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Synthesis of conducting single-phase CuFeO2 thin films by spray pyrolysis technique
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P-type conducting CuFeO2 thin films were synthesized on fused silica substrates by a chemical deposition spray pyrolysis technique followed by a heat treatment in a nitrogen (N2) atmosphere for 120 min at annealing temperature 850°C. The effects of spray solution quantity on the structural, morphological, optical and electrical were studied. The post-annealed CuFeO2 films are single-phase, polycrystalline with rhombohedral structure and (012) preferred orientation. The optical transmittances varied from 70 to 30% in the VIS-IR spectrum and the direct band gap value was decreased from 1.88 eV to 1.48 eV with thickness increase. The electrical conductivity of CuFeO2 thin films increased from 9 Х 10 -5 S/cm to 1.5 Х 10 -1 S/cm and the carrier concentration increased from 5.5 Х 10 14 cm -3 to 7.4 Х 10 18 cm -3 while the film's crystalline quality improved.

Introduction

Transparent conducting oxide semiconductors (TCOS) have the advantage of low electrical resistance and high transparency of light [START_REF] Abdelwahab | Influences of annealing temperature on sprayed CuFeO2 thin films[END_REF]. The well-known TCOS which are used in industry such as ZnO, SnO2, TiO2 , and InO are n-type semiconductor in the natural state, hence the evolution of p-type TCOs manufacturing is a necessity for various opto-electronic gadgets and devices application [START_REF] Abdelwahab | Influences of annealing temperature on sprayed CuFeO2 thin films[END_REF]. P-type Cu-based delafossite thin films with the structure CuMO2 where the trivalent cation M can be ( Al, Cr, Ga, and Fe) have attracted researcher enthusiasm interest due to their use in catalysts [START_REF] Xu | Visible-light photocatalytic reduction of Cr(Ⅵ) using nano-sized delafossite (CuFeO2) synthesized by hydrothermal method[END_REF][START_REF] Ketir | NO3-removal with a new delafossite CuCrO2 photocatalyst[END_REF], light-emitting diodes [START_REF] Ling | Color tunable lightemitting diodes based on p+-Si/p-CuAlO2/n-ZnO nanorod array heterojunctions[END_REF], battery fabrication [START_REF] Lu | High capacity and high rate capability of nanostructured CuFeO2 anode materials for lithium-ion batteries[END_REF][START_REF] Zhu | Enhanced electrochemical performances of CuCrO2-CNTs nanocomposites anodes by in-situ hydrothermal synthesis for lithium ion batteries[END_REF][START_REF] Dong | Facile hydrothermal synthesis of CuFeO 2 hexagonal platelets/rings and graphene composites as anode materials for lithium ion batteries[END_REF], ozone sensor devices [START_REF] Zhou | Room temperature ozone sensing properties of p-type CuCrO2 nanocrystals[END_REF][START_REF] Zheng | Room temperature sensing of ozone by transparent p-type semiconductor CuAlO2[END_REF], transparent diodes and solar cells manufacturing [START_REF] Xiong | Hydrothermal synthesis of ultrasmall CuCrO2 nanocrystal alternatives to NiO nanoparticles in efficient p-type dyesensitized solar cells[END_REF][START_REF] Chen | Characterization of transparent conductive delafossite-CuCr1-xO2 films[END_REF]. This Cu-based oxide family shows multi-energy bandgap Eg behaviors in the range 1.1 eV to 3.6 eV [START_REF] Wheatley | Comparative study of the structural and optical properties of epitaxial CuFeO 2 and CuFe 1-x Ga x O 2 delafossite thin films grown by pulsed laser deposition methods[END_REF]. Additional advantages for manufacturing these oxides are that the main composite materials such as Cu and Fe are non-expansive, have relative abundance and are non-toxic.

The delafossite is a copper iron oxide mineral which discovered by Gabriel. Delafosse, while the CuFeO2 formula was first reported in 1873 by Charles Friedel [START_REF] Friedel | A Combination of Natural Iron Oxides and Copper and Reproduction of Actamides[END_REF]. Pabst et al. reported the first crystal growth of delafossite in 1935 by solid state synthesis [START_REF] Pabst | Crystal structure and density of delafossite[END_REF]. The Cu-based delafossite family attracted attention due to its wide bandgap semiconductor and p-type stability since the discovery of p-type conductivity of CuAlO2 thin films by Kawazoe in 1997 [START_REF] Kawazoe | P-type electrical conduction in transparent thin films of CuAlO2[END_REF]. CuAlO2 attracts researchers attention due to its highly transparent properties in the visible spectra, but the optimized annealing temperature to synthesize well-crystallized CuAlO2 is above 1000 °C, therefore the use of expansive substrates such as sapphire, etc. are necessary. This makes the fabrication process extremely expensive. On the other hand, Chen et al. successfully deposited CuFeO2 with an annealing temperature below 1000 ºC by the spin-coating technique [START_REF] Chen | Characterization and optoelectronic properties of sol-gel-derived CuFeO2 thin films[END_REF].

Delafossite CuFeO2 compound has rhombohedral primitive cell structure and is renowned as a ptype semiconductor with the highest conductivity value (2 S/cm) at 300 K amongst the delafossites family [START_REF] Thahab | Influences of post-annealing temperature on the structural and electrical properties of mixed oxides (CuFeO 2 and CuFe 2 O 4 ) thin films prepared by spray pyrolysis technique[END_REF]. CuFeO2 thin films have been reported by different deposition techniques such as pulsed laser deposition [START_REF] Wheatley | Comparative study of the structural and optical properties of epitaxial CuFeO 2 and CuFe 1-x Ga x O 2 delafossite thin films grown by pulsed laser deposition methods[END_REF][START_REF] Li | Epitaxial growth of delafossite CuFeO2 thin films by pulse laser deposition[END_REF], radio-frequency sputtering [START_REF] Deng | The effect of oxygen partial pressure on the properties of CuFeO2 thin films prepared by RF sputtering[END_REF][START_REF] Deng | Characterization of amorphous p-type transparent CuFeO 2 thin films prepared by radio frequency magnetron sputtering method at room temperature[END_REF], sol-gel method [START_REF] Chen | Transparent conductive CuFeO2 thin films prepared by sol-gel processing[END_REF][START_REF] Deng | The morphologies and optoelectronic properties of delafossite CuFeO2 thin films prepared by PEG assisted sol-gel method[END_REF] and in addition to our findings, only two other research groups have reported the synthesis of copper iron oxide thin films by spray pyrolysis technique [START_REF] Abdelwahab | Influences of annealing temperature on sprayed CuFeO2 thin films[END_REF][START_REF] Thahab | Influences of post-annealing temperature on the structural and electrical properties of mixed oxides (CuFeO 2 and CuFe 2 O 4 ) thin films prepared by spray pyrolysis technique[END_REF][START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF][START_REF] Omran Alkhayatt | Structure, surface morphology and optical properties of post-annealed delafossite CuFeO2 thin films[END_REF]. E. Ashlyn et al. [START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF] reported the first publication of preparation and characterization of p-type CuFeO2 thin films by the spray pyrolysis method. In this article, the effect of change in solution molar concentrations was studied on the structural, optical and electrical properties. The optical transmittance value was varied 5-25 % in the VIS-IR spectrum. The conductivity variations with temperature confirmed the semiconducting behavior of the prepared thin films, and the electrical conductivity values were reported as low compared to the bulk material.

Adel H. Omran et al. [START_REF] Thahab | Influences of post-annealing temperature on the structural and electrical properties of mixed oxides (CuFeO 2 and CuFe 2 O 4 ) thin films prepared by spray pyrolysis technique[END_REF] reported the deposition of mixed phase CuFeO2 and CuFe2O4 thin films, and the IV curve of Ni/CuFeO2/Si measurement showed the Schottky barrier of the fabricated device. [START_REF] Omran Alkhayatt | Structure, surface morphology and optical properties of post-annealed delafossite CuFeO2 thin films[END_REF] Another publication reported that the depositions CuFeO2 thin films on quartz substrate were polycrystalline with (012) preferred orientation and hexagonal (rhombohedral) structure. The scan electron microscope images gave information about the surface morphology of sprayed films which were relatively smooth and plated regularly. The optical transmittance of spray films was above 62 % in the visible region. H.M. Abdelwahab et al. [START_REF] Abdelwahab | Influences of annealing temperature on sprayed CuFeO2 thin films[END_REF] reported that due to the amorphous structure of the sprayed thin films as deposited, the influence of change in the annealing temperature from 800 ºC-900 ºC for 120 min in nitrogen atmosphere was studied, in order to determine the optimal annealing temperature required to achieve a single-phase CuFeO2 thin film with high polycrystalline structure. The optimal annealing temperature was 850°C. The post-annealing films were polycrystalline structure and the optical transmission value was 40 % in the visible region.

In this work, we study the influence of spray solution quantity on structural, morphological, composition, optical and electrical properties of post-annealed CuFeO2 thin films deposited by chemical spray pyrolysis technique (CSPT).

The chemical spray pyrolysis technique (CSPT) has several advantages such as: the simple configuration of the apparatus, the spraying process can accommodates large areas for use in industry, mass production and non-vacuum technique required that reduce the manufacturing cost; and the use of inorganic semiconducting materials which are abundant, inexpensive and environmentally friendly. The properties of sprayed films depend on the various deposition parameters such as substrate temperatures, spray solution rate, deposition time, the distance between the substrate and spray nozzle, the used substrate and the solution droplet sizes [START_REF] Ukoba | Review of nanostructured NiO thin film deposition using the spray pyrolysis technique[END_REF].

Material and method

CuFeO2 thin films were successfully deposited on fused silica substrate by CSPT. An aqueous solution was created using 0.05 M of copper (II) chloride dihydrate [CuCl2.2H2O] and 0.05 M iron (III) chloride hexahydrate [FeCl3.6H2O] were mixed in a ratio of [1:1]. The sprayed thin films are deposited at 450 °C using different spray solution quantities of 10 ml, 20 ml and 30 ml in order to obtain different films thickness. In order to obtain homogeneous and uniform thin film layers, the aqueous solution was sprayed by very fine droplets of size 23 micrometers by using an automatic spray gun HM3 atomizer from FUSO SEIKI Co., Ltd.; Japan. The compressed air was maintained at 1.5 bar. The distance between the nozzle and the substrate was 35 cm. The fused silica substrates were carefully cleaned respectively by acetone, ethanol and distilled water for 10 minutes by ultrasonication. The deposited films are amorphous hence the post-annealed in a nitrogen atmosphere for two hours at optimal annealing temperature 850 °C was necessary to obtain CuFeO2 single-phase polycrystalline structure [START_REF] Abdelwahab | Influences of annealing temperature on sprayed CuFeO2 thin films[END_REF].

The crystallographic structure of the thin films was checked by X-ray diffraction (XRD) Philips (PW 3040) using Cu-Kα1 radiation λ=1.54 Å at 40 kV and 30 mA. The optical properties were measured by a Jasco (V-670) UV/VIS/NIR spectrophotometer in wavelength ranging from 300 to 2500 nm. The surface morphology and thin film thickness was measured by using field emission scanning electron microscopy (FE-SEM) TESCAN MIRA3 LMH. The elemental composition of the thin films was estimated by energy dispersive X-ray analysis (EDXA) OXFORD (X-act). The electrical properties of deposited films were characterized by Hall Effect measurements in a Van der Pauw configuration at 300 K.

Results and discussion

Copper iron oxides thin films as deposited at various thicknesses had an amorphous structure; therefore a heat treatment for 120 min in a nitrogen (N2) atmosphere at 850°C was a necessary step to achieve a single-phase CuFeO2 with polycrystalline structure. The X-Ray Diffraction pattern in Fig. 1 displays the transformation from the amorphous structure of CuFeO2 thin films as deposited for sample (c) and the improvement in crystal structure after post-annealing processing for samples (a, b and c) with spray solution quantities of 10 ml, 20 ml and 30 ml. Films after post-annealing are a polycrystalline structure with (012) preferred growth orientation. Fig. 1(a) shows the XRD pattern for the film deposited with spray solution 10 ml, which shows a polycrystalline structure with small peak intensity at (012). Increasing the amount of spray solution to 20 ml as shown in Fig. 1 (b) observed the appearance of new peaks at (006), (104), and (110) with an increase in the main peak intensity at (012). Film deposited with spray solution quantity 30 ml is shown in Fig. 1(c) which displays the appearance of new peaks at (003), ( 101) and (018) with increase in sharpness and intensity of (006), ( 104), ( 110) and ( 012), all the diffraction peaks were indexed according to (JCPDS 75-2146) card. No additional peaks were observed meaning that the prepared layers are single-phase CuFeO2 thin films.

The crystal structure was determined as a rhombohedral structure with a space group R-3m. Obviously, the films' crystallinity are improved when the spray solution quantity increase, which produces the increase in film thicknesses, similar behaviors are observed in other reports [START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF][START_REF] Ennaceri | Thickness effect on the optical properties of TiO2-anatase thin films prepared by ultrasonic spray pyrolysis: Experimental and ab initio study[END_REF][START_REF] Sajilal | Effect of thickness on physico-chemical properties of p-NiO (bunsenite) thin films prepared by the chemical spray pyrolysis (CSP) technique[END_REF].

The Debye Scherrer equation was used to calculate the crystallite size (D) for all deposited films from the main peak (012) [START_REF] Abdelwahab | Influences of annealing temperature on sprayed CuFeO2 thin films[END_REF].

θ β λ cos 9 . 0 = D ( 1 
)
Where θ is the Bragg's angle, β is the angular width at half maximum peak intensity (FWHM) and λ is a wavelength of used X-Ray (1.54 Å). The crystallite size was increased from 23 nm to 36.6 nm with thickness increase which may be attributed to the decrease of defects and increase of crystal lattice order then the films crystallinity structure improved. Fig. 2 shows the surface morphology of the deposited CuFeO2 films after annealing exhibit a homogeneous, compact and coral-like network structure. The film thicknesses were measured by FE-SEM cross-sectional views for different spray solution quantities of 10 ml, 20 ml, and 30 ml were found to be 493 nm, 612 nm, and 738 nm respectively.

The chemical composition of the annealed CuFeO2 thin films at different thicknesses was estimated by EDXA. The atomic concentrations ratio of all elements Cu:Fe:O are close to the 1:1:2 stoichiometry. These values of optical transmission are much higher than the transmittance value reported by E. Ashlyn et al. [START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF] of CuFeO2 thin films using the spray pyrolysis technique, where T value was varied 5-25 % in the VIS-IR spectrum. We assume this improvement in the films transparency in our results is related to the change in the molar concentration of the spray solution. They reported that the transmittance decreases with increasing solution concentrations, since the increase in the molar concentration increases the material content of deposited films, and the covalent bonding between the composition elements (Cu, Fe, and O2) increased [START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF].

The optical energy bandgap Eg was determined using the formula [START_REF] Abdelwahab | Influences of annealing temperature on sprayed CuFeO2 thin films[END_REF].

αhυ= A (hυ-Eg) n (2)
Where (α) is the absorption coefficient, (hν) is the photon energy, A is a constant, Eg is the optical band gap energy and the n value change due to the transition type n= (2, 1/2) for direct and indirect bandgap respectively. Fig. 3(b) shows the Tauc plot of CuFeO2 films at different solution quantities which are 1.9 eV, 1.6 eV and 1.5 eV for films with thickness 493 nm, 612 nm and 738 nm; these values are close to Eg of single crystal CuFeO2 [START_REF] Omeiri | Electrochemical and photoelectrochemical characterization of CuFeO2 single crystal[END_REF][START_REF] Chao | Fabrication and characteristic of delafossite-type CuFeO2 nanofibers by electrospinning method[END_REF]. The observed decreases of the optical band gap values as films crystallinity improves can be related to amorphous-crystalline transformation, as the sprayed solution quantity increases the concentration of the composition elements (Cu, Fe, O2) in the deposited films increase which improves the crystal lattice order. A right-shift in the optical absorption edge relates to the thickness increase as the spray solution quantity increase. The thicker films have higher composition elements (Cu, Fe, and O2) which may produce localized states in the film's band structure. This localized state width increases with thickness, hence the optical absorption edge decreases similar to other observation [START_REF] Rabeh | The Effect of Thickness on Optical Band Gap and N-type Conductivity of CuInS2 Thin Films Annealed in Air Atmosphere[END_REF].

The absorption coefficient (α) was calculated using the formula [START_REF] Omran Alkhayatt | Nanocrystalline CuFeO2 Delafossite Thin Films Prepared on Quartz by CSP Method[END_REF].

α = 2.303 A/t (3) 
A is the value of absorbance and t is the thickness of the CuFeO2 films. The absorption coefficient of prepared films was changed from 1 Х 10 4 cm -1 to 4 Х 10 4 cm -1 in the visible spectrum. That is why the sprayed CuFeO2 films are appropriate candidates to use in photovoltaic applications as absorbent layers.

The electrical properties were studied by Hall Effect measurements in a Van der Pauw configuration at 300 K for post-annealing CuFeO2 thin films. Fig. 4 shows the variation in electrical conductivity versus the 1000/T (K) -1 . The increase in electrical conductivity with temperature confirmed the semiconductor nature of the sprayed CuFeO2 thin films. Similar behavior for measurement was observed by E. Ashlyn et al. [START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF]. The activation energy of conductivity (Ea) calculated from Arrhenius formula, were shown in Table 1 which found to be decreased with the films thickness increase. The activation of conductivity is determined by 2 terms: free carrier concentration and activation of free carrier mobility. Since samples have different structural qualities, it is expected to have different values for free carrier mobilities, thus leading the various activation energies of conductivity. The decrease in Ea values may be related to the improvement in film crystallinity and the change in electrical properties, and similar results have been reported elsewhere [START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF].

The electrical parameters as conductivity σ (S/cm), carrier concentration (cm -3 ), carrier mobility (cm 2 /V•s) and activation energy of conductivity Ea (eV) are summarized in Table 1.

Table 1:

The Spray solution quantity (ml), film thickness (nm), electrical conductivity σ (S/cm), carrier concentration p (cm -3 ), carrier mobility (cm 2 /V•s) and activation energy of conductivity Ea (eV) at 300 K.

Spray solution quantity [ml]

Films The improvement in the films crystallinity increases the electrical conductivity from 9 Х 10 -5 to 1.5 Х 10 -1 S/cm which may be related to the grain size increase leading to less scattering in grain boundaries. The positive value of the Hall coefficient accentuates the p-type conductivity of all CuFeO2 films, the Hall mobility value μ ≤ 1 cm 2 /V•s, similar values have been reported by other groups [START_REF] Chen | Transparent conductive CuFeO2 thin films prepared by sol-gel processing[END_REF][START_REF] Chen | Characterization and optoelectronic properties of sol-gel-derived CuFeO2 thin films[END_REF].

The maximum conductivity σ = 1.5 Х 10 -1 S/cm and carrier concentration 7.4 Х 10 18 cm -3 was obtained for CuFeO2 film with polycrystalline structure at thickness 738 nm, which is higher than the value obtained by another group using sol-gel technique [START_REF] Chen | Transparent conductive CuFeO2 thin films prepared by sol-gel processing[END_REF], higher than film deposited by atmospheric pressure plasma annealing [START_REF] Chen | Delafossite-CuFeO2 thin films prepared by atmospheric pressure plasma annealing[END_REF], and has approximately the same values of CuFeO2 films deposited by high cost physical technique such as RF sputtering [START_REF] Deng | The effect of oxygen partial pressure on the properties of CuFeO2 thin films prepared by RF sputtering[END_REF][START_REF] Deng | Characterization of amorphous p-type transparent CuFeO 2 thin films prepared by radio frequency magnetron sputtering method at room temperature[END_REF] and much higher value than reported by E. Ashlyn et al. [START_REF] Kirupa | Characterization of polycrystalline p-type transparent conducting CuFeO2 thin films prepared by chemical spray pyrolysis technique[END_REF] using the same deposition technique, where the value of conductivity can be determined from their Arrhenius plot was found to be approximately in order 10 -4 S/cm at room temperature. We beleive this improvement is related to the change in the deposition parameters and the post-annealing process which plays a very important rule to achieve a single-phase thin film with high crystallinity, transparency, and electrical conductivity.

Conclusion

Single-phase p-type CuFeO2 thin films were synthesized on fused silica substrate by simple nonexpensive chemical spray pyrolysis deposition technique. Post-annealed CuFeO2 films are polycrystalline with rhombohedral structure and (012) preferred orientation. The films' crystallinity was ameliorated with thickness increase due to the solution quantity increase. The EDXA results confirmed the stoichiometry of CuFeO2 films. The optical transmittance of annealed CuFeO2 films was altered from 30 to 70 % in the visible region and the optical band gap values decreased as thickness increased from 1.88 eV to 1.48 eV. The conductivity and carrier concentration of post-annealed CuFeO2 films increased as the films' crystallinity improved. The maximum conductivity value was 1.5 Х 10 -1 S/cm with carrier concentration 7.4

Х 10 18 cm -3 was obtained for the single-phase polycrystalline CuFeO2 film with spray solution quantity 30 ml. We have achieved a new record of conductivity for CuFeO2 films deposited by spray pyrolysis technique up to date.

Fig. 1 .

 1 Fig.1. X-ray diffraction pattern of CuFeO2 as deposited (c) and after post-annealing processing for spray solution quantities (a) 10 ml, (b) 20 ml and (c) 30 ml.

Fig. 2 .

 2 Fig.2. FE-SEM morphologies images and cross-sectional FE-SEM images of CuFeO2 thin films for different spray solution quantities (a) 10 ml, (b) 20 ml and (c) 30 ml.

Fig. 3 .

 3 Fig.3.(a) Transmittance spectrum and (b) Tauc Plot of CuFeO2 thin films for different spray solution quantities (a) 10 ml, (b) 20 ml and (c) 30 ml.

Fig. 3 (

 3 Fig.3 (a)shows the optical transmission spectrum T (%) versus wavelength λ (nm) in the range 300-2500 nm for post-annealed CuFeO2 films with different spray solution quantity. The optical transmission varies between 30-70 % in VIS-IR spectra; the films are transparent due to the high structural crystallinity and there are no additional phases. The increase in the quantity of spray solution decreases the films' transparent due to the rise in the material content of deposited films as film's thickness increase.

Fig. 4 .

 4 Fig. 4.The electrical conductivity of CuFeO2 thin films versus the 1000/T for different spray solution quantity (a) 10 ml, (b) 20 ml and (c) 30 ml.
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