence of Fluorine during the deposition 307 .

Despite the technical problems encounter with this specific precursor to deposit metallic copper, the mechanism is well known in the literature. Indeed, the relative low stability of (Cu(I)(hfac)(TMVS) results in a disproportionation reaction taking place when subjected at high temperatures. In the reaction, two molecules of the precursor react to give one atom of metallic copper and by-products in the form of 2(TMVS) and Cu(II)(hfac)2 as shown in the equation below 307 .

Therefore, the question remains to be answered whether it is possible to obtain different copper phases, namely Cu2O, metallic Cu and CuO, by changing only the coreactant and thus the film growth mechanism. An illustration of the three reactions is shown in and depicts the responsible mechanism to obtain the three phases of the material (Figure 6. 3). It is worthy to mention that in the case of metallic copper, the Cu(0) is directly adsorbed on the surface of the substrate allowing proper deposition of the metallic phase. Subsequently, the as-deposited cupric oxide thin films could be achieved while changing the oxidizer to ozone since the combination of the O3 species combined with the deposition temperature might promote the oxidation state of the copper atoms. Besides, Cu2O has already been developed using this particular precursor, as detailed in chapter 3 and in previous reported work [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] .

Metallic Copper Thin Films

Structural, Material, and Electrical Properties

Metallic copper films were deposited on glass substrates by injecting the precursor through the manifold head that is surrounded by nitrogen flow. This prevents the atmosphere and humidity from reaching the deposited part on the substrate. The deposition temperature was varied from 160 °C to 240 °C in order to investigate its effect on the properties of the material. The film deposited at low temperature displays a shiny metallic aspect with grains having a diameter of ~0.7 µm to ~1 µm. After increasing the temperature deposition, the film deposited at 200 °C seems to be less bulky with an agglomeration of small grains that results in a rough surface with less dense morphology. At even higher temperatures (240 °C), the morphology changes drastically with respect to the sample deposited at 160 °C, with flower/loke agglomerates made of small grains inside. The material properties of the films were then further analyzed with XRD and Raman spectroscopy measurements. XRD confirmed the crystallinity of the prepared copper films. The three XRD patterns, shown in Figure 6. 5. a, display mainly the metallic copper peaks mostly oriented in the (111) direction and then followed by the (200) direction. The pattern shows the presence of Cu2O, mainly oriented on the (111) direction as well and especially for samples deposited at higher temperatures (>200 °C). On the other hand, Raman spectroscopy, in Resistivity is observed to be similar to bulk copper (~4.10 -6 Ω.cm) for the films deposited at 160 °C and increases until reaching a value of (~3.10 -5 Ω.cm) with the rise of deposition temperature (Figure 6. 5. c). TEM analyses have been carried out to study the microstructure and to further confirm the metallic nature of the copper layers prepared. The cross-section TEM image of a layer presenting a thickness of around 500 nm with grain sizes >50nm is shown in Figure 6. 6. a. The grain growth is observed to be columnar with a formed rough surface. High-resolution TEM shows a crystallite inside on of the grains (Figure 6 

XPS Measurements and Phase Purity of Copper Thin Films

XPS pattern acquisition was performed to define the composition and the oxidation states of films deposited at 160 °C and 240 °C. The measurements were performed without and with Ar sputtering for 40 s to investigate the presence of the different species at the surface and bulk level. XPS measurements confirmed the deposition of relatively pure metallic copper films, as no satellites could be visible in the Cu 2p scan (Figure 6 For the sample deposited at 160 °C, a clear change in the species can be noticed after 40 s of ablation. These data reveal that if the presence of the Cu 1+ component is visible at the surface (without sputtering), the Cu 0 species is prominent in the bulk (after 40s sputtering). This confirms the presence of the metallic copper phase at the bulk level with a very small contribution of the Cu 1+ at the surface of the film 309,310 . 7. e present the decomposition of the Cu 2p for a sample deposited at 160 °C and 240 °C without any ablation and the fitting demonstrates a presence of Cu 0 with an amount around 47.1 % and 53.4 % respectively. Contributions of approximately 10.3% and 7.5 % have been obtained for Cu 1+ , 7.4% and 14.7 % for Cu 2+ , and 35 % and 24.1 % for Cu(OH)2 respectively. The ablated film exhibits an important amount of Cu 0 with an evolution of its amount from 78 % to 81 % for samples deposited at 160 °C and 240 °C, respectively (Figure 6. 7. d&f). The remaining percentage for samples deposited at low temperature (160 °C) is attributed mainly to Cu(OH)2 and not to the formation of other phases from Cu 1+ and Cu 2+ , while at higher deposition temperature (240 °C) there is a significant contribution in the percentage difference that is assigned to other copper phases. The presence of Cu(OH)2 in our films is explained by the fact that our deposition is performed in an open atmosphere, which can leave traces of water mainly on the surface. This is a direct reflection of the phase purity of the metallic copper phase at the bulk level. The impact of the temperature is also clearly notified especially at the surface with the quantified amount of oxidation occurring at this particular temperature. Indeed, the fitting curve of the samples without any ablation shown in Figure 6. 7. c&e demonstrate the presence of both Cu 0 and Cu(OH)2 at the surface and the predominant contribution of the Cu 0 at the bulk level with still a small contribution of the Cu(OH)2. The presence of Cu(OH)2 is more predominant for samples deposited at lower temperatures with respect to the high thermal budget of the film deposited at 240 °C knowing that it has been obtained in the literature in diversified ways i.e. whether by oxidation of copper foils in an alkaline solution 311 or anodic oxidation. 312 In our case, we have an important contribution in all cases at the surface induced by the oxidation of the films and a lower amount at the bulk level. The reason behind having less copper hydroxide at high-temperature deposition (240 °C) could be explained by the decrease of the water traces that could react with the substrate and/or precursor. This is less predominant in the case of samples deposited at 160 °C. The XPS survey is shown below in Figure 6. 8.

Cupric Oxide Thin Films

The case of CuO Thin Films

The following work aims to achieve the pure as-deposited cupric oxide phase at low temperatures for applications that require low thermal budget processing without the need for a post-annealing treatment. The coreagent used in this case has been ozone species, as opposed to no coreactant (i.e. N2) for Cu or H2O for Cu2O. Ozone allows the oxidation reaction of the Cu 1+ and thus allowing as-deposited CuO films without introducing any post-annealing treatment or oxidation step. Ozone has been generated by an ozone generator, designed and built by the GREMI Laboratory (Orleans) in the framework of the ANR project DESPATCH , in which the oxygen flow rate and the frequency were varied to adjust the amount of ozone reaching the deposition area (it will be referred to as "ozone rate", (OR)). The voltage was fixed at 100 V and then frequency was adjusted to obtain the desired OR. The films have been deposited at 260 °C to ensure a sufficient thermal budget and prompt the oxidation reaction. Figure 6. 9 shows the SEM pictures of the as-deposited CuO films with an ozone rate varying from 1500 ppm to 2500 ppm. A photograph of the film color is presented at the bottom right part of each SEM image. As shown in the SEM images, the morphology of the films evolves with OR. At 1500 ppm, the film presents grains of around 200 nm with irregular shapes. Conversely, for 2000 and 2500 ppm, the grains size diminishes (around 50 nm for 2500 ppm) and the films appear rougher. GI-XRD has been performed to investigate the film crystallinity and phase purity, as shown in Figure 6. 10. a. The nature of the films at a lower OR is polycrystalline with the presence of mixed phases, namely, CuO and Cu2O. As expected, the increase of the OR shows a drastic change and only peaks from CuO can be observed. As shown in the figure, both crystallinity and texture are affected by the OR used and therefore a further optimization would be required depending on the properties or applications targeted.

In agreement with XRD data, Raman spectroscopy measurements reveal the presence of the vibrational modes of both Cu2O and CuO for 1500 ppm. The CuO Raman modes appearing in the following wavelengths: 282 cm -1 , 330 cm -1 , and 616 cm -1 (Figure 6. 10. b). For higher OR only the Raman modes of CuO were observed. In order to further probe the phase purity of the films, XPS measurements were carried out on samples deposited with OR of 1500 ppm and 2500 ppm which are in the range of 1500 ppm and 2500 ppm respectively. For the low OR film, a small presence of the Cu 0 (0.01%) is observed along with a 17.5% of Cu(OH)2. Then similar percentages of Cu 1+ and Cu 2+ are obtained (39.1% and 43.3% respectively). Conversely, the film deposited with higher OR shows the presence of mainly Cu 2+ (99.6%) displaying a resistivity of 0.2 Ω.cm. This is in agreement with previous results and confirms that a pure phase cupric oxide with a monoclinic structure is achieved by only introducing an ozone oxidizer to the deposition process.

Summary of the three obtained Cu phases

Regarding the Cu2O phase, extensive work has been carried out in our group in the past and previous sections. [START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] In the work of D.Muñoz-Rojas et al, high quality, pure, and dense films have been deposited at different deposition temperatures without exceeding (225 °C). The deposition was achieved on glass and polymeric substrates. Relevant data for the three obtained phases has been added in the summary Tabel 6.1. 

Conclusion

In summary, we have demonstrated that is it possible to deposit the three main phases of copper (Cu, Cu2O, and CuO) at low temperature (160 °C-260 °C)and using the same metallic precursor with our AP-SALD system involving open-air deposition. By only changing the nature of the coreactant (O3, H2O, or N2) and adjusting the deposition temperature, the 3 phases were obtained with a high degree of purity, as shown by XPS. Metallic copper presents a low resistivity of ~3.7x10 -6 Ω.cm, and resistivity values of 100 Ω.cm and 0.2 Ω.cm have been measured for the Cu2O and CuO thin films. The formation of Cu, Cu2O, and CuO thin films occurs through disproportionation, hydrolysis, and oxidation reactions, respectively. We showed that even when these reactions are performed in open-air with our AP-SALD system, the conditions can be adjusted to obtain the desired phase (Figure 6. 12). These results open prospects for the low-cost manufacturing of flexible electronic and optoelectronic devices paving the way for further development related to future integrations into devices. chemical approaches, is strongly impacted by the level of copper vacancies defect in both configurations with respect to other defects present in the metal oxide film. The reported results will surely open new insight for a further study concerning p-type semiconductors and especially for the application of photovoltaic and thin-film transistors.

The third part of this work covers the fabrication and simulations of Cu2O based devices. Thus, optimized Cu2O thin films were integrated as an efficient HTL for silicon heterojunction solar cells.

Phase pure Cu2O were deposited at temperatures below the degradation limit of the SHJ, thus maintaining the passivation effect of the a-Si:H layer. The effect of deposition temperatures and HTL thicknesses on the performance of the devices has been evaluated. The fabricated Cu2O HTLbased SHJ cells, having an area of 9 cm 2 , reach a PCE of 13.7%, which is the highest reported efficiency for silicon-based solar cells incorporating a Cu2O HTL. These results could be related to the intrinsic high quality of SALD thin films, together with the low deposition temperature that prevents the degradation of the passivation properties at the c-Si/a-Si:H(i) rear interface. Further optimization in the deposition conditions and the corresponding transport properties of the Cu2O HTL is expected to further increase the efficiency of the device closer to that of standard SHJ. Then the focus was made on the integration of the Cu2O thin films to all-oxide solar cells. An indepth numerical simulation study was performed on the different key parameters of the ZnO/Cu2O stack using SCAPS software. The obtained results demonstrate the main parameters that affect the device performance of the device. In fact, the effect of the thickness of the collector and absorber as well as the diffusion length was studied. Additionally, we have explored the impact of the interface defects and their density as well as the side and bifacial illumination. After the theoretical study, the work was moved to the experimental test. For that, semitransparent Cu2O/ZnO solar harvesters have been fabricated using AP-SALD, showing high-efficiency values when comparing to previous reports in which similar devices were fabricated using high-temperature and/or vacuum approaches, or in which much thicker Cu2O layers were used. Furthermore, semi-transparent PN junctions have been fabricated in order to correlate the role of the formed defects on the device performances. In fact, the variation of the oxygen shows inhibition of the output results caused by a change in defects chemistry of the films inducing lower carrier lifetime in the fabricated devices.

In the last part of this thesis, we have demonstrated the growth of three main phases of copper (metallic and oxidized phases) using SALD, a low-temperature processing (160 °C-260 °C), and an open-air approach. By using the same Cu precursor and only changing the nature of the coreactant, namely, (O3, H2O, and N2), CuO, Cu2O and Cu thin films were respectively obtained, and have shown to be of high purity. In the case of Cu, 80% of Cu 0 is obtained from XPS measurements, which is a high value taking into account that the depositions were performed in the open air without any reducing agent. In the case of CuO, XPS for optimized films show a content of Cu 2+ of 99.6% by XPS. Metallic copper thin films present a low resistivity of ~3.7x10 -6 Ω.cm, while resistivity values of 100 Ω.cm and 0.2 Ω.cm have been obtained for the Cu2O and CuO thin films. These results open prospects for the low-cost manufacturing of flexible electronic and optoelectronic devices paving the way for further development related to future integrations into devices.

As the outlook of this work, many tasks could be carried out in order to understand further some findings. Raman spectroscopy a powerful tool to probe the formed defects into the films, and thus it could be used to probe the evolution of defects after a post deposition annealing in different atmospheres (as it is currently done in the literature to tune the properties of Cu2O), even in situ. Some preliminary results have been performed already in the framework of the internship of Alice LEPAIX (co-supervised by the candidate) and further work will be done to complete this part of the study.

As a second perspective, we propose to understand the different Cu2O thin films deposited by other growth techniques since in the literature different results are reported and the deposition method is a key parameter towards obtaining different final properties. PALS and VEPAS could be a nice addition to this study to perform an insightful comparison on the formed defects in the metal oxide structures. This investigation should be clearly accompanied by other characterization measurements such as transport properties, phase purity, and so on.

On the application of the Cu2O thin films to solar cells, the work should be oriented towards testing new structures since its application reveals to be very promising. Besides, a correlation between the performed simulation and experimental work is necessary to shed light on the different recombination mechanisms happening in the junction. In our ongoing studies, we are trying to exploit the good transport properties of our Cu2O layers to obtain devices with significant efficiencies by optimization of interfaces and also through doping. Therefore, further work should be done in order to increase the efficiency of the all-oxide cells developed in this study by correlating the simulation with experimental work. Furthermore, incorporation of dopants or the formation of Cu-based mixed oxides can result in novel p-type materials with enhancer properties. A clear case, although challenging to obtain at low temperature, is CuAlO2. Besides the memristive devices, we have applied TiO2 as an encapsulation layer for transparent and conductive poly (3,4-ethylenedioxythiophen) (PEDOT) in collaboration with J-P. Simonato's team at the CEA-Liten. This work demonstrates the potential of metal oxides, deposited using an forment lors de la désintégration de nucléides ayant un excès de protons dans leur noyau par rapport au nombre de neutrons 7,8 .

Dans le chapitre 3, un précurseur de Cu solide et stable, Cu(hfac)(COD), a été retenu pour déposer des couches minces de Cu2O par l'approche chimique AP-SALD (Table 1). L'effet de la température Etude comparative de la surface, de l'efficacité et de la densité de courant de la structure SALD Cu2O/SHJ par rapport à SHJ dans la littérature. Les techniques de dépôt comparées sont : Sputt: Sputtering [10][11][12] , SPC: spin coating 13 , ED: electro-deposition 14 , TE: thermally oxidized 15 
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 14 Copper and zinc are observed to have low material intensities compared to other materials, and consequently, have potential as an emerging thin-film technology20 .
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 1617 The structure is composed of two sublattices, copper cations and oxygen anions in the face-centered cubic (fcc) and body-centered cubic (bcc) sublattices, respectively. The lattice parameter is a = 4.27 Å with the bond length of the atoms as follow : dCu-Cu = 3.02 Å, dO-O = 3.68 Å, and dCu-O = 1.85 Å 54 . Cu2O has a unique dichotomy as illustrated in Figure 1. 6.
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 16 Figure 1. 6. Cu2O Crystal Structure in which the coordinated copper cations are represented by small balls and Oxygen anions by large balls. The first interpenetrated network is colored pink and red, whereas the other network is magenta and blue. (Reproduced from P. A. Korzhavyi et al) 54
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 17 Figure 1. 7. Unit Cell of Cuprous Oxide Lattice "Cuprite Structure" (i) and the copper formed vacancies in the normal and split configuration (ii). (Blue and red colors represent the O and Cu atoms, respectively-from Vesta)
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 18 Figure 1. 8. Formation energies of defects for intrinsic cuprous oxide calculated with HSE (Heyd-Scuseria-Ernzerhof) exchangecorrelation functional in Cu-rich/O-poor conditions and Cu-poor/O-rich conditions 59,60
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 19 Figure 1. 9. a). Schematic PN junction with a p-type semiconductor on the right and n-type semiconductor on the left; The figure demonstrates the three important steps for power conversion to occur (a-absorption, b-local thermalization, c-charge collection) "Scheme taken from J.Guillemoles. et al 79 and modified. b). the energy sectors of the solar spectrum related to the operating of a single junction photovoltaic solar cell. The green part being able to convert, the yellow part to thermalization of carriers, and in red that corresponding to photons with too low energy compared to the Eg 80 .
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 110 Figure 1. 10. Energy Conversion Model as Function of the Band gap for a Standard Solar Cell. The dashed line represents the efficiency limit of the Shockley Queisser Model. (Taken from D.Lincot et al 81 )
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 1 Figure 1. 11. a). IV curve in the dark and under illumination in blue and red respectively, b). The IV and the power curve of a standard solar cell with red and blue color respectively, c). The Fill Factor measurement is based on the squareness obtained from the IV and Power Curve. (Source: PVeducation)
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 21 Figure 2. 1. ALD process: Schematic of one ALD cycle of monolayer growth. The first step consists in exposing the substrate to the precursor followed by a purging step to remove all the byproducts. Right after, the following step consists in injecting coreactant agent or second precursor in case of doping with the final step in which the gas is purged again.
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 22 Figure 2. 2. Cross-section SEM of Ge2Sb2Te5 conformal thin film deposited in trenches by ALD Process. (Reproduced from R.W.Johnson, et al., Mater. Today -2014) [START_REF] Johnson | A brief review of atomic layer deposition: From fundamentals to applications[END_REF] .
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 23 Figure 2. 3. a). Schematic illustrating the conventional thermal "ALD Window" approach (reproduced from G. S. Oehrlein et al 112 ) and, b). Different proposed scenarios of the ALD Window from 1 to 3.

  depicts three different scenarios in which the ALD window may be different. The first scenario
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 24 Figure 2. 4. Schematic of the Atomic Layer Deposition in a) Temporal and b) spatial Approach. (Adapted from D. Muñoz-Rojas et al 177 )

  , the close-proximity approach initially developed by Levi et al. is particularly interesting (Figure 2. 5. a) 120 . It is based on a manifold injection head (Figure 2. 5. b) in which the different precursors and inert gases are distributed along with parallel slots over a moving substrate. By placing the substrate close enough to the substrate surface (usually within hundreds of micrometers), crosstalk between precursors is avoided and only ALD gas-solid reactions can take place on the substrates (Figure 2. 5. c). Unlike other SALD approaches, no reaction chamber is used and the process takes place in the open, effectively resembling a working materials printer.
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 25 Figure 2. 5. a) Spatial Atomic Layer Deposition (SALD) system based in open-air deposition using a manifold head without the need of deposition chamber. Precursors and oxidants are filled in bubblers before being injected into the substrate using mostly nitrogen. b) 3D Scheme of the different parts of a typical close-proximity head used for the SALD process. c) More in-depth representation of a typical deposition process of ZnO thin film by injecting DEZ carried by N2 and then water as an oxidant all separated by an inert-gas barrier (The design may vary from one head to another by increasing and reducing the number of channels of precursors and oxidants). d) Actual head installed in the SALD system in LMGP to perform deposition of metal oxide 53
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 26 a presents two different distributions of the channels with two different regions. The first region in the case of this work is used for the deposition of ZnO and Al2O3 layers while the second region is used mostly for the development of copper-based materials shown in this study. When needed, heads can also be printed in metal or other materials as shown in Figure 2. 6. b, which is the one used for the results shown in this thesis.
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 26 Figure 2. 6. a) Top view of the inert channel's distribution of the different gas (Green: metal precursor, Blue: inert gas, Red: oxidant). Region A is with two metal precursors, three oxidant channels, and six for inert gas and Region B has 1 metal precursor, 2 oxidant channels, and 4 for inert gas. b). Metal 3D printed head design has the same structure as for region B. (Adapted from C. de la Huerta et al 53 ).

Figure 2 . 7 .

 27 Figure 2. 7. Picture of the actual AP-SALD System developed in LMGP and that has been used for this work. a). the whole AP-SALD setup, b). the chamber deposition with the mechanical system, the motor used for the motion, and the platen, c). the manifold injection head. (Picture reproduced from V.Nguyen thesis 124 )

Figure 2 .

 2 8. a shows the 3D scheme of what could be called a SALD pen.

  Figure 2. 8. b shows a SALD pen 3D printed in clear resin. The head is cylindrical and presents circular gas outlets arranged concentrically (Figure 2. 8.

Figure 2 . 8 .

 28 Figure 2. 8. a) Scheme of a custom designed spatial atomic layer deposition (SALD) pen. b) Picture of a SALD pen just after being 3D printed.c) View from the bottom of the SALD pen approach where the concentric circular gas outlets allowing deposition in any direction can be seen. d) Scheme of the SALD pen installed in a 3D table. e) Image of the printed SALD pen installed in the 3D tableand drawing a ZnO circle. f) ZnO circle and g) LMGP initials on a Si wafer drawn with the 3D printed SALD pen.

Figure 2 . 9 .

 29 Figure 2. 9. a). Arbitrary shape of a sample in the Van der Pauw method with four metal contacts (taking from F.Oliveira et al 129 ). B). Representation of the actual sample prepared for Van der Pauw measurements in our work.

Figure 2 .

 2 Figure 2. 9. a shows an arbitrary sample with four metal contacts deposited in the vertex of the square. Considering flat samples of a conducting material with arbitrary shape, with contacts A, B, C, and D as shown in Figure 2. 9. a, the resistance RAB,CD is defined as follow:

Figure 2 . 9 .

 29 Figure 2. 9. b shows a schematic of the sample configuration used in this work.The measured films had a surface area of 1 cm², while the Au contacts were evaporated with a defined surface of 1 mm². The resistivity, based on the reciprocity theorem, is then given by:

Figure 2 . 10 .

 210 Figure 2. 10. Schematic Illustration of the Hall Effect Measurement (source: https://web2.ph.utexas.edu/~coker2/index.files/materials.htm)

Figure 2 . 11 .

 211 Figure 2. 11. Scheme of the Incident light while going through Integrated Sphere with the transmitted and reflected light

Figure 2 .

 2 Figure 2. 12. a) Positronium formation inside Cuprous Oxide Structure b) PALS facility in the HZDR institute (reproduced from A. Wagner et al 132 )
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Figure 3 . 1

 31 presents the number of papers related to Cu2O thin films developed by different approaches from 1996 until 2020. The data were extracted from Web of Science in July 2021.

Figure 3 . 1 .

 31 Figure 3. 1. Number of Publication of Cuprous Oxide deposited by Different Approaches from 1996 to 2020. (Source: Web of Science July 2021). ALD: atomic layer deposition; PLD: pulsed laser deposition; Th. Ox.: thermal oxidation; ED: electrodeposition; Sputt: sputtering; SILAR: successive ion layer adsorption and reaction; MOCVD: metalorganic CVD. SALD: spatial ALD.

  While there have been two reports involving the use of a solid precursor in SALD, namely Trimethylindium [In(CH3)3, (TLIn)], used to depositInxGayZnzO and InxZn1-xO 

Figure 3 .

 3 2. a. shows that there is a sensible weight loss already happening at 50 °C, and a decomposition of the precursor at 145 °C. This is more visible with the zoom in the range of 25 °C and 200 °C, as shown in Figure 3. 2. b.

Figure 3 . 2 .

 32 Figure 3. 2. Thermogravimetric analysis and its derivative curve a) between 25 °C and 400 °C and, b) between 25 °C and 200 °C. The graph shows the TGA measurements of the Copper(I) Hexafluoro-2,4-Pentanedionate Cyclooctadiene Complex Cu(hfac)(COD)precursor under argon atmosphere from room temperature to 400 °C with an initial mass of 25 mg with a ramp of 10 °C/min.

Figure 3 . 3 .Figure 3

 333 Figure 3. 3. a) Growth rate and thickness variation of Cu2O thin films deposited on glass at different temperatures (1500 cycles in all cases) along with the growth rate of conventional ALD as reported in the literature. Error bars represent the min/max values obtained for each point. b) Semitransparent Cu2O thin films deposited on flexible (Neopulim®) and borosilicate glass substrates (7.5 cm x 2.5 cm)

Figure 3 .

 3 4. a. The (111) and (200) reflections of Cu2O are clearly observed, without the presence of Cu or CuO reflections.

Figure 3 . 4 .

 34 b shows an SEM picture in which a continuous compact film can be observed.

Figure 3 . 4 .

 34 Figure 3. 4. a). XRD pattern and b). SEM cross-section of a 200 nm thick Cu2O film deposited on a borosilicate glass substrate at 220 °C for 8000 cycles (160 min).

Figure 3 . 5 .

 35 Figure 3. 5. a). Cross-section TEM analysis and b). Selected-area electron diffraction (SAED) of a Cu2O film deposited at 260 °C for 2000 cycles.

Figure 3 . 6 .

 36 Figure 3. 6. High-resolution TEM (HRTEM) of a Cu2O film deposited at 260 °C for 2000 cycles that correspond to ~ 100 nm.

Figure 3 . 7 .

 37 a shows the grazing incident (GI-XRD) patterns of films deposited at different temperatures, which in all cases show the (111) and (200) reflections of Cu2O, with no Cu or CuO being detected. A decrease in peak intensity of the (200) plane can be observed as temperature deposition increases, thus indicating a preferential growth orientation towards the (111) direction. The calculated ratio between the (111) and (200) orientations for samples deposited at 180 °C and 260 °C tend to increase from (1:0.8) to (1:0.32) respectively. The following results are confirmed by the simulated modulus of the structure factor (F²) shown in Figure 3. 7. b.Finally, a shift of the reflections to higher angles is also observed with increasing temperature. This implies a slight decrease in cell parameters as the deposition temperature increased, which implies densification of the films, going from 5.81 g/cm 3 at 180 °C to 5.9 g/cm 3 at 260 °C. The previous results obtained from TOPAS software and XRD measurements are in agreement with the obtained density of 5.86±0.3 g/cm3 shown by X-ray reflectivity measurements of the sample deposited at 220 °C, as shown in Figure3. 8.

Figure 3 .

 3 Figure 3. 7. a). GI-XRD patterns and b). Film density and modulus of the structure factor extracted from TOPAS software of Cu2O thin films deposited at different temperatures on borosilicate glass substrates. Error bars correspond to a standard deviation of 5% assumed for the fitting.

Figure 3 . 8 .

 38 Figure 3. 8. X-ray reflectometry (XRR) of a Cu2O thin film deposited at 200 °C. The XRR measurements were fitted using numerical software Bruker LEPTOS in order to define all the thickness, density, and roughness of the thin metallic oxide film.

Figure 3 . 9 .

 39 Figure 3. 9. (a) Secondary electron SEM pictures, (b) AFM topography images of Cu2O thin films deposited on glass at different temperatures

Figure 3 . 10 .

 310 Figure 3. 10. Secondary electron SEM pictures of Cu2O films deposited at different deposition temperatures with similar thicknesses (~38 ± 2 nm)

Figure 3 . 11 .

 311 The survey spectra show the presence of Cu and O species.

Figure 3 . 11 .

 311 Figure 3. 11. Survey and O 1s XPS spectra. The data correspond to Cu2O samples deposited at different deposition temperatures (180 °C, 220 °C, and 260 °C).

Figure 3 .

 3 Figure 3. 12. C 1s spectra of cuprous oxide obtained at different deposition temperatures

Figure 3 . 13 .

 313 Figure 3. 13. XPS spectra (Cu 2p region), of Cu2O thin films deposited at different temperatures on borosilicate glass substrates.

Figure 3 .

 3 Figure 3. 14. b shows a graph in which the mobility of Cu2O thin films deposited by different approaches vs. deposition temperature is presented. As it can be observed, the films deposited at 260 °C have the highest mobility values of all, while the films deposited between 200 and 240 °C have comparable mobility values than films deposited at 426 °C by DC-Sputtering 161 , and are higher than for films deposited at 700 °C by RF-Sputtering 162 . (A work by Akimoto et al. reporting the highest mobility value so far for Cu2O films, i.e. 256 cm²V -1 s -1 , is not included in our comparison since in this study a buffer layer was used) 163 .

Figure 3 . 14 .

 314 Figure 3. 14. (a) Mobility, resistivity, and carrier concentration of Cu2O thin films deposited at different deposition temperatures. (b) Mobility values for Cu2O thin films obtained by different growth techniques as a function of deposition temperature (ALD 29 , CVD 164 , SALD 46 , PLD 160 , AAMOCVD 157 , DC-Sputtering 161 , RF-Sputtering 162 )

Figure 3 . 15 .

 315 Figure 3. 15. 3D view of the Cu2O vibrational modes. These modes give rise to the different RAMAN peaks (Blue and red colors represent the O and Cu atoms, respectively) 171

Figure 3 . 16 .

 316 Figure 3. 16. Raman spectra of Cu2O thin films deposited on glass substrates at different deposition temperatures.

Figure 3 . 17 .

 317 Figure 3. 17. Comparative study of the Raman spectra of Cu2O films deposited with different precursors. The data correspond to samples deposited at 260 °C with Cu(hfac)(COD) and Cu(hfac)(TMVS)

Figure 3 .

 3 18. a. After 500 nm, the transmittance is within the same range for films deposited with different deposition temperatures. Similarly, reflectance data follows the same trend, as shown in Figure 3. 18. b.

Figure 3 .

 3 Figure 3. 18. a). total transmittance, b) total reflectance, c) Tauc plot measurement (extracted from transmittance and reflectance spectra), and (d) direct optical bandgap values of Cu2O thin films deposited at different temperatures on borosilicate glass substrates

Figure 4 . 1 .

 41 Figure 4. 1. (a) Schematic of the AP-SALD head used for the deposition of the cuprous oxide thin films with the distribution of the flows inside the head (Yellow color corresponds to the Cu(hfac)(COD) precursor, the orange color corresponds to the water flow, and the blue color corresponds to the mixture of the nitrogen and oxygen flow), (b) Illustration of the cross-section channel with the flow inside the injection manifold head.

Figure 4

 4 

Figure 4 . 2 .

 42 Figure 4. 2. Growth rate and thickness variation of Cu2O deposited at 220 °C on glass substrate at different oxygen fractions.

Figure 4

 4 Figure 4. 2 shows the variation of film thickness from 35 nm to 41 nm with respect to the variation of the oxygen fraction from 0% to 50%. This corresponds respectively to a growth per cycle that varies from 0.023 nm/cycle to 0.027 nm/cycle, which corresponds to a growth rate varying from 0.0265 nm/s to 0.031 nm/s. In all the cases, the growth thickness does not vary much with the variation of the oxygen fraction. The average thickness for all the samples is approximately 38±3 nm with an average growth per cycle of 0.0253±0.002 nm/cycle.

Figure 4 . 3 .

 43 Figure 4. 3. Van der Pauw measurements of Cu2O samples were deposited at 220 °C and 260 °C, at different oxygen fractions.

Figure 4

 4 Figure 4. 4. ashows the variation of the resistivity from 483 Ω.cm at 180 °C to 0.9 Ω.cm at 260 °C. This variation follows the same trend observed for the deposition made with 0% O2 fraction, presented in the previous chapter. Thus, in all cases, an increase in deposition temperature to 260 °C is beneficial toward a lower resistivity of the films. In this case, the values are very close between the films deposited at 220 and 260 °C, which hints at a different defect landscape formed in the films when introducing an O2 fraction during the deposition. Indeed, recent work has shown that the impact of the crystallinity and grain boundaries may not be the main aspect affecting the transport properties of the film as compared to the impact of the defects[START_REF] Aggarwal | Intrinsic acceptorlike defects and their effect on carrier transport in polycrystalline Cu2O photocathodes[END_REF] .

Figure 4 . 4 .

 44 Figure 4. 4. (a) Van der Pauw measurements, (b) optical bandgap of Cu2O, deposited on Glass substrate at 15% oxygen fraction at different deposition temperatures (180 °C -260 °C).

Figure 4 . 5 .

 45 As shown in the figure, the decrease of the bandgap is mainly related to the extension of the absorption in the UV region with the increase of deposition temperature. This again may imply that the films present different defect concentrations or types at different deposition temperatures, as is the case for the study presented in chapter 3 191 .

Figure 4 . 5 .

 45 Figure 4. 5. (a) Total transmittance and reflectance, and (b) Tauc plot measurement of Cu2O, deposited on Glass substrate at 15% oxygen fraction at different deposition temperatures (180 °C -260 °C).

Figure 4 . 6 .

 46 Figure 4. 6. XRD pattern of Cu2O deposited at 220 °C on Glass substrate at different oxygen fraction (a) 0%, 15%, 30%, and 50%, and (b) 0%, 5%, 10%, 15%, 20%, 30%, 40%, and 50%.

Figure 4 . 6 .

 46 Figure 4. 6. a shows XRD patterns of films deposited with 0%, 15%, 30%, and 50% oxygen fraction. The measured samples for the other oxygen fraction values are shown in Figure 4. 6. b.The XRD pattern at 0% O2 shows a crystalline structure with only two peaks corresponding to the (111) and (200) planes of the cubic cuprite phase of Cu2O. The increase of the amount of oxygen fraction to 15 % induces a decrease in peak intensity, being more pronounced for the (002) peak. A shift of the peaks to lower angle values is also observed. Thus, the introduction of O2 in the process results in lower crystallinity and cell expansion. A further increase of the oxygen ratio results in a moderate increase of crystallinity and a peak shift back to higher angles.

Figure 4 . 7 .

 47 Figure 4. 7. RAMAN Measurement of Cu2O deposited at a) 220 °C, and b) 260 °C, on Glass substrate at different oxygen fractions with a blue laser with 488 nm wavelength

Figure 4 . 8 .

 48 Figure 4. 8. Raman measurements of Cu2O samples deposited at different deposition temperatures, 220 °C and 260 °C with the same O2 fraction of 15%

Figure 4 . 9 .

 49 Figure 4. 9. a shows TEM cross-section images of the samples deposited with different fractions of oxygen. The films are uniform and dense having columnar growth with a lattice spacing matching crystalline Cu2O, as shown in the selective area diffraction (Figure 4. 9. b). No other phases, namely, CuO or Cu, were observed. The morphology of the films is shown to evolve since at 0% the grains display a columnar growth and then the increase of the oxygen fraction promotes a morphological change on the deposited film. This is even confirmed further by SEM pictures as shown in Figure 4. 9. c.

Figure 4 . 9 .

 49 Figure 4. 9. a) Cross-sectional TEM analysis, b) Selected area diffraction, and c) SEM images of Cu2O thin film deposited on a borosilicate glass substrate at 260 °C and with a variation over the oxygen fraction (0% -5% -15% -25%). (Insets show picture illustration, of 1 cm² Semitransparent Cu2O thin film deposited on a borosilicate glass substrate)

Figure 4 . 10 .

 410 Figure 4. 10. XPS spectra, of a). Cu 2p, b). O 1s, and c). Survey of Cu2O deposited at 260 °C with 15% oxygen fraction on Glass substrate.

Figure 4 .

 4 11. a shows the XRR patterns of the Cu2O having a different fraction of O2.

Figure 4

 4 

Figure 4 .

 4 Figure 4. 11. (a) XRR patterns, and, (b) Extracted mass density (g/cm 3 ), of Cu2O deposited at 260 °C with a different oxygen fraction. The variation of critical angle indicates the change in the mass density of the deposited films.

Figure 4 .

 4 Figure 4. 12. (a) Mobility, resistivity, and carrier concentration of Cu2O thin films (100 nm) deposited at 260 °C with different O ratios, (b) Comparative study of resistivity for different growth techniques (ED[START_REF] Rakhshani | The role of space-charge-limited-current conduction in evaluation of the electrical properties of thin Cu2O films[END_REF][START_REF] Mahalingam | Galvanostatic deposition and characterization of cuprous oxide thin films[END_REF][START_REF] Mahalingam | Potentiostatic deposition and characterization of Cu2O thin films[END_REF][START_REF] Transactions | Electrical Characterization of Cu/Cu2O Electrodeposited Contacts[END_REF][START_REF] Han | Electrochemically deposited p-n homojunction cuprous oxide solar cells[END_REF][START_REF] Elfadill | Preparation of p-type Na-doped Cu2O by electrodeposition for a p-n homojunction thin film solar cell[END_REF]194 , Th.Ox[START_REF] Hill-Pastor | Study of the effects of NaCl or NaOH as sodium dopant precursors in p-type nanocrystalline Cu2O thin films[END_REF][START_REF] Musa | Production of cuprous oxide, a solar cell material, by thermal oxidation and a study of its physical and electrical properties[END_REF] , PLD[START_REF] Kale | Magnetism in cobalt-doped Cu2O thin films without and with Al, V, or Zn codopants[END_REF][START_REF] Pallecchi | Cu2O as a nonmagnetic semiconductor for spin transport in crystalline oxide electronics[END_REF] , Sputt[START_REF] Hu | Reduced bandgap and enhanced p-type electrical conduction in Ag-alloyed Cu2O thin films[END_REF][START_REF] Fara | Complex investigation of high efficiency and reliable heterojunction solar cell based on an improved Cu2O absorber layer[END_REF] , Silar 42 , SALD[START_REF] Muñoz-Rojas | Growth of ∼5 cm 2 V -1 s -1 mobility, p-type Copper(I) oxide (Cu2O) films by fast atmospheric atomic layer deposition (AALD) at 225°C and below[END_REF] , AACVD 157 , MOCVD 37 vs. year of publication).

Figure 4 .

 4 Figure 4. 13. S(Ep) and VEPfit fitted. 134 S(Ep) dependencies for (a) 220°C and (b) 260 °C film series deposited on Glass substrate with 38nm-thick and 100nm-thick respectively at different oxygen fractions (0%, 5%, and 15%)

Figure 4 .

 4 Figure 4. 14. (a) Lifetime components, (b) Relative intensities, for three different oxygen fractions: 0%, 5%, 15% at 260 °C for 3000 ALD cycles, (c) Schematic model of the different point defects probed with the positron in the PALS, including a copper vacancy in the normal and split configuration (VCu, VCu,split) and oxygen interstitial Oi (Blue and red atoms represent the Cu and O atoms, respectively -Vesta) 171 , and (d) Normalized photoluminescence measurements displaying exciton, oxygen and copper vacancies, for three different oxygen fractions: 0%, 5%, 15% at 260 °C

Figure 4 .

 4 Figure 4. 14. a shows the variation of the lifetime components with respect to the oxygen ratio.These results demonstrate the shortest positron lifetime components of τ1 ≈ 320 ps from samples having a 0% oxygen fraction. Cu2O crystals were expected to have a lifetime of 175 ps which is not the case of our films due to the positron trapped in the vacancies of neutral and ionized copper. On the one hand, it is suggested that lifetimes of about 320 ps indicate VCu-VO pairs 197 , however, as revealed by our DFT-ATSUP calculation, the latter displays a presence of vacancy clusters consisting of two Cu and two oxygen atoms, V2Cu-V2O. The bulk lifetime, on the other hand, (positron annihilation at interstitial positions) was not detected 198 , which suggests a large initial defect concentration.
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Figure 5 . 1 .

 51 Figure 5. 1. Typical Silicon Heterojunction Solar Cell (SHJC) Structure (Reproduced from P. S. Johannes et al 233 )

Figure 5 . 3

 53 Figure 5. 3 shows the structure of SHJ cells incorporating Cu2O HTL layers. Similar to the reference SHJ devices, the front side ITO transparent electrode enables carrier collection and improved conduction to the metallic electrodes234 . Besides, it also acts as an anti-reflective layer.104 A cross-section SEM picture also illustrating the bottom part of the cell is also included, where the Cu2O is clearly observed. The film is observed to be conformal and quite homogenous having a conformal deposition over the textured surfaces.

Figure 5 . 3 .

 53 Figure 5. 3. Schematic diagram of Cu2O HTL based solar cells and a cross-section SEM of Cu2O film on top of textured silicon surface without ITO and Ag contacts.

Figure 5 . 4 .

 54 Figure 5. 4. a&b shows optical images of the bare device rear side (with no ITO/Ag contacts), without and with a 200 nm thick Cu2O layer on top of the textured silicon surface. The figure alsoshows the corresponding tilted cross-section SEM views. The Cu2O layer is conformal over the textured Si surface (pyramids) and appears continuous and free of pinholes, which is a prerequisite to minimize shunt-related defects. In this study, the film thickness of Cu2O was fixed at 10, 60, and 80 nm deposited at a temperature lower than 220 °C. This temperature was kept as low as possible to find a compromise between the material transport properties while being below the degradation limit of the SHJ, thus maintaining the passivation effect of the a-Si:H layer. The effect of the deposition temperature was also evaluated in this study.

Figure 5 . 4 .

 54 Figure 5. 4. a) Optical (left) and Cross-section SEM (middle and right) images of bare a-Si:H(i) without Cu2O thin film deposited on top of textured SHJ. (b) Optical and Cross-section SEM images of the SHJ architecture rear side with coated 200 nm Cu2O HTL on Si pyramids.

Figure 5 . 5 .

 55 Figure 5. 5. Raman Spectra of Cu2O thin films deposited at different temperatures on the SHJ cell, obtained with a 488 nm laser.The typical observed Raman modes for Cu2O are included as a reference.

Figure 5 . 6 .Figure 5 . 7 .

 5657 Figure 5. 6. XRD pattern of the 80 nm, 60 nm, and 10 nm thick Cu2O film deposited on top of the SHJCs at 220 °C and 200 °C

Figure 5 . 8 .

 58 Figure 5. 8. Cross-Section TEM images of (a) the 10 nm (d) and 60 ± 10 nm thick Cu2O films. The inset in (b) shows a selected-area electron diffraction (SAED) pattern.

Figure 5 . 9 .

 59 Figure 5. 9. PL maps of (a) a-Si:H(p) HTL based SHJ cell: before/after the deposition of ITO and the Ag contacts, and (b) 10 nm Cu2O HTL based SHJ cell: before/after Cu2O and before/after the deposition of ITO and the Ag contacts; The scale bar represents the PL intensity in arbitrary units. The corresponding carrier lifetime measurements are followed at each stage of (c) a-Si:H(p) based and (d) Cu2O based SHJ cell. Minority carrier lifetime (MCL) of each measurement on 9 cm² aperture area was taken at typical minority carrier density MCD = 10 15 cm -3 (indicated by a dotted black line). The corresponding i-Vocs were also indicated.

Figure 5 . 10 .

 510 Figure 5. 10. PL imaging of other Cu2O SHJ cells. The SHJ cell with a-Si:H(p) deposited using PECVD is much less damaged than the cell with ALD Cu2O coatings. With the thicker Cu2O layer (80 nm) (i.e. higher ALD cycling number), there is a more severe loss of the passivation than for the 10 nm thick Cu2O HTL

Figure 5 . 11 .

 511 Figure 5. 11. Comparison of the performances between the SHJ cell with a-Si (p) and with SALD-Cu2O HTLs. Left: J-V curves, middle: EQE measurement, and right: detail on the cell performances.

Figure 5 . 12 .

 512 Figure 5. 12. (a) J-V characteristics (measured under 1 sun) of SHJ cells integrating different Cu2O HTL and the corresponding fitting curves. Inset: picture of the 9 cm² active cells. (b) Cell performances of the devices in (a). (c) EQE measurement (average over 3 successive measurements) of the SHJ cell incorporating a Cu2O HTL deposited at 220 °C with a 10 nm thickness. The inset depicts a picture of the cell during measurement. (d) PCE was obtained for different samples. Values above 10% were obtained for all sevencells measured, with the best efficiency of 13.7% being obtained[Green Square]. Note that the front metal grid shadowing is estimated at 5.8% and could be further optimized for Jsc enhancement.

Figure 5 . 13 .

 513 Figure 5. 13. Comparative study of the area, efficiency, and current density of the SALD Cu2O/SHJ structure compared to SHJ in the literature. The compared deposition techniques are Sputt: Sputtering 227,245,246 , SPC: spin coating 228 , ED: electro-deposition 35 , TE: thermally oxidized 248 , SALD: spatial atomic layer deposition.

Figure 5 . 14 .

 514 Figure 5. 14. Refractive Index of ZnO thin film deposited on a glass substrate measured by spectral ellipsometry "fitted ZnO was performed with an FDTD model approximated with a polynomial function" (reproduced from C. Stelling et al) 251

  reveals the SRH recombination through the whole structure.

Figure 5 .

 5 Figure 5. 16. a) Structure of the ZnO and Cu2O stack device, and b) the SRH recombination through the whole junction

Figure 5 .

 5 Figure 5. 17. a) Current-Voltage IV curve of the ZnO/Cu2O device simulated in this study, and b) external quantum efficiency of the device stack while comparing it to the literature (Data extracted from the figures reported on the paper) 265-267 with the reported structures

Figure 5 .Figure 5 .

 55 Figure 5. 18. a) Current-Voltage IV curve of the ZnO/Cu2O device simulated, and b) external quantum efficiency of the device stack with different Cu2O thicknesses varying from 0.15 µm to 3.1 µm

Figure 5 . 19 .Figure 5 .

 5195 Figure 5. 19. Output Results of the solar cell with the variation of the Cu2O thickness (Voc, Jsc, FF, ETA)

Figure 5 .

 5 21.a shows the IV curve of the junction with varied diffusion length and degradation of the output cell parameters is observed as the diffusion length diminishes, in particular affection the Jsc and FF. This is also revealed in Figure5. 21.b in which the variation of the EQEs is quite apparent for the whole spectra. The study depicts that a smaller diffusion length induces an increase of the recombination, especially below 1 µm.

Figure 5 .

 5 Figure 5. 21. a) Current-Voltage IV curve of the ZnO/Cu2O device simulated, and b) external quantum efficiency of the device stack for different diffusion lengths of Cu2O (0.01 µm to 15 µm)

Figure 5 .

 5 Figure 5. 22. a) Current-Voltage IV curve of the ZnO/Cu2O device simulated, b) external quantum efficiency, and c) output results, of the device stack with different ZnO thicknesses varying from 30 nm to 200 nm

Figure 5 .

 5 Figure 5. 23. a) Current-Voltage IV curve, and b) EQEs of the device stack when illuminated from ZnO side, the Cu2O side, and with bifacial illumination

Figure 5 .

 5 Figure 5. 24. a) Current-Voltage IV curve, b) EQEs, c) output parameters of the device stack with different defect density at the Cu2O/ZnO interface

Figure 5 .

 5 Figure 5. 24.a&b present the IV curve and the EQEs with different defect densities at the Cu2O/ZnO interface. The short-circuit current and open-circuit voltage are observed to decrease

Figure 5 .

 5 26.a shows the total transmittance, reflection, and absorbance of the device, showing that only wavelengths below 500 nm are efficiently harvested by the device, as expected for such a thin Cu2O layer (see alsoFigure 5. 25). An image of an actual device is presented in Figure5. 26.b in contrast to the Sun and the Néron Moutain. The transparency in our device represents an important asset since it can be useful for implementation in building-integrated photovoltaic 270 . In addition, the use of such thin films should allow better control over the mechanical properties and stress-induced to the bending of the device, especially for integrated devices 271 .

Figure 5 . 25 .Figure 5 .

 5255 Figure 5. 25. SEM cross-section of a Cu2O/ZnO solar harvester

Figure 5 .

 5 Figure 5. 27. a&b show a schematic view of the device structure (ITO)/ZnO/Cu2O with the Au top contacts deposited.Figure 5. 27.ashows a dark I-V curve (from -0.5 to +0.5 V) where a rectifying behavior is observed. The leakage current density was only 3×10 -5 mA.cm -2 at -0.5 V, while the current reached 0.9 mA.cm -2 at +0.5 V. Under 1 sun illumination, the solar harvester

Figure 5 .

 5 Figure 5. 27. a&b show a schematic view of the device structure (ITO)/ZnO/Cu2O with the Au top contacts deposited.Figure 5. 27.ashows a dark I-V curve (from -0.5 to +0.5 V) where a rectifying behavior is observed. The leakage current density was only 3×10 -5 mA.cm -2 at -0.5 V, while the current reached 0.9 mA.cm -2 at +0.5 V. Under 1 sun illumination, the solar harvester

Figure 5 .

 5 Figure 5. 27. a) Dark I-V curve of the fabricated Cu2O/ZnO PN heterojunction solar harvester (the inset shows a schematic view of the device) (c) Light I-V curve and resulting device parameters.

Figure 5 . 28 .

 528 Figure 5. 28. Comparison between Cu2O/ZnO devices fabricated with different techniques (ED1 272 -ThOx 266 -SD 219 -ED2 273 -Sputt 274 ) The following parameters are compared: Cu2O thickness, power conversion efficiency (PCE), PCE/Cu2O thickness, current density "Jsc", and Jsc/Cu2O thickness. (ED: electrodeposition, ThOx: thermally oxidized, SD: solution deposition, Sputt: sputtering)

Figure 5 .

 5 29.a shows the IV characteristic of junction under dark measurements for the different samples.

Figure 5 .

 5 Figure 5. 29. (a) IV curve measurements under dark (b) extracted output results of the diode from 2/3-Diode fit software 275 , for Cu2O deposited at different oxygen fractions: 0%, 5%, 15%, and 25% (c) Schematic view of the fabricated Cu2O/ZnO PN heterojunction Solar cell.

Figure 5 .

 5 29.b, by fitting the experimental curve with the simplified diode equation as follow:
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Figure 6 . 1 .

 61 Figure 6. 1. Schematic of the SALD Manifold Head used for the Deposition of the three different Copper Material Phases

Figure 6 . 2 .

 62 Figure 6. 2. Thermogravimetric Analysis of the (hexafluoroacetylacetonate)-Cu(I)-(trimethylvinylsilane), Cu(hfac)(TMVS) under Argon Atmosphere from Room Temperature to 250 °C with an initial mass of 25 mg with a ramp of 10 °C/min

Figure 6 . 3 .

 63 Figure 6. 3. Model of the Cu-based thin-film development from CuhftacTMVS precursor for the case of a) metallic copper b) cuprous oxide, c) cupric oxide by varying the oxidizer during the deposition process, N2, H2O, and O3 respectively

Figure 6 .

 6 4. a.c.&e depict the SEM and pictures of the actual films. The color of the metallic copper evolved from a blue/black color at a deposition temperature of 240 °C to a black color after reducing it to 200 °C and eventually into a reflecting brown color at 160 °C. The film thicknesses observed are 1 µm, 1.3 µm, and 1.7 µm for samples deposited using 8000 ALD cycles at 160 °C, 200 °C, and 240 °C, as measured by cross-section SEM in Figure6. 4. b.d.&f. SEM studies reveal a clear variation of the morphology from one sample to another. Even though copper is stable in air and as reported by Peng. et al. the surface modification of the metallic film does not impact the electronic and thermal properties due to the passivation outcome at the surface, 308 the oxidation occurs quite easily though by inducing a higher thermal budget as demonstrated in previous work.304,306 

Figure 6 . 4 .

 64 Figure 6. 4. Top-view and Cross-section SEM Images of Copper films deposited on a glass substrate at 160 °C (a-b), 200 °C (c-d), and 240 °C (e-f) for 4000 cycles.

  Figure 6. 5. b, shows the contribution of the acoustic and optical modes of the Cu2O phases at 200 °C and 240 °C. Conversely, and in agreement with XRD results, the sample deposited at 160 °C shows no contribution from Cu2O in the Raman spectrum.

Figure 6 . 5 .

 65 Figure 6. 5. a) XRD pattern, b) Raman measurements, and c) Four-probes resistivity measurements, of copper films deposited on a glass substrate at 160 °C, 200 °C, and 240 °C for 4000 cycles.

  . 6. b). The SAED pattern, as displayed in Figure 6. 6. c, has demonstrated the presence of the metallic copper phase ruling out the presence of the oxidized phases (Cu2O and/or CuO).

Figure 6 . 6 .

 66 Figure 6. 6. a) Cross-section TEM analysis of copper films deposited at 160 °C on a glass substrate, b) High-resolution images of the cross-section copper film, and c) Electron-diffraction of the copper metallic thin film.

  . 7. a). The analysis of the Auger peaks (LMM), shown in Figure 6. 7. b, shows the presence of the Cu 1+ for the non-sputtered and sputtered samples. Samples deposited at a lower temperature (160 °C), shown in Figure 6. 7. a, reveals the evolution of the different species with and without the milling process as well.

Figure 6 . 7 .

 67 b shows the Cu (LMM) Auger peaks of the samples.

Figure 6 . 7 .

 67 Figure 6. 7. XPS data of a) the Cu 2p, b) Cu (LMM) Auger without ablation and after Argon ablation of 40 s of Cu films (around 1 micron thick) deposited at 240 °C and 160 °C on a glass substrate and the fitting of the Cu2p3/2, c) without ablation of samples deposited at 160 °C and d) after 40 seconds of argon etching, and e) without ablation of samples deposited at 240 °C and f) after 40 seconds of argon etching. The Red and blue stack bars represent the amount the Cu 0 , Cu 1+ , Cu 2+ , Cu(OH)2 within the films. The colors of lines in the fitting from "c-f" represent Cu 0 for gray, Cu 1+ for red, Cu 2+ for blue, and Cu(OH)2 for green.

Figure 6 . 7 .

 67 Figure 6. 7. c & Figure 6.7. e present the decomposition of the Cu 2p for a sample deposited at 160 °C and 240 °C without any ablation and the fitting demonstrates a presence of Cu 0 with an amount around 47.1 % and 53.4 % respectively. Contributions of approximately 10.3% and 7.5 % have been obtained for Cu 1+ , 7.4% and 14.7 % for Cu 2+ , and 35 % and 24.1 % for Cu(OH)2 respectively. The ablated film exhibits an important amount of Cu 0 with an evolution of its amount from 78 % to 81 % for samples deposited at 160 °C and 240 °C, respectively (Figure6. 7. d&f). The remaining percentage for samples deposited at low temperature (160 °C) is attributed mainly to Cu(OH)2 and not to the formation of other phases from Cu 1+ and Cu 2+ , while at higher deposition temperature (240 °C) there is a significant contribution in the percentage difference that is assigned to other copper phases. The presence of Cu(OH)2 in our films is explained by the fact that our deposition is performed in an open atmosphere, which can leave traces of water mainly on the surface. This is a direct reflection of the phase purity of the metallic copper phase at the bulk level. The impact of the temperature is also clearly notified especially at the surface with the quantified amount of oxidation occurring at this particular temperature.

Figure 6 . 8 .

 68 Figure 6. 8. XPS Survey of Metallic Copper film deposited a) at 240 °C and b) at 160 °C with different 2 KeV Ar-Milling Etching time 10s and 40s

Figure 6 . 9 .

 69 Figure 6. 9. SEM Images of Cupric Oxide (CuO) films deposited on a glass substrate at 260 °C with 1500 ppm, 2000 ppm, and 2500 ppm ozone rate for 500 cycles which are respectively equivalent to 170 nm, 160 nm, and 160 nm.

Figure 6 .

 6 Figure 6. 10. a) G-XRD pattern, and b) Raman measurements, of Cupric Oxide (CuO) films deposited on a glass substrate at 260 °C with 1500 ppm, 2000 ppm, and 2500 ppm for 500 cycles which is respectively equivalent to 170 nm, 160 nm, and 160 nm.

Figure 6 . 11 .

 611 Figure 6. 11. XPS data of a) the Cu 2p of CuO films deposited at 260 °C on a glass substrate with 1500 ppm and 2500 ppm and the fitting of the Cu2p3/2 b) at 1500 ppm and c) 2500 ppm. The Orange numbers represent the amount the Cu 0 , Cu 1+ , Cu 2+ , Cu(OH)2 within the films.

Figure 6 .

 6 11. a shows the XPS pattern in the Cu 2p region for both films. The results show that both phases are present for 1500 sccm since Cu 1+ and Cu 2+ satellites are visible. Conversely, a clear shift to the Cu 2+ binding energy is obtained for the film deposited with an OR of 2500 ppm. The peak deconvolution, in Figure 6. 11. b & .c, shows the contribution of each species.

Figure 6 . 12 .

 612 Figure 6. 12. Summary of the proposed model with an illustration of the deposited samples whether on PEN flexible and/or glass substrates

Finally

  , our work represents a proof-of-concept study of integrating Cu2O deposited by SALD as HTL in c-Si based PV devices.

  work and results presented hereare in part included in the research article entitled "Planar and Transparent Memristive devices based on titanium oxide coated silver nanowire networks with tunable switching voltage" published on Small by: J. A. Resende, A. Sekkat, V. H. Nguyen, T. Chatin, C. Jiménez, M. Burriel, D. Bellet*, D. Muñoz-Rojas*. A manuscript has also been submitted on the coating of PEDOT thin films. As part of the thesis work, TiO2 thin films have been synthesized and tested in several applications. As part of the ongoing collaboration between the SALD team and the AgNWs team (lead by Prof. Daniel Bellet), TiO2 thin films deposited by AP-SALD were used to coat a AgNWs network to create memrisistive devices based on threshold switching. The different steps for the fabrication of the AgNWs/TiO2 nanocomposites and the subsequent electrical stress test are represented in Figure A1. 1. a. A SEM micrograph of the silver nanowire networks with an area mass density (amd) of 80 mg/m 2 is presented in Figure A1. 1. b. The increase in thickness of the TiO2 thin films from 5 to 45 nm caused a resistance increase, reaching 100 Ω for a 45 nm thick TiO2 layer and a 73 mg/m 2 amd of the network. A 10 nm thick TiO2 coating can be observed in the TEM image shown in Figure A1. 1. c.

Figure A1. 1 .

 1 Figure A1. 1. d shows the evolution of the resistance for bare and coated networks when subjected to a voltage ramp up to 15 V. The network densities were of 73 and 80 mg/m 2 for the bare nanowire network and for the AgNWs/TiO2 nanocomposite, respectively, where the oxide layer had a thickness of 10 nm. In Figure A1. 1. d, we can observe that after the formation of the network crack, the resistance decreases above 12 V and current flows through the electrode again while voltage is still applied to the electrodes of the sample, between 13 and 15 V. This phenomenon, referred to as "life-aftercrack", where a conductive state with a resistance around 1 kΩ is observed in both bare and oxide covered samples has already been reported in our previous studies. Upon application of voltage, current can thus still flow through the crack, generating an average local temperature increase to 40 °C at 15 V, as shown in the IR image presented in the inset of Figure A1. 1. d.

Figure A1. 1

 1 Figure A1. 1. a. Schematic of the in-plane threshold switching device fabrication process: AgNWs deposition by airbrush followed by TiO2 deposition by AP-SALD. The formation of the network crack in red is obtained during an electrical stress test up to 15 V. b. SEM image of an AgNW network with an amd of 80 mg/m 2 . c. TEM image of a silver nanowire covered with a 10 nm thick TiO2 coating. d. In situ resistance measurement during an electroforming voltage ramp between 0 and 15 V for a bare AgNW network, in black, and the AgNWs/TiO2: 10 nm nanocomposite in red. The blue arrow represents the network breakdown voltage for both samples. Inset of an infrared image of the bare AgNW network at 15 V after the electrode breakdown, with vertical electrodes placed on opposite edges of the sample.

Figure A1. 2 .

 2 Figure A1. 2. I-V curves for AgNWs/TiO2 nanocomposites with a Scheme of the Threshold Switching mechanism with the formation of Ag nanoparticles between the AgNWs/TiO2 nanostructures. The gap between particles creates a tunnelling potential, while the TiO2 layer acts as an insulating component, creating a Schottky barrier with the Ag particles.

Figure A1. 3 .

 3 Figure A1. 3. a) Time evolution of the resistance under 1 sun illumination (1000 W/m²) of PEDOT:OTf encapsulated with bilayers of TiO2(30 SALD cycles at 150 °C)/ZnO (20 SALD cycles at 200°C, purple curve) and TiO2 (30 SALD cycles at 150 °C)/Al2O3 (30 SALD cycles at 100°C, blue curve). (b) Schematic representation of the bilayer encapsulated system and experimental setup.

Figure A2. 2 .

 2 Figure A2.2. XPS measurements of MgO thin film deposited at 220 °C after ablation (1 and 5 min). The figure shows the survey, Mg 2p, Mg 1s, C 1s, N 1s, and O 1s.

Figure A2. 3 .

 3 Figure A2. 3. MgO/AgNWs with different cycles and the resistance stability after an annealing until 400 °C
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 1 Figure 1. Capacité totale installée (MW) mondiale pour les énergies renouvelables et solaires de 2011 à 2020, données extraites du rapport Renewable Capacity Statistics 2021 4
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 13 Figure3. Etude comparative de la surface, de l'efficacité et de la densité de courant de la structure SALD Cu2O/SHJ par rapport à SHJ dans la littérature. Les techniques de dépôt comparées sont : Sputt: Sputtering[10][11][12] , SPC: spin coating13 , ED: electro-deposition14 , TE: thermally oxidized15 , SALD: spatial atomic layer deposition.

  Figure3. Etude comparative de la surface, de l'efficacité et de la densité de courant de la structure SALD Cu2O/SHJ par rapport à SHJ dans la littérature. Les techniques de dépôt comparées sont : Sputt: Sputtering[10][11][12] , SPC: spin coating13 , ED: electro-deposition14 , TE: thermally oxidized15 , SALD: spatial atomic layer deposition. Dans la deuxième partie du chapitre 5, une cellule de référence est modélisée. La simulation a été effectuée sur des cellules solaires ZnO/Cu2O et des tendances comparables à celles de la littérature ont été obtenues. L'effet de la variation de l'épaisseur du film absorbeur et collecteur, la longueur de diffusion, l'éclairage latéral et la présence de défauts à l'interface Cu2O/ZnO ont été étudiés dans le but de découvrir les paramètres clés qui peuvent affecter considérablement les performances du dispositif (Figure 4 a&b).

Figure 4 .

 4 Figure 4. (a) La courbe EQE des échantillons de référence avec 0,1 µm d'épaisseur de ZnO et 2 µm d'épaisseur de Cu2O et des cellules solaires expérimentales à base de Cu2O et de ZnO 16-19 , séparés en différentes tranches et (b) schéma des paramètres simulés responsables des changements dans l'efficacité quantique dans la cellule

Figure 5 .

 5 Figure 5. Comparaison entre les appareils Cu2O/ZnO fabriqués avec différentes techniques (ED1 20 -ThOx 17 -SD 19 -ED2 21 -Sputt 22 ). Les paramètres suivants sont comparés: épaisseur de Cu2O, efficacité de conversion de puissance (PCE), épaisseur de PCE/Cu2O, densité de courant « Jsc » et épaisseur de Jsc/Cu2O. (ED: électrodéposition, ThOx : oxydé thermiquement, SD : dépôt en solution, Sputt : pulvérisation cathodique)

Figure 6 .

 6 Figure 6. Résumé du modèle proposé avec une illustration des échantillons déposés que ce soit sur des substrats flexibles PEN et/ou en verre
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Table 1 . 1. Overview of Cu2O Deposited by Different Approaches Growth Techniques Resistivity (Ohm.cm) Mobility (cm²/V.s) Carrier Concentration (cm 3 ) Deposition Temperature (°C) Application Year of Publication ALD 27 - - - 180-220 Photoconductor 2019 ALD-Savannah 200 ALD reactor (Cambridge Nanotech, Inc.) 28 - - - 120-200 - 2017 ALD -travelling- wavetypeALDreactor(Lucida- D100.NCDtechnology) 29 - - - 120-240 - 2015 ED 1.1x10 11 8.7 6.65x10 14 - - 1991 ED 5x10 7 to 3x10 4 - - 60-80 (pH of the electrolyte was maintained at 9.0) - 2000 ED - - - 30-90 (pH, 9.0) - 2002 ED 2x10 10 - - - - 2008 ED (Princeton Applied Research Versastat P potentiostat without stirring) 34 2.5x10 7 - - 40 to 80 (solution pH 9.0 to 13.0 different amounts of NaOH) p-n Homojunction Cu2O solar cells 2009 ED Sodium doped Cu2O 35 291 - 2.13×10 18 60 Cu2O p-n Homojunction solar cell 2016 ED 10 4 to 10 6 0.4 to 1.8 1.9x10 14 to 2.3x10 12 45 - 2005 MOCVD 37 178 ± 20 - - 350 - 2019 PLD 38 225 - - 700 - 2003 PLD 39 0.72 70 1.2x10 15 650 - 2010 Sputt 452 to ∼1413 1 10 15 -10 17 400 - 2020 Sputt 3 to 13 0,1 to 1 ~10 15 400 Heterojunction solar cell 2020 Silar 42 6.12x10 4 4.2 3.07x10 17 70 - 2019 Th.Ox 100 -1000 20 to 50 8x10 15 -5x10 16 450-750 Photovoltaic devices 2020 Th.Ox 0,1 -0,3 - - 150 -330 - 2016 Th.Ox 2x10 3 to 3x10 3 75 to 130 - 1040 and 1050 - 1998 SALD 46 11x10 3 to 125 5 10 16 125 to 225 - 2012

 1 

Table 3 . 1 .

 31 Properties of the Cu(hfac)(COD) Precursor with its Chemical Structure and Characteristics 153

Table 3 . 2 .

 32 Optimization of Bubbler's Temperature and flow of metal precursor and nitrogen to obtain homogeneous and reproducible Cu2O

	Homogeneous and Reproducible GPC	Bubbler's Temperature (°C)	Flow of Metal Precursor (sccm)	Dilution flow (sccm)
	No	60	60	60
	No	60	100	100
	No	60	120	120
	No	80	60	60
	No	80	100	100
	No	80	120	120
	Yes	90	120	120
	Yes	90	100	100
	Yes	90	90	90
	Yes	90	70	70
	Yes	90	60	60

Table 4 . 1 .

 41 Calculated using ATSUP code positron lifetimes for different vacancy configurations in Cu2O crystal.

Table 4 . 2 .

 42 Calculated using VEPfit code 138 S-parameter, effective diffusion length, L+, and defect concentration of Cu2O film with a different oxygen fraction

Table 5 . 1 .

 51 Fitted parameters of JV curves using a two-diode model for SHJ cells with different Cu2O HTL deposition conditions (the associated curves are depicted inFigure.5.13a) 

	J-V Fitting Results

Table 5 . 2 .

 52 Comparison of our Cu2O based SHJ with reported Si-based cells incorporating a Cu2O layer

	Cell type	Deposition methods	Voc (mV)	Jsc (mA/cm²)	FF (%)	PCE (%)	Area (cm²)	Ref.
	Cu2O/SHJ	SALD	584	36.8	63.8	13.7	9.0	This work
	Cu2O/Si	sputtering	114	19.39	29.2	0.64	1.0	
	Cu2O:B/Si	sputtering	290	33.60	40.1	3.9	1.0	227
	Cu2O:B/SiOx/Si	sputtering	370	36.50	40.6	5.48	1.0	
	Cu2O/Si	Spincoating	528	30.08	60.01	9.54	-	228
	Cu2O:Na/Si	ED	480	2.20	47.0	0.45	-	247
	Cu2O/Si	TE	490	28.60	42.85	6.02	0.1	248
	Cu2O/Si	sputtering	328	11.90	50.5	1.97 0.019	
								245
	Cu2O/SiO2/Si	sputtering	528	13.20	48.6	3.39 0.019	
	Cu2O/Si	sputtering	420	7.80	44.0	1.12	1	

246

Table

Table 5 . 3

 53 Summary of the Material Properties included in the numerical simulation work

	Material Properties	Values for Cu2O Thin Film	Values for ZnO Thin Film
	Bandgap (eV) 17,251	2.1	3.4
	Electron Affinity (eV) 257,258	3.2	4.2
	Dielectric Permittivity (relative) 251,259	7.6	9
	Conduction Band density of States (1/cm -3 ) 260,261	2.43 x 10 19	2.2 x 10 18
	Valence Band density of States (1/cm -3 ) 260,261	1.1 x 10 19	1.8 x 10 19

Table 5 . 4

 54 Summary of the Defect Properties of the thin film layers

	Recombination Parameters	ZnO	Cu2O
	Carrier Lifetime (ns)	𝜏n:0.1 / 𝜏p:0.01	𝜏n:5 / 𝜏p:50
	Diffusion Length (µm)	Ln:0.08/Lp:0.04	Ln:0.9/Lp:1
	Defects Density (cm -3 )	10 18	2x10 15
	5.3.1.2.		

Output Results of the Reference Cell

  

Table 5 . 5

 55 Summary of the Output Results with different side and bifacial illumination

	Structures	Eta, %	FF, %	Jsc, mA/cm²	Voc, V
	Bifacial Illumination	9.20	74.37	11.07	1.1178
	Illuminated from Cu 2 O -0.8 µm	3.32	42.190	7.547	1.013
	Illuminated from Cu 2 O -0.5 µm	3.36	46.45	7.124	1.015
	Illuminated from ZnO -0.8 µm	5.48	60.73	8.15	1.107
	Illuminated from ZnO -0.5 µm	4.68	59.11	7.07	1.121

Table 5 . 6 Comparison
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of Different Cell Parameters. The table shows the output results of cells grown by different approaches (ED: electrodeposition, ThOx: thermally oxidized, SD: solution deposition, Sputt: sputtering)

Table 6 . 1 .

 61 Summary of the Main Properties of Pristine Thin Films

	Grown Films	Film Color	Deposition Temperature (°C)	Oxidant	Crystallinity	Electrical Resistivity (Ω.cm)	Concentration (atm. %)
							Cu 0 ~ 78
		Brown	160	Nitrogen	Polycrystalline: Cu (111)	3.7x10 -6	Cu 1+ ~ 6 Cu 2+ ~ 0
							Cu(OH)2~ 16
	Copper	Black/Blue	200	Nitrogen	Polycrystalline: Cu (111) & Cu2O (111)	1.5x10 -5	-
							Cu 0 ~ 86
		Black/Blue	240	Nitrogen	Polycrystalline: Cu (111) & Cu2O (111)	3.6x10 -5	Cu 1+ ~ 8 Cu 2+ ~ 6
							Cu(OH)2~ 0
		Green	260	Ozone -1500 ppm	Polycrystalline: CuO (002) & Cu2O (111)	0.19	Cu 0 ~0.0 Cu 1+ ~39 Cu 2+ ~43 Cu(OH)2~18
	CuO	Gray	260	Ozone -2000 ppm	Polycrystalline: CuO (002)	0.2	-
							Cu 0 ~0
		Dark Gray	260	Ozone -2500 ppm	Polycrystalline: CuO (002)	1.91	Cu 1+ ~0 Cu 2+ ~99
							Cu(OH)2~0
	Cu2O 46	Yellow	125-225	Water	Polycrystalline Cu2O (111)	100-1000	-

𝑪𝒖(𝑰)ℎ𝑓𝑎𝑐𝑇𝑀𝑉𝑆 => 𝑪𝒖(𝟎) + 𝑪𝒖(𝑰𝑰)(ℎ𝑓𝑎𝑐) 2 + 2 𝑇𝑀𝑉𝑆(6.1) 
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Material Properties. In the next step, we generate a structure by integrating several material properties, i.e. film thickness, bandgap, electron affinity, thermal velocity, and density of states. Table 5. 3 shows each parameter used for this particular study.

These values have been extracted from the literature and compared with the experimental results obtained in our study to mimic as much as possible the experimental data. In addition to these parameters, the dopant concentrations have been included with a donor density of 10 19 cm -3 for ZnO and acceptor density of 10 19 cm -3 for Cu2O thin films. These values were chosen based on average values found in the literature 182,[252][253][254][255][256] . Additionally, the defects were chosen neutral since they are the most contributing to the Schockley-Read-Hall recombination phenomena 210 . In this recombination model, the carrier lifetime is calculated via the following equation: 𝜏 = 1 𝜎 𝑋 𝑁 𝑡 𝑉 𝑡ℎ (5.4) 

Conclusion and Perspectives

"A theory that explains everything, explains nothing." -Karl Popper

In this thesis, Cu2O thin films have been investigated for optoelectronics and photovoltaic applications through a comprehensive study starting from the development of the material until its integration to several devices. The deposited films have been developed with the AP-SALD, which is an alternative, fast, and scalable approach with respect to the conventional ALD.

As the first part of this study a solid and stable Cu precursor, Cu(hfac)(COD), has been used to deposit Cu2O thin films by a CVD approach for the first time. The effect of the deposition temperature on the microstructure, optical, and transport properties of the obtained thin films has been studied. The films obtained are phase-pure and present good quality, with densities comparable to single-crystal Cu2O. More remarkably, the films present in all cases high mobility values, 1 order of magnitude higher than for Cu2O thin films deposited previously by AP-SALD using Cu(hfac)(TMVS), and even higher than the ones obtained for sputtered films deposited at much higher temperatures. A high mobility value of 92 cm² V -1 s -1 has been obtained for the films deposited at 260 °C, using a scalable, low temperature, and fast approach. Such high mobility values are explained by the combination of low carrier concentration (in the range of 10 14 -10 15 cm -3 ) and the high quality of the films. In particular, Raman data shows a decrease in the number of copper vacancies in the split configuration as the deposition temperature increases, which also stresses the importance of defects in the final transport properties of the films. The reported results will surely provide relevant insights for further studies on Cu-based p-type semiconductors and, especially, for their application in photovoltaic and thin-film transistors.

In the second part of this work, we have demonstrated a record resistivity of Cu2O thin films of 0.4 Ω.cm at low temperature (< 260 °C) by introducing an oxygen fraction during the reaction.

Positron annihilation lifetime spectroscopy (PALS) has been performed for the first time on Cu2O thin films and combined with DFT calculations using the gradient correction scheme in order to probe the nature and concentration of defects in the deposited films. The presence of complex defects of vacancy clusters of Cu and oxygen 2(VCu-VO) were shown to have a large size and concentration in pristine films. The incorporation of the oxygen fraction promotes the split vacancies but also VCu-VO complexes. In summary, we believe that the mechanism in all Cu2O grown film, especially in Other applications of the thin films developed in this work include antimicrobial coatings, photo and electro catalysis, and transparent electronics. These applications are currently being explored through collaborations.

Annexes

In the following annexes, a summary of other collaborative projects carried out during the thesis is provided. A list of publications, presentations in conferences and collaborations is also provided.

Finally, a list of prizes and awards obtained during this thesis is provided.

ambient atmosphere and low-cost technique, as UV protective layers for organic PEDOT-based films. Bilayer TiO2/ZnO and TiO2/Al2O3 protections are shown for the first time here to substantially decrease the degradation rate of the underlying film, while limiting deposition related damage (Figure A1. 3). The combination of TiO2 and ZnO was found to be particularly effective for both PEDOT:OTf and PEDOT:PSS. XPS and UV-Vis-NIR measurements show that the precursors for ZnO and Al2O3 react strongly with PEDOT materials, with a negative effect on their electrical performance. The decrease in the sulfonate/thiophene ratio measured by XPS suggests these reactions probably lead to PEDOT chain scission. In contrast, the TiO2 precursor has a doping effect on the PEDOT films (due to the HCl formed during deposition) and enhances their conductivity.

Overall, this work proves that SALD of metal oxides is an efficient method to preserve the electrical performance of conductive polymers used in optoelectronic applications. Novel bilayer structures (TiO2/ZnO and TiO2/Al2O3) were found to offer the most effective protection and may also be useful for other organic materials.

Annex B. Growth of MgO thin film as a humidity barrier for strain gauges

and for enhancing the stability of AgNWs nanocomposites.

Magnesium is an abundant element and MgO has a high dielectric constant around 9.8. Different approaches have been studied so far to deposit MgO thin film based on ALD as reported by Steven

George Group and also sputtered systems that are based on vacuum approach 313,314 . The focus has shifted towards low-cost approaches by developing MgO thin films based on solution approaches.

Two main papers reported the deposition of the films for TFTs applications 313,315 . In this work, I have worked on the development of MgO thin film by SALD for several applications. The motivation behind developing the MgO is to use it later on as an extrinsic dopant for Cu2O thin films since it is reported to provide a transparent and conductive oxide for optoelectronics applications.