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INTRODUCTION

All oxide-solar cells are one of the most researched and currently growing photovoltaic technology. It involves the use of oxides in all the layers of a solar cell. Among the oxide absorbers, Cu2O is one of the most promising material. Apart from its non-toxicity and abundant material availability, it has a high absorption coefficient and favourable direct bandgap which makes them attractive as an absorber. Even though good quality Cu2O could be obtained via several growth techniques, their preparation method is found to be critical in their absorber efficiency. Better performing solar cells with Cu2O absorbers, with over 5 % efficiency is only reported for thermally oxidised Cu2O obtained by the oxidation of copper sheets at very high temperatures. Investigating the properties of Cu2O grown via different techniques and comparing their absorber properties with the Cu2O prepared via thermal oxidation will help to better understand the difference and will allow to engineer Cu2O thin films using alternate techniques to improve their efficiency as an absorber.

The work of thesis focusses on the preparation and optimization of Cu2O absorber via three techniques of Pulsed Laser Deposition (PLD), Magnetron Sputtering and Thermal Oxidation.

Their properties are investigated in detail and later the optimized absorbers are compared to get a clear picture on the influence of the preparation method on their absorber properties.

This thesis is divided into five chapters. Chapter 01 gives an introduction into the basic material properties of photovoltaic absorber followed by a focus on the oxide absorbers and their different types. It also gives insights into all-oxide photovoltaics and state of the art all-oxide solar cells with different absorbers. The basic properties of Cu2O, including its crystallographic structure, optical and electrical properties and a review on the different preparation methods is also outlined.

Chapter 2 gives a detailed description on the PLD deposited CuxO, optimization of the deposition parameters and their properties. Na ion implantation on the PLD Cu2O and an analysis on its impact on the properties is also illustrated in Chapter 2.

Optimization of the films via magnetron sputtering by varying the deposition parameters is outlined in detail in Chapter 3 including the characterizations of the sputtered films structurally, optically, and electrically.

Thermal oxidation of Cu foils at elevated temperature is another technique followed to obtain Cu2O films which is described in detail in Chapter 4. Optimization of the oxidation conditions and etching properties to obtain good quality thermally oxidized Cu2O is also illustrated.

Chapter 5 outlines the state-of-the-art Cu2O heterojunctions, and the photovoltaic devices realized using the films grown via PLD, magnetron sputtering and thermal oxidation in this work. The difference in the performance of the Cu2O absorbers grown via different techniques are explained using advanced characterization techniques which helps to better understand the change in their properties and their quality via different techniques.

This work could pave the way for a better understanding of the growth techniques to obtain phase pure Cu2O films via PLD, magnetron sputtering, and thermal oxidation and a detailed comparative study of the films grown via different techniques. By also implementing the prepared films as absorbers in all oxide solar cells a better picture of its application as an absorber is also illustrated.

CHAPTER : LITERATURE BACKGROUND 1.INTRODUCTION

Increase in the power demand unproportionally to the available non-conventional energy sources makes it critically necessary to shift to renewable energy sources. Owing to the potential of sun as an abundantly available source of energy it is viable to explore this energy source as an alternative. On an average the Earth surface receives approximately 343 W/m 2 of solar energy [1]. Even by considering the percentage of energy reflected or scattered back and the uneven distribution of radiation intensity in the different parts of usable land surface, the potential from sun is ten thousand times higher than the energy demand. In recent years, even though there has been notable growth in renewable generation, especially from solar (increase of 148 TWh) , the development is much slower contradicting its potential [2]. The main reason being the high fabrication and installation cost of the current commercially dominating first generation solar cells using Si absorbers. Owing to their higher fabrication costs, they have a higher energy payback time [3]. Additionally the current lab record efficiency of monocrystalline Si solar cells (26.7%) [4], [5] is close to their maximum attainable theoretical efficiency of 29 % from the Shockley-Queisser limit [6]. Hence, there has been a momentum in the research of alternative materials which can potentially bring down the cost of production of solar cells since the past many decades. After the Si based solar cells the next most widely popular technology is the thin film technology dominated by CIGS and CdTe solar cells. Thin film solar cell (second -generation technology) utilizes strong light absorber layers of only few micrometers thickness and compared to the first generation, thin film solar cells require only less semiconductor material, their modules are lightweight and are less expensive. Thin film technologies had a market share of approximately 6 % in 2021 [4] and is a continuously growing technology with great potential.

PHOTOVOLTAIC ABSORBER

The light absorbing layer is the most significant part of a solar cell. The main classification of solar cells is based on the absorber material used. They are responsible for the absorption of photons and in turn generation of charge carriers. There are several criterions to be fulfilled for a material to be eligible to be used as an absorber in a solar cell. First and foremost, the material should be able to excite electrons from thermal equilibrium upon absorption of photons.

However, there isn´t a perfect ´´selection metric`` which helps to easily determine the potential of a material as an absorber. One of the foremost parameters to be considered is the bandgap.

If the valence band maximum and conduction band minimum of a material are aligned with respect to momentum, such a material have direct bandgap, thus their transitions are vertical and mostly radiative (Figure 1.1(a)). For an indirect bandgap material on the other hand, the conduction band minimum and valance band maximum are not aligned with respect to momentum and thus due to the relative difference in the momentum, for the conservation, a phonon is involved. During the de-excitation, apart from the energy emitted via photons, some energy is emitted in form of phonons. Hence, they have phonon assisted transition unlike photon assisted transitions in a direct bandgap semiconductor (Figure 1.1(b)). Si is an indirect bandgap semiconductor, whereas GaAs is a direct bandgap semiconductor. Even though, both direct and indirect bandgap semiconductor are suitable as an absorber, the use of direct band gap semiconductors is more favoured as small amount of material (thin film) can fulfil the necessity of strong absorption. The bandgap of the material determines the part of the solar spectrum that the material absorbs. Low bandgap materials are more suitable to absorb low energy photons and high bandgap materials for high energy photons. Hence, using a combination of different materials is favoured sometimes for the better absorption of photons of a range of energies. However, if the bandgap is too low, the photons will have more energy available after excitation, which will be converted into heat, which is not preferred in a solar cell. The Shockley-Queisser Limit [6] is a prediction of maximum solar cell efficiency with respect to the bandgap of the absorbing material used. Figure 1.2 shows the variation of solar cell efficiency with band gap and the most suitable range of bandgap to obtain maximum theoretical efficiency above 25 % is ~ 0.9 -1.7 eV.

Absorption coefficient of a material is a measure of how far the photons penetrate through the material before it gets absorbed. The absorption coefficient is a wavelength and material dependent parameter. Higher absorption coefficient (~ 10 5 cm -1 ) is always an important factor determining the potential of a material as a good absorber [8]. Minority carrier diffusion length is also an important factor determining the better efficiency of an absorber as higher minority carrier diffusion lengths allows for their better diffusion to the junction. The inverse of the absorption coefficient should be shorter than the minority carrier diffusion length to avoid recombination before reaching the electrodes. Therefore, higher mobility, diffusion coefficient, diffusion length and lifetime are important parameters determining the transport of charge carriers. Moreover, it is important to have an appropriate thickness of absorber such that absorption is not increased compromising the minority carrier diffusion length. Ideally, the film thickness should be greater than two times the inverse of absorption coefficient.

.2 Variation of the maximum efficiency of single p-n junction solar cell with bandgap according to Shockely-Queisser limit [6] An ideal absorber material should also have high concentration of donor or acceptor atoms depending on the doping type. However, increase in carrier concentration above a threshold will also increase recombination's (Auger recombination) and thus lowering the efficiency of solar cells.

Oxide Absorbers

Oxides are earth abundant and stable compounds. They contain at least one oxygen atom apart from other elements. Depending on the number of elements other than oxygen, there are binary oxides or complex oxides. Oxides can be metallic, semiconductor or insulator and can be used for multiple applications in a solar cell. They can be the light absorbers, transparent electrodes, transport layers or can be used to fulfil other unique functionalities. Metal oxides are widely used oxides for their application in photovoltaics as they are chemically stable, less toxic, and easier to fabricate. The chemical bond between oxygen and metal are rather strong and insoluble in solvents including water hence it is more feasible to use them in solar cells compared to organometallic perovskites. Most of the absorber oxides are p-type and their low mobility which leads to high charge recombination during charge transport and collection is a drawback.

However, the high extinction coefficient of oxides is another advantage of oxide absorbers so that thin layer of absorber can fulfil full absorption of solar radiation [9] and to an extent overcome the recombination problem.

Within the oxide family, transition metal oxides (TMOs) are the widely used materials for photovoltaic conversion ability as they have semiconductor properties. In these compounds the oxygen is bonded to an element in 3 to 12 groups (metal with partially filled d subshell) in the periodic table. Metal oxides have higher bandgap which makes them potentially suitable light harvesters.

Among oxide absorbers, the most popular are the Cu-O based oxides. There are three stable compounds of copper oxides namely cuprous oxide (Cu2O), cupric oxide (CuO) and paramelaconite (Cu4O3) [10]. The band gap of the copper oxides can be tuned by varying the phase of Cu-O compounds thus covering a range of bandgaps from 1.4-2.2 eV [11]. There has been wide research in solar cells with Cu-O absorbers since many decades among them, apart from Cu2O, CuO solar cells are also widely investigated [12]- [16]. But the maximum achieved efficiency of solar cells using CuO is still below 1 % even though they have higher absorption coefficient compared to Cu2O films. Bhaumik et.al have claimed to have achieved 2.88 % efficiency with an incorporation of an optically active CuO nanopowders with ZnO/CuO based thin film solar cells [16]. Kaphle et.al have achieved 2.11 % efficiency with CuO absorbers by modifying the n type layer and adding a buffer layer [15]. Most recently, Ahmed et.al have designed a novel heterostructure with CuO thin film which have obtained an efficiency of 1.91 % but they have shown theoretically using simulation a potential for 12.09% efficiency for the design [14].

Apart from the Cu-O based absorbers, Co3O4, Fe2O3, PbxOy,Bi2O3 [17] are other potential metal oxide absorbers [18]. Among cobalt oxides, Co3O4 is the most stable oxide, which is a p-type semiconductor with a direct bandgap of 1.5 eV. Even though its bandgap is so close to the ideal bandgap according to the Shockley-Queisser calculation of efficiency, the efficiencies achieved so far with Co-O absorbers are lower than the Cu-O based solar cells [18], [19]. Fe2O3 films also showed photovoltaic activity with rather low performance as reported by Rühle et.al with Fe2O3 / ZnO heterojunction [18]. Bi2O3 have a bandgap in the range of 1.7-3.96 eV. The ability to obtain p type and n-type conductivity with these material by tuning their fabrication methods and parameters makes it an interesting material. Even with same fabrication method, a shift from p-type to n-type Bi2O3 films were reported by Morasch et.al by varying the oxygen content during sputtering. They have also reported a solar cell with ITO/ Bi2O3 /Au with Voc from 0.53-0.68 V, Jsc from 0.1-0.31 mA/cm 2 and efficiency varying from 0.02-0.05 % by varying the deposition parameters. There are a lot of stable lead-oxide compounds with potential absorber properties. PbO and PbO2 are n-type semiconductors with bandgap in the range 1.9-2.8 eV (tuning of bandgap with modifications) and 1.5-1.9 eV respectively. Schottky junction solar cells were reported with PbO absorbers but with low efficiency of 0.18 % [20]. However, none of these materials have achieved comparable PV performance to that of Cu-O based solar cells especially Cu2O.

Another group of materials which has been popular recently are ferroelectric oxides. They are perovskites with structure ABO3 or even double perovskites. In ferroelectric solar cells, the generated photovoltage is not limited by their bandgaps unlike the general p-n junction cells.

The photo-generated carriers are transported by polarization induced internal electric field and are not localized at an interface, rather extends throughout the material which is called bulk photovoltaic effect. It has been shown experimentally by Spanier et.al that it is possible to overcome the Shockley-Queisser limit with ferroelectric absorbers which pave the way for high efficiency photovoltaic devices with single junction [21]. The most investigated ferroelectric oxides are BiFeO3(BFO), BaTiO3(BTO), LiNbO3(LNO), BiMnO3(BMO), Pb (Zr,Ti)O3 (PZT), Bi2FeCrO6 (BFCO). Recent advances in ferroelectric oxides with the bandgap tuning of BFO with Cr doping by Nechache et.al [22] have reported a solar cell with an efficiency of 8.1%, which is a very encouraging result for the great potential of perovskite oxides in photovoltaics.

ALL-OXIDE PHOTOVOLTAICS

Metal oxides can be used for multiple applications in a photovoltaic cell apart as an absorber namely, as transparent conducting oxides (TCO), transport layers, passivation layers etc. Owing to the chemical stability, abundancy, and non-toxicity of most of the oxides, they are becoming more popular and are very well suited for low-cost manufacturing techniques. Hence solar cells with all the layers based on metal oxide semiconductors called all-oxide solar cells are becoming a new emerging field in photovoltaics. As discussed in 1.2.1, there are numerous metal oxide semiconductors with great potential to be used as an absorber layer in a solar cell.

Similarly due to the availability of wide band gap metal oxides they can be used also as transparent conducting oxide layers (TCOs) and materials such as indium tin oxide (ITO), fluorine doped tin oxide (FTO), aluminium doped zinc oxide (AZO) are already popular materials used in consumer electronics such as smart phones, flat panel displays besides in commercially available solar cells based on CdTe, CIGS, amorphous and monocrystalline Si.

There are numerous binary and ternary oxides which can be used as an electron-transport layer (TiO2,ZnO,FeTiOx,SrTiO3,Zn2SnO4), hole transport layer (NiOx,CuOx,MoO3,V2O5,GeO2) or as an insulating layer (Al2O3,ZrO2,SiO2) on top of the oxide electrodes to passivate any defects [23]. Additionally, for better band alignment to increase the open circuit voltage, as well as to reduce the shunt resistance in a solar cell, they can be used as window layers. One of advantages of all-oxide solar cell is that the TCO is easily compatible with the active layer. Cu2O so far is with the architecture MgF2/Al-doped ZnO/Zn0.38Ge0.62O/Cu2O:Na which achieved a record efficiency of 8.1 % [24]. It is possible to tune the conduction or valence band positions thus tuning the conduction band offset by using ternary oxide materials. Table 1 summarizes the photovoltaic parameters of some of the Cu2O, CuO and Co3O4 all-oxide solar cells with promising results. 18

Another branch of all-oxide solar cells is with ferroelectric oxides. Among which only BFCO solar cells with Niobium doped SrTiO3 (Nb:STO) junction have reported promising results so far which uses ITO as the top electrode [22], [32] . Table 2 summarizes the I-V parameters of BFCO all-oxide solar cells with encouraging results. 

CUPROUS OXIDE (Cu2O)

Among the oxide absorbers, the most promising and investigated material is cuprous oxide. It is a semiconductor material which has been introduced as early as mid-1920s and the photoelectric effect in them was identified also much before silicon in 1930s by Lange et.al [33]. However, until the energy crisis in the 1970s which led to increase demand for low-cost solar cells, the Cu2O absorber interest remained low. Primarily, Cu2O is made of two very abundant and non-toxic materials, copper, and oxygen. Availability of approximately 880 million tons of copper reserves worldwide makes it a potential candidate for low-cost photovoltaics [34]. Additionally, the fact that they can be prepared via very easy techniques such as thermal oxidation of copper is a major advantage. In the study published by Wadia et.al [35],

Cu2O is identified as one of the most attractive material for photovoltaics in terms of its longterm potential among inorganic photoactive materials.

Crystallographic Structure

Cu2O crystallizes in a simple cubic structure with lattice parameter 4. 

Electrical and Optical Properties

Cu2O is a p-type defect semiconductor. It is essential to understand about the defects in Cu2O lattice to better explain its intrinsic p-type conductivity. Frenkel defects corresponds to interstitial ions, and they do not affect the crystal stoichiometry. However, Schottky defects, which correspond to anion or cation vacancies leads to non-stoichiometry in the crystal.

Basically, Cu2O is a defect semiconductor, it is a non-stoichiometric material. The concentration of 𝑉 𝑐𝑢 can reach up to ~ 10 20 cm -3 , however, the concentration of holes at room temperature will be only up to ~ 10 18 cm -3 as all the copper vacancies will not be ionized.

Brattain et.al [44] have conducted capacitance-voltage measurements on Schottky junction Cu/

Cu2O to analyze their conductivity between 100-400 K and found that Cu2O is a compensated semiconductor, ie. both acceptor and donors are present. The net concentration of charged defects is NA-ND. The acceptor level is at ~ 0.3-0.6 eV above the valence band and donor level is deep with a concentration lower than that of acceptors. They also observed that the defects might not be stable as soon after saturation begins, the conductivity increases rapidly.

The mobility (µ) of the films highly depends on the synthesis method, and can go up to 50-110 cm 2 /Vs for good quality films deposited at high temperatures [25], [45]. Simple, costeffective methods like electrodeposition produce Cu2O films with smaller grain sizes and very low mobility. As the charge carrier collection length (L) when used in a photovoltaic device is proportional to the carrier mobility (𝐿 = √ 𝑘𝑇 𝑒 µ𝜏), with low mobility films the charge collection length will be below 1 µm [START_REF] Paracchino | Synthesis and Characterization of High-Photoactivity Electrodeposited Cu2O Solar Absorber by Photoelectrochemistry and Ultrafast Spectroscopy[END_REF], [START_REF] Musselman | Incompatible Length Scales in Nanostructured Cu2O Solar Cells[END_REF].

There have been few work [START_REF] Jawad | Preparation of nanocrystalline Cu2O thin film by pulsed laser deposition[END_REF]- [START_REF] Xu | Low resistivity phase-pure n-type Cu2O films realized via post-deposition nitrogen plasma treatment[END_REF] which have reported n-type conductivity of undoped Cu2O which claims oxygen vacancies and copper interstitial defects as the source. But it is still a matter of debate [START_REF] Scanlon | Undoped n-Type Cu2O: Fact or Fiction?[END_REF] as thermodynamically, their formation energies are not favourable.

Cuprous oxide has a direct forbidden bandgap of ~ 2.1 eV. In the energy band diagram of Cu2O, in Figure 1.6(a) the direct transition from the highest valence band to the lowest conduction band which occurs at the Γ-point of the Brillouin zone is schematically represented with and without spin-orbit coupling (λ). The valence band is formed by Cu 3d 10 states, and the conduction band formed by empty Cu 4s states. As both the bands have same parity, it has a direct bandgap at the Brillouin zone. The Γ25′ valence band is split by spin-orbit interaction into Γ7 + and Γ8 + and conduction band Γ1 to lowest conduction band state, Γ6 + . The absorption transitions which are parity forbidden are Γ7 + to Γ6 + (yellow), Γ8 + to Γ6 + (green). The allowed optical transitions are Γ7 + to Γ8 -(blue), Γ8 + to Γ8 -(indigo). [36] Other inter band transitions at low temperature (4.2 K) are Γ8 + and Γ6 + , Γ7 + and Γ8 -and Γ8 + and Γ8 -.

Meyer et.al [36] have calculated the absorption spectrum ( Figure 1.6(b)) of as-grown Cu2O and the film annealed and have obtained well defined excitonic peaks after annealing. The absorption coefficient reaches ~ 10 5 cm -1 at 2.6 eV. In the absorption coefficient spectrum, the contributions of four exciton series (yellow, green, blue, and violet) are evident (in red curve of 

Cu2O Growth: Overview

As the fundamental properties of cuprous oxide films highly depend on the growth technique and deposition conditions, they are important factors in obtaining films with specific properties for various applications. Especially for the application as absorbers in a solar cell, the optical and electrical properties are key criteria for best performing cells. There are several methods for the growth of Cu2O, both vacuum and non-vacuum techniques, chemical and physical processes. The most popular among them are electrodeposition [START_REF] Paracchino | Synthesis and Characterization of High-Photoactivity Electrodeposited Cu2O Solar Absorber by Photoelectrochemistry and Ultrafast Spectroscopy[END_REF], [START_REF] Han | Electrochemically deposited p-n homojunction cuprous oxide solar cells[END_REF]- [START_REF] Zhu | Synthesis of Zn:Cu2O Thin Films Using a Single Step Electrodeposition for Photovoltaic Applications[END_REF], [START_REF] Jongh | Cu2O: electrodeposition and characterization[END_REF], [START_REF] Han | Mechanistic investigation on tuning the conductivity type of cuprous oxide (Cu2O) thin films via deposition potential[END_REF],

magnetron sputtering [START_REF] Dolai | Cuprous oxide (Cu2O) thin films prepared by reactive d.c. sputtering technique[END_REF]- [START_REF] Zhang | Gas-dependent bandgap and electrical conductivity of Cu2O thin films[END_REF] and thermal oxidation [26], [27], [45], [START_REF] Minami | Impact of incorporating sodium into polycrystalline p-type Cu2O for heterojunction solar cell applications[END_REF]. Electrodeposition is one of the cheap and simplest methods to obtain thin and uniform films. Cu2O can be deposited on any conductive substrate which is the cathode and as the anode, copper is used with a potential difference of less than 0.5 V between them. Cathodic reduction of alkaline solution of a cupric complex salt yields Cu2O [9]. The smaller grain size of Cu2O and electron collection distance of 53-88 nm increases recombination losses in electrodeposited Cu2O [START_REF] Paracchino | Synthesis and Characterization of High-Photoactivity Electrodeposited Cu2O Solar Absorber by Photoelectrochemistry and Ultrafast Spectroscopy[END_REF], [START_REF] Morales-Guio | Hydrogen evolution from a copper(I) oxide photocathode coated with an amorphous molybdenum sulphide catalyst[END_REF]. Even though, photovoltaic devices with Cu2O grown via variety of techniques have been reported, the best performing Cu2O solar cells are with thermally oxidized absorbers [24]- [26]. As can be seen Pulsed Laser Deposition (PLD) is a common physical technique to obtain high quality films.

However, there are only very few reports on PLD Cu2O [START_REF] Jawad | Preparation of nanocrystalline Cu2O thin film by pulsed laser deposition[END_REF], [START_REF] Xu | Low resistivity phase-pure n-type Cu2O films realized via post-deposition nitrogen plasma treatment[END_REF], [START_REF] Wang | Heteroepitaxial growth of Cu2O films on Nb-SrTiO3 substrates and their photovoltaic properties[END_REF]- [START_REF] Kaur | Influence of oxygen pressure on the growth and physical properties of pulsed laser deposited Cu2O thin films[END_REF] as the deposition is under non-equilibrium condition in pulsed laser deposition and it is tricky to obtain phase pure Cu2O. Nevertheless, the properties of the PLD deposited films highly depend on the deposition parameters such as laser fluence, background gas, substrate temperature, the distance between target and substrate which allow for better control of the film properties which can be manipulated for various applications. Thermodynamic conditions play a strong influence on the Cu-O phase formed via PLD [START_REF] Ogale | Deposition of copper oxide thin films on different substrates by pulsed excimer laser ablation[END_REF]. Chen et.al [START_REF] Aiping | Controlled growth and characteristics of single-phase Cu2O and CuO films by pulsed laser deposition[END_REF] and Liu et.al [START_REF] Liu | Pulsed-laser-deposited, single-crystalline Cu2O films with low resistivity achieved through manipulating the oxygen pressure[END_REF] have shown that an increase in chamber pressure changes plasma dynamics from the ballistic to diffuse regimes, which results in different Cu-O phases. Chen et al also show the influence of temperature, wherein they mention that at 4x10 -4 mbar pressure, a variation in temperature between 400-700 °C changes the orientation of the films. Moreover, they showed that mixed films of CuO and Cu2O are obtained at higher pressures above 1x10 -3 mbar and CuO films are formed above 4x10 -2 mbar. However, Jawad et al [START_REF] Jawad | Preparation of nanocrystalline Cu2O thin film by pulsed laser deposition[END_REF] claim that films deposited at a fixed oxygen partial pressure of 10 -3 mbar and different temperatures allow the control of the film's phase between CuO and Cu2O. Subramaniyan et.al [START_REF] Subramaniyan | Non-equilibrium deposition of phase pure Cu2O thin films at reduced growth temperature[END_REF] have managed to obtain phase pure Cu2O at 3x10 -4 mbar oxygen partial pressure and temperature in the range of 308-325 °C where CuO is the equilibrium phase, by varying the total chamber pressure which they explain to have a non-monotonic effect on Cu-O formation. Later, Farhad et.al [START_REF] Farhad | Electron microscopy and diffraction studies of pulsed laser deposited cuprous oxide thin films grown at low substrate temperatures[END_REF] claim to have obtained p-type films at room temperature at an oxygen partial pressure of 2 -3x10 -3 mbar. Carrier transport properties in Cu2O strongly affects stoichiometric deviations. Post-deposition treatments are found to improve the quality of films. Matsuzaki et.al [START_REF] Matsuzaki | Effects of post-annealing on (110) Cu 2 O epitaxial films and origin of low mobility in Cu 2 O thin-film transistor: Effects of post-annealing on (110) Cu 2 O epitaxial films[END_REF] have obtained Cu2O epitaxial films with high hole mobilities upto 90 cm 2 /Vs after annealing at 750 ℃.

b) Magnetron sputtering

Another very popular technique for thin film deposition of Cu2O is sputtering [START_REF] Dolai | Cuprous oxide (Cu2O) thin films prepared by reactive d.c. sputtering technique[END_REF]- [START_REF] Zhang | Gas-dependent bandgap and electrical conductivity of Cu2O thin films[END_REF], [START_REF] Kumar Rana | A transparent photovoltaic device based on Cu2O/ZnO/AZO for see-through applications[END_REF],

[83]- [START_REF] Nordseth | Characterization of Cuprous Oxide Thin Films for Application in Solar Cells[END_REF]. Like any other thin film techniques, the properties of the film highly depend on the deposition conditions. Additionally, both DC (direct-current) and RF sputtering can be used for the Cu2O film deposition and Cu target is used magnetron sputtering helps to get highly uniform films at relatively high growth rate and good control of the stoichiometry of the films with varying the deposition parameters such as substrate temperature, gas flow rates, pressure, and target power density. One of the main parameters to be considered is the ratio of argon and oxygen flow rate. The phase of the film can be controlled with gas flow and oxygen partial pressure [START_REF] Dolai | Cuprous oxide (Cu2O) thin films prepared by reactive d.c. sputtering technique[END_REF], [START_REF] Zhang | Gas-dependent bandgap and electrical conductivity of Cu2O thin films[END_REF], [START_REF] Zhu | Cu2O thin films deposited by reactive direct current magnetron sputtering[END_REF]. Mixed phase films of Cu and Cu2O was observed at oxygen partial pressures from 1.7-4.9 x10 -2 Pa due to insufficient oxygen to react with copper and high sputtering yield of copper. Further increase in oxygen partial pressure leads to single phase Cu4O3. Balance of optimum oxygen partial pressure and gas flow is required for pure Cu2O.

Apart from obtaining phase pure Cu2O, improvement of the optical and electrical properties is the primary goal for all the deposition optimizations. As reported by Reddy et.al [START_REF] Reddy | Properties of dc magnetron sputtered Cu2O films prepared at different sputtering pressures[END_REF] increase in sputtering pressure causes stresses in the film affecting the lattice parameter. By increasing the pressure, the films changed from polycrystalline to amorphous nature. Variation of sputter pressure had influenced the orientation of the films wherein at low pressure both (1 1 1) and (2 0 0) were observed while only (1 1 1) oriented films at low pressures. Also, high surface roughness was observed for high pressure (> 4 Pa) prepared films. Resistivity also increased with pressure and hole mobility decreased. Better electrical properties were exhibited by films deposited at pressure of 1.5 Pa. Zhang et.al [START_REF] Zhang | Gas-dependent bandgap and electrical conductivity of Cu2O thin films[END_REF] have shown that with RF sputtering, the resistivity can be decreased by increasing the oxygen concentration in the gas flow as excess oxygen will generate acceptor levels located below Fermi level. They have also reported decrease in the bandgap of the film along with the resistivity change. Paul et.al [43] reported increase in the concentration of Cu-di-vacancy with oxygen flow rate during deposition and the dominant trap changes from Cu-mono-vacancy to Cu-di-vacancy. They have also observed improvement in the crystal quality of Cu2O with the increase in the substrate temperature during deposition. Influence of substrate temperature on the hole mobility was observed in many work [43], [START_REF] Lee | Hall mobility of cuprous oxide thin films deposited by reactive direct-current magnetron sputtering[END_REF], [START_REF] Ishizuka | Control of the growth orientation and electrical properties of polycrystalline Cu2O thin films by group-IV elements doping[END_REF]. Unlike PLD, via sputtering, pure Cu2O films are reported at low temperatures in the range of 200-400 ℃ [START_REF] Dolai | Cuprous oxide (Cu2O) thin films prepared by reactive d.c. sputtering technique[END_REF], [START_REF] Jensen | Interface phenomena in magnetron sputtered Cu 2 O/ZnO heterostructures[END_REF], [START_REF] Sawicka-Chudy | Optical and structural properties of Cu 2 O thin film as active layer in solar cells prepared by DC reactive magnetron sputtering[END_REF] and also at room temperature [START_REF] Kumar Rana | A transparent photovoltaic device based on Cu2O/ZnO/AZO for see-through applications[END_REF], [START_REF] Wang | Transmittance enhancement and optical band gap widening of Cu 2 O thin films after air annealing[END_REF], [START_REF] Takiguchi | Fabrication and characterization of sputtered Cu 2 O:N/c-Si heterojunction diode[END_REF]. Increase in the carrier concentration with deposition temperature is also reported which shows that the defect density decreased with temperature. Similarly, Ishizuka et.al [START_REF] Ishizuka | Control of the growth orientation and electrical properties of polycrystalline Cu2O thin films by group-IV elements doping[END_REF] have increased the electrical properties especially the hole mobility to 60 cm 2 /Vs by sputtering Cu2O at high temperature of 500 ℃. Lee et.al have found that apart from increase in hall mobility the morphology of films vary with substrate temperature [START_REF] Lee | Hall mobility of cuprous oxide thin films deposited by reactive direct-current magnetron sputtering[END_REF].

Post annealing of the Cu2O films is another way to improve the carrier mobility and lower the resistivity and is shown by Nordseth et.al [START_REF] Nordseth | Characterization of Cuprous Oxide Thin Films for Application in Solar Cells[END_REF] wherein by post annealing the films at 900 ℃ increased its mobility from 10 cm 2 /Vs to 50 cm 2 /Vs. Even though the annealing has increased the grain size, it also led to the increase of roughness from 8.0 to 20.6 nm and bandgap from 2.06 eV to 2.19 eV. They have explained that it is due to the partial elimination of defect states and more phase pure films. The absorptance of the films also decreased after annealing due to the decrease in the grain-boundary scattering. Wang et.al [START_REF] Wang | Transmittance enhancement and optical band gap widening of Cu 2 O thin films after air annealing[END_REF] have done post annealing in air at different temperatures and found that annealing at temperature below 300 ℃ avoids further oxidation of films to CuO annealing in air also removes oxygen vacancies and reducing defect scattering. Another interesting work wherein the Cu2O films preparation by vacuum annealing of magnetron sputtered CuO is reported by Murali et.al [START_REF] Murali | Synthesis of Cu 2 O from CuO thin films: Optical and electrical properties[END_REF] the have obtained higher grain size and carrier mobility of 51 cm 2 /Vs via this method of preparation.

Doping of pure sputtered Cu2O films is another popular technique to improve its properties and have been reported by many in the literature with elements such as N, Ag, Si, Ge [START_REF] Takiguchi | Fabrication and characterization of sputtered Cu 2 O:N/c-Si heterojunction diode[END_REF], [START_REF] Ishizuka | Control of the growth orientation and electrical properties of polycrystalline Cu2O thin films by group-IV elements doping[END_REF], [START_REF] Tseng | Effects of Ag contents and deposition temperatures on the electrical and optical behaviors of Ag-doped Cu2O thin films[END_REF], [START_REF] Kumar | Impact of post annealing and hydrogen implantation on functional properties of Cu2O thin films for photovoltaic applications[END_REF]. Nitrogen is the most common dopant used and have improved the electrical properties by improving the hole concentration [START_REF] Shukor | Electrical and optical properties of copper oxide thin films prepared by DC magnetron sputtering[END_REF]. In the thesis of M.Nyborg [START_REF] Nyborg | Nitrogen Doping of Sputtered Cuprous Oxide Thin Films by Ion Implantation[END_REF], nitrogen is implanted to Cu2O and observed increased carrier concentration because nitrogen substitute oxygen and act as an acceptor in the films. A shallow acceptor level was observed at about 170 meV above the valance band. Further, Na doping of sputtered Cu2O by Ke et al [START_REF] Ke | The characteristics of IGZO/ZnO/Cu2O:Na thin film solar cells fabricated by DC magnetron sputtering method[END_REF] is found to increase the hole concentration and lower the resistivity and also enhance the crystalline properties of Cu2O.

They observed that Na impurities substitutes Cu sites in the lattice forming Na-O thus increasing the Cu vacancies and improving the electrical properties of the film. Na is a dopant of great potential to improve the photovoltaic properties as the highest efficiency Cu2O solar cell reported so far is with Na doped Cu2O [24], [START_REF] Minami | Impact of incorporating sodium into polycrystalline p-type Cu2O for heterojunction solar cell applications[END_REF]. In the study of Minami et.al [START_REF] Minami | Impact of incorporating sodium into polycrystalline p-type Cu2O for heterojunction solar cell applications[END_REF] the resistivity values of Na doped thermally oxidized Cu2O decreased to 3.95 x10 -2 Ω.cm, mobility increased to 100 cm 2 /V.s and hole concentration increased to 10 19 cm -3 . Improvement in the conduction of Cu2O by passivation of defects with hydrogen or cyanide is another method [START_REF] Kumar | Impact of post annealing and hydrogen implantation on functional properties of Cu2O thin films for photovoltaic applications[END_REF], [START_REF] Tabuchi | Control of Carrier Concentration in Thin Cuprous Oxide Cu2O Films by Atomic Hydrogen[END_REF], [START_REF] Ishizuka | Passivation of defects in polycrystalline Cu2O thin films by hydrogen or cyanide treatment[END_REF]. Hydrogen implantation on sputtered Cu2O is done by Raj Kumar et.al [START_REF] Kumar | Impact of post annealing and hydrogen implantation on functional properties of Cu2O thin films for photovoltaic applications[END_REF] to passivate both the acceptor defects and compensate donor defects. They have shown that increase in H + doses limit the acceptor level formation as they occupy Cu vacancy site, thereby decreasing the carrier density with increased doses. A reduction in the compensation ratio was observed when the implantation dose increased, which is due to decrease in compensating defects due to passivation and is also similar to what was observed by Ishizuka et.al [START_REF] Ishizuka | Passivation of defects in polycrystalline Cu2O thin films by hydrogen or cyanide treatment[END_REF].

c) Thermal Oxidation

All the metals tend to oxidize and the simplest of it is at room temperature when exposed to ambient air or oxygen wherein a thin oxide layer is formed. At high temperatures, by controlling the diffusion of oxygen atoms and chemical reactivity of metal, the thermal oxidation process can be controlled [START_REF] Choudhary | Oxidation mechanism of thin Cu films: A gateway towards the formation of single oxide phase[END_REF]. Thermal oxidation is the most widely used method for the preparation of highly efficient Cu2O for photovoltaic application. Thermally oxidized Cu2O have shown better performance as an absorber compared to Cu2O prepared via other techniques as can be clearly seen in Figure 1.8. Thermal oxidation is a complex chemical process wherein the oxides are grown at elevated temperatures (above 1000 ℃) in an oxidant gradient. The starting material is copper foil. The properties of the films depend on the purity of Cu foil, temperature, film thickness, duration of oxidation, oxidant partial pressure and crystallographic orientations.

Depending on the thickness of the copper foil used for oxidation the time for oxidation can be adjusted to completely oxidize the foil [START_REF] Choudhary | Oxidation mechanism of thin Cu films: A gateway towards the formation of single oxide phase[END_REF].The oxidation of Cu foil happens in mainly two steps, namely nucleation and growth. Initial step is the oxygen chemisorption, followed by nucleation thus forming Cu2O nano islands which happens in areas where nucleation energy is lower like at grain boundaries or near dislocations. Finally, the growth of continuous oxide layer and coalescence of the islands. These steps are schematically depicted in Figure 1.9(a). Most of the work in the literature related to thermally oxidized Cu2O carry out the oxidation at higher temperatures of 1000-1050 ℃ with thin Cu sheets of 100-200 µm thickness [26], [45],

[67], [START_REF] Ievskaya | Improved Heterojunction Quality in Cu2O-based Solar Cells Through the Optimization of Atmospheric Pressure Spatial Atomic Layer Deposited Zn1-xMgxO[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]. Musa et.al [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] Doping oxidized Cu2O films with Na is reported to improve the electrical properties of the film thereby giving better conversion efficiency when used as an absorber [START_REF] Minami | Impact of incorporating sodium into polycrystalline p-type Cu2O for heterojunction solar cell applications[END_REF]. The doping is achieved by covering with Na compound powder and annealing at 400-800 °C for 1.30 h in Ar/N2 gas. An increase in hole concentration of the films upto 10 19 cm -3 is observed as Na atom at intersitial site in the lattice leads to increased Cu vacancies due to charge compensation [START_REF] Minami | Impact of incorporating sodium into polycrystalline p-type Cu2O for heterojunction solar cell applications[END_REF].

With the Na doped Cu2O sheets as the absorber layer, efficiency higher than 5 % (upto 8.1 %) is achieved which is not yet reported for Cu2O solar cells with absorbers prepared via other techniques [24]. This is an attractive result with high potential for further improvement of Cu2O photovoltaic application. In the first section hereafter, the deposition parameters for PLD of the films is described. A CuO target is used as the starting material and the films are deposited at varying substrate temperatures at both high and low oxygen partial pressures. As apart from the oxygen partial pressure, the substrate temperature can also influence the background gas density around the substrate, it is also an important factor influencing the phase of the deposited films. The influence of the substrate temperature and partial pressure on the stoichiometry of the films thoroughly discussed in the second section. This section aims to better understand if a control of the film stoichiometry can be achieved by varying these two parameters. Additionally, the influence on the quality and crystallinity of the films on the deposition parameters is outlined here. To better understand the variation in the film properties, four samples representing different configuration of the PLD CuxO films are used.

CHAPTER : PULSED LASER DEPOSITION OF

As morphology and roughness of the film surface is an important criterion for employing the films for photovoltaic applications, it is necessary to understand the microstructural variation in the optimized Cu2O films deposited at different conditions. This was achieved with the help of advanced microscopic techniques and the results are discussed towards the end of the structural analysis section. Additionally, for designing a good absorber material, their optical and electrical properties are of at most significance. The optical properties of the films are described in the third section of this chapter. The influence on the optical parameters such as Transmittance, Absorption coefficient, Bandgap, Photoluminescence, which are critical parameters for a photovoltaic absorber are discussed for the PLD deposited CuxO films of different configurations in this section. Electrical properties of the films are discussed in the fourth section and thereby choosing the most optimized deposition parameters for PLD of Cu2O absorbers. Towards the end of this chapter, early studies on sodium (Na) ion implantation carried out on optimized PLD Cu2O films is also discussed. This section aims to understand the change in the electrical properties of the films with the introduction of Na ions. Finally, a conclusion section is also included to summarize the findings from the optimization and characterization of PLD Cu2O films.

The content of this chapter has been partly published as a scientific paper titled "Insights into Cu2O Thin Film Absorber via Pulsed Laser Deposition" in the journal Ceramics

International [1].

EXPERIMENTAL DETAILS OF CuXO DEPOSITION

The CuxO films were deposited in a PLD chamber at ICube using a CuO target. 5 mg of CuO powder (99.995%, Alfa Aesar) was carefully weighed and cold pressed into a pellet and later sintered at 900 °C for 1 hour with argon flow to prepare the target. The sintered target was then pasted onto a holder and dried overnight before loading into the PLD chamber. The substrate for the deposition was attached to the substrate holder using silver paste. The substrate holder is also a heater used for depositions under elevated temperatures. Most of the films in the work which were used to study the characteristics of the films were deposited on quartz substrates of (10 mm x10 mm) size, as quartz substrates are more stable at high temperatures.

(a) (b) and 10 -3 mbar for a detailed study of the film composition and properties. After the deposition, the samples were cooled down naturally under the same oxygen partial pressure used for the deposition. The films were then structurally analysed to understand their stoichiometry which is detailed in the next section.

STRUCTURAL ANALYSIS OF THE PLD CuXO FILMS

Stoichiometry and Phase Analysis

The stoichiometry of the deposited films and the thickness were analysed using Rutherford Backscattering Spectroscopy (RBS) using-1.5 MeV He + particles from the Van de Graaff accelerator (HVEE KN4000) facility at ICube. The samples were tilted at an angle of 45 degrees for all the measurements and a Si detector with resolution of 12 keV was used. It is a technique which can be used for the elemental analysis and thickness determination of the films. Ion beams of high energies in the range of MeV is made to incident on the film (Figure 2.2(a)), and the energy distribution and the number of the backscattered ions from the atoms is measured near the surface region, which thus allows for the determination of the atomic masses and a distribution of the target elements as a function of depth below the surface [2]. Since the spot size for RBS technique is 1 mm 2 , a better understanding of the atomic composition of the films can be achieved better than any other local characterization techniques. The ions elastically scattered from the atoms with an energy characteristic to the mass of the struck atom. By detecting the energy of the backscattered ions using the detector gives a back scattering spectrum (counts per channel vs channel number) as depicted in Using RBS to determine the stoichiometry of Cu2O films is not straightforward as determination of the oxygen concentration is tricky. Figure 2.3(a) shows an RBS spectrum of a PLD deposited Cu2O film, the experimental spectra is fitted using simulation by adjusting the simulation parameters. The height of the peak plateau gives the copper concentration, and the width gives the appropriate thickness of the film and as can be seen the oxygen peak is wide.

However, since oxygen concentration is proportional to that of copper in Cu2O, the oxygen concentration can be calculated with respect to copper. This is achieved using the simulation tool SAM [3]. The variation in the stoichiometry of the film is very sensitive to the deposition parameters and only in a limited deposition window phase pure Cu2O films were obtained without any trace of CuO similar to the findings of Wee et.al [4]. As can be seen in Figure 2.4, varying the oxygen partial pressure keeping the temperature constant, resulted in a stoichiometry variation. The Cu2O stoichiometry was achieved at two conditions. At a higher oxygen partial pressure of 10 - 2 mbar and a higher temperature of 750 °C (sample A in Figure 2.4) the oxygen to copper ratio was 0.5 which corresponds to Cu2O phase. Similar deposition condition was repeated thrice to check the reproducibility and two of them coincided. The deviation of the third sample to ratio of 0.75 could be due to the difference in the sample preparation time which can lead to change in the pumping system and laser alignment. Additionally, a sample deposited at vacuum and later annealed in the PLD chamber at 750 °C and 10 -2 mbar were found to be stoichiometrically identical. However, at 750 °C temperature with lower PO2, the oxygen to copper ratio corresponds to CuO phase. The reason for this change could be due to the reduction of background gas resistance at elevated substrate temperatures which changes the background gas density within the chamber thus influencing the precursors in the gas phase apart from the thermal effect on the surface kinetics as explained by Sambri et.al [5]. The RBS spectrum of both the films can be seen in Figure 2.5(a). The film at lower PO2 is thinner than the one at higher PO2 and the oxygen concentration is higher. The thickness of the films found from the RBS spectra of the films, which were deposited for similar time duration was not found to be same. The influence of temperature and oxygen partial pressure on the thickness of the films deposited is not found to follow a common trend. The thickness of the film deposited via PLD depends on several physical parameters, including surface diffusion coefficient of adatoms. [6] After a threshold temperature, the sticking coefficient decreases while re-evaporation rate increases with increase in temperature [6] Surface diffusion coefficient also increases with temperature, so it is possible that the film thickness decreases with temperature which was observed in the case of some of the films in this work. But as there is an interplay of several factors on the film formation, it is difficult to conclude about a trend in the thickness with the substrate temperature variation.

Additionally, at higher oxygen partial pressures, the film was found to be very sensitive to even 25 °C change in temperature (between 700-750 °C in Figure 2.4). This behavior was consistent when the samples were repeated, which might be due to the influence of the substrate temperature on the background gas density [5].

The CuxO films were also deposited at room temperature at both the oxygen partial pressures of 10 -2 mbar and 10 -3 mbar. Unlike reported by Farhad et.al [7], our room temperature deposited films had CuO stoichiometry as expected from the phase diagram.

In order to confirm the phase of the films determined via RBS and to study about the structural quality of the films, Raman spectroscopy studies were carried out and are discussed in the next section.

Raman Features of the PLD Films

Raman spectroscopy is another powerful technique to determine the phase of the film as it gives the structural fingerprint of a molecule. This spectroscopic tool helps to identify the vibrational modes in a material. When a sample is illuminated with a monochromatic light source, apart from absorption and transmission, scattering of the incident light occurs. The scattering can be Rayleigh (elastic) scattering and Raman (inelastic) scattering. Around 1% of the total scattered photons undergo inelastic scattering with lower or higher energy (frequency) than the incident photons. This energy difference corresponds to the chemical bonds within the material and the shift from the original light source is represented in wavenumber (cm -1 ). There are two Raman scattering process depending on the frequency of the scattered photons namely Stokes (vs < vi)

and Anti-Stokes (vs > vi).

As the Cu2O unit cell contains 6 atoms, 15 optical phonon modes and 3 acoustic lattice vibrations are possible. Their symmetry at k=0 are:

A2u ⊕Eu⊕T2g⊕3T1u⊕T2u

Phonons with A, E, and T symmetry are one, two-and three-fold degenerate, respectively. The acoustic phonons have T1u symmetry. The intrinsic p-type conductivity of Cu2O which originates from Vcu (copper vacancies) and Vcu split (copper split vacancies) are defects which has a characteristic site symmetry depending on their location in the unit cell of Cu2O. Due to the non-stoichiometry of Cu2O caused by point defects such as vacancies and interstitials, the local symmetry is reduced, and the Raman selection rules are no longer followed in the case of Cu2O. Hence, the experimental Raman spectra of Cu2O will have signals from infrared active, silent or defect modes irrespective of the method of synthesis [8]. However, the intensity and the number of lattice modes observed varies.

A Horiba LabRAM ARAMIS Raman spectrometer with 532 nm laser excitation was used to study the Raman footprints of the deposited films in this work. Raman spectroscopic analysis of the PLD films revealed a similar phase as from the stoichiometry analysis from RBS. RRUFF is a digitalization project which provides free access to approximately 3,500 mineral spectra [9].

The Raman spectra in this work are compared with the spectra in the RRUFF reference database using 532 nm laser excitation. Hence the peak positions are based on similar conditions in the reference and experimental spectra.

The vibrational modes of Cu2O were observed in the film deposited at 750 °C and 10 -2 mbar (sample A in Figure 2.4) and 300 °C and 10 -3 mbar (sample B in Figure 2.4) as can be seen in Figure 2.6. Apart from the T2g mode at around ~ 480-500 cm -1 , Eu mode, T1u mode, secondorder Eu (2Eu) mode, A2u mode and multi phonon process (MPP) mode were observed at 109 cm -1 , 145 cm -1 , 216 cm -1 , and 310 cm -1 , 412 cm -1 respectively in both the films and it matches with the Cu2O reference (RRUFF reference: R140763). The T1u mode corresponds to phonons activated by defects namely copper vacancies and copper split vacancy which is the origin of p-type conductivity in Cu2O [8] , which is observed in both the films. Additionally, the intensity ratio of peaks at 145 cm -1 (T1u) and 216 cm -1 (2Eu) is sensitive to surface damages [10]. Comparing both the Cu2O films (A and B), film B might have more surface damages as the ratio is 0.80 while for film A is 0.43. The raman peaks found in the CuO film are corresponding to Ag mode at ~ 270-300 cm -1 and Bg mode at ~346-350 and ~ 630 cm -1 according to the RRUFF reference (R120076). Similar to the stoichiometry observed using RBS, via Raman spectroscopy it was also confirmed that some films were pure CuO (the room temperature deposited at 10 -3 mbar in Figure 2.6 (a) and (b)) while some others were a mixture of both the phases. It was also observed that vibrational modes of CuO were absent in some of the films which had an oxygen-copper ratio close to that of a CuO or a mixture of both the phases. This shows that RBS is a more reliable technique in the stoichiometry identification as for Raman spectroscopy the spot size is smaller. Room temperature deposited film at 10 -2 mbar ( For the better performance of the thin films, crystallinity is an important criterion. The structural analysis on a larger scale was performed using X-ray diffraction technique. The shape, position and intensity of the diffraction peaks provide information about the structure of the film, defects (vacancies, dislocations), crystallite sizes, crystalline structure of phases etc.

Crystallinity and Lattice Parameters of the films

Crystallographic structure of the PLD deposited Cu2O films were analysed using X-ray diffraction (XRD) studies. XRD can be used to measure the crystallinity, orientation, and spaces between the plane of atoms. Due to the comparable wavelength of X-rays and the distance between atoms in a crystal, when a crystalline sample is probed with an X-ray, diffraction patterns are produced due to interference with atomic planes. The scattered X-ray is measured and is used to analyze the crystal structure. Bragg´s law which determine the diffraction when an incoming X-ray of wavelength λ falls on a crystal at an angle θ is given by

n λ = 2. d. sin θ 2.1
where d is the interplanar spacing and n is the order of diffraction.

Since XRD technique is very sensitive to nanometer thicknesses it is a useful characterization technique for thin films. Additionally, it can be used to analyse the dislocations, stresses, and composition in thin films. The diffraction peaks of the PLD films were clearly visible only when measured at a grazing angle of 3°. For a better understanding on the influence of temperature and oxygen partial pressure for the controlled growth of Cu2O and CuO films, the results of four samples, as they represent the various configurations of the PLD deposited CuxO films, are discussed in more detail. The growth conditions of the four samples are summarized in Table 3. All the films were crystallized and were polycrystalline as the grains had different orientation directions.

From the XRD pattern in Figure 2.7(a) the Cu2O film at higher temperature (film A) is better crystalline than the one at lower temperature (film B). At a higher substrate temperature the adatoms can settle down in densely packed form on the surface thus leading to better crystallinity [6]. The preferred orientation of the Cu2O film (film A) is (2 0 0) direction while that of film B is ( 1 4. The broadening of the diffraction peaks gives the structural information of the material. The mean grain size (L) of the crystallites is given by the Scherrer equation [12]:

L=kλ / β cos θ 2.2
where k is the Scherrer constant, λ is the X-ray wavelength, β is the full width half maximum (FWHM) of the intensity peak and θ is the Bragg angle. Sample A is found to have larger crystallite size (15.1±0.6 nm) than all the four samples. The grain size shows a decreasing trend with temperature comparing Sample A and Sample D (10.4 ± 0.9 nm).

Lattice constant of the films were calculated from the equation: a= d hkl *√(h 2 +k 2 +l 2 )

2.3

The lattice constant of pure Cu2O film is 4.27 Å according to JCPS:01-078-2076. Film A has a lattice constant similar to that of pure Cu2O from the reference which is an indication of good film quality. However, film B has a deviation of approximately 0.5 % from the pure Cu2O film could be an indication of lattice strain in the films. Additionally, the higher full width half maximum of the peaks in film B over film A could be an indication of lattice strain, point defects and/or dislocations in the material apart from the instrumental effects. The stress in the films was calculated from the measured lattice constant using the equation [14], [15]:

σ = (-E (a-a0))/2υa0 2.4
Where E is the Youngs Modulous of Cu2O (30 GPa), a is the lattice parameter of the bulk, a0 is the measured lattice parameter of the film and υ is the poissons ratio of Cu2O (0.45) [14], [16]. As from all the elemental and phase analysis point to two conditions for Cu2O films, before confirming the best deposition optimized conditions, it is necessary to study the morphology and roughness of the films, especially for its application as a photovoltaic absorber. A uniform coverage with more flat film is desirable to avoid any short circuits when employed in a photovoltaic cell. 

Comparing all the four films

Morphology and Roughness of the Cu2O Films

To better understand the morphology of the Cu2O films, they were analyzed using a scanning electron microscope (SEM). It allows to obtain high quality images with high resolution and magnification thus revealing the topography of the films. An electron beam is incident on the film, and the electron from the beam interacts with atoms at various depth within the material resulting in different types of electrons (primary back scattered electrons (BSE), secondary electrons (SE), Auger electrons) and photons (X-rays) emission. The secondary scattered electrons emitted from the film can be detected using a secondary electron detector to create a scanned image with varied brightness (intensity) depending on the roughness differences on the surface of the film. While the SE electrons are emitted from the top surface of the material, BSE have much high energy and they are emitted from much deeper locations within the film. Hence, BSE images have lower resolution than the SE images (order of nm´s). BSE electrons gives information on the distribution of different elements in a film (lighter elements in dark) while the elemental distribution can be mapped by detecting the energy or wavelength of the X-rays by Energy Dispersive X-ray spectroscopy (EDS) or Wavelength Dispersive X-ray spectroscopy (WDS). This is achieved by detecting the X-ray photon emitted due to the relaxation of exited charge from the inner shell of atoms. This energy will be unique to different elements in a sample and can be hence used for their detection [17] However, since it is difficult to detect oxygen, such an analysis is not feasible in the case of Cu2O films. The morphology of the two PLD Cu2O films were analyzed by scanning electron microscopy performed using a Gemini 500-Zeiss apparatus. in the image which is preferable for photovoltaic applications. Higher grain size than the calculated values from the diffraction peaks is visible in the SEM image which could be an indication that the broadening of the diffraction peak is not just due to the influence of grain size but rather be also due to defects or stress in the material. However, for the film B deposited at 300 °C,10 -2 mbar, the grain size is much smaller and it has a flat morphology as can be seen in Figure 2.8 (c). Similar change in the morphology of the films deposited at lower temperatures was also reported by Subramaniyan et.al [18]. In a more wider magnification, presence of holes (marked in red in Figure 2.8 (d) ) and lots of splashing can be observed.Surface damages in this film B was already revealed in the Raman spectroscopy analysis in 2.3.2. Splashing arise from the accumulation of ions which can create short-circuits which is not favourable for its application in a photovoltaic cell. Apart from the influence of substrate temperature the lower oxygen partical pressure during deposition of film B is also a factor for the holes /cracks in the film. Similar observations were reported in the literature for PLD films [6]. A decrease in the stress and strain of the films deposited at higher substrate temperature calculated from the diffraction peaks in 2.3.3 is due to higher crystallite size and compactness achieved with temperature confirmed from the SEM images. 

OPTICAL PROPERTIES

The detailed structural analysis using different techniques revealed the elemental composition and structural quality difference of the PLD deposited films at different deposition conditions.

In the following section, the optical properties of the different films such as transmittance, bandgap, absorption coefficient and photoluminescence were analysed to investigate its potential as an absorber.

UV-VIS Spectroscopy

The transmittance of the films was measured via UV-VIS spectroscopy using Perkin-Elmer Lambda 19 UV/Vis/NIR spectrophotometer. The absorbance of the films was calculated from the transmission spectra using the equation:

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 2 -log( %𝑇) 2.5
Reflectance was not taken into account for the absorbance calculations. Both the Cu2O films had good absorbance in the visible region of the electromagnetic spectrum as can be seen in While designing an absorber, one of the important optical properties is the absorption coefficient. Absorption coefficient is a measure of the ability of a material to absorb the incident

(A) (B) (C) (D)
photon of a particular wavelength. It is important to understand how far the absorbed photons travel in a film before it is absorbed so that appropriate thickness of the film can be chosen.

Films with high absorption coefficient allows to have thinner absorber layers in a solar cell.

Absorption Coefficient from Ellipsometry

Ellipsometry analysis on the PLD films were carried out to determine the absorption coefficient of the films. It is a non-destructive technique which can be used to determine the complex refractive index of an unknown material or the thickness of a thin film. This technique is very useful if interpreted with a suitable model. A linearly polarized beam is made to incident on a sample surface at an angle Φ which gets reflected (elliptically polarized). The change in the polarization of the beam after interaction with the sample is measured.

In the plane of incidence, the incident light decomposes into two components namely s (perpendicular) and p (parallel) polarized light. The complex reflection coefficient is the ratio of these two components with amplitude Ψ and phase difference Δ. Using numerical models, a suitable fit of the theoretical and measured Ψ, Δ is obtained. The model uses Fresnel´s equations to predict the response with the chosen fit parameter of optical constants (n, k) or the layer thickness.

A Horiba Uvisel Lt M200 FGMS (210-880 nm) spectroscopic ellipsometer was used for the measurements in this work. The dispersion models used for Cu2O and CuO are the Triple Tauc Lorentz and simple Tauc Lorentz formulas respectively [23]. The figure of merit related to χsquared values was below 0.6 for the Cu2O samples. As can be seen in Figure 2.11 (a), both the Cu2O films (A and B) have a high absorption coefficient in the range of 10 6 cm -1 in the visible region which is a preferrable for the application as an absorber.

The peak at 560 nm corresponds to yellow exciton transition (EOA edge) and 2D exciton transitions at 349 nm (E1A) and at 290 nm (E1B) is visible for the film A, deposited at 750 °C, 10 -2 mbar, which is similar to that of Cu2O in the literature [24]. The visibility of 2D exciton peaks at room temperature for the Cu2O films is due to its high binding energy (~ 150 meV)

and is a validation of the good quality of films. However, for film B (300 °C,10 -3 mbar) apart from the 2D exciton transitions, the indigo exciton peak (EOD edge) at 440 nm is visible. The indigo exciton peaks are usually not observed in good quality films as it is sensitive to surface damages. This further confirms the poor surface quality of the film B revealed in the structural characterizations. As the symmetry of the CuO crystal is low compared to Cu2O, the spectra of CuO does not have sharp structures as in Cu2O. Similar behavior was observed in the films C and D (Figure 2.11(b)). The absorption coefficient peak is from E4 transition at 315 nm which is similar to that of CuO [25].

For the application of the Cu2O films deposited via PLD as an absorber, it is necessary to understand the absorption/emission process within the electronic energy levels when it interacts with light. Photoluminescence spectroscopy studies were conducted on the films, as it helps to identify impurity levels, defects and recombination mechanisms and also gives information on the electronic bandgap. 

Photoluminescence

Photoluminescence (PL) spectroscopy is a contactless, non-destructive optical characterization technique widely used to study the electronic structure and defects in a material. When a material is optically excited by a light source of appropriate wavelength, the excited carriers relax to the ground state by emission of light (photon) which can be measured using a spectrometer to give information on the material quality, impurities, bandgap, recombination mechanisms and discrete energy states of a material. In this work, the Photoluminescence measurements were done in the same setup of Raman spectroscopy, a Horiba LabRAM ARAMIS Raman spectrometer using a 532 nm HeNe laser of 100 mW output at room temperature.

Photoluminescence studies were carried out on all the samples prepared at different temperatures in the two oxygen partial pressures. However, a PL signal was not observed in all of them. Additionally, among the films that gave a signal, a narrow PL peak was only observed in the Cu2O film deposited at 750 °C, 10 -2 mbar (film A) as shown in Figure 2.12 (a). The peak was at 1.97 eV which corresponds to the near-band edge emission. However, for film B, a wider peak at 1.97 eV and an additional PL peak at 2.13 eV was observed (Figure 2.12 (a)). It could be a defect band which needs further studies for confirmation. The other two peaks in the spectra are from the quartz substrates. PL spectra of a bare quartz substrate was measured to confirm this. A wider PL peak was observed for the films C and D as can be seen in Figure 2.12 (b). The wider PL spectrum points to poor film quality with defect states. The quartz peaks are also visible in these spectra at 682 nm and 730 nm. 

ELECTRICAL PROPERTIES OF THE PLD DEPOSITED FILMS

Electrical properties are another crucial criterion for choosing an absorber. A high carrier concentration without compromising the mobility is very critical. This section discusses the change in the carrier properties of the PLD deposited films of different configurations studied using Hall Effect Measurement technique.

Hall Effect Measurement

Hall Effect measurement is a useful and widely used electrical characterization technique for thin films. It uses a 4-point probe measurement. There are two configurations possible for this type and Van der Pauw configuration is used in this work for the Hall Effect Measurements.

The film is contacted using four probes on the perimeter and a current is passed through and the voltage is measured from which the sheet resistance is calculated. The resistivity of the film can be measured from the sheet resistance for a known thickness. In the hall effect measurement while the electrical current (I) is applied longitudinal direction to the sample, a perpendicular magnetic field B is applied. This causes accumulation of charge carriers on one side of the film due to the deflection due to the Lorentz force thus building a Hall voltage (VH) which is given by:

𝑉 𝐻 = 𝐼. 𝐵 𝑛. 𝑡. 𝑞 2.6
where t is the thickness, n is the charge carrier concentration and q is the elementary charge.

Depending on the polarity of the Hall voltage, the n and p type conductors can be distinguished.

The PLD deposited films were analyzed using a four-point probe measurement in Van der Pauw configuration by an Ecopia Hall effect measurement system (HMS-5000) at room temperature.

Even though Hall effect measurements were carried out in all the films deposited via PLD, only few of them showed a conducting behaviour. All the conducting films showed p-type conductivity irrespective of the stoichiometry and hall concentration in the range of 10 15 cm -3 (Figure 2.14 (c)), which is consistent with the Cu2O films prepared via other techniques [30]- [32]. Among all the films, approximately 100 nm thick film A deposited at 750 °C and 10 -2 was the least resistive and had the highest hall mobility as can be seen in The film A was remeasured after 2 years (film left in ambient air) to check its stability and was found to have a resistivity of 23 Ω•cm and mobility of 27 cm 2 /(V•s). This stability in the conductivity exhibited by the film A which also was the best quality film according to the structural and optical characterizations is a promising factor for its application in devices [33].

It also showed higher mobility without deteriorating the carrier concentration than most of the films via PLD reported in the literature [7], [34]. To the best of our knowledge, all the previous work which have reported high mobility without compromising the carrier concentration was on single-crystal substrates. Film B deposited at 300 °C and10 -3 mbar which also had shown a stoichiometry close to Cu2O however had a rather higher resistivity and low mobility. The poor surface quality of the films revealed in the structural characterizations could be a reason for this. Film C deposited at 650 °C and 10 -3 mbar had a comparable resistivity and mobility to that of film A. This film had a stoichiometry close to CuO in the RBS analysis. [33], [35],

[36] Sputtering (RF) 2x10 -1 -4x10 -2 0.08-2.23 5.8x10 18 -2.1x10 21 Zhang et.al [37] Thermal Oxidation 1x10 3 100.00 1.0x10 13 -1.0x10 14 Minami et.al [38] Electrodeposition 2.7x10 4 -3.3x10 6 0.4-1.8 10 12 -10 14 Mizuno et.al [39] ALD 64-160 42-92 2x10 15 -7x10 15 Sekkat et.al [40] Improvement in the Cu2O film properties by doping with different materials have been discussed in Chapter 01. Among them the most popular dopant which have shown to improve the efficiency of Cu2O solar cells from 2-5 % [41], [42]to upto 8.1 % [43] is sodium (Na).

Sodium doping on thermally oxidised Cu2O were achieved by the group of Minami et.al by post annealing the sheets with NaCl powder. This method however does not allow for a better control on the amount of Na dopant. We have tried to use ion implantation to implant Na into optimized PLD deposited Cu2O films. The following section outlines the results of this studies.

SODIUM IMPLANTATION ON PLD Cu2O FILM

Even though, the most efficient solar cells with Cu2O absorbers are Na doped [41], [43] from literature, analysis of the change in Cu2O properties after Na doping is not yet studied in detail.

In Several doses of Na from 1e12 to 1e16 atoms/cm 2 were implanted in 100 nm thick Cu2O film deposited at 750 °C and 10 -2 mbar. Rapid Thermal Annealing (RTA) of the implanted samples was found to be necessary to crystallize the sample after implantation. RTA was carried out in two temperatures namely at 600 °C and 750 °C, each for 30 seconds in argon atmosphere. As for this study, a different CuO target was used, slight variation in the electrical properties of the reference can be observed compared to the values stated before. RTA at 600 °C. The bulk concentration of the films increased by a factor of 100 after implantation and RTA, even though there was not much improvement in mobility (Table 6 , rows 3-5). This could be because, Na bonds with oxygen, as a substitute to Cu thus forming Na2O, which in turn increases the Cu vacancies in the Cu2O films. Minami et.al [45] have also observed increase in the hole concentration with Na content without much change in the mobility and have suggested that it can be attributed to the increase in copper vacancy due to incorporation of Na atom in the interstitial site. An oxygen vacancy (VO) is self-compensated by two copper vacancies in an undoped Cu2O. When a Vo + donor is associated with Na donor, a copper vacancy is released thus increasing the hole concentration.

The impact of this increase in bulk concentration for Cu2O absorber was analyzed via simulation studies using AFORS-HET simulation software [44] and was found to improve the overall performance of the solar cell (Table 7) which in turn led to efficiency improvement from 0.96 % to 9.66 % when the acceptor concentration (NA) increased from 1e +14 to 1e +19 cm - 3 . Figure 2.17(a) shows the increase in current density with the acceptor concentration.

Improvement in the absorption coefficient of the films was observed with Na implantation as can be seen in Figure 2.17(b). Na ions might have passivated the dangling bonds in Cu2O which acts as point defects. Voltage (V)

N A =1e+14 cm -3 N A =1e+15 cm -3 N A =1e+16 cm -3 N A =1e+17 cm -3 N A =1e+18 cm -3 N A =1e+19 cm -3
200 300 400 500 600 700 800 900 Even though, promising results on the conductivity increase of the Cu2O film by controlling the Na doses were achieved, upon repeating the same doses the result could not be reproduced.

Additionally, new doses were also trialed but improvement in the bulk concentration was not observed. The results from other doses are outlined in Table 6 (rows 6-10). The films were not conducting after implantation of the doses 3e15 and 5e15 atoms/cm 2 . Further to check if the initial improvement in the bulk concentration was an effect of the implantation process, oxygen implantation at a lower dose of 1e14 atoms/cm 2 was carried out. But no improvement in the electrical properties were observed.

CONCLUSION

In this chapter, a detailed description on the optimization of Cu2O film deposition via PLD was described. All the films deposited at varied temperatures at two oxygen partial pressures were analysed via RBS and Raman spectroscopy to find that phase pure Cu2O films can be obtained only in a narrow window of temperature and oxygen partial pressure. Under the conditions wherein this work was carried out Cu2O without any trace of CuO were obtained at both high temperature and low temperature by varying the oxygen partial pressures. The Cu2O stoichiometry was obtained at 750 °C and 10 -2 mbar as well as at 300 °C and 10 -3 mbar. The structural properties of the films were analysed using XRD to find that the film deposited at higher temperature was of better quality. SEM and AFM further confirmed the surface quality of the film. The absorbance as well as the absorption coefficient obtained from the ellipsometry measurements were the highest for these films. Moreover, a narrow emission peak at 1.97 eV was seen in the PL measurement which matches with the Cu2O band gap. Also, the best Cu2O film exhibited the lowest resistivity and highest mobility without compromising on the carrier concentration. Altogether by performing several structural, optical and electrical characterization techniques, it was confirmed that the optimised PLD Cu2O film with suitable properties of an absorber can be obtained at 750 °C and 10 -2 mbar.

As the best performing Cu2O based solar cells are Na doped, to study the impact of Na on the properties of Cu2O, Na ions were implanted at varied doses on the optimized Cu2O film to analyse the change in the film properties. Even though the first trial showed promising results with an increase in the bulk concentration of the films. The results could not be reproduced.

CHAPTER : MAGNETRON SPUTTERING OF Cu2O THIN FILMS

INTRODUCTION

As described in chapter 1, one of the main aim of this thesis is to study the properties of Cu2O Similar to PLD, depositing phase pure Cu2O film is challenging. In the first section of this chapter the influence of different deposition parameters on the film stoichiometry is discussed using the techniques of RBS, XRD and Raman spectroscopy. Even though, deposition temperature and sputtering pressure was varied along with sputtering power and reactive gas flow rate, since more variation between Cu2O and CuO was observed with the variation of sputtering power and reactive gas flow rate, the results of these two parameters will be discussed in detail.

Further in the following section, the structural properties like vibrational modes, crystallographic structure, lattice parameters, morphology, and surface roughness of the Cu2O film sputtered at optimized conditions is analysed. The potential of employing the film as a photovoltaic absorber is discussed by the detailed analysis of the optical and electrical properties of the film in the section three and four respectively. Influence of post annealing on the properties of the film is also discussed towards the end of this chapter which is followed by a conclusion on the findings from the analysis elucidated in this chapter.

CUPROUS OXIDE PHASE OPTIMIZATION

The stoichiometry of the sputtered films was determined with the help of Rutherford Backscattering Spectroscopy (RBS) and further, the best deposition parameters for Cu2O film was confirmed by identifying the Raman peak´s signatures and the X-ray Diffraction spectra.

Similar to the characterization of PLD films discussed in Chapter 2, RBS measurements were done using -1.5 MeV He + beam from the Van de Graaff accelerator (HVEE KN4000). The films were tilted at an angle of 45 degrees for all the measurements. The oxygen to copper ratio was calculated from the RBS spectra with the help of simulation tool SAM [7]. For optimizing the deposition parameters for Cu2O phase, one parameter each was varied keeping the rest of the parameters constant.

For the deposition of Cu2O films via magnetron sputtering, commercially brought high purity (99.99+ %) Cu target of diameter 50 mm from Goodfellow was used. The deposition parameters were optimized by varying the deposition temperature, sputtering power, sputtering pressure and gas flow rate. After depositing at different temperatures, the best substrate temperature was chosen which had a closest phase to that of Cu2O. Table 8 lists the deposition parameters. All the films used for the analysis of their properties were sputtered for a duration of 20 min. The thickness was measured using a Dektak 150 model Profilometer by creating a step on a Si substrate during the deposition. 

Variation of Sputter Power

Depositions at different sputtering powers from 30 W to 70W were carried out keeping the following parameters constant, temperature: 300 ℃, sputtering pressure: 3.4 mTorr, Ar/O2: 8/1 sccm. Since RBS measurements can have an error upto 5-10 % depending on the quality of the films, an error of 5 % was considered for all the films. As can be seen in Figure 3.1 (a)

(marked in red), the films deposited between sputtering powers of 50-55 W and the film at 65 W had an oxygen-copper ratio close to Cu2O. At lower sputtering powers, the amount of Cu ions removed from the target will be less resulting in higher oxygen concentration in the films with respect to copper.

Raman spectroscopy analysis were performed on the films which had an O2/Cu close to Cu2O stoichiometry, to confirm their phase (Figure 3.1 (b)) and the film deposited at 65 W had a characteristic CuO Raman peak, additionally the film had poor adhesion to the substrate.

Among the films deposited between 51-55 W, film at 51 W with oxygen to copper ratio of 0.5 from RBS was found to be a mixture of both the phases. However, the film deposited at 53 W showed vibrational modes of Cu2O, which also showed an oxygen to copper ratio of 0.54. The simulation parameters fitted well with the experimental RBS spectrum of this film (Figure 3.1(d)(A)) and there was no visible diffusion into substrate, which is the evidence of their good quality. To analyse the crystallinity of the films, the X-ray diffraction analysis were carried out on the films deposited at 51-55 W. As can be seen in the grazing angle (3°) XRD pattern in Cu2O phase without any parasitic phase was obtained only for a narrow sputtering power range between 52 W -55 W. Further increase in the power leads to pure CuO phase. Similar control on the stoichiometry of the films by controlling the sputtering power was also reported by Shukor et.al using DC sputtering [5]. Ooi et.al [8] have observed this behaviour in RF magnetron sputtered films, wherein they obtained a mixed phase film due to the copper and oxygen concentration variation inside the chamber at lower sputtering pressures. Ogwu et.al [9], [10] have shown that further increase in the sputtering power above a threshold, will increase the energy and flux ratio of the species in the particle flux, changing the film stoichiometry from Cu2O to CuO. As the formation kinetics of CuO is slower than Cu2O, and the dissociation of oxygen to oxygen ions and atoms depend on the RF power. So, at lower powers, metallic copper can be observed and with the increase in power (to upto 800 W), oxygen rich films will be formed [9]. To further optimize the films, keeping the power constant at 53 W, the oxygen flow rate was varied. According to previous works [3], [4], [11], for the deposition of films of Cu2O stoichiometry, the ratio of the sputtering gas and the reactive gas is a critical criterion. A phase control of the films by changing the reactive gas flow were observed by Dolai et al [3] and Zhu et.al [6] for DC magnetron sputtered Cu2O films and Zhang et.al [12] and Ogwu et .al [9] in RF sputtered films. Hence to get a more range to control the O2 flow rate, keeping the ratio of Ar:O constant at 8:1, the flow rate was doubled for both the gases. Further, the O2 flow rate was changed keeping the Argon at constant flow. The influence of this recative gas variation on the phase of the films is discussed in the following section.

Variation of Oxygen Flow Rate

Keeping All the films were crystalline with an orientation in the direction of (1 1 1) in the XRD pattern (Figure 3.2(c)). The intensity of diffraction peak at (1 1 1) increased with the increase of gas flow rate upto 1.8 sccm.Similar increase with gas flow rate was also reported by Zhu et.al [START_REF] Zhu | Cu2O thin films deposited by reactive direct current magnetron sputtering[END_REF]. To analyse also the influence of the sputtering pressure, keeping all the rest of the parameters constant (53 W, Ar/O2 : 16 /1.8 sccm, 300 ℃) the phase of the films were analysed using Raman spectroscopy by varying the sputtering pressure between 2.8-3.6 mTorr in steps of 0.2 mTorr. It was found that within a pressure window of 2.8-3.6 mTorr , all the films had Cu2O phase and there was no influence of sputtering pressure on the film stoichiometry in this range. Hence comparing the results of elemental analysis using RBS, structural characterization using Raman and XRD, the best optimized deposition parametrs to obtain single phase Cu2O film were P: 53 W, Ar/O2 : 16 /1.8 sccm, T:300 ℃. The quality of this film (called reference sputtered film) and its optical and electrical properties were further analysed for its potential as an absorber using several techniques and is discussed in the following sections.

STRUCTURAL CHARACTERIZATION OF SPUTTERED Cu2O

The structural properties of the phase optimised sputtered Cu2O films were studied using Raman spectroscopy and X-ray Diffraction studies. As discussed in the previous section, characteristic peaks of Cu2O films were observed in the film with the presence of Eu mode, T1u mode, second-order Eu (2Eu) mode, A2u mode, multi phonon process (MPP) mode and T2g mode at 106 cm -1 , 145 cm -1 , 216 cm -1 , 310 cm -1 412 cm -1 and ~ 500 cm -1 , as can be seen Figure 3.3 (a). Compared to the Raman peak of PLD Cu2O film in Figure 2.6 (c), the reference sputtered film has a higher T1u signal which is due to the presence of higher copper vacancies and interstitials in the film [13]. Hence a higher carrier concentration over the film deposited via PLD route can be expected for the sputtered Cu2O. The intensity ratio of T1u and 2Eu mode for the sputtered film was 0.66 which is higher than the PLD film (0.43), this is an indication of surface damages in the film which needs to be investigated [14]. However, the ratio is smaller compared to the PLD film deposited at an identical temperature. Thin films deposited at elevated temperatures will have higher quality due to better crystallization. However, the sputtered films were deposited at lower temperature of 300 ℃ and this particular film has a better surface quality than the PLD film deposited at 300 ℃, which is promising.

The crystalline structure of the reference sputtered film was studied with the help of X-ray diffraction studies (Figure 3.3(b)) and its lattice parameters are listed in Table 9. The mean grain size of the film was calculated from the Scherrer´s equation [15] and was found to be 10.1 nm. The smaller grain size has led to an increase lattice constant of 4.3±0.02 Å for the film. More than 1 % deviation from the pure Cu2O film could be because of lattice strain, defects or dislocations in the material. The stress in the film was calculated from the lattice constant and was found to be 0.21. The stress is several times higher than that was observed in the best PLD film. However, it is similar to the PLD film at 300 ℃. Hence the difference could be related to the change in the crystallite size associated with the deposition temperature. The sputtered film had a microstrain (Ɛ) of 5.46±4.5 calculated using the Stokes-Wilson relation [16]. The surface quality of the film was further analysed using advanced microscopic techniques for a better understanding and the results are discussed in the next section. 

Morphology and Roughness of the Cu2O Films

Scanning electron microscopy analysis of the sputtered Cu2O film revealed flat morphology with smaller grains confirming the calculated values from the diffraction peaks. A Gemini 500-Zeiss apparatus was used for the SEM measurements. The films were uniformly covered with no visible holes in the films, as can be seen in the wider magnification image in Figure 3.4(b).

Unlike the PLD film deposited at 300 ℃ there were only fewer splashings present in the film which points to their better surface quality than the PLD Cu2O film at lower temperature. Higher stress in the sputtered film compared to the best PLD film (at 750 ℃,10 -2 mbar) calculated from the XRD peaks is due to the smaller crystalline size confirmed via XRD and SEM . The PLD film had larger grains with well defined boundaries.The morphology of the films were also studied using an NT-MDT SMENA Atomic Force Microscope (AFM). The smooth surface of the film was also visible in the three dimensional view of the AFM image as can be seen in opto-electronic applications. It is promising that the film sputtered at 300 ℃ have comparable surface quality to that of the best PLD film (deposited at 750 ℃) apart from the grain size, as it allows for the use of flexible substrates. Also in some cases, high temperature growth of absorber is not favourable during the growth of a solar cell when the underlying layer is not compatible with high temperatures.However, further anlaysis of optical and electrical properties of the film is necessary to confirm its potential for the application in a solar cell and is discussed in the upcoming sections.

OPTICAL PROPERTIES

Apart from the good structural quality, an absorber layer should have good optical properties which helps to increase the overall photovoltaic conversion efficiency. The bandgap, absorption coefficient and photoluminescence of the films will be discussed in this section.

Absorption Properties

The transmittance of the reference sputtered film was measured using UV-VIS spectroscopy using a Perkin-Elmer Lambda 19 UV/Vis/NIR spectrophotometer. From the transmission spectra, absorbance was calculated. Reflectance was not taken into account for the absorbance calculations. As can be seen in Figure 3.5(a) the sputtered film exhibited a high absorbance in the ultra-violet and the blue region of the visible spectrum (200-500 nm) which is similar to that of PLD film. The optical bandgap of the films were calculated from the transmission spectra using Tauc plot (hυ vs (αhυ) 1/r ). Since Cu2O have direct forbidden bandgap, an exponent of 3/2 was used for the calculations. As can be seen in the Tauc plot in the inset of Figure 3.5(a), the sputtered film had an optical bandgap of 2.3 eV which is higher than PLD film. As in Cu2O, transition between the valence band maximum and conduction band minimum is forbidden, the calculated optical bandgap is between the valence band maximum and the second energy level of conduction band [17]. Hence the real bandgap of the film will be smaller than 2.3 eV. A variation in the bandgap of the film due to different synthesis route was already reported in the literature [3], [18]- [20] . A similar bandgap was reported for RF magnetron sputtered film by Hari prasad et.al [21].

The optical absorption coefficient of the film was determined from a Horiba Uvisel Lt M200 FGMS (210-880 nm) spectroscopic ellipsometer. Dispersion model based on Triple Tauc Lorentz formula was used for the film [22].The appearance of steps in the absorption coefficient of Cu2O as can be seen in Figure 3.5(b) is due to simultaneous creation and destruction of phonons along with excitons which makes the spectra similar to that of semiconductors with indirect edges [23], [24]. Even though, on comparison to the PLD films, the absorption coefficient of the sputtered film is lower as can be seen in Figure 3.5(b), a high absorption coefficient in the range of 10 6 -10 5 cm -1 in the visible region was observed in the film which make them suitable for an absorber. In the energy vs absorption coefficient plot calculated from the ellipsometry and transmittance measurements in Figure 3.5(c), the absorption coefficient is zero below the bandgap (from ellipsometry), unlike reported by Malerba et.al [26] and Wang et.al [17], which is an evidence that there are no sub-gap absorption due to defects in the film. However, in the spectra calculated from UV-VIS measurements, a non-zero absorption coefficient below bandgap is visible. The excitonic peaks corresponding to the EOB edge (green exciton) and 2D exciton transitions of E1A (3.5 eV) and E1B (4.3 eV) was visible in the absorption spectra [25]. The yellow and green excitonic transitions in Cu2O are dipole forbidden due to same parity.

However, yellow excitonic transition was observed in the best PLD film and green excitonic transitions in the sputtered Cu2O film. The green excitonic transition was not visible in the absorption coefficient spectra from UV-VIS spectroscopy measurements It has been reported that these forbidden transitions may be observed as weak quadrupolar transition due to stress or symmetry effects in the crystal [24]. For the PLD film, the yellow exciton peak is weak as can be seen Figure 3.5(b) but a strong green exciton peak in the sputtered film might be due to stress in the film which was also observed in the calculations from the diffraction peaks. The influence of this on the photoluminescence of the film is discussed in the next section.

Photoluminescence of Sputtered Films

For a better understanding on the emission characteristics of the film upon illumination, to study about the recombination mechanisms, discrete energy states and defects in the sputtered Cu2O film, Photoluminescence (PL) spectroscopy analysis was carried out at room temperature. An

Andor iStar DH740 CCI-010 system connected to a grating spectrometer (Andor SR303i) at the Cambridge University was used for the PL measurements. An excitation wavelength of 400 nm was used to measure the photoluminescence spectrum of the sample. This measurement was performed by Yi-Teng Huang from the Optoelectronics Group of Cavendish Laboratory at Cambridge University as part of a collaboration with Dr. Robert Hoye.

As can be seen in Figure 3.6, four PL peaks were observed in the film. A distinct peak corresponding to the near band edge emission can be seen at ~ 630 nm (1.97 eV). Similar PL peak was also observed in the PLD film. A strong intensity peak at ~735 nm (1.68 eV) and a narrow peak at ~798 nm (1.55 eV) is also visible. According to the deep level transient absorption spectroscopy studies carried out by Paul et.al [27] to understand the defects in Cu2O films, two trap levels corresponding to Cu vacancy (Vcu) and Cu-di vacancy(Vcu split ) are present at 0.45 eV and 0.25 eV above the valance band edge. Hence the peak at 1.55 eV can be assigned to Vcu and the peak at 1.68 eV could be the Vcu split . Paul et.al [27] also observed that the peak of Vcu split diminishes with improved crystallinity. This may be the reason this peak was not observed in the PLD film. A wider peak was observed at ~ 460 nm (2.69 eV) which could be due to the interband transition (Г7 + → Г8 -). Similar wide peak above 2 eV in the PL was also reported by Wang et.al [17]. Hence from the optical property analysis, despite lacking the quality compared to the optimized PLD Cu2O film, the sputtered film has the potential properties for a good photovoltaic absorber.

A detailed analysis also on the electrical properties of the film is necessary to understand about the carrier properties of the film for its application in a photovoltaic cell. λex = 400 nm

CARRIER PROPERTIES OF THE SPUTTERED FILMS

In order to choose a good absorber, it is important for it to have good electrical properties as the charge generation, transport and separation are crucial factors in the conversion efficiency of a solar cell. An Ecopia Hall effect measurement system (HMS-5000) in Van der Pauw configuration was used for the measurement of the carrier properties of the sputtered films at room temperature.

Not all the films deposited at different sputtering conditions were conducting. However, all the conducting films were p-type with a higher carrier concentration in the range of 10 17 cm -3 . It is higher than most of the reported values for RF magnetron sputtered films in the literature [17], [28], [29]. The hole concentration was the highest for the optimized Cu2O film deposited at 1.8 sccm oxygen flow as can be seen in Figure 3.7.Eventhough there is no major difference in the hole concentration of the three films deposited at different oxygen flow rates, the resistivity of the films deposited at 1.9 sccm is more than 5 orders of magnitude higher than the film at 1.8 sccm oxygen flow rate. This variation could be due to the difference in the crystallinity of the films as discussed during the X-ray diffraction characterization in 3.2.2. The resistivity of the optimized sputtered Cu2O film deposited at 1.8 sccm was as low as 16.2±0.01 Ωcm. The reference sputtered film also had an increased mobility due to the crystallinity, as improved crystallinity increases the grain size thus reducing the scattering from the interface states along the grain boundaries which are negatively charged. This in turn improves the mobility of the films.

Compared to the PLD films, the mobility of the sputtered films are lower but is comparable to the mobility of sputtered films in the literature [28]- [30]. This is because compared to the PLD films, the carrier concentration of the sputtered films is higher which leads to higher ionized centers (native defects). Scattering from these ionized centers reduces the mobility of the films [31]. Hence, comparing the electrical properties of the sputtered films, lower hole mobility is a major concern in its application as an absorber. In the literature, post annealing has been reported to improve the hall mobility of the films. To study potential of improvement in the electrical properties, the optimized sputtered films were post annealed and the results will be discussed in the next section.

POST-ANNEALING OF THE SPUTTERED Cu2O FILMS

There have been many reports in literature on the improvement in the properties of the sputtered Cu2O films after post-annealing [17], [30], [32], [33]. The sputtered Cu2O films deposited at optimized deposition conditions were post annealed using a rapid annealing furnace. In Rapid Thermal Annealing (RTA) the films are heated by infrared radiation using tungsten halogen lamps. The temperature is increased rapidly in a controlled atmosphere of argon, nitrogen or oxygen. In our case, a JIPELEC oven type RTP FAV4 model Rapid Annealing furnace was used for the process. RTA was carried out at 900 ℃ for 3 minutes in argon atmosphere. The colour of the film changed from yellow to a lighter shade of yellow after the process which could indicate a change in the bandgap of the film and increased transmittance. This was also observed by Wang et.al [17] after post annealing due to partial removal of defect band tail. In order to confirm the phase of the film after RTA, Raman spectroscopy analysis of the film was performed. As can be seen in 10, the mobility of the films increased more than 8 times after RTA. However, the resistivity and carrier concentration decreased. To analyse the crystallinity of the film, the XRD pattern of the film was studied as can be seen in Figure 3.8 (b). It is clear that the crystallinity of the annealed film decreased after RTA from the decrease in the diffraction peak intensity.

The peak at (2 0 0) have completely diminished and the (1 1 1) peak had broadened and shifted to the right. However, as listed in Table 10, the lattice constant of the film has decreased, and the film has a compressive stress of 0.15 GPa compared to the tensile stress of 0.21 GPa before RTA. The broadening of the diffraction peak observed might be stress induced. The increased mobility observed in the films after RTA might be due to decreased carrier concentration (ionized centres or native defects). Wang et.al [17] have reported an increase in the crystallite size after annealing which led to increase in the mobility. However, in our film, even though the decrease in lattice parameter can be connected to an increase in the crystallite size, the diminished intensity of diffraction peaks contradicts this assumption. Hence it can only be assumed that upon RTA some defects in the films have decreased/removed which led to the increase in the mobility similar to the PLD Cu2O film. As a conclusion, due to the poor structural quality, application of the RTA sputtered film as absorber is not recommended. 

CONCLUSION

This chapter was focused on the tentative to prepare phase pure Cu2O films via RF magnetron sputtering.

The optimization of deposition parameters to obtain Cu2O film stoichiometry was discussed. It was shown that by varying the sputtering power and the reactive gas flow rate, the phase and the structural properties of the thin film can be a varied. Phase pure Cu2O films were obtained at a narrow range of power and oxygen flow rate. The sputtered Cu2O film with best structural quality was obtained at a temperature of 300 ℃, power of 53 W, argon flow rate of 16 sccm and oxygen flow rate of 1.8 sccm. The structural properties of the films deposited at optimized conditions were analysed using XRD and Raman spectroscopy. Eventhough on comparison, the optimized PLD film has a superior structural quality, the sputtered film is also promising because deposition is carried out at a lower temperature than the PLD film which makes it suitable for specific applications. A flat morphology with very low surface roughness was observed in reference sputtered film via SEM and AFM analysis. The optimized film also showed high absorption coefficient and a bandgap in the range of Cu2O in the literature. Apart from the band edge emission, PL peaks corresponding to copper vacancies which is responsible for the p-type conductivity was observed in the photoluminescence measurements of the film.

Hall effect measurements revealed high carrier concentrations in the range of 10 17 cm -3 with lower resistivity (16 Ωcm) for the films. The mobility (8 cm 2 /V. s) was in comparison to the RF sputtered Cu2O films in the literature. However, compared to the PLD film the mobility was much lower. To improve the electrical properties the sputtered film was annealed using Rapid Thermal Annealing (RTA). Even though this increased the mobility of the film to ~ 36 cm 2 /V. s, the crystallinity of the film was affected by the process. Through the different analysis techniques described in this chapter, the best Cu2O film using RF magnetron sputtering was identified along with its potential as an absorber was elucidated. Further in the next chapter, the growth of Cu2O film via another very popular technique namely thermal oxidation is discussed along with its properties. Finally in the last chapter all the Cu2O films via different routes are compared using advanced characterization techniques to better understand the influence of synthesis route of Cu2O on its performance in a solar cell.

CHAPTER : THERMAL OXIDATION

INTRODUCTION

In the previous chapters, preparation of Cu2O films via two popular thin film deposition techniques, namely Pulsed Laser Deposition and RF Magnetron Sputtering was described in detail. The structural, optical and electrical properties of the films for their potential application as an absorber in a photovoltaic cell was also discussed. Among all the different preparation techniques for Cu2O absorbers in literature, the most efficient technique producing high performing solar cells till date is thermal oxidation [1], [2]. Hence understanding the properties of the film via this technique will help to better engineer Cu2O films towards better performing absorbers. Compared to both the other reported techniques in this work, which are vacuum based techniques, thermal oxidation is a low-cost alternative method. Thermal oxidation is a very popular technique wherein by introducing an oxidative agent at high temperature, the sample gets oxidised. Unlike PLD, during this technique the phase of the oxidised sample depends on the phase equilibrium between temperature and pressure (Figure 1.7 in chapter 1).

At atmospheric pressure, Cu2O phase is formed at higher temperatures. Even though reports on preparation of Cu2O via thermal oxidation dates back to 1984 [3] it was only in 2011 Minami et.al [4] reported above 3% efficient solar cell with Cu2O absorber by optimising the thermal oxidation conditions. Thus, the thermal oxidation process is not straightforward and several factors such as starting copper foil purity, thickness, duration of oxidation, temperature, temperature ramp rate and oxygen concentration inside the furnace determine the phase and grain size of the deposited films. Additionally, there are no sufficient literature describing the thermal oxidation process to obtain high quality Cu2O as obtained by Minami et.al [5].

The first section of this chapter details the experimental setup used for thermal oxidation in this work, which is followed by the optimization of the oxidised foils by varying the parameters of oxidation in the next section. Variation of oxidation duration on the phase of the foils and the influence of cooling down procedure after oxidation on the structure, morphology and photoluminescence of the foils are discussed in this section. The optimization of the etching parameters to obtain pure Cu2O foils are discussed later and towards the end of this chapter a small comparison on the structural quality of the Cu2O prepared via thermal oxidation, PLD and magnetron sputtering are discussed including the crystalline parameters, stress and microstrain.

EXPERIMENTAL DETAILS OF THERMAL OXIDATION

For the preparation of Cu2O via thermal oxidation, 0.127 mm thick laminated copper foils (99.9% purity) from Alfa Aesar were used. The foils were cut into 15 x15 mm 2 square size and were cleaned in ultrasonic bath in three steps with acetone, isopropanol and deionized water to remove any dust or unwanted residues from the surface of the copper foils. Figure 4.1 shows the schematics of the thermal oxidation setup. Copper foils were placed horizontally and vertically inside the furnace in alumina crucible. The placement direction was not found to influence the phase of the film. Argon and Oxygen gas were introduced into the furnace through a mass flow controller. As it is important to monitor the amount of oxygen which has a direct influence on the formed oxidised phase, an oxygen gas analyzer was used to measure the amount of oxygen inside the furnace. To have a control on the amount of oxygen to which the Cu foil is exposed during oxidation process, it is important to flush out any oxygen inside the furnace before starting the process, this was achieved with the help of Argon gas. During the temperature ramp up, only Argon gas was introduced into the furnace (maximum flow) and oxygen concentration was monitored with the help of oxygen gas analyzer. Once the temperature has reached the set value, and the oxygen concentration inside is less than 1000 ppm (0.1 %), oxygen gas was introduced into the furnace slowly, carefully monitoring the concentration. The time for oxidation was counted from the time the oxygen concentration inside has reached the required value. The oxygen concentration during thermal oxidation was chosen based on the work of Ievskaya et.al [6]. The temperature for thermal oxidation was chosen based on the thermodynamic considerations to obtain Cu2O phase. Musa et.al [7] have calculated 1041 ℃ as the "limiting temperature" to eliminate CuO. But they have also reported mixed phase films of Cu2O and CuO at 1040 ℃ and only Cu2O phase at 1050 ℃ [7]. All the parameters followed for the thermal oxidation of copper foils in this work are listed in Table 11. After thermal oxidation, the foils were cooled down inside the furnace in Argon flow. The temperature was brought down in steps of 50 °C as the sudden drop in temperature was found to heavily bend the films. In this work the influence of rapid quenching of the films at 500 ℃ and cooling down the films to room temperature inside the furnace were studied and will be discussed in the following sections.

For identifying the phase of the thermally oxidized foils, Raman spectroscopy and X-ray diffraction techniques were used. A Horiba LabRAM ARAMIS Raman spectrometer with 532 nm laser excitation was used for Raman spectroscopy and a Bruker-AXS D8 Advance X-ray diffractometer with CuKα1 radiation (λ = 0.154056 nm) was used for the XRD measurements.

To optimize the oxidised films, the influence of oxidation time and post-oxidation cooling down procedure were varied and the results will be discussed in this section.

OPTIMIZATION OF THERMALLY OXIDISED FILMS

To optimize the oxidised films, the influence of oxidation time and post-oxidation cooling down procedure were varied and the results will be discussed in this section.

Oxidation Duration

The duration of thermal oxidation of copper foils was varied between one hour and one and half hours to optimize the phase of the oxidised films. As Raman spectroscopy is a local surface analysis technique, further X-ray diffraction studies of the film were carried out to confirm the Cu2O phase. In the diffraction pattern given in Figure 4.2(b), both the films were crystalline with a preferred orientation of (1 1 1). Comparing the intensity of diffraction peaks, it seems that longer oxidation duration improves the crystallinity of the films. The diffraction peak (2 0 0) has completely disappeared after oxidation for 1.5 hours, which might be due to texturing in the films or due to preferential direction growth as can be seen from the increased intensity of (1 1 1) peak. Similar to the results from Raman spectroscopy, the 1.5 hour oxidized foil showed multiple planes corresponding to CuO phase apart from Cu2O. In the foil oxidised for an hour, apart from the two very small peaks corresponding to the (0 0 2) and (2 0 0) planes of CuO, (1 1 0), (1 1 1) and (2 2 2) planes of Cu2O were observed. This is because intrinsically, thermally oxidized Cu2O films will have small traces of CuO, which gets formed when the oxidized foil meets air after oxidation.

Chemical etching of the films is hence recommended before using the film as an absorber.

Detailed discussion on the etching parameter optimization and results are discussed towards the end of this chapter. For employing the film for absorber application, influence of the oxidation duration on the emission characteristics of the oxidised foil was also monitored with the help of photoluminescence measurements. As can be seen in Figure 4.2(c), both the films had two PL peaks, precisely at 1.97 eV and 1.95 eV which could be due to the near band edge emission.

The PL intensity was found to be highest for the foil oxidized for 1 hr. The foil oxidized for longer duration might have other non-radiative recombination pathways such as defects. Hence when comparing the foils oxidised for 1 and 1.5 hours, the foil at 1 hr has comparatively less amount of CuO on the surface and higher PL signal.

One of the major issues faced during the thermal oxidation of Cu2O was the bending/folding of the foils after thermal oxidation. This is a major concern while using these films for solar cells as it becomes difficult to deposit the back electrode and to establish a contact. Additionally, it is possible that the small CuO peaks observed in the 1 hr oxidised foils might be due to further oxidation of the foils during the cooling down process as there will be smaller amount of oxygen inside the furnace even after completely turning off the oxygen flow. In the oxidation process reported by Ievskaya et.al [6] and Musa et.al [7] rapid quenching of the foils is described and as suggested by Musa et.al it helps to prevent the compressive stress on the oxidised foils. To improve the oxidised foils, and to possibly avoid the bending, rapid quenching was also carried out in this work and a comparison on the properties of oxidised foils which was rapidly quenched versus those that were cooled down to room temperature (RT) are discussed in the next section.

Effect of Quenching Process

To avoid the further oxidation of the foils after thermal oxidation during the cooling down process, and to improve the quality of the foils, the foils oxidised for 1 hour were rapidly quenched at 500 ℃ by dipping in deionized water. The Raman spectrum of this quenched film is reported in Figure 4. 3(a). Unlike expected and reported by others in the literature [7], it can be seen that the spectrum exhibits a vibrational mode of CuO in the raman analysis apart from Cu2O. A detailed analysis on XRD (Figure 4.3(b)) showed that only one diffraction peak of Cu2O corresponding to (1 1 0) plane was visible in the rapidly quenched foil. Additionally, this diffraction peak at 29.5° shifted to 22.5°. This shift could be due to an increase in the interplanar spacing (d) to 3.9 Å, according to the Bragg´s law (Equation 2.1 in chapter 02). The d value for the foil cooled down to room temperature in the furnace was 3.02 Å. This change in the d value might be due to change in the lattice parameters. The lattice constant for the rapidly quenched was calculated to be 5.58 Å while for the RT cooled foil was 4.27 Å. This is a clear indication of increased lattice strain, defects or dislocations in the foil. The crystallographic orientation of the foil also changed from (1 1 0) to (1 1 1) when the foil was cooled down to room temperature.

Hence the rapidly quenched foils were found to be poor in surface quality compared to the room temperature cooled down foil. Further, the foils were still bended unlike reported by Musa et.al [7]. Similar morphology was reported by Musa et.al [7] for an oxidised film at 900 ℃. Moreover, in the rapidly quenched foils, larger cracks are visible which can cause short circuits during its application in a photovoltaic cell. However, in the XRD pattern of even the optimized foils, small peaks of CuO are visible as it is very difficult to obtain only Cu2O via thermal oxidation due to the low stability.

Consequently, while making heterojunctions with thermally oxidised films, it is important to remove the parasitic CuO phase for better performance of the solar cell. This can be achieved by chemically etching the foils to carefully remove CuO. Optimization of the etching conditions are discussed in the next section.

OPTIMIZATION OF ETCHING PARAMETERS

Parasitic CuO traces on the top of the thermally oxidized Cu2O were etched with a solution of 69 % concentrated HNO3 (Nitric acid) and deionized water [6]. The etching parameters namely the acid concentration and etching time were varied in order to find the best conditions. As

Raman Spectroscopy was an easily accessible technique to monitor the effect of etching on the phase of the film, etching optimizations were carried out on a sample with visible CuO peak in Raman which was prepared before the optimization of oxygen concentration inside the furnace using oxygen gas analyzer.

Etching trials were carried out using two concentrations of nitric acid, namely, 10% HNO3 + 90 % H2O (deionized) and 20% HNO3 + 80 % H2O (deionized). The duration of etching was varied between 10-60 seconds in steps of 10 seconds before transferring the foil from etching solution to isopropanol. The etched film was then ultrasonically cleaned using isopropanol and deionized water and dried with nitrogen. The 10% HNO3 + 90 % H2O was found to be a very low concentration for etching, as the unwanted CuO peaks, even after 60 s dipping in the etching solution did not diminish in the raman spectra. Further increasing the concentration of the etchant to 20% HNO3 + 80 % H2O, CuO peaks were diminished. After 50 s of treatment, a complete was elimination of CuO and pure Cu2O phase was observed as can be seen in the raman spectra in It was also observed that, since the amount of CuO in the back of the foil is not same as at the front side as when placed horizontally during thermal oxidation, the oxygen exposure is not same, the Cu foil become visible after dipping in the etching solution. Hence to avoid this, during the etching it is recommended to drop the etching solution on the front side of the oxidised foil rather than dipping it in the etchant. A comparison on the basic properties of the optimized thermally oxidised Cu2O film with the PLD and sputtered Cu2O will be discussed in the next section to better understand its potential as an absorber.

PROPERTIES OF THERMALLY OXIDISED Cu2O

The structural properties of the optimized thermally oxidised Cu2O (unetched) were analysed and compared with Cu2O via PLD and magnetron sputtering. As discussed in the previous section, Raman signature peaks of Cu2O were observed in the oxidised foil with the presence of Eu mode,T1u mode, second-order Eu (2Eu) mode, Au mode multi phonon process (MPP) mode and T2g mode at 106 cm -1 , 145 cm -1 , 216 cm -1 , 310 cm -1 , 412 cm -1 and ~ 500 cm -1 as can be seen in Figure 3.3 (a). The T1u signal was highest for the oxidised foils compared to Cu2O

via PLD and sputtering. The higher T1u signal which is due to the presence of higher copper vacancies and interstitials in the film [8] shows that thermally oxidised foils contain a higher charge carrier concentration. The intensity ratio of T1u and 2Eu mode is only 0.36 for the thermally oxidised which is the least compared to PLD (0.43) and sputtered (0.66) films and is an indication that thermal oxidation produce good quality Cu2O with less surface damage [9].

(a) (b) Similar to sputtered Cu2O, from the X-ray diffraction studies it was revealed that the thermally oxidised foils had a preferred orientation of (1 1 1). As expected, the oxidised foils exhibit a higher crystallinity (full width half maximum lowest) compared to the other Cu2O films as can be seen in Figure 3.3(b). Table 12 lists the crystalline parameters calculated from the significant diffraction peaks of the thermally oxidised Cu2O. The full width half maximum of the diffraction peaks is much smaller confirming that oxidised foils have good crystallisation. As can be seen from Table 13, the oxidised foils show higher mean grain size of 109.3 nm from the Scherrer´s equation [10] which is seven times higher than the mean grain size of the PLD film. Increase in grain size decreases recombination and scattering at grain boundaries improving the overall electrical properties of the films. The mean lattice parameter of the oxidised foil was 4.26 Å which is close to pure Cu2O. The oxidised foil had negligible tensile stress of 0.07 but is higher than the PLD film, which could be due to the increased grain size. Microscopy (Figure 4.9). Even though the roughness of the oxidized foils measured using AFM was 16.83 nm (for a 5x5 μm 2 ) which is smaller the PLD film, after etching the roughness was found to increase to 160 nm. But these drawbacks do not diminish its potential as an absorber and in the next chapter application of all the films in a photovoltaic cell is illustrated. 

CHAPTER : ADVANCED CHARACTERIZATIONS OF Cu2O ABSORBERS

INTRODUCTION

Preparation of Cu2O via three different routes was described in the previous chapters. In this chapter we focus on the application of the prepared Cu2O as absorbers in a solar cell and further advanced characterization of the films to better understand the difference in the Cu2O absorbers prepared via PLD, RF Magnetron Sputtering and Thermal Oxidation.

The first section of this chapter describes the state-of-the-art Cu2O heterojunctions followed by a description and properties of the different TCOs used in this work. Subsequently we discuss the performance of our Cu2O solar cells prepared with thin film absorbers via PLD, magnetron sputtering and Cu2O sheet via thermal oxidation. Further we compare the charge carrier dynamics, surface photovoltage, PL kinetics etc of the different Cu2O absorbers to find an answer to why the thermally oxidised Cu2O sheets have better photovoltaic performance.

STATE OF THE ART Cu2O HETEROJUNCTIONS

Despite many advantages like high absorption coefficient in the visible region, suitable bandgap and good minority carrier diffusion lengths (10 μm [1]), which are likely to give high energy conversion efficiency to Cu2O solar cells, the practically achieved efficiency till date is still lower than 10 %. One of the main challenges for the low performance of Cu2O solar cells is that due to the intrinsic p-type conductivity of the films, to form a heterojunction with Cu2O, an appropriate n-type layer with suitable energy band alignment is required. The influence of deposition temperature and partial pressure during the deposition of the n-type on the efficiency of Cu2O solar cell was studied by Minami et.al [26]. They have found that RT deposition of the TCO layer decreases series resistance and also observed a decrease in the shunt resistance with increase in the temperature of deposition due to the increase in the leakage current. With the increase in temperature of TCO deposition, they observed degradation of Cu2O sheet surface and interdiffusion of metals at the interface. They have also reported that the oxygen partial pressure during deposition has no influence on the performance and the predeposition condition of Cu2O surface is only significant. 

Transparent Conducting Oxides for Cu2O

As detailed in the previous section choosing the right TCO with Cu2O is the key in obtaining better performing photovoltaic cell. Here for the comparison of the I-V properties of the Cu2O absorbers prepared via PLD, Magnetron sputtering and Thermal Oxidation, for forming a heterojunction, several n-type thin films were used. Their preparation and basic properties will be discussed in this section.

In this work ZnO and AZO films were prepared via PLD using commercially bought targets.

Room Temperature (RT) deposition at an oxygen partial pressure of 10 -2 mbar was chosen as the deposition parameters to avoid any damage to the Cu2O surface. The ZnO and AZO films used in this work had good carrier concentration in the range of -10 20 cm -3 and lower resistivity since the optimized deposition condition of ZTO is at 300 ℃, it might damage the surface of the Cu2O sheet prepared via oxidation. Comparing all the Cu2O films, the oxidised sheet have a higher work function which might be because since the measurement is done in air, CuO, which have higher work function [31] might have formed on the surface of the thermally oxidised sheet. The I-V properties of the heterojunctions with the different TCOs will be discussed in the next section.

I-V PROPERTIES OF THE Cu2O ABSORBERS

To check the photovoltaic behaviour of the Cu2O absorbers prepared via PLD, magnetron sputtering and thermal oxidation, solar cells were prepared and their I-V properties were measured using a AAA rated ORIEL Verasol-2 LED Solar Simulator (LSS-7120) and a Keithley 2461 Source Measure Unit. As discussed in the previous section, different TCOs were used to form a heterojunction with the p-type Cu2O prepared via different techniques.

(a) Pulsed Laser Deposition

For the PLD Cu2O film, even though heterojunction was formed with different TCOs, a working solar cell was obtained only for two architectures. Even though a p-n junction behaviour was indeed observed with ZnO and AZO, a current even though in micro ampere range was obtained only for the architecture with a buffer layer of Zn1-xGexO4 between the Cu2O and AZO. As the back contact, approximately 100 nm layer of La0.67Sr0.33MnO3 (LSMO) was pulsed laser deposited at 750 ℃ temperature and 10 -2 mbar oxygen partial pressure, on quartz substrate. On top of the LSMO layer, approximately 150 nm Cu2O layer was deposited followed by 100 nm each of the buffer layer and AZO at room temperature and 10 -2 mbar oxygen partial pressure via a steel mask of 1 mm 2 forming a solar cell with architecture Quartz//LSMO/Cu2O/ Zn1-xGexO4/AZO. An open-circuit voltage of 0.1 V and a small, short circuit current density of 0.02 mA/cm 2 was measured from the solar cell measured in dark and light conditions using a solar simulator at 1 sun under AM 1.5 G conditions (Figure 5.2(a)). The shape of the current density vs voltage curve can give a lot of information about resistance problems, insulation layer formation, mobility issues etc. As can be seen in Figure 5.2(a), both the dark and illuminated J-V are hanging curves (non-zero current in dark and non-saturation of current at higher voltage for light measurement) in the backward direction (0 V to negative bias). This behavior upon illumination is an indication of carrier transport problems. The hanging dark curve is due to To improve the performance of solar cells with PLD Cu2O, a thin film was epitaxially grown on a crystalline and conductive substrate of Nb doped SrTiO3(001). A cube-on-cube epitaxial relationship of Cu2O and STO (Cu2O (100)//STO (100)) in heteroepitaxial growth of the film on the substrate [32], [33], even though there is a high lattice mismatch of 8.5 % between them.

The diffraction peak of this film exhibited a single peak at (200) confirming epitaxial growth as can be seen in Figure 5.2(c). The other peaks at 2θ = 22.7°, 46.5°, and 72.5° are from STO (100), STO (200), and STO (300) respectively. Nb:STO is also an n-type semiconducting oxide forming a heterojunction with Cu2O. A thin semitransparent layer of Au (7 nm with 58 % transmission at 550 nm) was deposited as the top electrode by evaporation through a 1 mm 2 steel mask forming a solar cell with architecture Nb:STO (001)//Cu2O (100 nm)/Au. The solar cell exhibited a good open circuit voltage of 0.56 V but a low short circuit current density of 0.21 mA/cm 2 at AM 1.5 G conditions using a solar simulator. As can be seen from the current density vs voltage curve in Figure 5.2(b) there has been definite improvement in the photovoltaic behavior when the film was grown epitaxially. Apart from the lower thickness of Cu2O and absorption due to Au electrode, the lower current might be due to heterojunction defects or Cu2O defects which will be discussed in detail in the upcoming sections on advanced characterization. The solar cell exhibited an efficiency of 0.053 % and fill factor of 45 %. The efficiency is comparable to the values reported in the literature for PLD Cu2O [32] considering a 20 % efficiency increase with optimal Cu2O thickness (1000 nm instead of 100 nm) and influence of Au top layer which reduces the efficiency by a factor of ~ 2. The open-circuit voltage which corresponds to the built-in potential at the Nb:STO/Cu2O heterojunction, is higher than the diffusion potential calculated from the work function difference which is 0.36 V.

Hence this high Voc can´t be explained solely based on the work function difference, as the diffusion potential is also influenced by the quality of the interface of Cu2O and n-type semiconductor. As reported by Cendula et.al [28], for heterojunction solar cells, the open circuit voltage can exceed the built in voltage due to the influence of additional factors due to steps in electron affinity or density of states.

To understand more about the efficiency of charge separation in the PLD Cu2O solar cell, as the current generated was very low from the I-V measurements, Surface Photovoltage Spectroscopy (SPS) measurements were carried out. A Kelvin Probe system (KP Technology KP020) with a 2 mm diameter gold tip and GR50-605 (Thorlabs) monochromator of 600 g/mm-1 grating was used for the spectroscopic SPV measurements. As can be seen in Figure 5.2(d) a high photon flux was visible only in the wavelength region of 400-600 nm and after 600 nm the photon flux is zero since the bandgap of the Cu2O film (~ 2.1 eV) is higher than Si (1.1 eV). Hence compared to using a Si absorber, when using Cu2O absorber, only higher energy photons can create charge carriers by absorption. Therefore, the current generated from Compared to the sputtered Cu2O solar cell, the thermally oxidised Cu2O solar cell did not show much higher performance unlike expected. As can be seen in Figure 5.4(a) the shape of the J-V curve was more affected by lower shunt resistance and higher series resistance caused by leakage current and defects respectively. As can be seen from Table 15, only the short circuit current density was slightly higher than the solar cell from the sputtered Cu2O. Unlike the sputtered Cu2O solar cell, the heterojunction was formed with 100 nm PLD deposited ZnO (RT, 10 -2 mbar) and further a 100 nm layer of AZO was deposited via PLD. A 100 nm Au layer was deposited via PLD at room temperature in vacuum behind the oxidised sheet as the back contact.

Compared to the sputtered Cu2O/AZO heterojunction, as can be seen in the energy band diagram in Figure 5.4(b), the band offsets had improved with thermally oxidised Cu2O/ZnO heterojunction which should ideally reflect in the performance of the solar cell, but it was not observed. The reason for this will be further discussed based on surface photovoltage results of the heterojunction in the upcoming section on advanced characterization. For the application of thermally oxidised Cu2O sheet in a solar cell there were many challenges including surface oxidation, large cracks/grain boundaries, bending of the films etc. Before its application into a solar cell, the Cu2O sheet was etched to remove parasitic CuO layer at the optimized etching conditions. The deposition of the n-type was carried out as quickly as possible but there has been exposure to air meanwhile during the transport from the etching lab to the PLD lab. But the open circuit voltage was much lower (less than 100 mV) for all the other architectures. The result discussed here are the best performing cells we obtained for all the different types of Cu2O. We believe this variation in performance of the thermally oxidised Cu2O is mostly because of the heterojunction defects and surface quality of thermally oxidised Cu2O as the surface oxidation after etching cannot be controlled. Even though compared to solar cell with Si absorber the performance is much lower, the values reported here is higher than or comparable to the values reported for Cu2O solar cells by Melo et.al [34], Jeong et al [35] and Ievskaya [36]. On comparing the photovoltaic characteristics of the different Cu2O solar cells in this work listed in Table 15, fill factor loss is a major factor affecting the conversion efficiency. Keeping aside the influence of the heterojunction there is a definite influence of the Cu2O absorber prepared via different techniques on the photovoltaic performance as epitaxial growth of PLD film led to better I-V characteristics. This difference was studied in detail through several transient characterization measurements and other advanced techniques which will be discussed in detail in the next section.

ADVANCED CHARACTERIZATION OF Cu2O ABSORBERS

To better understand the difference in the Cu2O films prepared via PLD, magnetron sputtering and thermal oxidation, the films were characterized via several advanced characterization techniques including transient absorption, time resolved photoluminescence, surface photovoltage etc. All the measurements discussed in this section except surface photovoltage were performed by Yi-Teng Huang from the Optoelectronics Group of Cavendish Laboratory at Cambridge University as part of a collaboration with Dr. Robert Hoye from Imperial College, London.

Transient Absorption Spectroscopy

The excitonic states upon illumination induced by absorption are very short-lived in the order of femtoseconds or picoseconds. Longer lifetime of the excitonic states helps in efficient separation of charge carriers before recombination. Transient Absorption (TA) spectroscopy helps to better understand about these transient excited states by giving information on the kinetics of energy level transitions, spontaneous lifetimes etc. It is a pump-probe technique wherein a high intensity pump laser beam excites the sample, and another laser beam measures the absorption simultaneously. The probe laser absorption with and without pump laser helps to measure the change in absorption. At different time delays of the pump and probe, the process is repeated to measure the change in the transmitted probe pulse energy.

To understand the difference in the carrier dynamics in the PLD and sputtered Cu2O, 100 nm of both the PLD and sputtered Cu2O films were deposited on quartz substrates. For the long time TA, the third harmonic of 355 nm pump pulses were provided by an electronically controlled, Q-switched Nd:YVO4 laser (Innolas Picolo 25) with a pump width ~800 ps passing through several non-linear crystals equipped. For the short-time TA, the second harmonic of 400 nm pump pulses were created from a Ti:Sapphire laser (Solstice Ace) with pump width ~100 fs passing through a beta barium borate crystal (Eksma Optics). Broadband probe pulses with wavelength ~400 -600 nm were generated by focusing an 800 nm wavelength , respectively.

In the transient absorption peak of the PLD Cu2O film, three spectra regions were visible. A Ground State Bleach (GSB) at ~ 2.17 eV in the spectral region of 570-575 nm, and two Photo Induced Absorption (PIA) at ~2.03 eV (562-567 nm) and ~2.19 eV (605-615 nm) as can be seen in Figure 5.5(a). The bleach signal corresponds to the depletion of valence electrons, and it matches with the optical bandgap of the film calculated in Chapter 2. The PIA could be from ortho-exciton state or absorption from copper interstitial to C2. The kinetics of the GSB peak and two PIA dips are shown in Figure 5.5(b). As can be seen in Figure 5.5(b) all the transition lifetimes were very short (˜ ps) instead of µs for pure Cu2O films from literature [37]. This could be an indication of defects in the film. The GSB and PIA dips showed an exponential decay with time constant less than 1 ps. The decay time of the GSB peak was 355 ƒs and PIA decayed at 883 ƒs and 364 ƒs when fitted with an exponential function as can be seen in Figure 5.

5(c).

This result is very similar to the values reported for Cu2O by Shenje et.al [38] Azimi et.al [39].

Azimi et.al have reported a decay time of 0.5 ps ±0.06 and have said it to be the exciton lifetime which decays fast due to the presence of defect or trap states. two GSB signal at shorter spectral region of 420-460 nm and 600-690 nm. The GSB signal at higher wavelength is broader and was found to decay fast. Also, two PIA signals were observed with shoulder at 460-500 nm and 690-740 nm as can be seen in Figure 5.7(a). This could be due to the presence of copper vacancies or interstitials within the bandgap of the material as was also observed in the PL spectra of the film in chapter 3. The GSB signal kinetics are PLD Cu2O TA Kinetics (Long-Time) λ = 540 nm different for the one at shorter wavelength and longer wavelengths as can be seen in the TA kinetics in Figure 5.7(b), so the depopulation process might be different. However, it has a similar kinetics to that of the PIA signal at 460-500 nm. The GSB signal at shorter wavelength might be associated with band-band transitions and signal is almost fluence independent as can be seen in Figure 5.7(c). The GSB peak decay can be fitted with a bi-exponential decay function with time constants 0.96 ps and 137.16 ps which is higher than that of PLD Cu2O. Additionally, the PIA signal was also found to have a longer lifetime as the signal did not decay even at 1 ns.

Further long-time TA measurement revealed that the PIA signal at 460-500 nm was found to not vanish even at 1 μs as can be seen from the long time TA spectra in Hence TA analysis explains the better performance of sputtered Cu2O absorber as the excitonic lifetime is much better in the sputtered film compared to the PLD film. It is also worth noting that the long lifetime component observed in the PLD film in long time TA measurement Figure 5.6(a) which is assumed to be influencing the excitonic lifetime was not found in the sputtered Cu2O film. To further understand about these defects influencing the carrier dynamics, investigation of any sub-bandgap absorption due to defects in the Cu2O films were carried out with the help of Photothermal Deflection Spectroscopy (PDS) measurements.

Photothermal Deflection Spectroscopy (PDS)

It is often difficult to measure absorption and mostly we depend on transmission or reflectivity measurements for the same. Absorbance below the bandgap (due to sub-bandgap states) is hard to measure as the sum of transmission and reflection will be close to one and moreover, even a small error in the measurement can lead to values higher or lower than the real values.

Overcoming this limitation, using PDS, the absorbance of the semiconductor can be measured in high dynamic range. It is a very sensitive technique for the measurement of absorptance.

When a semiconductor absorbs lights, there will be a change in the thermal state of the sample as phonons are created by the absorbed light by non-radiative recombination and thermalization of photogenerated carriers. In PDS this change in the temperature due to photon absorption (not lost be emission) is measured indirectly using "mirage effect". A semiconductor is illuminated with a monochromatic light and is simultaneously dipped in a liquid as shown in the schematics in in the parallel direction to the sample surface will be deflected due to the temperature gradient, and the deflected beam will be detected by a quadrant photodiode with a lock-in amplifier

(Stanford Research Systems SR830).
The PDS measurement of our Cu2O films were important to identify the defects in the films within the bandgap. The optical bandgap estimated from tauc-plot for the PLD, and sputtered film was 2.1 eV and 2.3 eV respectively. The PL peaks for both the films were centred below their optical bandgap around 1.97 eV. In the PDS measurement of the PLD and sputtered Cu2O film, a non-zero absorbance below their bandgap was found for both the films as can be seen in Figure 5.9 (the dashed lines indicate the onset of main absorption). However, for the sputtered Cu2O, the absorbance onset is not sharp around the bandgap and higher absorbance than the PLD film below the bandgap can be seen which could be due to higher sub-gap states in the sputtered Cu2O film. Presence of sub-gap states is not favoured as they lead to recombination pathways in an absorber.

For the PLD film a sharp absorbance onset around its bandgap is visible. Hence comparing both the films, the PLD film might have lower sub-gap defects than sputtered film. In the TA spectroscopy of the PLD film discussed in 5.4.1(a), the long lifetime component was observed at higher energies from the bandgap. This result from the PDS further points that the poor performance of the PLD film might not be only due to sub-gap defects or traps as it is much lower for PLD Cu2O compared to the sputtered Cu2O.

To better understand about the influence of these defects on the charge carrier lifetime in the Cu2O absorbers prepared via different techniques, the PL kinetics was studied using advanced techniques such as time resolved photoluminescence and time-correlated single photon counting and is discussed in the next section. 

PL Kinetics of the Cu2O prepared via different techniques

To compare the PL kinetics of the Cu2O film prepared via PLD (~ 100 nm), magnetron sputtering (~100 nm) and thermal oxidation, two techniques were followed namely Time Resolved Photoluminescence (TRPL) and Time-Correlated Single Photon counting (TCSPC).

TRPL is a powerful technique to investigate the decay of radiative recombination pathways of the charge carriers. A pulsed laser excites the charge carriers in a sample and the subsequent decay of the photoluminescence is measured as a function of time. For the measurement, An

Andor iStar DH740 CCI-010 system connected to a grating spectrometer (Andor SR303i) at the Cambridge University was used. An excitation wavelength of 400 nm was used to measure the photoluminescence spectrum of the sample and an intensified charge-coupled device (ICCD) camera was used to provide time and spectral resolution. The time-resolution of the ICCD camera was only 4 ns. Using TRPL, radiative recombination events only > 1 ns after excitation could be measured. So, for a better time resolution, TCSPC technique was also followed which has a time resolution of ~ 20 ps. TCSPC measurements were performed in the Edinburgh Instruments Life Spec system, FLS1000. A picosecond pulsed (~80 ps) diode laser (EPL-405, Edinburgh Instruments), with a wavelength of 405 nm was used for the excitation.

The repetition rate was set at 40 kHz during the measurements. In addition, photoluminescence spectrum of the samples could also be measured in the same system by exciting the samples with a monochromatic beam from an integrated Xe light source.

(a) Pulsed Laser Deposition

For the PLD Cu2O, three PL peaks were visible at 0 ns corresponding to band edge transition, ortho-exciton recombination and C2-V2 transition as can be seen in Figure 5.10(a). However, all the PL peaks were found to decay fast in less than 4 ns. To better understand the decay time of the exciton peak corresponding to the band edge transition, the PL kinetics of 626 nm exciton peak measured by TCSPC. To investigate the carrier lifetime the later tail of the PL kinetics was fitted using a biexponential function as shown in Figure 5.10(b). There were two decay components with a smaller lifetime of 0.05 ns and a longer lifetime of 0.58 ns. The average decay time which corresponds to the carrier lifetime was found to be ~ 315 ps. A similar fast decay of the photogenerated carriers was also reported by Li et.al [41] in TRPL measurements of Cu2O nanocrystals prepared via chemical route. This fast decay time is not so favorable when employing these films as absorbers as the excited carriers are lost much faster via radiative recombination.

(a) (b) In the TRPL spectrum of the sputtered Cu2O at a similar excitation wavelength, emission peaks of trap states namely copper vacancy and copper interstitials were visible apart from the band edge transition at energies smaller than the bandgap as can be seen in Figure 5.11. This confirms the sub-bandgap absorption observed in the sputtered film from PDS. All the PL peaks were found to decay within 15 ns which is fast but was better than the PLD film (315 ps). Hence more efficient charge carrier separation is possible before recombination in the sputtered film than the PLD deposited film. This could result in better current as observed from the I-V measurement discussed in the beginning of this chapter. Strangely in the TCSPC measurement of the sputtered Cu2O, no peaks were visible. The PL kinetics was hence hard to compare. The peak at 735 nm was found to be still visible after 15 ns. As the defect could have longer fluorescence lifetime than band edge recombination [42] this could correspond to a defect state. To investigate the PL kinetics of the oxidised foil, TCSPC measurement was done on an unetched oxidised foil as it has a better resolution than TRPL measurement. As can be seen in Figure 5.12(a), the thermally oxidised foil had three PL peaks at an excitation of 405 nm using a monochromatic light from Xe lamp. The peak at 780 nm may not be real and it could be from the background or setup as it was not detectable in the TCSPC measurement. The band edge emission was observed at a higher wavelength of 585 nm corresponding to a bandgap of 2.1 eV.

As Cu2O have a narrow bandgap, the PL emissions might be due to contribution of defect states or from the surface other than the recombination of electron from conduction band to valence band. The decay profiles at both the wavelengths were approximately similar following a triexponential decay with average decay times of 3.83 ns (for 585 nm peak) and 4.14 ns (for 476 nm peak) as shown in Figure 5.12 (b) and (c). The peak at 476 nm could be a due to C2-V2 transition with a longer lifetime. TRPL measurement, the PL peak was not completely decayed even at 15 ns, since no PL peaks were observed in the TCSPC measurement, it is difficult to compare with the thermally oxidised Cu2O sheet. But it can be concluded that from the PL kinetics analysis, the sputtered film and thermally oxidised sheet might have a better carrier lifetime than the PLD Cu2O film.

As the carrier lifetime was good in thermally oxidised sheet, to understand why our thermally oxidised Cu2O still had lower photovoltaic performance especially open-circuit voltage, surface photovoltage of the Cu2O absorbers were measured. SPV measurements of the Cu2O were carried out using a single point Kelvin Probe system (KP Technology KP020) with a 2 mm diameter gold tip at ICube Laboratory. Illumination was done using a halogen source with calibrated illumination for white light SPV. The SPV signal was measured by subtracting the CPD at dark from CPD at illumination. As can be seen in Figure 5.13(a), SPV signal increases linearly for all the three samples with illumination intensity and it saturates at 56 mV for thermally oxidised sheet, at 49 mV for PLD film and was the lowest for sputtered film at 15 mV. The SPV signal of the thermally oxidised Cu2O was the highest followed by PLD and sputtered films. Here we also need to consider the fact that the thickness of the samples was not identical (thermally oxidised sheets have thickness in micrometre range)

Surface Photovoltage Measurement

and the surface of the thermally oxidised foils was more textured which are some other factors which also influence the minority carrier diffusion length. Even then higher surface voltage was observed for the thermally oxidised sheets. This shows their better surface quality than the PLD and sputtered film.

The change in CPD vs time shown in Figure 5.13 (b) at light and dark cycles is also prominent for the thermally oxidised foil followed by PLD film. For the sputtered film the change was hardly detectable. This further confirms that the photo response is the highest for the thermally oxidised sheets.

To check if the poor Voc observed for the solar cell, Au/thermally oxidised Cu2O/ZnO/AZO measured in the I-V measurements (reported in 5.3(c)) is due to physical difficulty in establishing a contact on the electrodes using the probes during I-V measurements, the surface photovoltage at the heterojunction was measured at varying intensities of white light (SPV is contactless measurement). This was achieved by measuring the CPD between the heterojunction in the solar cell.

As listed in Table 16, the SPV of the heterojunction of thermally oxidised Cu2O sheet was 500 mV at 20 mW/cm 2 illumination. However, the Voc measured at 1 sun (100 mW/cm 2 ) was only 190 mV. For the best performed PLD solar cell, Nb:STO//PLD Cu2O/Au with highest Voc of 0.56 V, the SPV was 280 mV. At a higher illumination of 100 mW/cm 2 , higher Voc than the SPV at 20 mW/cm 2 could be obtained. However, this was not observed in thermally oxidised solar cells because as the films were bended and since I-V is a contact measurement there were problems in making a stable contact using the measurement probes. Hence the low voltage value measured from the I-V measurements is to an extend due to this physical issue. The high SPV voltage obtained from the SPV measurement of the thermally oxidised sheet than the PLD film shows that there is definitely higher potential for thermally oxidised Cu2O based solar cell, and much better photovoltaic performance can be achieved. 

CONCLUSION

The focus of this chapter was mainly on the comparison of the different Cu2O absorbers prepared via PLD, magnetron sputtering and thermal oxidation. On comparison of the J-V properties by forming solar cells using different heterojunctions, the PLD Cu2O solar cell with epitaxially grown absorber layer showed the highest open circuit voltage of 0.56 V. Nonepitaxially grown PLD Cu2O absorber was found to show very poor performance. Even though the highest short circuit current density was obtained from thermally oxidised foil (1.9 mA/cm 2 ), it had a poor open circuit voltage (0.19 V) and J-V characteristics compared to the sputtered and PLD films. The J-V characteristics of all the solar cells except the epitaxial Cu2O solar cell showed mobility, series resistance and shunt problems. These absorbers were then further analysed using advanced characterization techniques. Table 17 summarizes the results. From the TA measurements, it was observed that even though both the PLD and sputtered film have poor exciton lifetime due to defects, it was the lowest for the PLD film than the sputtered film. For a good Cu2O film, without any defects, this value should be in micrometre range. A strong PIA signal was observed only in the sputtered films under long-time TA measurements. Additionally, transient absorption measurements of the PLD Cu2O revealed a fluence independent absorption feature with a longer lifetime of 20 ns at higher energies than bandgap which could be from a trap state which is reducing the exciton lifetime to femtoseconds which was measured from short-time TA. This was not observed in the sputtered Cu2O film which had a better lifetime.

Further, the charge carrier dynamics of the PLD, sputtered and thermally oxidised Cu2O were analysed using TRPL and TCSPC. The PL kinetics of the PLD film showed a biexponential decay with a fast decay time of ~ 315 ps. The thermally oxidised Cu2O sheets had a triexponential decay with a decay time in the range of ~ 5 ns which could be the reason for higher photocurrent observed in the I-V measurement as charge carrier separation becomes more efficient due to higher minority carrier lifetime. However, these values are much lower than Si absorbers with PL lifetime in the micrometre range [43]. Hence this lower minority carrier lifetime could also be a reason for the low performance of Cu2O based solar cell compared to Si based solar cell. Compared to all the Cu2O absorbers studied in this work, the thermally oxidised sheet was found to have better minority carrier lifetime. The thermally oxidised Cu2O was also found to have higher SPV signal which is related to the minority carrier diffusion length. Moreover, the SPV measurement of the thermally oxidised Cu2O heterojunction with ZnO/AZO revealed high photovoltage saturating at 500 mV at 20 mW/cm 2 while the experimentally measured VOC of this heterojunction was only 190 mV at 100 mW/cm 2 . This discrepancy points to the fact that the thermally oxidised Cu2O have higher photovoltaic performance potential than that was measured experimentally if the physical problems encountered during contacting the electrodes by the probes during I-V measurements were solved. This aligns with the better photovoltaic performance of thermally oxidised Cu2O reported in the literature which we have found out to be due to better surface quality, higher minority carrier lifetime and diffusion lengths through several characterization techniques.

Both the PLD and sputtered Cu2O absorbers were found to have defects which are affecting their carrier lifetime. For the PLD film, a trap state at a higher energy state than the band gap

CONCLUSION AND PERSPECTIVES

This work opens the door for a better understanding on the influence of preparation methods of Cu2O on their absorber properties when grown via popular techniques of Pulsed Laser Deposition (PLD), Magnetron Sputtering and Thermal Oxidation. By optimising the PLD deposition temperature and oxygen partial pressure, we obtained pure Cu2O phase at both high temperature (750 ℃) and low temperature (300 ℃) by varying the oxygen partial pressure. By following a detailed study on the PLD films, we have shown that the phase of the film, crystallinity, electrical and optical properties could be controlled by varying the deposition conditions and only in a narrow window of temperature and pressure good quality phase pure Cu2O film could be obtained via PLD. We have shown the variation in the stoichiometry (oxygen to copper ratio) of the PLD films at different deposition conditions using a more reliable technique of Rutherford Back scattering Spectroscopy (RBS) which was not reported yet as most of the work in literature rely on more local techniques such as Raman spectroscopy for the phase determination. By comparing the quality of the films, their structural, electrical and optical properties, the best deposition condition for Cu2O absorber using PLD was found to be 750 ℃ and 10 -2 mbar oxygen partial pressure. This film was found to be better crystallized with lattice parameters close to pure Cu2O, a direct bandgap of 2.05±0.05 eV from Tauc plot and a high absorption coefficient of ~10 6 cm -1 in the 400-600 nm range which makes it suitable for the application as an absorber. The optimized PLD film was p-type with a low resistivity of 40 Ω.cm, a high mobility of 30 cm 2 / (V. s) and bulk concentration of about 10 15 cm -3 . Typically, low mobility of Cu2O film is always a major concern for the implementation of the film in photoelectronic applications. Thus, achieving Cu2O films with high mobility as reported in this work without compromising the carrier concentration is difficult.

Even though Na doped Cu2O solar cell currently hold the highest reported efficiency for Cu2O solar cell in the literature, the methods reported for Na doping of Cu2O hardly allows for a control on the dopant amount. To the best of our knowledge this was the first time the electrical properties of Cu2O films were studied by controlling the amount of Na inside Cu2O lattice.

Initial results on the impact of ion implantation of Na at various doses on the electrical properties of PLD Cu2O were also discussed in this work. The carrier concentration was found to increase by a factor of 100 as Na substitutes Cu forming Na2O thus increasing the copper Despite the good quality and electrical properties of the PLD film, The lower performance of PLD Cu2O absorber was found to be due to lower exciton lifetime in the range of less than 1 ps from the Transient Absorption measurements whereas for the sputtered film, a photo-induced absorption (PIA) peak was visible even after 1μs. A long lifetime component at a higher energy state than the bandgap, possibly a trap, was observed in the long time TA measurements in the PLD Cu2O which could be the factor affecting the exciton lifetime. This was not observed in the sputtered film. An exciton lifetime in the micrometer range is expected in a Cu2O absorber without defects. Even though sub-band gap absorption due to defects were found in the absorbance spectra from PDS in both PLD and sputtered films, it was found to be more prominent in the sputtered Cu2O film. Hence the sub-bandgap defects could be the factor affecting the exciton lifetime in sputtered film.

From PL decay kinetics analysis, it was also clear that the carrier lifetime is much lower for PLD film (315 ps). The oxidised sheet however was found to have a higher carrier lifetime of 4 ns. This better minority carrier lifetime in thermally oxidised sheets could be the key factor in obtaining high performance solar cells with thermally oxidised Cu2O. From all the analysis done on the thermally oxidised Cu2O, both basic and advanced it was clear that higher grain size, and better minority carrier lifetime are the key factors improving its efficiency as an absorber.

It is worth noting that there is potential for the sputtered Cu2O film if the mobility of the film could be further improved as the carrier lifetime is comparable to the thermally oxidised sheet and since the deposition is carried out at a lower temperature, it is indeed a promising growth technique for Cu2O absorber. Moreover, further optimization of the ion implantation doses on the sputtered Cu2O film could eventually improve its properties and further studies in this direction is promising. Detailed studies on the PLD Cu2O film using techniques such as Positron Annihilation Spectroscopy could help to understand more about the traps/defects which is reducing its exciton lifetime and will be useful to find a solution to overcome this limitation.

We also believe there is further scope in the improvement of Cu2O solar cell with sputtered film and thermally oxidised sheet by improving the heterojunction. Especially for the thermally oxidised sheet, since the surface is very reactive to oxidation, by reducing the etching time and top electrode deposition time to almost negligible can significantly improve the solar cell performance. Finding the right heterojunction with optimum barrier height is also a key factor to improve the photovoltaic properties. Thus, in spite of Cu2O absorber being a long-researched semiconductor, there is still a lot of room for improvement in both the material and heterojunction to obtain better performing solar cells.

𝑓(𝐸) = 1 exp[ E-E f k B T ]+1 0.1
where E is the energy of electron, T is the temperature and Ef is the Fermi energy. The Fermi level occupation probability is ½ and states above the energy is unoccupied and below are occupied at zero Kelvin. In an intrinsic semiconductor, the density of electrons and holes are equal, and the intrinsic density is given by:

𝑛 𝑖 2 = 𝑁 𝐶 𝑁 𝑉 exp ( -𝐸 𝐺 𝑘𝑇 ) 0.2
The Fermi energy when 𝑛 𝑒 = 𝑛 ℎ is given by The very basic structure of a typical solar cell includes a window layer (n or p type), the light absorbing layer called absorber layer (i/n/p-type). On top, there will be electrodes (TCO) to collect the charges, which are also transparent to allow the sunlight to pass through and fall onto the absorber. At the bottom as well, there will be electrodes to collect the current. The The power conversion efficiency of a solar cell which is the ratio of maximum power generated to the irradiated power, can be calculated from the above parameters, and is given by: 

𝐸 𝐹 = 1 

A.2 PULSED LASER DEPOSITION (PLD)

Pulsed Laser Deposition is one of the commonly used thin film fabrication technique. It is a physical vapour deposition technique. Even though PLD was first reported in literature in the 1965 where it was used to grow semiconductor films and dielectric using a ruby laser [5]. A breakthrough happened in 1987 at Bell Communications Research when this deposition method was used for in situ growth of epitaxial high-temperature superconductor films [6]. Since that time PLD is popular technique for the deposition of several complex oxide films. Advancement in the PLD process have led to layer-by-layer growth of the film which can be monitored by Reflection high energy Electron Diffraction (RHEED) [7]. This allows for the better use of the technique for complex depositions tailored made for specific applications.

PLD is a simple technique conceptual and operational point of view as illustrated in the schematics in FigureA.2.1(a). A 20-30 ns wide high energy laser pulse (~ 1-10 J/cm 2 ) ablate the "target" thus rapidly removing material from it generating plasma plume (laser plume). A plasma plume is a transient and highly luminous collection of neutral or ionic atoms and molecules generated by vaporizing the surface material of the target. "Target" is a pellet made of the material whose thin film is to be deposited. It is attached on the target carousel and rotates throughout the deposition. The substrate onto which the film should be deposited is attached on a substrate holder which is also a heater and is placed opposite to the target. The heating element allows for the deposition of films at varied temperatures. The generated plasma plume expands while it travels away from the target towards the substrate and condenses onto the substrate forming a film. The typical velocity of the plasma plume is 106 cm -1 , however neutral atoms, Laser ablation on the target can cause heating rates as high as 10 11 K/s on the target surface and gas pressure of 10-500 atm [8]. The wavelength of the laser used determines the penetration depth on the target. To avoid subsurface boiling which will cause numerous large particulates on the film surface, it is preferrable to use a laser with smaller penetration depth so that the energy is absorbed on the surface of the target within a shallow layer. Practically possible lower wavelength limit for the laser is approximately 200 nm as there will be absorption of photons in the beam path by optical elements and oxygen molecules [7]. Lasers using KrF excimers (248 nm, 20-35 ns pulse duration) is the most used for PLD, while ArF (193 nm) and XeCl (308 nm) excimers are also used for film growth. Longer pulse durations (tens of nanoseconds) can lead to higher interaction between the incident beam and the plasma plume which can lead to increased heating. Additionally, the laser fluence must be higher than a threshold value to emit the species from the target surface which is typically in the range of 1-3 J/cm 2 for 25 ns pulse.

The growth rates of PLD can be easily manipulated by adjusting the laser parameters.

One of the greatest advantages of PLD technique is the stoichiometric transfer of material from the target. However, that doesn't guarantee the growth of stoichiometric films as all the species in the plasma does not get deposited at the same rate as processes like re-sputtering (by high energy ions) or re-evaporation of volatile elements might occur. For the deposition of oxide films, the control of oxygen content is the most important factor and deposition at different background pressure highly influence the film stoichiometry. The nucleation and film growth in PLD is highly material dependent.

As there are no ion or evaporation sources involved in this technique, it is relatively simple to operate in high pressures using reactive gases like oxygen. The thickness of the deposited film can be controlled using the laser fluence and deposition time, also, PLD have relatively high deposition rate. Even though the process of PLD involves an interplay of several factors determining the properties of the deposited film, it involves simple clean processing and laser is used as an external energy source. Additionally, since several targets can be attached to the target carousel, deposition of multilayer film is possible without taking the substrate from vacuum.

One of the main limitations of this deposition techniques is that since the plasma plume is highly forward directed, the composition of the deposited film is not controllable, and thickness of the film will not be uniform. In PLD, the area of deposition is small which limits the usage of this technique in large industrial processes which usually require large processing area. Even though the technique is simple, the mechanisms involved in the PLD is rather complex including the ablation, plasma generation, propagation of the plume and nucleation and growth of the film. Several factors influence the properties of the deposited thin film, laser fluence, background gas, target-substrate distance, temperature of deposition etc to name a few. Hence, a lot of optimizations is necessary for the deposition of new materials. The ablated material can contain large globules of molten materials (up to 10 µm diameter) which when deposited onto the substrate can increase the roughness of the film thus adversely affecting its applications.

A.3 MAGNETRON SPUTTERING

Magnetron sputtering is a vacuum-based physical technique just like PLD. It is a popular technique for the deposition of oxide thin films. The main advantage of the sputtering technique is that even at low temperature high deposition rate can be achieved in this technique. Moreover, accurate control of the stoichiometry of the deposited thin film is possible. Similar to other thin film deposition techniques, the property of the thin film depends on the oxygen partial pressure, gas flow rate, temperature of the substrate and chamber pressure.

In a "normal" sputtering process, a target is bombarded with high energy ions which emit molecules from the target. These molecules with high kinetic energy travel to the substrate to form a film.

In magnetron sputtering technique, the ionization of the atoms hitting the target is increased with the help of magnetic fields. This in turn increases the sputtered atoms. Using magnetron sputtering, by combining a reactive gas such as oxygen, nitrogen or any carbon-containing gas, the concept of "reactive sputtering" can be achieved. Under the right conditions of deposition parameters such as substrate temperature, sputtering gas pressure, rate, energy of the ions hitting the substrate etc a compound material can be formed with the help of condensation and chemical reactions on the substrate surface in reactive sputtering. By introducing oxygen gas as the reactive gas, thin oxide films can be formed on the substrate. The key factors to consider for getting good quality film with rather homogenous coverage are suitable ion energies/intensity, right substrate temperature and optimum base pressure of the sputtering chamber. Much higher ion energies are not favorable as higher energy ions might get implanted at a depth in the bulk material which is a radiation damage. Relatively low ion energies (30-90 eV corresponding to bias voltage of -30 to -90 V) a rather homogenous film will be formed on the substrate surface due to close packing procedure of the sputtered particles reaching the substrate. The influence of substrate temperature is also critical as too low temperatures leads to island formation. The deposited atoms will be less bonded to the substrate as they are more strongly bonded together which leads to voids in the deposited film. Higher substrate temperature enhances the lateral movement sputter atoms due to increase in the vibrational energies. Additionally, the base pressure of the vacuum chamber should not exceed 10 -6 mbar as at too high pressures, impurities such as oxygen and other gases influence the film. 

Résumé en français

La plupart des cellules solaires disponibles commercialement sont basées sur le silicium (Si).

Cependant préparées par oxydation thermique de feuilles de cuivre fournissent les meilleurs rendements de conversion à ce jour (Figure 1). Cependant, comme cette oxydation requiert une température 

Résumé en anglais

Cuprous Oxide (Cu2O) is a promising candidate as an absorber in photovoltaics. In this work, initially we have optimized the deposition conditions for pure Cu2O film without any parasitic CuO phase via Pulsed Laser Deposition (PLD) and RF Magnetron Sputtering. Optimization of the thermal oxidation of copper sheets to obtain Cu2O was also carried out. We have shown that the stoichiometry of the film can be controlled by varying the deposition conditions. The absorber properties of the films were investigated in detail with several structural, optical, and electrical characterization techniques. To study the influence of the Cu2O growth technique on the absorber properties, optimised PLD and sputtered Cu2O films were compared to thermally oxidised Cu2O sheets. The photovoltaic response of the same absorber prepared via different techniques was also investigated by constructing solar cells with suitable

heterojunctions. An open-circuit voltage of 0.56 V was measured from epitaxially grown PLD Cu2O with Nb:SrTiO3 heterojunction. The highest current was obtained for solar cell with thermally oxidised sheet with a short-circuit current density of 1.90 mA/cm 2 . The sputtered Cu2O solar cell also showed promising photovoltaic response. Finally, the variation in the absorber efficiency of Cu2O was analysed using advanced characterization techniques such as Transient Absorption and Time-Correlated Single Photon Counting. The presence of defects or traps were found to influence the carrier lifetime in the PLD and sputtered Cu2O films, highly affecting the charge carrier separation efficiency when employed in a photovoltaic cell. Keywords: Oxides, PLD, Magnetron Sputtering, Thermal Oxidation, Solar Cell, Cu2O
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 11 Figure 1.1 Schematic illustration of photon emission in (a) direct bandgap semiconductor (b)indirect bandgap semiconductor[7] 

Figure 1 .

 1 Figure 1.3 gives a general schematics of energy band diagram of an all-oxide solar cell under short circuit condition wherein M corresponds to Metal and O to Oxygen and x and mcorresponds to the stoichiometric ratios. MxO is a window layer between the TCO and the oxide absorber M(nm)Ox, which is a combinatorial light absorber material with n metals. M is the back contact metal.
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 13 Figure 1.3. Band diagram of an all-oxide solar cell under short circuit conditions
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 14 Figure 1.4 Crystalline structure of Cu2O[17] 
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 15 Figure 1.5. Formation energies of intrinsic p-type defects in Cu2O at (a) Cu rich and O poor (b) Cu poor and O rich conditions[39]
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 116143 Figure 1.6(b)).
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 17 Figure 1.7 Phase diagram of Cu-O by Rakhshani et.al[9] 
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 18 which shows the efficiency of solar cells with the different preparation methods of Cu2O absorber, all the better performing solar cells are with thermally oxidized Cu2O. Other popular methods for preparation are pulsed laser deposition, atomic layer deposition, chemical vapour deposition, however such solar cells have not yet reported conversion efficiency above 5 %[23]. As explained in 1.4.3, obtaining the Cu2O phase is very challenging as several factors influence the phase and CuO is more stable at room temperature. To obtain Cu2O without any parasitic CuO, detail deposition parameter optimizations is necessary. In this work three main synthesis routes were followed to obtain phase pure Cu2O namely, pulsed laser deposition (PLD), magnetron sputtering and thermal oxidation.
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 18 Figure 1.8 Efficiency chart of Cu2O solar cells with their year of publication and type of preparation of Cu2O[23], [58], [63]-[69]

Figure 1 . 9

 19 Figure 1.9 (a) Schematics of cuprous oxide formation (b) copper oxidation stages from time lapsed sequential CCT STM during oxidation of clean Cu (100) surface extracted from Lahtonen et.al [100]
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 21 Figure 2.1 (a) Schematics of the PLD setup with parameters (b) A photo of plasma plume during the PLD deposition of Cu2O film on a heated substrate

Figure 2 .

 2 Figure 2.1(a) outlines the schematics of the PLD setup with the parameters. The deposition was carried out using a KrF excimer laser (248 nm) at a repetition rate of 10 Hz with 1-2 J/cm 2 laser fluence on the target. The target-substrate distance was fixed at 55 mm. The plasma plume is a collection of luminous ions/molecules/atoms formed by the vaporization of the CuO target as can be seen as green colour in the photo in Figure 2.1(b). Films were prepared at a range of temperatures from room temperature up to 800 °C and oxygen partial pressures (PO2) of 10 -2

Figure 2 .

 2 2(b). The channel number is linearly proportional to the backscattered ion energy. Each peak in the spectrum corresponds to an element in the film and the width of the peak corresponds to the energy loss of the ions within the material.[2] Even though the error of this measurement depends primarily on the quality of the film, an error of 10-15% can be expected.

Figure 2 . 2

 22 Figure 2.2 (a) Basic illustration of the back scattering spectroscopy (b) RBS spectrum for acompound AmBn on a low mass substrate[2] 

Figure 2 .

 2 3(b) shows the simulation parameters, wherein approximate thickness of the film in angstroms and the concentration are adjusted to obtain a fitting simulation curve.Here, two isotopes of Cu are used, hence the total concentration of copper is 0.7+0.3 and oxygen concentration is 0.5 with respect to Cu which corresponds to the stoichiometry of Cu2O phase.
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 23 Figure 2.3 (a) RBS yield vs Energy of Cu2O film deposited at 750 ℃, 10 -2 mbar O2p-p on quartz (b) A screenshot from the SAM tool with the simulation parameters
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 24 Figure 2.4 Oxygen to copper ratio in CuxO v.s temperature at 10 -2 mbar and 10 -3 mbar oxygen partial pressures (estimated from RBS measurements)
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 25 Figure 2.5 (a)RBS spectrum of CuxO film prepared at same temperature but different oxygen partial pressure (b) RBS spectrum of Cu2O film deposited at 300 ℃, 10 -3 mbar PO2. RBS spectrum of PLD films deposited at different temperatures and (c) PO2: 10 -2 mbar (d) PO2: 10 - 3 mbar

  as fluence on the target, sticking coefficient, re-evaporation rate and

Figure 2 .Figure 2 . 6

 226 Figure 2.6 Raman spectra of the PLD deposited CuxO films at different temperatures and (a) PO2: 10 -2 mbar (b) PO2: 10 -3 mbar (c) Raman spectra of the PLD deposited Cu2O films on quartz along with references from RRUFF database translated for viewing purpose

Figure 2 . 7

 27 Figure 2.7 Grazing angle X-ray diffraction pattern of (a) A and B (b) C and D on quartz and reference of Cu2O and CuO from the ICCD database

  , film A has very low tensile stress of 0.01 GPa whereas film B had tensile stress of 0.22 GPa. Film C has a tensile stress of 0.07 GPa while film D have a compressive stress of 0.57 GPa. The d-spacing of the high temperature deposited Cu2O film (film A) are expected values for the dominant peaks of pure Cu2O film and a slight deviation was observed for the low temperature deposited film (sample B) as expected. Detailed study on all the crystalline parameters points to film A deposited at 750 ℃, 10 -2 mbar to be of betterquality.

Figure 2 .

 2 Figure 2.8 (a) and (c) confirms that the Cu2O film deposited at 750 °C,10 -2 mbar on quartz is polycrystalline.Rectangular shaped grains randomly arranges with rather fewer holes is visible

Figure 2 . 8

 28 Figure 2.8 Secondary Electron images of Cu2O films at different magnifications (a) and (c) Film A deposited at 750 °C,10 -2 mbar on quartz (b) and (d) Film B deposited at 300 °C,10 - 3 mbar on quartz (holes in films is marked in red)Another microscopy technique followed to determine the topography and roughness of the films was Atomic Force Microscopy (AFM). In AFM technique, a small tip attached to a cantilever which scans over the surface of the film and interacts with the atoms. It measures the force with which the tip gets deflected by the peaks and valleys due to attraction or repulsion. The deflection is measured and converted into an electric signal which helps to create a topographic graph of the surface[19]. It is a very high-resolution technique with orders of magnitude in nanometers. The roughness of the Cu2O films (approximately 100 nm thick) was found out using a NT-MDT SMENA Atomic Force Microscope (AFM). The Cu2O film deposited at 750 °C,10 -2 mbar (film A) was rough with RMS roughness of 47 nm while the film B deposited at 300 °C,10 -3 mbar was smooth with RMS roughness of 7 nm. As can be seen in the 3D AFM view of film A in Figure2.9(a), it has larger grains with a height of 0.27 µm. Even though film B has a smooth surface, large splashing causes uneven surface as can be seen in the three dimensional view of the AFM scan in Figure2.9 (b).

Figure 2 . 9

 29 Figure 2.9 AFM image (5 µm x 5 µm) in two-dimensional and three-dimensional view of Cu2O film (~ 100 nm thick) deposited at (a) 750 °C,10 -2 mbar (b) 300 °C,10 -3 mbar on quartz

Figure 2 .Figure 2 . 10

 2210 Figure 2.10 (a) and (b).Film A deposited at 750 °C and 10 -2 mbar which was found to have better quality in the structural analysis is found to have higher absorbance (zero transmittance) between the wavelengths of 200-450 nm range and an absorption threshold between 450-630 nm. However, the Cu2O film deposited at 300 °C and 10 -3 mbar (Figure2.10(b)) have a high absorbance (low transmittance) for a narrow wavelength (~200-300 nm) and then the absorbance decays exponentially, the exciton binding energy might be lower in film B compared to film A. For the films C and D similar fast decay in absorbance with wavelength in the visible region can be observed in Figure2.10 (c) and (d).
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 211 Figure 2.11 Variation of absorption coefficient v.s wavelength of (a) film A and B (b) C and D deposited at different temperatures and pressures on quartz.

Figure 2 . 12 2 . 4 . 3 . 1 Figure 2 . 13

 2122431213 Figure 2.12 Photoluminescence spectra for films (a) A (750 °C, 10 -2 mbar) and B (300 °C, 10 -3 mbar) (b) C (650 °C, 10 -3 mbar) and D (200 °C, 10 -2 mbar) at an excitation wavelength of 532 nm on quartz substrates

Figure 2 .Figure 2 . 14

 2214 Figure 2.14 Electrical properties of the PLD deposited CuxO films (~100 nm thick) at two oxygen partial pressures of 10 -2 and 10 -3 mbar (a)Resistivity (b)Hall Mobility (c)bulk concentration as a function of substrate temperature

  order to deeply understand the change in the Cu2O thin film properties which in turn improves the solar cell efficiency, Na ions were introduced into best performing PLD Cu2O thin film (deposited at 750 °C and 10 -2 mbar) via ion implantation. Ion implantation allows introduction of a given element into a material by controlling the depth and quantity of the species introduced. Thus, ion implantation provides the advantage of controlling the dose of Na introduced into the lattice thus helping to carefully study the effect of Na. A 200 kV implanter (EATON 200 MC) was used for the implantation. It can accelerate ions up to mass 115 (In) at voltages between 1 and 180 kV. It is equipped with a scanning magnet for mass selection after a 20 kV pre-acceleration. NaCl powder was used as the ion source, which was vaporized in the furnace and separated to Na + and Cl -by electromagnets. Subsequently Na+ is used as the ion beam. Six doses (number of atoms/cm 2 ) of Na ions were introduced into the Cu2O films at 40 keV energy to study its impact on the properties of the films. The depth profile or the ion distribution as a function of depth for the implantation was determined using SRIM software at the various doses of Na ions and is shown in Figure 2.15. A gaussian distribution of ions is achieved at an energy of 40 keV for 100 nm film.

Figure 2 . 15 Figure 2 . 16

 215216 Figure 2.15 Stimulated ion distribution as a function of depth for the different doses of Na ions at 40 keV energy

Figure 2 .

 2 Figure 2.17 (a) Variation of current density with acceptor concentration from simulation of ITO//Cu2O/ZnO/AZO solar cell (AFORS-HET) (b)Experimental absorption coefficient of implanted Cu2O films

  thin films prepared via different techniques and to analyse their potential as a photovoltaic absorber. In the previous chapter Cu2O thin film optimization via PLD has been discussed and their basic structural, optical and electrical properties were presented. Magnetron sputtering is another popular thin film deposition technique which provides a good control on the stoichiometry of the films by varying the deposition parameters. It provides high uniformity at a relatively high growth rate. Similar to other thin film deposition techniques, the film properties and stoichiometry can be controlled by varying the substrate temperature, gas flow rates, target power density, sputtering gas pressure. A detailed description of the sputtering deposition technique is given in the Appendix.Even though magnetron sputtering is one of the popular Cu2O growth techniques, majority of the work in literature are using DC magnetron sputtering[1]-[6]. Here, we have optimized the Cu2O thin film deposition via RF sputtering, and the influence of the different deposition parameters on the properties of the films are analysed to find the optimized Cu2O film with absorbing properties.

Figure 3 .

 3 Figure 3.1(c), even though all the films showed good crystallization, the film deposited at 53 W was better crystallized (lower FWHM) with an orientation in (2 0 0) direction. It also exhibited significant Cu2O peaks for (1 1 1), (2 2 0) and (3 1 1). Confirming the Raman, the film deposited at 51 W was a mixture of both the phases. Hence, as the power increases the phase of the film changes from a mixture of Cu2O and CuO (due to insufficient Cu atoms) to Cu2O phase only.

Figure 3 . 1

 31 Figure 3.1 (a) Oxygen to copper ratio of sputtered thin films deposited at Ar/O2: 8/1 sccm and varied sputtering pressures (estimated from RBS measurements)(b) Raman spectra of films deposited at Ar/O2: 8/1 sccm and sputtering powers of 50-55 W and 65 W at 532 nm excitation wavelength (c) Grazing angle (3°) XRD pattern of the sputtered films deposited at Ar/O2: 8/1 sccm and varied sputtering pressures (d)RBS yield vs Energy of sputtered thin films

  the sputtering power at 53 W and argon flow constant at 16 sccm, oxygen flow rate was varied from 1.5 sccm to 2.5 sccm to study the change in the stoichiometry of the films. Unlike expected, by doubling both the argon and oxygen flow rate, keeping their ratio constant,a change in the phase of the films was observed as can be seen from the O/Cu ratio estimated from RBS in Figure 3.2(a). The oxygen to copper ratio was 0.54 for a flow rate of Ar/O: 8/1 sccm while it increased to 0.71 when the flow rate doubled to Ar/O: 16/2 sccm. When at higher reactive gas flow, increase in the oxygen availability had led to formation of CuO films. Hence above 2 sccm all the films showed CuO stoichiometry as can be seen from the RBS, Raman and XRD results in Figure 3.2. At lower flow rate of 1.5 sscm, the O/Cu estimated from RBS results were contradicting with the Raman spectra. The films were a mixture of both Cu2O and CuO phase. For a lower oxygen flow rate, below 1.7 sccm films had the presence of both the phases. Between oxygen flow rate of 1.7-1.9 sccm the film had Raman vibrational modes of Cu2O (RRUFF ID:R140763).

At 1 .Figure 3 . 2

 132 Figure 3.2 (a) Oxygen to copper ratio of sputtered thin films deposited at 53 W, Ar:16 sccm and varied oxygen flow rate(estimated from RBS measurements) (b)Raman of sputtered thin films deposited at 53 W, Ar:16 sccm and varied oxygen flow rate at 532 nm excitation wavelength (c) Grazing angle (3°) XRD pattern of films deposited at 53 W at varied O2 flow rate

Figure 3 . 3

 33 Figure 3.3 (a) Raman spectra of magnetron sputtered Cu2O film at 532 nm excitation wavelength(b) Grazing angle XRD pattern of the sputtered Cu2O film

Figure 3 .Figure 3 . 4

 334 Figure 3.4(d) .The grains were very small with a height of less than 33 nm. The sputtered film had a flat morphology with an RMS roughness of only 2.7 nm which is much smaller than both the PLD deposited films at high and low temperatures.

Figure 3 . 5

 35 Figure 3.5 (a) Wavelength depended Transmittance and Absorbance of the Cu2O film sputtered at 53 W, Ar/O: 16/1.8 sccm and tauc plot in the inset (b) Absorption coefficient spectra of the Cu2O film from ellipsometry measurements via different techniques and reference[25] (c) Absorption coefficient with respect to energy of the sputtered Cu2O film on quartz from Ellipsometry and UV-VIS spectroscopy

Figure 3 . 6

 36 Figure 3.6 Photoluminescence spectra of the sputtered Cu2O film at an excitation wavelength of 400 nm on quartz substrate

Figure 3 . 7

 37 Figure 3.7 Carrier properties of the sputtered CuxO films estimated from the hall measurements, deposited at a power of 53 W, argon flow rate of 16 sccm and different oxygen flow rates

Figure 3 . 8

 38 Figure 3.8 (a) Raman spectra of the as grown sputtered Cu2O film and the film annealed via RTA process (b) Diffraction peaks of the as grown sputtered Cu2O film and the film annealed via RTA process

Figure 4 . 1

 41 Figure 4.1 Schematics of Thermal Oxidation Setup

Figure 4 .

 4 2(a) plots the Raman spectra, at an excitation wavelength of 532 nm, for the two investigated durations. Vibrational modes of only Cu2O (T1u mode, second-order Eu (2Eu) mode, and multi phonon process (MPP) mode) was visible in the raman spectra of the film oxidized for 1 hour duration as can be seen in Figure4.2(a) in comparison to the reference (RRUFF ID:R140763). In contrast, for the film oxidized for 1.5 hours along with the Raman signature peaks of Cu2O, vibrational modes of CuO are clearly visible. Thus, the thermally oxidised foil with longer duration of oxidation has changed its phase from pure Cu2O phase to a mixture of Cu2O and CuO.

Figure 4 . 2

 42 Figure 4.2 Structural Properties of thermally oxidized copper foils for a duration of 1 hour and 1.5 hours (a) Raman spectrum at an excitation wavelength of 532 nm (b) X-ray diffraction pattern (c) Photoluminescence spectra at an excitation wavelength of 532 nm

Figure 4 . 3

 43 Figure 4.3 Structural characterization of the thermally oxidised foils rapidly quenched and the foils which were cooled down to room temperature (RT) inside the furnace (a) Raman spectra at an excitation wavelength of 532 nm (b) X-ray diffraction patterns

Figure 4 . 4

 44 Figure 4.4 Optical microscope image at a magnification of 5X of (a) a rapidly quenched foil (b) room temperature cooled down oxidised foil. Secondary electron images of (c) and (d) rapidly quenched oxidised foil ,(e) and (f) a thermally oxidised foil cooled down to room temperature

Figure 4 . 5

 45 Figure 4.5 Photoluminescence spectrum of thermally oxidised foil rapidly quenched and cooled down to room temperature Thus, the structural, morphology and photoluminescence analysis of the thermally oxidised foils cooled down via two different methods, points to the better quality and suitability of the foil cooled down to room temperature in the furnace for the application as an absorber.

Figure 4 .

 4 6 (a). The vibrational mode of CuO at 298 cm -1 completely diminished in the foil etched for 50 seconds. Hence the CuO traces can be completely removed from the thermally oxidised foil by etching for 50 s in a solution of 20% HNO3 + 80 % H2O.

Figure 4 . 6

 46 Figure 4.6 Raman spectra of the unetched and etched thermally oxidised Cu2O

Figure 4 . 7

 47 Figure 4.7 (a) Raman spectra of Cu2O via three different techniques at 532 nm excitation wavelength(b) Diffraction pattern of Cu2O via three different techniques

Figure 4 .

 4 Figure 4.8 compares the photoluminescence of the Cu2O from different preparation routes. It is found that the emission peak corresponding to the near band edge emission is at the same wavelength for all the Cu2O prepared via PLD, sputtering and thermal oxidation even though the excitation wavelength was different for the magnetron sputtered film. Furthermore, the

Figure 4 . 8

 48 Figure 4.8 PL spectra of Cu2O via different techniques Apart from the better surface quality of the oxidised foils, there are a few factors limiting its application. The major problem encountered was that the oxidised foils were very fragile and breaks easily during handling or during deposition of subsequent layers on the thermally oxidised absorber. The surface roughness of the foils was analysed using Atomic Force

Figure 4 . 9 6 CONCLUSION

 496 Figure 4.9 AFM image of a thermally oxidised Cu2O (unetched) (a) 2D image (10x 10 μm 2 ) (b) 3D image

  Cu2O have a low electron affinity of 3.2 eV, the potential n-type candidates to make the junction are limited. Since Cu2O is a self-compensated semiconductor with intrinsic defects, n-type doping to form Cu2O homojunction is also very challenging. Additionally, since the Cu2O surface is very reactive, it is highly susceptible to oxidation or reduction (low enthalpy of formation of Cu2O), interfacial Cu or CuO formation further deteriorate the efficiency[1],[2]. At Cu2O /metal Schottky junctions, Cu rich region forms regardless of the metal thus reducing the Schottky barrier height and limiting the open circuit voltage (Voc)[2],[3]. Hence it is important to fabricate devices with high barrier heights and stoichiometric Cu2O at the interface. As discussed in Chapter 01, deposition of n-type TCO on polycrystalline thermally oxidised Cu2O

Figure 5 . 1

 51 Figure 5.1 Performance of thermally oxidised Cu2O absorber based solar cells with differentheterojunctions with n-type ternary compounds copied from Coll et.al[27] 

Figure 5 . 2

 52 Figure 5.2 Current density vs voltage of measured in dark and 1 sun of solar cell with (a)PLD Cu2O (b) epitaxially grown PLD Cu2O on Nb:STO. A schematics of the corresponding solar cell architecture is given in the inset (c) θ-2θ XRD diffractogram of (0 0 1) oriented Nb:STO//Cu2O (100 nm)/Au (7 nm) (d) Surface Photovoltage Spectroscopy of the best performing solar cell with PLD Cu2O and p-type silicon by normalizing the SPV by the photon flux versus the wavelength of the light

Figure 5 . 3

 53 Figure 5.3 (a) Current density vs voltage characteristics of ITO/Sputtered Cu2O/AZO (b) energy band diagram of the heterojunction Cu2O/AZO (c) Thermal Oxidation

Figure 5 . 4

 54 Figure 5.4 (a) Current density vs voltage characteristics of Au/Oxidised Cu2O/ZnO/AZO measured in dark and at 1 sun illumination with solar cell schematics in the inset (b) Energy band diagram of the heterojunction between Cu2O and ZnO/AZO

  fundamental laser onto a CaF2 crystal (Eksma Optics, 5mm) controlled by a digital motion controller (Mercury C-863 DC Motor Controller). The short-time measurements could be performed in transmission (TA) or reflection (TR) configuration depending on the samples and substrates. The repetition rate of the pump pulses was initially 1 kHz, but the 123 reflection/transmittance probe pulses from the samples with or without pump excitation (𝑇 𝑝𝑢𝑚𝑝 𝑜𝑛 , 𝑇 𝑝𝑢𝑚𝑝 𝑜𝑓𝑓 /𝑅 𝑝𝑢𝑚𝑝 𝑜𝑛 , 𝑅 𝑝𝑢𝑚𝑝 𝑜𝑓𝑓 ) were collected at a rate of 500 Hz, which was controlled by a rotating chopper wheel. The reflected/transmitted pulses were collected by a monochrome line scan camera (JAI SW-4000M-PMCL; spectrograph, Andor Shamrock SR-163). These reflections/transmittances were used to calculate the TA/TR signal intensity by

Figure 5 . 5 Figure 5 . 6

 5556 Figure 5.5 (a) Wavelength dependent Transient Absorption spectrum of the PLD Cu2O (b) TA kinetics at different wavelengths (c) Exponential Fit of the transient absorption peaks and dips with the fitting equation

Figure 5 .Figure 5 . 7

 557 Figure 5.7 (a) Short-time wavelength dependent TA spectrum of sputtered Cu2O (b)TA kinetics (c)Fluence dependency of TA kinetics of GSB signal at 420-460 nm (d) Long-time TA spectrum with strong PIA signal

Figure 5 .

 5 8 (a). The change in the temperature of the sample also affects the thermodynamic property of the liquid around the sample and changes its refractive index. The refractive index of the liquid changes as a function of its distance from the semiconductor film (Figure5.8(b)).The refractive index gradient is measured with a parallel probe beam which gets deflected at an angle β which is proportional to the absorptance of the film and power density of the pump beam. The detector detects the change in voltage which is proportional to β. Thus with the PDS measurement the absorption edge and sub-bandgap states can be studied in disordered absorbers with better resolution and precision than from UV-VIS spectroscopy measurements.[40] 

Figure 5 . 8

 58 Figure 5.8 (a) Schematics of PDS Measurement (b) change in temperature /refractive index with respect to distance from film (copied from [40])

Figure 5 . 9

 59 Figure 5.9 Normalized Absorbance spectra of PLD and sputtered Cu2O measured from Photothermal Deflection Spectroscopy.

Figure 5 .

 5 Figure 5.10 (a) TRPL of PLD Cu2O at an excitation wavelength of 400 nm (b) PL kinetics of the exciton peak at 626 nm (from TCSPC measurement at excitation wavelength of 405 nm)with its bi-exponential fit

Figure 5 .

 5 Figure 5.11 TRPL spectrum of sputtered Cu2O film at 400 nm excitation wavelength

Figure 5 .

 5 Figure 5.12 (a) PL spectrum of thermally oxidised Cu2O at 405 nm excitation. Kinetics of the PL peaks at (b) 475 nm (c) 585 nm with a tri-exponential fit

Figure 5 .

 5 photovoltage (SPV) is the illumination induced change in the surface potential. When a free semiconductor with a grounded back contact is illuminated, the generation of free charge carriers by various transitions from band-band or trap-band etc results in the redistribution of charge within the surface to bulk or vice versa. This results in the variation of surface space charge region and hence the surface potential. Hence measuring SPV at different illumination intensity give information about minority carrier diffusion length and transient measurements helps to understand the dynamics of the photoinduced charge carriers. Thus, SPV is an excellent measurement technique to compare the potential application of our Cu2O absorbers grown via different methods.
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 11 Figure A.1.1 Fermi distribution function at different temperatures[195]

6 Figure A. 1 . 4 7 𝑒 0 . 8

 614708 Figure A.1.4 (a) Equivalent circuit model of a solar cell also considering the recombination and transport losses (b) J-V curve of an ideal solar cell[1]The current density J and open circuit voltage VOC of an ideal solar cell is then given by:𝐽 = 𝐽 𝑠 [exp ( 𝑒 0 𝑉 -𝐽𝑅 𝑠 k𝑇 ) -1] + 𝑉 -𝐽𝑅 𝑠 𝑅 𝑠ℎ -𝐽 𝑝ℎ 0.7 𝑒 0 𝑉 𝑜𝑐 = 𝐸 𝑔 -𝑘 𝐵 𝑇 ln ( 𝑁 𝐶 𝑁 𝑉 𝑛 𝑒 𝑛 ℎ ) 0.8

Figure A. 2 . 1

 21 Figure A.2.1 (a) Schematics of PLD setup (b) Photo of PLD system at ICube Laboratory

  Figure A.3.1(a)shows the principle of magnetron sputtering. With the help of horseshoe magnet, magnetic field is created close to the target surface (parallel to target surface Bp). In addition to the magnetic field, by applying a negative potential at the target, an electric field E perpendicular to the target surface is also created. A DC (direct-current) high voltage or RF (radio-frequency) or HF (highfrequency) supply can be applied to the target to ignite the magnetron discharge. Based on this there are two types of sputtering, DC Magnetron Sputtering and RF Magnetron Sputtering. A sputtering gas most probably Argon is introduced into the sputtering chamber with the help of a gas regulating system. The high voltage inside the vacuum chamber argon gas gets ionized creating a magnetron plasma in which the ions and electrons are separated. The free electrons experience a force F given by 𝐅 = -𝑞 * (𝑬 + 𝒗 * 𝑩 𝒑 ) 0.11where q is the elementary charge and 𝒗 is the velocity of electron.The secondary electrons emitted perpendicular to the target are only influenced by the electric field and hence moves away from the target surface and exhibits helical motion (depicted by green circle in Figure A.3.1(a)) and are trapped above target surface. Each of these electrons improves the ionization of the Argon gas. After ionization of the Argon gas, the positively charges ions accelerate towards the negatively charged target sputtering the target material. The sputtered material then travels to the substrate and deposit. The formation of trapped electrons in magnetron sputtering enhances the efficiency of sputtering by increasing the sputtering rate up to 1 μm/min.

Figure A. 3 . 1 (

 31 FigureA.3.1(b) shows the schematics of the setup. In this thesis, Cu2O films were deposited using Argon as the sputtering gas and oxygen as the reactive gas and a Cu target.

Figure A. 3 . 1

 31 Figure A.3.1 Principle of magnetron sputtering with the arrangement of magnets behind the target which is at negative potential (copied from [9]) (b) Schematics of Magnetron sputtering technique (copied from [10]) (c) Photograph of the sputtering setup at ICube Laboratory

  162 supérieure à 1000°C, des voies alternatives de croissance de Cu2O sont nécessaires pour des applications performantes à grande échelle et en particulier permettant l'utilisation de substrats flexibles. Mais pour atteindre cela, il est important de comprendre les différences entre les propriétés des absorbeurs de Cu2O obtenus par différentes techniques, afin que cet absorbeur puisse être façonné pour obtenir les propriétés désirées, pour obtenir un meilleur rendement de conversion.

Figure 1

 1 Figure 1 Rendements de conversion de cellules solaires à base de Cu2O fabriqué par différentes techniques Dans ce travail, des absorbeurs de type p de Cu2O sont préparés en utilisant trois techniques différentes, l'ablation laser pulsé (PLD), la pulvérisation cathodique, et l'oxydation thermique. Bien que la PLD et la pulvérisation cathodique soient deux techniques connues pour fournir des films de haute qualité, les absorbeurs de Cu2O par ces voies ne fournissent pas de cellules solaires à rendement de conversion élevé. Une étude détaillée des films de Cu2O préparés par ces différentes techniques, au niveau des propriétés structurales, optiques, électriques, permettra de mieux comprendre les facteurs limitants visant à améliorer encore les propriétés de cet absorbeur. L'exploration d'hétérojonctions pour obtenir des cellules solaires à base de Cu2O avec différents oxydes transparents conducteurs (TCOs) est également proposée dans ce travail. Dans le chapitre 1 nous introduisons les propriétés de base d'un absorbeur photovoltaïque et en détaillant les différents types d'absorbeurs à base d'oxyde. Nous proposons un état de l'art

Figure 2

 2 Figure 2 Ratio cuivre vs. oxygène déterminé par RBS de films PLD de CuxO

Figure 3

 3 Figure 3 Ratio cuivre vs. oxygène de films CuxO par pulvérisation cathodique avec différents débits d'oxygène L'oxydation thermique de feuilles de Cu à température élevée est la troisième technique d'élaboration de Cu2O étudiée, présentée dans le chapitre 4. Les cellules solaires à base de Cu2O les plus performantes dans la littérature sont obtenues par cette méthode. Afin de comprendre pourquoi, les conditions de fabrication ont été optimisées pour obtenir des feuilles de Cu2O bonne qualité. Après oxydation les feuilles sont attaquées avec de l'acide nitrique pour enlever le CuO résiduel en surface.Les caractérisations structurales du Cu2O, préparé par les trois différentes techniques, par diffraction de rayons X et spectroscopie Raman, révèlent que la qualité des films déposés par PLD à haute température est meilleure qu'à basse température. Tandis que les films par pulvérisation cathodique à cette même basse température sont de bonne qualité avec un signal T1u meilleur que le film de PLD (Figure4). Le film PLD déposé à 300°C montre la moins bonne qualité de surface (ratio T1u sur 2Eu de 0.80). Le plus faible ratio est pour le film PLD à 750°C (ratio 0.43) puis le film de pulvérisation cathodique à 300°C (ratio 0.66).

Figure 4 Figure 5 Tableau 1

 451 Figure 4 Spectres Raman de Cu2O obtenus par les trois différentes techniques (longueur d'onde d'excitation de 532 nm)L'analyse par diffraction de rayons X montre que les films par PLD à haute température ont des paramètres (0.427 nm) plus proche de la valeur idéale et moins de contraintes ce qui indique une meilleure qualité de film. Le film par pulvérisation cathodique a un paramètre de 0.428 nm et le film par oxydation 0.426 nm ce qui est aussi proche du Cu2O pur. Les feuilles oxydées ont une taille de grain plus importante de ~110 nm ce qui est sept fois plus élevé que la taille de grain moyenne du film PLD. L'augmentation de la taille des grains permet de réduire les recombinaisons et la diffusion au joints de grain, ce qui améliore les propriétés électriques de films.L'analyse de la morphologie par microscope électronique à balayage (MEB) montre des grains de forme rectangulaire de couverture uniforme pour le film PLD à 750 °C tandis que le film à 300°C est plus plat mais avec la présence de trous (Figure5a et b). Les films par pulvérisation cathodique déposés à 300°C sont encore plus plats, avec une bonne couverture et sans trous (Figure5c). La rugosité RMS obtenue par AFM est de 2.7 nm seulement ce qui est bien plus

  photoluminescence (PL), montrée dans la Figure 6, montre que le pic d'émission correspondant à l'émission en bord de bande est à la même longueur d'onde pour les trois techniques bien que la longueur d'excitation soit différente pour les films par pulvérisation cathodique. La forme du pic de PL est identique pour la PLD et l'oxydation thermique et ce dernier montre une forte intensité ce qui indique de plus faibles recombinaisons non radiatives, et donc moins de défauts. Dans les films par pulvérisation cathodique, des pics PL à plus haute longueur d'onde sont visibles. Leur origine n'est pas encore claire, mais pourrait être des vacances de Cu et des défauts interstitiels qui n'étaient pas visibles avec les autres longueurs d'onde d'excitation.Comme le pic est plus large dans la région proche infrarouge, il pourrait être dû à de l'émission de défauts multiples se recouvrant, liés à des centres de recombinaison n'étant pas observé pour la PLD et l'oxydation thermique.
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 67289 Figure 6 Spectres PL de Cu2O obtenu par les différents techniques
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Table 1

 1 I-V properties of some all-oxide solar cells with Cu2O, CuO and Co3O4 absorbers with promising results

	System	Voc	Jsc	PCE	References
		(V)	(mA/cm 2 )	(%)	
	MgF2/AZO/Zn0.38Ge0.62O/Cu2O: Na/Au	1.1	11.00	8.1	Minami et.al
					,2016[24]
	MgF2/AZO/Al0.025Ga0.975O/Cu2O: Na/Au 0.840	10.95	6.1	Minami et.al
					,2015[25]
	AZO/Ga2O3/Cu2O/Au	0.800	9.99	5.38	Minami
					et.al,2013[26]
	AZO/ZnO/Cu2O/Au or Cu2S	0.690	10.09	3.83	Minami et.al,
					2011[27]
	Al-grid/AZO/a-ZTO/Cu2O/Au /Ti/Glass	0.622	7.25	2.85	Lee et.al,
					2014[28]
	Al-grid/AZO/ Ga2O3/Cu2O/Au /Ti/Glass	1.204	7.37	3.97	Lee
					et.al,2014[29]
	Cu/h-BN/ Cu2O/CuO/Au/Cr	0.650	6.90	2.2	Ergen et.al
					,2015[30]
	ITO/n-Cu2O/p-Cu2O/ITO/Glass	0.61	4.07	1.06	McShane and
					Choi,2012[31]
	Ag/nMgO/CuO/ITO/Glass	0.326	2.13	0.25	Bhardwaj
					et.al,2016[12]
	Au/Co3O4/TiO2/FTO	0.430	0.2	0.022	Kupfer
					et.al,2015[19]

Table 2

 2 BFCO all-oxide solar cells

	System	Voc (V)	Jsc (mA/cm 2 )	PCE (%)	References
	ITO/BFCO/Nb:STO	0.74	0.99	6.5	Nechache
					et.al,2011[32]
	ITO/BFCO/SRO	0.79	11.7	3.3	Nechache
					et.al,2015[22]
	ITO/BFCO/Nb:STO	0.84	20.6	8.1	Nechache
					et.al,2015[22]

Cu2O THIN FILMS 2.1 INTRODUCTION

  

	This chapter aims to describe the growth of pure Cu2O films via Pulsed Laser Deposition (PLD).
	Pulsed Laser Deposition is a popular and promising technique for the deposition of high-quality
	thin films. It is a vacuum-based physical technique. It mainly involves two steps namely plasma
	plume generation and expansion. The entire process happens inside a vacuum chamber. By
	controlling the oxygen gas flow, deposition at different oxygen partial pressures can be
	achieved. Several factors such as background gas partial pressure, temperature of deposition,
	laser fluence, deposition time and target-substrate distance, influence the structural, electrical,
	and stoichiometric properties of the PLD deposited thin films. A detailed description on the
	fundamental principles and process of PLD is outlined in Appendix. Using this method for the
	deposition of oxide films requires good control of the oxygen content as the background gas
	can highly influence the stoichiometry of the deposited oxide film. Due to the deposition at
	non-equilibrium conditions, PLD is not a much popular growth technique for Cu2O films as
	obtaining phase pure films is difficult. By just varying the deposition temperature and oxygen
	partial pressure, and keeping all other parameters constant, the phase of the CuxO film is
	controlled in this work. A detailed analysis of the films via several characterization techniques
	is described in this chapter.

Table 3

 3 Experimental Details of Samples

	Sample	Temperature	Oxygen Partial Pressure
	A	750 °C	10 -2 mbar
	B	300 °C	10 -3 mbar
	C	650 °C	10 -3 mbar
	D	200 °C	10 -2 mbar

X-ray diffraction studies in this work were carried out using a Rigaku Smartlab diffractometer equipped with a monochromatic source delivering a Cu Kα1 incident beam (45 kV, 200 mA, 0.154056 nm) and Bruker-AXS D8 Advance X-ray diffractometer with CuKα1 radiation (λ = 0.154056 nm).

Table 4

 4 Lattice Parameters, Crystallites Sizes and Micro strain of Samples A and B calculated from the X-ray diffraction peaks

	Sample	2θ	FWHM	d spacing	Grain Size	Lattice Constant
		(°)	(°)	(Å)	(nm)	(Å)
		36.39	0.57	2.46	14.69	4.27
	(A)	42.31	0.59	2.13	14.48	4.27
		61.38	0.59	1.51	15.48	4.27
		73.56	0.63	1.29	15.79	4.27
		36.23	0.63	2.47	13.25	4.29
	(B)	41.93	1.41	2.15	6.02	4.30
		61.01	0.91	1.52	10.18	4.29

Table 5

 5 Electrical properties of the Cu2O film via different techniques

	Type of Preparation	Resistivity	Mobility	Bulk	Reference
		(Ω•cm)	(cm 2 /(V•s))	concentration	
				(cm -3 )	
	PLD	16-64	14.0-31.0	1.0x10 15 -9x10 15	This work
	PLD	60	26	1x10 13 -1x10 16	Wee et.al, Ogale
					et.al,Ran
					et.al

Table 6

 6 Hall Effect Measurement of Na implanted Cu2O thin films

	Sl.No	Na dose	RTA	Bulk concentration	Mobility	Resistivity
		(atoms/cm 2 )		(cm -3 )	(cm 2 /Vs)	(Ωcm)
	1	0	no	+6e+14	10.66	907
	2	0	yes	+2e+15	3.70	882
	3	10 14	yes	+5e+17	16.00	0.76
	4	10 15	yes	+5e+17	16.00	0.76
	5	10 16	no	+4e+19	0.16	1.65
	6	10 12	yes	+1e+16	17.0	23.8
	7	10 13	yes	+1e+16	16.1	39.6
	8	10 14	yes	+1e+16	12.3	54.0
	9	5x10 14	yes	+6.3e+15	8.0	170.0
	10	1x10 15	yes	+6.5e+15	8.3	117.0

Table 7 .

 7 Simulated solar cell parameters of ITO//Cu2O/ZnO/AZO at different acceptor concentrations and constant hole mobility of 23 cm 2 /V.s

	Acceptor	Open	Short Circuit	Fill	Efficiency
	conc.	circuit	Current Density	Factor	(%)
	(cm -3 )	Voltage	(mA/cm 2 )	(%)	
		(V)			
	1e+14	0.6	6.55	25	0.96
	1e+15	0.7	8.91	35	2.18
	1e+16	0.85	9.12	47	3.62
	1e+17	1.05	9.57	54	5.47
	1e+18	1.3	9.79	59	7.56
	1e+19	1.4	9.87	69	9.66

Table 8

 8 Parameters during Sputtering Deposition of the CuxO thin films

	Sputtering Target	Pure Copper Target
	Substrate	Quartz (15 mm x15 mm)
	Target-Substrate Distance	25 cm
	Sputtering Pressure	3.4 mTorr
	Substrate Temperature	300 ℃
	A Horiba LabRAM ARAMIS Raman spectrometer with 532 nm laser excitation was used for
	Raman spectroscopy and a Rigaku Smartlab diffractometer equipped with a monochromatic
	source delivering a Cu Kα1 incident beam (45 kV, 200 mA, 0.154056 nm) was used for the
	XRD measurements.	

Table 9

 9 Lattice Parameters, Crystallites Sizes and Micro strain of sputtered Cu2O film calculated from the X-ray diffraction peaks

	2θ	FWHM	d spacing	Grain Size	Lattice Constant
	(°)	(°)	(Å)	(nm)	(Å)
	36.27	0.74	2.48	11.2	4.29
	41.97	0.083	2.16	11.02	4.32
	61.12	0.93	1.51	9.87	4.29
	73.20	1.19	1.29	8.31	4.28

Table 10

 10 Electrical properties and lattice parameters of the sputtered Cu2O film before and after annealing

	Sputtered	Bulk concentration	Resistivity	Mobility	Lattice	Stress
	Cu2O Film	(cm -3 )	(Ω.cm)	(cm 2 /V.s)	Parameter	(GPa)
					(Å)	
	Before RTA 3.1x10 17 ±2.6x10 17	16.2±0.01	4.7±4.10	4.3±0.02	0.21
	After RTA	1.3x10 15 ±1.1x10 14	131.0±3.00	35.2±2.83	4.24±0.02	-0.15

Table 12

 12 Lattice Parameters, Crystallites Sizes and Micro strain of thermally oxidised Cu2O calculated from the significant X-ray diffraction peaks

	2θ	FWHM	d spacing	Grain Size	Lattice Constant
	(°)	(°)	(Å)	(nm)	(Å)
	29.53	0.07	3.02	117.35	4.27
	36.59	0.09	2.45	89.06	4.25
	77.47	0.08	1.23	121.40	4.26

Table 13

 13 Comparison on the Crystalline Parameters of Cu2O prepared via different techniques

	Preparation	d spacing	Mean Grain	Lattice	Stress
	Method	(Å)	Size	Constant	(GPa)
				(Å)	
			(nm)		
	PLD	1.87±0.6	15.11	4.27	0.01
	Magnetron	1.88±0.6	10.1	4.3±0.02	0.21
	Sputtering				
	Thermal	2.12±0.3	109.30	4.26±0.01	0.07
	Oxidation				

Table 15

 15 Characteristics of Cu2O solar cell with the absorber layer prepared via different techniques

	Solar cell	Method of	Short circuit	Open	Efficiency	Fill
	architecture	Preparation of	current density	circuit		Factor
		Cu2O		voltage		
		absorber				
	Au/Cu2O/Nb:STO	PLD	0.21 mA/cm 2	0.56 V	0.053 %	45.0 %
	AZO/ Cu2O/ITO	Magnetron	1.76 mA/cm 2	0.26 V	0.127 %	27.8 %
		Sputtering				
	AZO/ZnO/	Thermal	1.90 mA/cm 2	0.19 V	0.09 %	25 %
	Cu2O/Au	Oxidation				

Table 16

 16 Comparison of SPV at heterojunction and open circuit voltage

	Heterojunction	Preparation method	SPV at 20 mW/cm 2	Voc from solar cell
		of Cu2O		at 1 sun illumination
	Epitaxial Cu2O/Au	PLD	280 mV	560 mV
	Cu2O/ZnO/AZO	Thermal Oxidation	500 mV	190 mV

Table 17

 17 Comparison of the Cu2O absorbers using advanced characterization techniques

	Characterization	Parameter		Cu2O Absorber	
	Technique		PLD	Magnetron	Thermal
				Sputtering	Oxidation
	Transient	Exciton lifetime	0.35 ps	69.06 ps	
	Absorption		(GSB)	(GSB)	
			0.6 ps (PIA)	> 1μs (PIA)	
	TRPL and	PL Decay	315 ps	15 ns	4 ns
	TCSPC			(Defect	
				peak?)	
	PDS	Sub-band gap defects	low	high	

  The solar radiation on different parts of Earth is different, hence a standard of AM called Air Mass is established to easily quantify the irradiation and to compare. An AM 1.5G spectrum with a power density of 1000 W/m 2 is used to calculate the PV performance as a standard. This value is considered as 1 sun.

	𝜂 =	𝑃 𝑀𝑃𝑃 𝑃 𝑙𝑖𝑔ℎ𝑡	=	𝑉 𝑂𝐶 𝐽 𝑆𝐶 𝐹𝐹 𝑃 𝑙𝑖𝑔ℎ𝑡	0.10

The quality of energy conversion can also be quantified by another parameter called Quantum Efficiency (QE) which can be expressed either as External Quantum Efficiency (EQE) and Internal Quantum Efficiency (IQE). External Quantum Efficiency (EQE) is the ratio of the number of carriers collected to number of incident photons at a particular wavelength. Whereas Internal Quantum Efficiency (IQE) is the ratio of amount charge carriers collected to the number of photons absorbed by the absorber with wavelength.

  , comme leurs étapes de fabrication sont coûteuses, avec une durée d'amortissement énergétique longue, les matériaux pour cellules solaires alternatifs et à bas coût sont importants et sont fortement étudiés depuis quelques dizaines d'années. Dans une cellule solaire, les oxydes sont largement utilisés pour le transport électronique, les électrodes transparentes, et les couches intermédiaires dans les cellules tandem. De plus, les oxydes sont aussi pertinents comme couche photoactive en tant qu'absorbeur de photons, du fait de leur abondance, faible toxicité, et stabilité sous condition atmosphérique. Ainsi, une des technologies les plus investiguées et en pleine croissance est les cellules solaires tout oxyde. Parmi les oxydes absorbeurs, Cu2O est l'un des matériaux les plus prometteur et abondant. Il est un absorbeur prometteur du fait de nombreux facteurs comme un coefficient d'absorption élevé, une bande interdite directe favorable, un élément de base le cuivre abondant, et la non-toxicité.

	La nature de la technique de croissance pour obtenir l'absorbeur Cu2O joue énormément sur le
	rendement de conversion. Les films de Cu2O peuvent être élaborés par différentes techniques
	par voie physique ou chimique. La conductivité du Cu2O provient principalement des vacances
	de Cu qui dépendent des conditions de température et de pression durant la synthèse. Ainsi, il
	est important de bien maîtriser la croissance d'absorbeurs de Cu2O via ces différentes
	techniques pour améliorer ses performances photovoltaïques. Les cellules solaires Cu2O

C'est un semiconducteur de type p avec une bande interdite d'environ 2,0-2,2 eV. Cependant, le rendement de conversion des cellules solaires à base de Cu2O à ce jour est en-dessous des 10% ce qui est bien en-dessous de la limite de Schockley-Queisser (~ 23 %). Beaucoup d'efforts ont été entrepris pour augmenter le rendement de conversion de cellules à base de Cu2O depuis que l'effet photoélectrique a été découvert dans les années 1930 dans cet oxyde. L'une des difficultés majeures est la faible stabilité de Cu2O à température ambiante et ainsi l'obtention de la phase de Cu2O sans la phase parasite CuO est très difficile. De plus, pour les cellules solaires à hétérojonction, des facteurs clé pour améliorer le rendement sont l'alignement des niveaux d'énergie, la réduction des offsets d´alignement des bandes des différents matériaux et la réduction des défauts d'interface.

have shown better performance compared to thin film heterojunctions in literature (Figure 1.8).

In this chapter through different characterization techniques, we explain this change in performance of Cu2O solar cells with the preparation method of the absorber.

The most used heterojunction partner for Cu2O is ZnO [4]- [8]. However, due to band-edge misalignment (type -II band alignment) the built-in voltage between Cu2O/ZnO is only 0.75-0.87 eV, limiting Voc values to less than 600 mV [9]. The conduction band discontinuity between ZnO and Cu2O is ~1.1 eV [10]. Olsen et.al [2] have mentioned that to achieve a 10 % efficient solar cell with Cu2O, a built-in voltage of 1.4 eV is required. For a semiconductor of bandgap 2.17 eV, the Shockley-Quiesser limit for device photovoltage is ~ 1.7 eV. It has been reported in several work that Zn reduces Cu2O at the interface forming Cu which reduces the barrier height [1], [11]. Several numerical studies have also reported that a defect layer at the interface should be introduced to match the experimentally reported properties of Cu2O/ZnO heterojunction [12], [13]. Other Cu2O heterojunctions investigated include AZO [14], CdO [7],

Ga2O3 [15]- [17], ITO [4]. There were also reports on the use of ternary oxides as electron selective contacts (buffer layers) at the heterojunction which increased the Voc and efficiency including, Zn(O,S) [18], [19], Zn2SnO4 [20], (Ga0.975,Al0.025)2O3 [15], ZnGa2O4 [21],

Zn0.38Ga0.62O [22]. The intermediate buffer layer minimizes interface recombination by improving the band alignment and interface defect density. Figure 5.1 shows the photovoltaic performance of Cu2O solar cells with different ternary compounds. By far the highest efficient solar cells based on Cu2O with 8.1 % efficiency was reported by Minami et.al [22] with ternary buffer layer and Na doped Cu2O. As can be seen in the table in Figure 5.1, with change in the heterojunction, the efficiency increased from 5.4 to 8.1 % which clearly shows the importance of choosing the right heterojunction partner for Cu2O. The deposition condition as well as the method of deposition of TCO is also significant as reported by Minami et.al [23], Nishi et.al [24].

Low temperature, low damage techniques for the deposition of buffer layer will improve the performance of the solar cells with thermally oxidised Cu2O absorbers.

Minami et.al [16], [25] have illustrated the importance of low damage deposition techniques for TCO and have demonstrated that when AZO films were deposited via PLD, the power conversion efficiency of the subsequent photovoltaic cell increased to 2.5 % compared to 1.2-1.4 % for a similar cell with AZO deposited via dc or rf magnetron sputtering. They connect this to the variation in the amount of oxygen interacting with the Cu2O surface during the deposition of TCO.

in the range of 10 -4 Ωcm. Zn2SnO4 (ZTO) was another TCO used in this work which was prepared via Magnetron Sputtering at 300 ℃ with carrier concentration of -10 19 cm -3 and lower resistivity in the range of 10 -3 Ωcm. Commercially bought conductive substrate of 1x1 cm 2 Nb (1 at %) doped SrTiO3 (STO) (001) with a resistivity of 0.01 Ωcm which is also an n-type semiconductor was also used for epitaxial growth of Cu2O thin film to form a heterojunction.

As from literature an n-type buffer layer of Zn1-x GexO4 was reported to improve the efficiency of Cu2O solar cell [24], a PLD target was prepared by mixing 5g of ZnO2 and 3.166 g of GeO2 followed by cold pressing and sintering at 1000 ℃. However, the films deposited at different temperatures and oxygen partial pressures were not conducting and an optimized deposition was found to be the prominent factor reducing the exciton lifetime while for the sputtered film several sub-bandgap defects were found to affect the charge carrier dynamics. Further improvement of Cu2O solar cells based on thermally oxidised sheets can be achieved by engineering better heterojunctions and for the other techniques (PLD and Sputtering) improving the film quality to lower the defects in the film should be the focus.

vacancies. Using a simulation software AFORS-HET, the influence of the increase in the carrier concentration of the Cu2O absorber on the photovoltaic efficiency was also elucidated.

Despite sputtering deposition being a common growth technique for Cu2O film, most of the studies are using DC Magnetron Sputtering. However, in this work we have optimized deposition conditions to obtain pure Cu2O film using RF Magnetron Sputtering. The deposition temperature, sputtering gas flow rate, sputtering chamber pressure were varied to obtain good quality phase pure Cu2O thin film at a lower temperature of 300 ℃. Compared to the PLD film at similar temperature, this film was found to have superior structural quality, flat morphology with uniform coverage, lower resistivity of 16 Ωcm and carrier concentration of about 10 17 cm - 3 . The mobility of this film was however lower at ~ 8 cm 2 /V.s.

In order to compare the films deposited via PLD and magnetron sputtering, with thermally oxidised Cu2O sheets, thermal oxidation conditions were also optimized. The oxidised sheets were etched in HNO3 etchant at optimized etching conditions to remove any CuO on the surface. In the basic structural characterizations, the thermally oxidised sheets were found to have higher grain size even though there is higher stress.

Solar cells were prepared using Cu2O from PLD, magnetron sputtering and thermal oxidation to compare their photovoltaic behaviour. The highest open-circuit voltage of 0.56 V was obtained for epitaxially grown PLD Cu2O/Nb:STO heterojunction solar cell. However higher current of 1.9 mA/cm 2 was obtained for thermally oxidised Cu2O solar cell (AZO/ZnO/Cu2O/Au). The lower open-circuit voltage of thermally oxidised sheet was found to be due to difficulty in physically contacting the electrodes using probes during I-V measurements as the Surface photovoltage measurement of the junction of thermally oxidised Cu2O/ZnO/AZO was found to be 500 mV. The sputtered Cu2O based solar cell with architecture ITO/Cu2O/AZO was also found to have comparable current of 1.76 mA/cm 2 but a lower opencircuit voltage of 0.26V.

The last part of this work focussed on the investigation of carrier dynamics in Cu2O prepared via different techniques to better understand the influence of absorber preparation method on the obtained photovoltaic performance. A detailed comparison study of the Cu2O films using advanced characterization techniques such as Transient absorption, time resolved photoluminescence, photothermal deflection spectroscopy, surface photovoltage spectroscopy were carried out which was not reported before and this will help to understand why high performing Cu2O solar cells are not obtained when the preparation methods were varied.

APPENDIX A.1 PHOTOVOLTAIC PRINCIPLE

The basic principle behind solar cells can be put in simple words as the conversion of sunlight into electricity using photoelectric effect. This concept was first introduced in the 1950s and since then there has been detail research to understand the mechanism to further improve the efficiency of the process and to utilize the full potential from the largest energy source available to mankind. The entire process can be divided into three steps, namely photoinduced charge generation, separation, and charge extraction. Upon illumination of a photoactive material electron-hole pairs (excitons) are generated which are then separated and extracted at two terminals leading to the generation of electric current. The entire process is fulfilled using different layers/stack of materials with desirable properties, such a device is called a photovoltaic cell or solar cell.

Semiconductor materials are the mostly used materials for photovoltaics. As atoms have discrete energy levels for electrons in the isolated state and in a solid when atoms are brought together in a crystalline lattice, due to the partial overlap of atomic wave functions of electrons, the allowed energy state of electrons split up leading to negligible difference in the discrete energy levels thus forming a continuum. This continuous density of states (DoS) is called a band. The energy of the bands determines its occupancy. The highest fully occupied band is called the valence band (VB) and the lowest unoccupied band is called conduction band (CB).

The energy difference between these two bands is called the bandgap (Eg). The occupancy of the bands depends on temperature and the material. At ground state (zero Kelvin temperature), the conduction band will be empty, and the valence band will be fully occupied. Upon gaining a discrete amount of energy higher than the bandgap of the material, the electrons in the valence band will shift to the conduction band. The bandgap of semiconductors can further be tuned according to applications by adding impurities. In an intrinsic semiconductor (pure/ undoped) above zero Kelvin, electron-hole pairs are excited. When an electron is excited to the conduction band, the void created in the valence band is called a ``hole`` and can be considered as a positive charge particle. The distribution of electrons over the energy states is given by the if the absorbed photon energy, ћꞷ is higher than the band gap energy of the semiconductor, it generates electron-hole pairs (excitons) which are bound together by coulombic forces. These excitons are unstable at room temperature (in inorganic solar cells) resulting in the shift of electron from valence band to the conduction band. By generating phonons, the excited electron relaxes to the lower edge of the conduction band, however further relaxation to the valence band is not probable as it involves higher energy. Thus, the hole and electron densities in the valence band and conduction band respectively increase upon illumination so that nh.ne> ni 2 .

The charge density is given by, The separation of an exciton and their extraction is achieved in a solar cell with the help of a potential barrier. In most of the types of solar cells, the potential barrier is achieved with the help of a p-n junction. The junction is achieved with the help of two semiconductors. A solar cell with p-n junction from the same semiconductor material is a homojunction solar cell, device), conductive substrates. [8] There are different architectures, and possibility of additional further layers to improve the output efficiency of a solar cell. The total photocurrent is the sum of these two currents. The total current density upon illumination is only a portion of the photogenerated current (Jph) after considering the reverse saturation current density (Js) flowing through the diode. Hence the total current density J(V) under illumination is given by: It is also worth noting that the sputtering rate will be reduced for reactive sputtering due to the formation of compounds also on the target surface which eventually reduces the sputtering yield. More than 50 % decrease can be expected as the target may become less conducting and the deposition conditions completely changes. This can be avoided by keeping the reactive gas flow rate below the threshold or by pulsing the magnetron bias supply.