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ABSTRACT: Cuprous oxide materials are of growing interest for optoelectronic devices and were produced by several chemical and physical methods. Here, we report on the structural, optical, and electrical properties of CuxO thin films prepared by the pulsed laser deposition technique. The substrate temperature, as well as the oxygen partial pressure in the deposition chamber, were varied to monitor the copper to oxygen ratio within the deposited films. The growth conditions were carefully optimized to provide the highest conductivity and mobility. Thus, 100 nm thick cuprous oxide films (Cu2O) deposited at 750 °C exhibited a resistivity of 16 Ω•cm, high mobility of 30 cm 2 /(V•s), and a bandgap of around 2 eV. The film deposited at the optimized deposition parameters on Nb:STO (001) substrate with Au top electrode showed a photovoltaic response with an open circuit voltage of 0.56 V. These results path the way to efficient solar cells made with Cu2O films via the pulsed laser deposition technique.
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1.INTRODUCTION

Among thin film absorbing oxides, Cu2O is the most popular and is widely studied for optoelectronic and photovoltaic applications [START_REF] Coll | Towards Oxide Electronics: a Roadmap[END_REF]. As it is non-toxic, abundant, and low cost, it greatly fulfills the economic and environmental conditions for large-scale applications [START_REF] Rakhshani | Preparation, characteristics and photovoltaic properties of cuprous oxide-a review[END_REF]. Cu2O is an inherently p-type semiconductor with a direct bandgap of 2.17 eV [START_REF] Nordseth | Characterization of Cuprous Oxide Thin Films for Application in Solar Cells[END_REF] and high absorption coefficient of above 10 5 cm -1 in the visible region of the solar spectrum [START_REF] Malerba | Absorption coefficient of bulk and thin film Cu2O[END_REF] which makes it a potential candidate as absorbers in solar cells. However, the highest practical efficiency of a solar cell with a Cu2O absorber achieved so far is only 8.1 % [START_REF] Minami | Efficiency enhancement using a Zn 1-x Ge x -O thin film as an n-type window layer in Cu 2 O-based heterojunction solar cells[END_REF] even though the theoretical efficiency is around 18 % when referring to the Schockley-Queisser limit [START_REF] Shockley | Detailed Balance Limit of Efficiency of p-n Junction Solar Cells[END_REF]. Hence, there is immense potential for improvement in the structural and charge transport properties.

In the literature, there are numerous preparation methods for Cu2O thin films, which include both chemical [START_REF] Ristov | Chemical deposition of Cu2O thin films[END_REF][START_REF] Saadaldin | Preparing of Copper Oxides Thin Films by Chemical Bath Deposition (CBD) for Using in Environmental Application[END_REF][START_REF] Laurie | Preparation and characterization of thin films of copper(II) oxide by low temperature normal pressure metalorganic chemical vapor deposition[END_REF] and physical processes [START_REF] Chua | Low Temperature Chemical Vapor Deposition of Cuprous Oxide Thin Films Using a Copper(I) Amidinate Precursor[END_REF][START_REF] Gupta | Deposition and characterization of nanostructured Cu2O thin-film for potential photovoltaic applications[END_REF][START_REF] Iivonen | Atomic Layer Deposition of Photoconductive Cu2O Thin Films[END_REF]. Few of the most commonly followed techniques include electrodeposition [START_REF] Tolstova | Molecular Beam Epitaxy of Cu2O Heterostructures for Photovoltaics[END_REF][START_REF] Brandt | Electrodeposition of Cu2O: growth, properties, and applications[END_REF][START_REF] Balık | Optical, structural and phase transition properties of Cu2O, CuO and Cu2O/CuO: Their photoelectrochemical sensor applications[END_REF], thermal oxidation [START_REF] Izaki | Defect Structure and Photovoltaic Characteristics of Internally Stacked CuO/Cu2O Photoactive Layer Prepared by Electrodeposition and Heating[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][START_REF] Minami | High-Efficiency Oxide Solar Cells with ZnO/Cu 2 O Heterojunction Fabricated on Thermally Oxidized Cu 2 O Sheets[END_REF], magnetron sputtering [START_REF] Ievskaya | Fabrication of ZnO/Cu2O heterojunctions in atmospheric conditions: Improved interface quality and solar cell performance[END_REF][START_REF] Zhu | Cu2O thin films deposited by reactive direct current magnetron sputtering[END_REF][START_REF] Dolai | Cuprous oxide (Cu2O) thin films prepared by reactive d.c. sputtering technique[END_REF] and, atomic layer deposition (ALD) [START_REF] De Melo | Semi-Transparent p-Cu2O/n-ZnO Nanoscale-Film Heterojunctions for Photodetection and Photovoltaic Applications[END_REF][START_REF] Lee | Improved Cu2O-Based Solar Cells Using Atomic Layer Deposition to Control the Cu Oxidation State at the p-n Junction[END_REF][START_REF] Sekkat | Open-air printing of Cu2O thin films with high hole mobility for semitransparent solar harvesters[END_REF]. Pulsed laser deposition (PLD) is another physical technique for high quality film deposition. However, there are very few works on Cu2O deposition by PLD [START_REF] Lee | Hall mobility of cuprous oxide thin films deposited by reactive direct-current magnetron sputtering[END_REF][START_REF] Aiping | Controlled growth and characteristics of single-phase Cu2O and CuO films by pulsed laser deposition[END_REF][START_REF] Pustan | Effect of deposition oxygen pressure on the properties of cuprous oxide thin films[END_REF][START_REF] Farhad | Pulsed laser deposition of single phase nand p-type Cu2O thin films with low resistivity[END_REF][START_REF] Jawad | Preparation of nanocrystalline Cu2O thin film by pulsed laser deposition[END_REF][START_REF] Liu | Pulsed-laser-deposited, single-crystalline Cu2O films with low resistivity achieved through manipulating the oxygen pressure[END_REF][START_REF] Wee | Heteroepitaxial Cu2O thin film solar cell on metallic substrates[END_REF][START_REF] Wang | Heteroepitaxial growth of Cu2O films on Nb-SrTiO3 substrates and their photovoltaic properties[END_REF] as it is very difficult to reach the correct phase for the films due to the deposition at non-equilibrium conditions. 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 | Nonequilibrium 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 2-3 x10 -3 mbar. The inherent p-type conductivity of Cu2O film originates from copper vacancies in the crystal lattices [START_REF] Nolan | The p-type conduction mechanism in Cu2O: a first principles study[END_REF][START_REF] Raebiger | Origins of the p-type nature and cation deficiency in Cu2O and related materials[END_REF]. Even though there are few reports on undoped n-type Cu2O thin films from electrodeposition [START_REF] Han | Electrochemically deposited p-n homojunction cuprous oxide solar cells[END_REF][START_REF] Xi | Study on the effect of annealing on the electrical properties of n-type cuprous oxide[END_REF][START_REF] Zhu | Synthesis of Zn:Cu2O Thin Films Using a Single Step Electrodeposition for Photovoltaic Applications[END_REF] and PLD [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 claim oxygen vacancies and copper interstitial defects as the donor sources, it is still a matter of debate [START_REF] Scanlon | Undoped n-Type Cu2O: Fact or Fiction?[END_REF].

In this work, we have proven that better control of the film stoichiometry can be achieved by controlling the oxygen partial pressure and temperature during pulsed laser deposition. On the other hand, while all the previous investigations on the influence of temperature and oxygen partial pressure on the CuxOy films in the literature are based on very local small scale evaluation on the stoichiometry, in this paper we present a detailed analysis using Rutherford Backscattering Spectroscopy (RBS) for the evaluation of stoichiometry in the range of 1 mm 2 area. Additional characterization techniques were carried out to further confirm the findings. Subsequently, we have managed to find the correct Cu2O phase at both low temperature and high temperature which opens up the possibility of using these films for applications without the limitation of deposition temperature. The potential of using the Cu2O film as an absorber is also discussed in this work.

EXPERIMENTAL SECTION

The CuxO films were deposited in a PLD chamber using a CuO target. 5 mg CuO powder was pressed into a pellet and later sintered at 900 °C for 1 hour to make the target. The deposition was carried out using a KrF excimer laser 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. Most of the films were deposited on 10x10 mm 2 quartz substrates. After the deposition, the samples were cooled down naturally under the same oxygen partial pressure used for deposition. Films were prepared at a range of temperatures from room temperature up to 800 °C at oxygen partial pressures of 10 -2 and 10 -3 mbar for a detailed study of the film composition and properties. For a better understanding of the influence of temperature and oxygen partial pressure for the controlled growth of Cu2O and CuO films, the results of four samples are discussed in more detail. Experimental conditions of their growth are given in Table 1. In order to study the application of the Cu2O film as an absorber, a 100 nm thin film was deposited at 750 °C and 10 -2 mbar on a commercially bought 1x1 cm 2 Nb (1 at%) doped SrTiO3 (STO) (001) substrate (resistivity of 0.01 Ω•cm). Nb doped STO is a crystalline conductive substrate which is an n-type semiconducting oxide. On the Cu2O layer deposited on Nb:STO, a 7 nm thick semi-transparent gold (Au) film is deposited as the top electrode by Thermal Evaporation through a 1 mm 2 steel mask resulting in a solar cell with the architecture Nb:STO (001)// Cu2O/Au. The atomic composition and thickness of the deposited films under different temperatures and oxygen partial pressure were studied in detail by 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. For completeness on films composition, a Horiba LabRAM ARAMIS Raman spectrometer with 532 nm laser excitation was used to study the Raman footprints of the deposited films. On the other hand, the crystallographic properties of the deposited films were carried out thanks to X-ray diffraction studies 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). The morphology of the PLD films were analyzed by scanning electron microscopy performed using a Gemini 500-Zeiss apparatus. The roughness of the Cu2O films was found out using a NT-MDT SMENA Atomic Force Microscope.

Optical characterization of the samples was carried out using a Horiba Uvisel Lt M200 FGMS (210-880 nm) spectroscopic ellipsometer. Photoluminescence measurements were carried out using a 532 nm HeNe laser of 100 mW output. The work function of the samples was determined using a single point Kelvin Probe from KP Technology (KP020) with a resolution of 1-3 meV. The electrical properties were analyzed using a four-point probe measurement by an Ecopia Hall effect measurement system (HMS-5000) at room temperature. The I-V properties of the solar cell were obtained using an AAA rated ORIEL Verasol-2 LED Solar Simulator (LSS-7120) and a Keithley 2461 Source Measure Unit.

3.RESULTS AND DISCUSSION

The stoichiometry of the thin films deposited at different temperatures and oxygen partial pressures were determined from RBS analysis. The spot size of RBS analysis being 1 mm 2 allows for a better understanding of the film composition than any other local characterization technique. RBS spectra can be also used for thickness determination and elemental analysis. Since the oxygen concentration is proportionate to copper, the elemental composition of O from the RBS analysis is calculated with respect to copper concentration. The error for this measurement depends on the quality of the film and a maximum of 10-15 % error can be expected. The height of the peak plateau in an RBS spectrum (Figure S1) gives the copper concentration and the width of the peak provides the thickness of the film. The thicknesses of all the films used in this study were estimated from RBS analysis. The films used for comparing the properties henceforth in this paper are all approximately 100 nm from RBS estimation.

Figure 1 shows the oxygen concentration variation with respect to copper in CuxO as determined from the RBS spectra using the SAM tool [START_REF] Stoquert | VRBS: A virtual RBS simulation tool for ion beam analysis[END_REF]. The films were found to be very sensitive to the temperature of the deposition and the oxygen partial pressure. Similar to the findings of Wee et.al [START_REF] Farhad | Pulsed laser deposition of single phase nand p-type Cu2O thin films with low resistivity[END_REF] it was observed that the Cu2O phase without any trace of the CuO is only possible in a limited deposition window of oxygen partial pressure and temperature. The thin films prepared at the same temperature but at different pressures are found to be stoichiometrically different. At a higher oxygen partial pressure of 10 -2 mbar and a higher temperature of 750 °C (sample A in Figure 1), the film has 0.5 oxygen concentration which corresponds to Cu2O. Among the three samples prepared under the same conditions, two of them showed identical oxygen to copper ratio whilst for the third sample, deviation of ratio to 0.75 could be attributed to the variation in the time of preparation of the sample wherein additional factors such as changes in the pumping system and laser alignment might have influenced the phase of the sample. Sample C prepared at a higher temperature range with a lower oxygen pressure of 10 -3 mbar has a concentration of 0.9 which is close to CuO. However, for a low-temperature range of deposition (200-300 °C), oxygen partial pressure of 10 -3 mbar is favorable for Cu2O deposition as can be seen when the samples B and D are compared in Figure 1. At lower temperatures, a higher amount of oxygen results in the formation of CuO. However, the reason that the same trend is not observed at higher temperatures could be because, as explained by Sambri et.al [START_REF] Sambri | Substrate heating effects on the propagation dynamics of laser produced plume during pulsed laser deposition of oxides[END_REF], the increase in substrate temperature during deposition reduces the background gas resistance thus changing the background gas density within the chamber, hence apart from the thermal effect on the surface kinetics, they also influence the precursors in the gas phase. At a higher partial pressure of 10 -2 mbar, it was observed in this work that the films are highly sensitive to the temperature as there was variation in the copper to oxygen ratio for even 25 °C variations of temperature (between 700-750 °C in Figure 1). This behavior, which was confirmed by repeating the sample twice could be also because of the change in the background gas density with temperature. Unlike the observation of Farhad et.al [START_REF] Farhad | Pulsed laser deposition of single phase nand p-type Cu2O thin films with low resistivity[END_REF], here the films deposited at room temperature under both pressure conditions resulted in the CuO phase. Raman spectroscopic analysis of all the samples showed 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 [START_REF]1. The power of databases: The RRUFF project[END_REF]. 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 both samples A and B as can be seen in Figure 2. T1u mode, second-order Eu (2Eu) mode, and multi phonon process (MPP) mode were observed at 145 cm -1 , 216 cm -1 , and 412 cm -1 respectively similar to the Cu2O reference (RRUFF reference: R140763). The T1u mode corresponds to phonons activated by defects namely copper vacancies and copper interstitials from which the p-type conductivity of Cu2O originates [START_REF] Sander | Correlation of intrinsic point defects and the Raman modes of cuprous oxide[END_REF]. As the intensity ratio of peaks at 145 cm -1 (T1u) and 216 cm -1 (2Eu) is sensitive to surface damages [START_REF] Compaan | Surface damage effects on allowed and forbidden phonon raman scattering in cuprous oxide[END_REF], comparing samples A and B, sample 2. The mean grain size of the crystallites was calculated using the Scherrer equation [START_REF] Patterson | The Scherrer Formula for X-Ray Particle Size Determination[END_REF]. Sample A is found to have larger grain 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). The higher full width half maximum of the prominent peaks in Sample B over sample A could be an indication of lattice strain, point defects, dislocations in the material apart from instrumental effects. The microstrain calculated in sample B deposited at lower temperature using Stokes -Wilson relation [START_REF] Stokes | The diffraction of X rays by distorted crystal aggregates -I[END_REF] is found to be double than that in sample A.

B
Similarly, the lattice constant calculated of sample A is same as pure Cu2O (4.267 Å from JCPS:

01-078-2076) whereas there is an approximately 0.5% deviation for sample B which could be an indication of lattice strain. The stress in the films was calculated from the measured lattice constant For the use of a thin film as an absorber, having a high carrier concentration without compromising the mobility is very essential. The electrical properties of the samples A, B, C, and D obtained from the hall measurement are listed in Table 3. All the Cu2O films reported here are p-type with a Hall concentration in the range of 10 15 cm -3 , which is consistent with the Cu2O films prepared via other techniques [START_REF] Nordseth | Characterization of Cuprous Oxide Thin Films for Application in Solar Cells[END_REF][START_REF] Rahal | Electrodeposition and characterization of Cu2O thin films using sodium thiosulfate as an additive for photovoltaic solar cells[END_REF][START_REF] Matsumura | Properties of High-MobilityCu2OFilms Prepared by Thermal Oxidation of Cu at Low Temperatures[END_REF]. In particular, it should be noticed that sample A (deposited at 750 °C and10 - 2 mbar oxygen partial pressure) could demonstrate a resistivity as low as 16 Ω•cm and high mobility of 30 cm 2 /(V•s) at room temperature. Comparison of the electrical properties of this Cu2O film (sample A deposited at 750 °C and 10 -2 mbar oxygen partial pressure) to films prepared via different growth techniques is outlined in Table 4. The bulk concentration and resistivity of the PLD film in this work are comparable to high-temperature PLD deposited Cu2O from literature.

Also when compared to other popular techniques for Cu2O preparation, the film in this work have low resistivity and also bulk concentration in the range required for device applications [START_REF] Wee | Heteroepitaxial Cu2O thin film solar cell on metallic substrates[END_REF].

Sample A showed higher mobility without deteriorating the carrier concentration than most of the films via PLD reported in the literature [START_REF] Farhad | Pulsed laser deposition of single phase nand p-type Cu2O thin films with low resistivity[END_REF][START_REF] Liu | Pulsed-laser-deposited, single-crystalline Cu2O films with low resistivity achieved through manipulating the oxygen pressure[END_REF]. To the best of our knowledge, all the previous work which have reported high mobility without compromising the carrier concentration was on singlecrystal substrates. Further, the work function of sample A from Kelvin probe measurements is 4.98 eV which is similar to the literature for Cu2O film [START_REF] Yang | Effect of electrode material on the resistance switching of Cu2O film[END_REF][START_REF] Deuermeier | Visualization of nanocrystalline CuO in the grain boundaries of Cu2O thin films and effect on band bending and film resistivity[END_REF]. In contrast, sample B deposited at lower temperature and oxygen partial pressure exhibits a higher resistivity and lower mobility compared to sample A that could be because of the poor film quality which will be discussed later.

The bandgap of the films is calculated from the Tauc plot (hυ vs (αhυ) 1/r ) assuming that Cu2O have direct forbidden transitions and thus using the exponent r=3/2 [START_REF] Agekyan | Spectroscopic properties of semiconductor crystals with direct forbidden energy gap[END_REF][START_REF] Wang | Electronic structures of Cu2O,Cu4O3 and CuO: A joint experimental and theoretical study[END_REF] and for the CuO films, r=2 considering they have indirect bandgap [START_REF] Ito | Optical Properties of Cu 2O Studied by Spectroscopic Ellipsometry[END_REF]. Samples A and B have a bandgap of 1.8-2.1 eV which corresponds to Cu2O from literature. For CuO films the bandgap varies from 1.2-2.6 eV depending on the preparation conditions [START_REF] Xu | Investigation of optical bandgap variation and photoluminescence behavior in nanocrystalline CuO thin films[END_REF]. The samples C and D have a bandgap which is close to the CuO film via PLD in literature [START_REF] Chen | Nonlinear optical properties of laser deposited CuO thin films[END_REF]. The scanning electron microscopy (SEM) applied to sample A (750°C, 10 -2 mbar) confirms that the morphological structure of the Cu2O film is polycrystalline (Figure 5(a)). The SEM image also shows rectangular shaped grains with rather uniform coverage with very much fewer holes which are preferable for photovoltaic applications. The higher grain size observed in SEM compared to the calculated values from the diffraction peaks is an indication that the diffraction peak broadening might be due to defects and stress in the material and not just due to the influence of grain size.

However, the secondary electron image of sample B revealed that the low temperature deposited Cu2O film has more flat morphology with smaller grains (Figure S2(a)). A similar change in surface morphology with temperature was also observed by Subramaniyan et.al [START_REF] Subramaniyan | Nonequilibrium deposition of phase pure Cu2O thin films at reduced growth temperature[END_REF] confirming the epitaxial growth. Even though the theoretical lattice mismatch between Cu2O and Nb:STO is 8.5 % , a cube-on-cube epitaxial (Cu2O (100) // STO (100) ) relationship of Cu2O and STO results in heteroepitaxial growth of the film on the substrate [START_REF] Wang | Heteroepitaxial growth of Cu2O films on Nb-SrTiO3 substrates and their photovoltaic properties[END_REF][START_REF] Yu | Epitaxial growth and microstructure of Cu2O nanoparticle/thin films on SrTiO3(100[END_REF]. The peaks at 2θ=22.7°, 46.5°, and 72.5° are from STO (100), STO (200), and STO (300) respectively. Nb:STO is the ntype semiconducting oxide contributing the p-n junction [START_REF] Wang | Heteroepitaxial growth of Cu2O films on Nb-SrTiO3 substrates and their photovoltaic properties[END_REF][START_REF] Lam | Characteristics of heteroepitaxial Cu2-xMnxO/Nb-SrTiO3 p-n junction[END_REF]. As the top electrode of the cell structure, an ultrathin gold layer, 7 nm thick, was evaporated making it semi-transparent with a transmission of 58% at 550 nm wavelength. additionally the non-optimal Cu2O thickness (100 nm instead of 1000 nm) reduces the efficiency by a factor of 10. Thus a 20 times increase in the efficiency results in values comparable to optimized Cu2O via PLD [START_REF] Wang | Heteroepitaxial growth of Cu2O films on Nb-SrTiO3 substrates and their photovoltaic properties[END_REF] even though the efficiency value is lower compared to solar cells with Cu2O prepared via other popular techniques such as thermal oxidation [START_REF] Minami | High-Efficiency Oxide Solar Cells with ZnO/Cu 2 O Heterojunction Fabricated on Thermally Oxidized Cu 2 O Sheets[END_REF] and electrodeposition [START_REF] Kaur | Alloxide solar cells based on electrodeposited Cu2O absorber and atomic layer deposited ZnMgO on precious-metal-free electrode[END_REF]. A solar cell with similar architecture using low temperature Cu2O as absorber (sample B) was also tested for comparison. However, the short circuit current density was very low in the range of µA/cm 2 which could be due to the surface damages, the increased resistance, and low mobility of the film compared to sample A. Improvements in the heterojunction of the Cu2O film also has huge potential in improving the photovoltaic parameters of Cu2O absorber solar cells.

SUMMARY

Cu2O films were successfully prepared using the pulsed laser deposition technique and by carefully optimizing oxygen partial pressure in the chamber and substrate deposition temperature. The variation in the chemical composition of the film and structural properties of the film were studied in detail using Rutherford Backscattering Spectroscopy, Raman spectroscopy, and X-ray diffraction techniques. The optical and electrical properties of the film deposited at 750 °C and 10 - 2 mbar were found to be suited for the use an absorber. The solar cell with the best film as an absorber with an architecture of Nb:STO (001)/ Cu2O/Au has a short circuit current density of 0.21 mA/cm 2 and an open circuit voltage of 0.56 V. This work provides insights into the potential of pulsed laser deposition of cuprous oxide films and its potential application as an absorber.
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Supporting Information: RBS yield of Cu2O; SEM and AFM image of low temperature deposited Cu2O.

Figure 1 .

 1 Figure 1. Oxygen to copper ratio in CuxO v.s temperature at 10 -2 mbar and 10 -3 mbar oxygen partial pressures (estimated from RBS measurements).

  might have more surface damages. On the other hand, samples C and D show Raman peaks at 274 cm -1 and 287 cm -1 respectively, which is close to the characteristic Raman peak of CuO at 297 cm -1 according to the RRUFF reference (R120076) of CuO. Such data confirm the RBS results of the film stoichiometry.

Figure 2 .

 2 Figure 2. Raman spectra of (a) A and B (b) C and D deposited at different temperatures and oxygen partial pressures on quartz along with the references from RRUFF database translated for viewing purpose (excitation wavelength = 532 nm).X-ray diffraction analyses were carried out on the four selected samples as they represent the

  using the equation σ = (-E (a-a0))/2υa0[START_REF] Ohring | The Materials Science of Thin Solid Films[END_REF][START_REF] Reddy | Properties of dc magnetron sputtered Cu2O films prepared at different sputtering pressures[END_REF]. Sample A is found to have a very low tensile stress of 0.01 GPa whereas sample B had tensile stress of 0.22 GPa. Sample D have a compressive stress of 0.57 GPa. The d-spacing of sample A are expected values for the dominant peaks of pure Cu2O film and a slight deviation was observed for sample B as expected. Detailed study on all the parameters points to sample A deposited at 700 °C, 10 -2 mbar to be of better quality film.

Figure 3 .

 3 Figure 3. Grazing angle X-ray diffraction (CuKα1 radiation (λ = 0.154056 nm)) pattern of (a) A and B (b) C and D on quartz and reference of Cu2O and CuO from the ICCD database.

Figure 4 .

 4 The dispersion models used for Cu2O and CuO are the Triple Tauc Lorentz and simple Tauc Lorentz formulas respectively[START_REF] Jellison | Parameterization of the optical functions of amorphous materials in the interband region[END_REF].The figure of merit related to χ-squared values was below 0.6 for Cu2O samples. Both the Cu2O samples (samples A and B) have a high absorption coefficient in the range of 10 5 cm -1 in the visible region. For sample A, deposited at 750 °C, 10 -2 mbar, the peak of yellow exciton transition at 560 nm (EOA edge) and 2D exciton transitions at 349 nm (E1A) and at 290 nm (E1B) is visible which is similar to that of Cu2O in literature[START_REF] Ito | Optical Properties of Cu 2O Studied by Spectroscopic Ellipsometry[END_REF]. However, for Sample B (300 °C,10 -3 mbar) apart from the 2D exciton transitions, the indigo exciton peak (EOD edge) at 440 nm is visible. As the symmetry of the CuO crystal is low compared to Cu2O, the spectra of CuO do not have sharp structures. Similar behavior is shown by samples C and D. The absorption coefficient peak is from E4 transition at 315 nm which is similar to CuO[START_REF] Ito | Optical Properties of CuO Studied by Spectroscopic Ellipsometry[END_REF].

Figure 4 .

 4 Figure 4. Variation of absorption coefficient v.s wavelength of (a) A, B (b) C and D deposited at different temperatures and pressures on quartz.

Figure 5 .

 5 Figure 5. (a) Secondary electron image (b) AFM image of sample A deposited at 750 °C,10 - 2 mbar on quartz (c) Secondary electron image (d) AFM image of sample deposited at similar conditions as sample A on Nb:STO (001). The squares in the Nb:STO//Cu2O samples are STO outgrowths.

  . The roughness analysis by AFM of sample A (Figure 5 (b)) revealed a higher RMS roughness of 47 nm but only 7 nm for sample B (Figure S2(b)) deposited at low temperature. Unlike sample A,sample B has the presence of holes and splashing which can affect the film properties during its application as an absorber, which agrees with the hint of surface damages revealed from the Raman spectra. Splashing arise from accumulations of ions which can be seen as the brightest points in the AFM image. These accumulations can create short-circuits when used in a solar cell.

Figure 6 .

 6 Figure 6. (a) θ-2θ XRD diffractogram of (0 0 1) oriented Nb:STO //Cu2O (100 nm)/Au(7 nm) (b) Corresponding current density vs voltage measured in dark and under 1 sun. A schematics of the solar cell structure is represented in the inset of (b).In order to check the photovoltaic properties of our films, PLD of p-type Cu2O layers deposited at 750 °C and 10 -2 mbar was carried out on a crystalline and conductive substrate, namely Nb doped

Figure 6 (

 6 b) shows the current-voltage characteristics of the solar cell measured in dark and light conditions using a solar simulator at 1 sun under AM 1.5 G conditions and a schematics of the solar cell structure is represented in the inset. The film exhibited a photovoltaic effect with a quite low short circuit current density of 0.21 mA/cm 2 but an open circuit voltage of 0.56 V. The open circuit voltage originates from the built in electric field which causes a built-in potential Vbi at the semiconductor heterojunction of Cu2O and Nb:STO [32,69]. Apart from the low thickness of Cu2O and absorption of the top electrode, the low current could be due to heterojunction defects or Cu2O defects which require further advanced characterization and detailed studies. The solar cell had an efficiency of 0.053% and a fill factor of 45 %. It should be noted that the top Au layer is reducing the efficiency by a factor of ~ 2,

Table 1 .

 1 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

Table 2 .

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

	Sample	2θ	FWHM	d spacing	Micro	Mean Grain Size	Lattice Constant
		(°)	(°)	(Å)	strain	(nm)	(Å)
		36.39	0.57	2.46	7.56	14.69	4.27
	(A)	42.31	0.59	2.13	6.63	14.48	4.27
		61.38	0.59	1.51	4.39	15.48	4.27
		73.56	0.63	1.29	3.66	15.79	4.27
		36.23	0.63	2.47	8.41	13.25	4.29
	(B)	41.93	1.41	2.15	16.08	6.02	4.30
		61.01	0.91	1.52	6.71	10.18	4.29

The optical properties of the CuxO films are of interest for optoelectronic applications. The absorption coefficient from ellipsometry data is depicted in

Table 3 .

 3 Electrical properties and work function of the PLD deposited films

	Sample Composition	Temperature	Oxygen	Resistivity	Bulk concentration	Mobility	Work	Bandgap
		(from RBS	(°C)	Partial	(Ω•cm)	(cm -3 )	(cm 2 /(V•s))	function	(ev)
		Estimation)		Pressure				(eV)	
				(mbar)					
	(A)	Cu2O	750	10 -2	40.0±24.0	+5.0x10 15 ±4.0x10 15 22.5±8.5	4.98	2.05±0.05
	(B)	Cu2O	300	10 -3	329.0±0.8	+2.4x10 15 ±1.0x10 15	9.0±0.2	5.17	1.80±0.10
	(C)	CuO	650	10 -3	161.0±53.0 +2.3x10 15 ±8.4x10 15 18.0±1.5	5.07	1.92±0.20
	(D)	CuO	200	10 -2	2600.0±100.0 +4.0x10 14 ±1.3x10 14	4.8±3.7	5.21	1.85±0.10

Table 4 .

 4 Electrical properties of the Cu2O film via different techniques

	Type of Preparation	Resistivity	Mobility	Bulk concentration	Reference
		(Ω•cm)	( cm 2 /(V•s))	( cm -3 )	
	PLD	16-64	14.0-31.0	1.0x10 15 -9x10 15	This work
	PLD	60	26	1x10 13 -1x10 16	[31,33,63]
	Sputtering (RF)	2x10 -1 -4x10 -2	0.08-2.23	5.8x10 18 -2.1x10 21	[64]
	Thermal Oxidation	1x10 3	100.00	1.0x10 13 -1.0x10 14	[65]
	Electrodeposition	2.7x10 4 -3.3x10 6	0.4-1.8	10 12 -10 14	[66]
	ALD	64-160	42-92	2x10 15 -7x10 15	[24]
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