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Microstructural and transport properties of Mg doped CuFeO 2 thin films: A promising material for high accuracy miniaturized temperature sensors based on the Seebeck effect
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Delafossite type Mg doped CuFe Oi thin films have been deposited on fused silica by radio fr equency magnetron sputtering. As deposited 300 nm thick films have been obtained and post annealed be tween 350 and 750 •c under primary vacuum The delafossite structure appears for the samples annealed above 550 •c. The microstructural analysis showed the presence of cracks and an inhomoge neous distribution of the dopant in the thickness. Only the sample annealed at 700 •c sh owed CuFeOi stable ph ases, lower im p urities amount, a high and constant Seebeck coefficient ( +416 ± 3 µV K 1 ) and good electrical conductivity ( 1.08 S cm 1 at 25 •C ) . High accuracy temperature sensors based on the Seebeck effect not only need high Seebeck coefficient without any drift with the temperature, but also a sufficient electrical conductivity and high ph ase stability. Thanks to its properties and also its low thermal conductivity ( 4.8 ± 0.6 W m 1 K 1 at 25 • q due to the thin film configuration and the polaronic transport , the Mg doped CuFe Oi thin film annealed at 700 •c was found to be a very good p type ma terial for high accuracy miniaturized temperature measurernent sensors based on the Seebeck effect in the medium temperature range.

Introduction

CuFe02 is the first minerai to be called delafossite by the French chemist Charles Friedel [START_REF] Friedel | Sur une combinaison naturelle des oxydes de fer et de cuivre, et sur la reproduction de l'atacamite[END_REF]. This term is then generalized to an AMX2 type structure. In such oxide family, i.e. when Xis oxygen, the cation A 1 is a monovalent metal (Cu, Pt, Pd, Ag) and the cation M '" is a trivalent metal (Al, Cr, Fe, Y, La, Sc, ... ). Delafossite structure can be described as a stack of cation A 1 layer and Mûs octahedron layer along ë axis. Each cation A 1 is linearly coordinated to two oxygens belonging to upper and lower Mûs. Delafossite compounds received much attention thanks to their good p type transparent conducting oxide properties [START_REF] Kawazoe | P-type electrical conduction in transparent thin films of CuAlO 2[END_REF], their unexpected magnetic [START_REF] Elkhouni | Structural and magnetic properties of substituted delafossite-type oxides CuCr 1 x Sc x O 2[END_REF] and conducting properties [START_REF] Ahmadi | Improving the electrical and optical properties of CuCrO 2 thin film deposited by reactive RF magnetron sputtering in controlled N 2 /Ar atmosphere[END_REF][START_REF] Scanlon | Understanding the p-type conduction properties of the transparent conducting oxide CuBO 2 : a density functional theory analysis[END_REF]. In the last decade, they showed also interesting thermoelectric properties due to their relatively high Seebeck coeffiàent [START_REF] Guilmeau | Thermoelectric oxides: effect of doping in delafossites and zinc oxide[END_REF][START_REF] Saini | Effect of oxygen pressure on thermoelectric properties of p-type CuAlO 2 films fabricated by pulsed laser deposition[END_REF][START_REF] Sinnarasa | Influence of thickness and microstructure on thermoelectric properties of Mgdoped CuCrO 2 delafossite thin films deposited by RF-magnetron sputtering[END_REF][START_REF] Sinnarasa | Thermoelectric and transport properties of delafossite CuCrO 2 :Mg thin films prepared by RF magnetron sputtering[END_REF].

CuFe02 is one of the delafossite oxides, which presents a
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bttps://doi.org/10.1016/j.jallcom2020.154199 polaronic conductivity. In particular, it arouses a great interest for its magnetic and magnetoelectric properties [START_REF] Hayashi | Structural, magnetic, and ferroelectric properties of CuFe 1 x Mn x O 2[END_REF][START_REF] Haraldsen | Multiferroic phase of doped delafossite CuFeO 2 identified using inelastic neutron scattering[END_REF][START_REF] Hayashi | Spin dynamics of triangular lattice antiferromagnet CuFeO2 : crossover from spin-liquid to paramagnetic phase[END_REF][START_REF] Haraldsen | Spin-wave dynamics for the highmagnetic-field phases of the frustrated CuFeO 2 antiferromagnet: predictions for inelastic neutron scattering[END_REF] but also for it s optoelectronic [START_REF] Chen | Transparent conductive CuFeO 2 thin films prepared by sol gel processing[END_REF][START_REF] Deng | Structure and optoelectronic properties of Mg-doped CuFeO 2 thin films prepared by sol gel method[END_REF][START_REF] Benko | Opto-electronic properties of p-and n-type delafossite CuFeO 2[END_REF][START_REF] Oh | Photoelectrodes based on 2D opals assembled from Cu-delafossite double-shelled microspheres for an enhanced photoelectrochemical response[END_REF] and thermoelectric [START_REF] Nozaki | Electronic structure and thermoelectric properties of the delafossite-type oxides CuFe 1ex Ni x O 2[END_REF][START_REF] Ruttanapun | Effects of Pd substitution on the thermoelectric and electronic properties of delafossite Cu 1 x Pd x FeO 2 (x 0.01, 0.03 and 0.05[END_REF][START_REF] Rudradawong | Effect of excess oxygen for CuFeO 2.06 delafossite on thermoelectric and optical properties[END_REF][START_REF] Ruttanapun | Thermoelectric properties of Sn 2þsubstituted CuFeO 2 delafossite-oxide[END_REF][START_REF] Ruttanapun | Thermoelectric properties of Cu 1 x Pt x FeO 2 (0.0 x 0.05) delafossite-type transition oxide[END_REF] properties. These different properties have been improved thanks to doping (Ni [START_REF] Nozaki | Electronic structure and thermoelectric properties of the delafossite-type oxides CuFe 1ex Ni x O 2[END_REF], Mg [START_REF] Benko | Opto-electronic properties of p-and n-type delafossite CuFeO 2[END_REF], Pd [START_REF] Ruttanapun | Effects of Pd substitution on the thermoelectric and electronic properties of delafossite Cu 1 x Pd x FeO 2 (x 0.01, 0.03 and 0.05[END_REF],Pt [START_REF] Ruttanapun | Thermoelectric properties of Cu 1 x Pt x FeO 2 (0.0 x 0.05) delafossite-type transition oxide[END_REF], Co [START_REF] Nozaki | High temperature thermoelectric properties of delafossite-type oxides CuFe 0.98 M 0.02 O 2[END_REF] and Ti (231) and tuning oxygen stoichiometry [START_REF] Rudradawong | Effect of excess oxygen for CuFeO 2.06 delafossite on thermoelectric and optical properties[END_REF][START_REF] Stocker | Influence of oxygen Fig. 11. Thermal conductivity of 300 nm thick CuFeO 2 :Mg film annealed at 700 C as a function of the measuring temperature. partial pressure during processing on the thermoelectric properties of aerosol-deposited CuFeO 2[END_REF]. The majority of studies on CuFe02 were conducted on bulk samples. CuFe02 has given rise to renewed interest in the recent years due to its photocatalytic properties for hydrogen production [START_REF] Oh | Photoelectrodes based on 2D opals assembled from Cu-delafossite double-shelled microspheres for an enhanced photoelectrochemical response[END_REF][START_REF] Jang | Oxygen-intercalated CuFeO 2 photocathode fabricated by hybrid microwave annealing for efficient solar hydrogen production[END_REF][START_REF] Wuttig | The effect of Mgdoping and Cu nonstoichiometry on the photoelectrochemical response of CuFeO 2[END_REF][START_REF] Pr Evot | Evaluating charge carrier transport and surface states in CuFeO 2 photocathodes[END_REF] as well as photovoltaic [START_REF] Crespo | Potentiality of CuFeO 2 -delafossite as a solar energy converter[END_REF] properties.

Few authors have prepared this CuFeOz material in thin film form using different deposition techniques such as pulsed laser deposition [START_REF] Choi | Impurity dependent semiconductor type of epitaxial CuFeO2 (111) thin films deposited by using a pulsed laser deposition[END_REF][START_REF] Li | Epitaxial growth of delafossite CuFeO 2 thin films by pulse laser deposition[END_REF][START_REF] Joshi | Structural and magnetic properties of epitaxial delafossite CuFeO 2 thin films grown by pulsed laser deposition[END_REF][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], radio frequency sputtering [START_REF] Barnab E | Preparation of delafossite CuFeO 2 thin films by rf-sputtering on conventional glass substrate[END_REF][START_REF] Mugnier | Thin films preparation by rf-sputtering of copper/iron ceramic targets with Cu/Fe 1: from nanocomposites to delafossite compounds[END_REF], spin coating [START_REF] Zhang | Chemical solution deposition and transport properties of epitaxial CuFeO 2 thin films[END_REF][START_REF] Chen | Delafossite CuFeO 2 thin films prepared by atmospheric pressure plasma annealing[END_REF][START_REF] Bera | Chemical modulation of valance band in delafossite structured CuFeO 2 thin film and its photoresponse[END_REF], electrodeposition [START_REF] Read | Electrochemical synthesis of p-type CuFeO 2 electrodes for use in a photoelectrochemical cell[END_REF] and spray pyrolysis [START_REF] Omran Alkhayatt | Structure, surface morphology and optical properties of post-annealed delafossite CuFeO 2 thin films[END_REF]. In addition, the thermoelectric behavior of doped or undoped CuFe0 2 was rarely studied on thin films. Stocker et al. [START_REF] Stocker | Influence of oxygen Fig. 11. Thermal conductivity of 300 nm thick CuFeO 2 :Mg film annealed at 700 C as a function of the measuring temperature. partial pressure during processing on the thermoelectric properties of aerosol-deposited CuFeO 2[END_REF] are the only ones who have studied the thermoelectric properties of a CuFe02 thick film (25 �1m thick) elaborated by an aerosol deposition.

Temperature sensors based on Seebeck effect firstly require high

Seebeck coefficients and low Seebeck coefficient drift with the temperature. Conventional materials used in thermocouple as Chromel and Alumel show a relatively small Seebeck coefficient (<40 mV/K) and have a relatively high Seebeck coefficient drift with the temperature (as example, Chromel with 0.5% of Cr drift varies from 0 to 30 mV/K when the temperature increases from 0 C to 1200 C) [START_REF] Vedernikov | Thermoelectric properties of solid solutions of chromium, vanadium and titanium in nickel[END_REF]. This drift must be compensated by electronic setup which increase the global cost of the temperature sensors and can limit the measurement accuracy. Temperature sensors based on Seebeck effect require also a low thermal conductivity and low material quantity to avoid thermal pumping. In previous work [START_REF] Sinnarasa | Determination of modified figure of merit validity for thermoelectric thin films with heat transfer model: case of CuCrO 2 :Mg deposited on fused silica[END_REF], we have demonstrated that in the case of thin films, the thermoelectric material can be considered as a composite made with the substrate and the thin film. The sub strate does not participate to the electrical conduction and the Seebeck effect but it definitely influences the thermal conductivity. Besides, in the case of a lot of thin films, the thermal conductivities of the composite (film and substrate) can be assimilated to those of the substrate and could be advantageous for miniaturized tem perature sensors when the substrates have small thermal conductivities.

Due to the specific needs for high accuracy miniaturized tem perature sensors based on the Seebeck effect, in this article we have studied structural, microstructural and transport properties of Mg doped CuFeO 2 thin films deposited using RF magnetron sputtering to determine if their properties are adapted to high accuracy miniaturized temperature sensors application.

Experimental

Preparation of Mg doped CuFeO 2 target

Polycrystalline CuFe 0.97 Mg 0.03 O 2 (denoted CuFeO 2 :Mg in the following) powder was prepared according to previous work [START_REF] Mugnier | Synthesis and characterization of CuFeO 2þd delafossite powders[END_REF][START_REF] Lalanne | Synthesis and thermostructural studies of a CuFe 1 x Cr x O 2 delafossite solid solution with 0 x 1[END_REF] by grinding and mixing commercial oxides, Cu 2 O, Fe 2 O 3 , and MgO with stoichiometric proportions. The oxide mixture was annealed at 900 C for 10 h in nitrogen atmosphere and cooled down to room temperature. After it was ground again, the mixture was reheated for a further 10 h period. The purity of the delafossite phase was checked by X Ray Diffraction (XRD).

The polycrystalline delafossite powder has been pressed into a sputtering target of 10 cm in diameter then sintered at 1000 C for 5 h in argon atmosphere.

Preparation of Mg doped CuFeO 2 thin films

In order to deposit CuFeO 2 :Mg thin films, the target assembly was mounted in a RF magnetron sputtering chamber (Alcatel A450). The target was then initialized by sputtering its surface for 10 h. 15 min of pre sputtering with argon plasma has been applied before starting each film deposition to remove the surface contamination. Fused silica substrates (25 mm  25 mm, x1 mm thick) placed on a water cooled sample holder were used during the deposition. In order to avoid the reduction of the target, a low argon pressure was used during the sputtering process [START_REF] Le Trong | Preparation of iron cobaltite thin films by RF magnetron sputtering[END_REF]. The deposition parameters are summarized in Table 1. Under these conditions, as deposited films with thickness of 300 nm have been elaborated. The as deposited films have been systematically annealed for 4 h under primary vacuum at various temperatures between 350 and 750 C.

Characterization

Thickness measurements were performed with a DEKTAT 3030ST profilometer on a step made in the thin film. The compo sition of thin films has been checked using a CAMECA SXFiveFE Field Emission Gun Electron Probe Micro Analyser (FEG EPMA). The structural properties of the films were investigated by a a 1 Grazing Incidence X Ray Diffraction (GIXRD) at room temperature. GIXRD was performed using a Bruker D8 diffractometer equipped with a Bruker LynxEye 1D detector. Copper radiations were used as X ray source (lCuK a1 1.5405 Å and lCuK a2 1.5445 Å). The microstructure of the films was observed using a Jeol JSM7800F Field Emission Gun Scanning Electron Microscope (SEM FEG) and a Jeol JEM ARM200F Cold FEG corrected Transmission Electron Mi croscope (TEM). Glow Discharge Optical Emission Spectrometry (GD OES) measurements (Horiba GD profiler 2) was used to carried out fast compositional depth profiling from the nanometer range up to several hundreds of microns in depths. EPMA, SEM, TEM and GDOES were carried out at the Raimond Castaing Micro caracterisation Centre in Toulouse.

The electrical resistivity was measured at different tempera tures using a four point probe measurement unit (Signatone). A home made measurement setup has been used for the Seebeck coefficient determination as a function of temperature. Two inde pendent heaters fitted to the thin film geometry have been used to apply a thermal gradient along the thin film. Electrical contacts were done with a 25 mm diameter aluminium wire bonder (HYBOND Model 626). The ohmic type behaviour (linearity of current vs voltage curve) of the electrical contacts has been checked systematically for all samples with a source meter (Keithley 2450) after bonding step. During the experiment, the voltage was measured with a nanovoltmeter (Keithley 2182A). Two carbon spots (with an emissivity of 0.97) were deposited on the surface of the thin films by spraying carbon solution through a shadow mask to accurately measure the surface temperature with an infrared camera. The two carbon spots were located at the same isothermal position than the electrical contacts. The mean temperature (T Mean ) was considered as the average between the temperature of the hot side (T Hot ) and that of the cold side (T Cold ).

The Seebeck coefficient S(T Mean ) at a given mean temperature can be calculated with:

SðT mean Þ S ref DV DT (1)
Where DV, and DT are respectively electric potential and tem perature difference (T Hot T Cold ) measured on the film. S ref is the Seebeck coefficient of aluminium wires which is negligible in comparison with high values of delafossite thin films. The accuracy of the experimental setup was checked by using a Ca 3 Co 4 O 9 sample already measured elsewhere with a commercial apparatus (ZEM 3). The results were similar with a standard deviation of 7%. The cross plane thermal conductivity was measured with a homemade apparatus at Institute Charles Gerhard Montpellier, similar to that of Beaudhuin et al. [START_REF] Beaudhuin | Thermal Conductivity Measurement of Thin Layers by the 3u Method Philips[END_REF], using the 3u method and discussed in detail by Cahill [START_REF] Cahill | Thermal conductivity measurement from 30 to 750 K: the 3u method[END_REF]. The setup up is made of an ultra low distortion function generator (Stanford Research Systems DS 360), a Vishay variable resistor (temperature coefficient resistance of 15 ppm/ C) and an Analogical Digital Converter card model NI PCI 4474. To avoid the diffusion of Cu from delafossite into Si substrate, a 30 nm thick SiO 2 film was deposited beforehand on the substrate using chemical vapor deposition. The CuFeO 2 :Mg thin film was electri cally isolated from 3u resistor by depositing again a SiO 2 film as shown in Fig. 1. A gold metallic strip, 4 mm length, 29 mm width was used as a Resistance Temperature Detector. The 3u signal is then detected with a numerical lock in amplifier and the Coefficient Temperature Resistance of the strip is determined in situ using a Keitlhey 2400 SourceMeter. The measurement circuit works with the differential method and the sample is located in a vacuum chamber at 2.10 À5 mbar.

Results and discussions

Atomic composition

The as deposited thin films were analyzed with EPMA to check the composition. Ten measurements were used to determine an average atomic ratio given in the Table 2.

The results show an excess of copper with a molar ratio x Cu/ (Fe þ Cu) 0.56 smaller than x 0.49 which correspond to the stoichiometric Mg doped delafossite (x 0.96/(1 þ 0.96)). In the CueFeeO system, Wuttig et al. [START_REF] Wuttig | The effect of Mgdoping and Cu nonstoichiometry on the photoelectrochemical response of CuFeO 2[END_REF] and E.A. Trofimov [START_REF] Trofimov | Thermodynamic Analysis of Phase Equilibrium in Multicomponent Systems Including Metallic Melts[END_REF] have already reported such copper non stoechiometry in undoped copper iron delafossite, but without any structural proof of the presence of the pure delafossite phase. Schorne Pinto et al. [START_REF] Schorne-Pinto | Insights on the stability and cationic nonstoichiometry of CuFeO 2 delafossite[END_REF] have recently demonstrated that the delafossite structure can accept a copper excess up to 14% in air, i.e. up to x 0.53 before any precipitation of copper single oxide. Fig. 2 shows the phase diagram of the CueFeeO system calcu lated using Factsage software from the thermodynamic model published Shishin et al. [START_REF] Shishin | Critical assessment and thermodynamic modeling of the Cu Fe O system[END_REF] and by Schorne Pinto et al. [START_REF] Schorne-Pinto | Insights on the stability and cationic nonstoichiometry of CuFeO 2 delafossite[END_REF] for an oxygen pressure pO [START_REF] Kawazoe | P-type electrical conduction in transparent thin films of CuAlO 2[END_REF] 10 À5 atm which corresponds to the pO 2 measured in the furnace during the annealing in this work. Based on previous experimental tests done under air and argon atmo sphere, the copper solubility in the delafossite structure is extrap olated in this plot at x 0.47. One can note that this phase diagram is only effective for bulk and undoped material. In the case of Mg doped thin films, due to the Mg doping level, the high surface to volume ratio and the mechanical stress generally found in thin films, the stability domains could vary slightly from this plot. Nevertheless, whereas the copper excess is equal to x 0.56 in our films, we can assume that a part of the copper could be inserted in the delafossite structure. If all the copper excess is not integrated into the delafossite structure, the rest of the copper should then form copper oxides like CuO or Cu 2 O below and above 648 C respectively. The delafossite phase appears to be thermodynami cally stable above 549 C.

Structural characterization

The GIXRD patterns of as deposited and annealed thin films between 350 and 750 C are presented in the Fig. 3.

For T 500 C, there were no diffraction peaks of delafossite structure. Only the diffraction peaks corresponding to the spinel and cuprite phases appeared gradually and increased in intensity until 500 C. The diffraction peak at 2q z 35.8 was hardly assignable to a single phase because it could correspond to the most intense diffraction peaks of CuFeO 2 (012), CuO ( 111) and CuFe 2 O 4 (311).

In the 500 < T 650 C range, the peaks intensity corresponding to the spinel phase progressively decreased with the annealing temperature, while the peaks corresponding to CuFeO 2 and CuO increased. Indeed, the most characteristic peaks of the delafossite structure indexed (006), ( 101), ( 012) and (104) in the trigonal R 3m space group (file: # 01 070 6670) were identifiable and their in tensity remained almost constant with the annealing temperature. The presence of CuFeO 2 and CuO phases well agrees with the calculated phase diagram (Fig. 2) in this temperature range.

For T > 650 C, the characteristic peaks of cuprite decreased in intensity. Over 700 C, no peak of the secondary phases can be observed, only the diffraction peaks of the CuFeO 2 phase were visible. The excess of Cu observed with EPMA was not visible on the GIXRD pattern for the films annealed at a temperature higher than 700 C. This corroborate that all the coper excess could be inte grated into the delafossite structure. One can also note that no extra phase with Mg has been highlighted by GIXRD in all the temper ature range.

In addition, it is interesting to note on GIXRD pattern that the peak (006) of the CuFeO 2 :Mg appears with an expected relative intensity for the delafossite structure, in contrary to the CuCrO 2 :Mg thin films studied in our previous works [START_REF] Sinnarasa | Influence of thickness and microstructure on thermoelectric properties of Mgdoped CuCrO 2 delafossite thin films deposited by RF-magnetron sputtering[END_REF][START_REF] Sinnarasa | Thermoelectric and transport properties of delafossite CuCrO 2 :Mg thin films prepared by RF magnetron sputtering[END_REF] for which, there was an absence of crystallite oriented along the c ! axis. In CuFeO 2 :Mg, no particular preferred orientation could be noticed.

The Raman spectra of the thin films annealed at 700 C and 750 C (Fig. 4) showed only the two Raman active modes E g and A 1g at 349 cm À1 and 688 cm À1 respectively which was consistent with the spectra of the reference powder. The broad band around 500 cm À1 was present both in the Raman spectra of the powder that the thin films. It correspond to the relaxation of selection rules by defects such as interstitial oxygen's, Cu vacancies or tetrahe drally coordinated Fe 3þ on the Cu site [START_REF] Aktas | Raman scattering study of delafossite magnetoelectric multiferroic compounds: CuFeO 2 and CuCrO 2[END_REF]. The Raman active modes of CuO and Cu 2 O phases were not observable in the spectra of the thin films, proving once again the total solubility of copper excess into delafossite structure. Moreover, no vibration mode of MgO phase was detected which confirm the Mg insertion in the delafossite structure Therefore, based on the GIXRD and Raman analyses, the thin films annealed at 700 C and 750 C show a pure delafossite phase.

Microstructural characterization

Fig. 5 shows surface SEM FEG micrographs of 300 nm thick CuFeO 2 :Mg thin films annealed at 600, 650, 700 and 750 C. The SEM FEG micrographs show that for temperature higher than 650 C, micro cracks appeared and increased in size and number. This could be a progressive relaxation by a cracking phenomenon due to an accumulation of tensile stress during the cooling steps when the sample has been annealed at T > 600 C. It is explained by the large difference in the thermal expansion coefficient between CuFeO 2 (30 Â 10 À6 K À1 estimated with the peaks shift of CuFeO 2 powder as a function of the temperature obtained with tempera ture dependent XRD not shown here) thin film and fused silica substrate (0.5 Â 10 À6 K À1 ) [START_REF] Key | Thermal expansion of glasses at low temperatures, Retrosp[END_REF][START_REF] Xia | Crack patterns in thin films[END_REF].

A high resolution transmission electron microscopy study in dark and bright fields Scanning TEM modes (STEM) was used to characterize the thin film (Fig. 5). To avoid any mechanical artefact, a thin lamella was prepared by focused ion beam. Fig. 6 shows cross section STEM micrographs of CuFeO 2 :Mg thin film annealed at 700 C. The obtained micrographs showed the formation of voids at the interface between the thin film and the substrate. The cooling step following the annealing caused the differential withdrawal of the thin layer and the substrate according to their respective thermal expansion coefficients. This withdrawal ended up forming the cracks at the interface that amplified with temperature. Fig. 7 shows the distribution of the chemical elements in the annealed thin film at 700 C by Energy Dispersive X ray Spectros copy (EDS) mapping. Copper and iron were mostly homogeneously distributed except for few areas. The areas depleted of iron and rich in copper, which are perceptible on the EDS maps, can show the presence of Cu 2 O phases in agreement with the phase diagram (Fig. 2). Indeed, the quantitative analysis of this area showed that the atomic percentage of the copper is twice higher than that of oxygen. Besides, magnesium was not homogeneous throughout the film thickness. Its concentration was high at the surface and in some areas in the film close to the interface. This inhomogeneous distribution of chemical elements in the thin layer could signifi cantly affect its physical properties. However, according to Raman and GIXRD patterns of the thin film annealed at 700 C, the ma jority of the crystalline phase was the delafossite CuFeO 2 .

Fig. 8 exhibits the GDOES element profiles of CuFeO 2 :Mg as deposited thin film and annealed thin film at 550 C and 700 C. Fig. 8a) indicates that the as deposited thin film had a homo geneous distribution of the chemical elements in depth while the thin layer treated at 550 C and 700 C showed a progressive enrichment in magnesium at the surface and at the interface (Fig. 8b andc). Although in general, the interpretation of the results on the first sputtered layers is not significant, the observation of a high intensity for magnesium during the first seconds confirmed a high concentration on the surface in agreement with TEM study (Fig. 7c). The annealing process promoted the migration of mag nesium to the surface and the interface. Even if the GDOES and the TEM EDS analyses do not allow to probe the matter at the atomic scale, i.e. are not be able to quantify the degree of substitution of Fe 

Transport properties

Electrical conductivity

Unlike the Seebeck coefficient, a good electrical conductivity is not crucial for high accuracy temperature sensor application, Electrical conductivity must simply allow electrical measurements to be done. Only the thin films annealed above 550 •c which exhibit the delafossite phase have been studied in this part. Fig. 9 (top) shows the electrical conductivity at 25 •c of300 nm thick films as a function of the measuring temperature. Semiconductor thermally polaronic transport identified by a linear regression of the ln (crT) f(lOOO/T) plot was identified for each sample (in insert ofthe Fig. 9). In these cases, the electrical conductivity increases due to an increasing of the polaronic mobility. In the delafossite phase, the transport operates by hale polarons between eu + and cu2 + . Fe 3+ ions are substituted by Mg2 + in the octeadron sites and leads to a copper mixed valence. The variation in electrical conductivity was similar during the increase and the decrease of the measuring "';"E 5 .0 :� g 0.4

"O C: temperature. This confirms the sta bility of the CuFeO2:Mg structure in the 25-250 °C temperature range in air. We can conclude that the structure and the Mg substitution in the delafossite structure are stable. The Fig. 9 (bottom) show that the electrical conductivity at room temperature increased with the annealing temperature up to 700 °C to reached 1.08 S cm-1, then drastically decreased down to 0.02 S cm-1 for the film annealed at 750 °C. The in crease of the el ectrical conductivity can be explained by the effect of CuFeO 2 crystallization, the iron substitution by the magnesium and the purification of the CuFeO 2 delafossite phase in agreement with XRD data (Fig. 3) and the phase diagram (Fig. 2). The stabilized CuFe0 2 phase (higher XRD peaks intensities) with lower copper oxide (CuO) impurity amount without thin film microcracks is only obtained after annealing treatment at 700 °C. Below this annealing temperature, the CuFe0 2 pha se is not fully crystallized and the amount of impurity (in particular Cuo which have low electrical conductivity ( <10-3 S cm-1 )) remains too high while over this annealing temperature, according to XRD, the phase is pure but microcracks appear (Fig. 5) leading to a drop of electrical conductivity.
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The lowest polaronic transport activation energy is obtained for thin film annealed at 700 °C (when the CuFeOi is fully crystallized and the amount of impurity is low). The polaronic transport acti vation energy of the 700 °C annealed CuFeO 2 thin film is equal to 0.13 eV (Fig. 9 lnsert).

The obtained electrical conductivity value (cr 1.08 S cm-1 at 25 °C) for the annealed sample at 700 °C was higher than the value published by Deng et al. [START_REF] Deng | Structure and optoelectronic properties of Mg-doped CuFeO 2 thin films prepared by sol gel method[END_REF] (cr 031 S cm -1 at room tempera ture) for 2% Mg doped CuFeOi thin film and by Chen et al. [START_REF] Chen | Transparent conductive CuFeO 2 thin films prepared by sol gel processing[END_REF] (cr 0.36 S cm-1 at room temperature) for the undoped CuFeO2 thin film. However, Zhang et al. [START_REF] Zhang | Chemical solution deposition and transport properties of epitaxial CuFeO 2 thin films[END_REF] found 1.72 S cm-1 at room temperature for an epitaxial and undoped CuFeOi thin film where the absence of grain boundaries promoted electrical conduction.

Seebeck coefficient

High accuracy temperature sensor application needs high See beck coefficient without drift with the temperature. The Seebeck coefficient of CuFeO 2 :Mg thin films annealed at various tempera ture is represented as a function of the measuring temperature in Fig. 10 . The 750 °C annealed thin film has not been measured because of an insuffiàent electrical conductivity (due to the pres ence of microcracks ).

The positive values of Seebeck coefficient of ail thin films confirmed that the CuFeOi:Mg thin films were a p type semiconductors. The Fig. 10 shows that the Seebeck coeffiàent decreases when the annealing temperature increase. lt is coherent with the electrical conductivities which increase with the anneal ing temperature because it can be firstly explained by an increasing of the hales concentration due to a better substitution of the iron by the magnesium in the delafossite structure when annealing tem perature increases. ln a second hand, the copper oxide impurity plays a raie on the Seebeck coefficient to contribute contribution to increasing this one. Cuo is a p type band semiconductor therefore, its Seebeck coefficient decreases with the temperature. lt can explain the obseived drift of the Seebeck coeffiàent with the temperature for thin film annealed below 700 °C (those which have higher Cuo amount). The values of the Seebeck coefficient of the 700 °C annealed thin film are systematically smaller than those of the other samples ( +416 ± 3 �1V K-1 ) but remained constant with increasing temperature in agreement with a polaronic transport for which the carrier concentration remains constant with the tem perature (only due to the Mg dopant).

The drift of Seebeck coefficient with the temperature is not advantageous for high accurate temperature sensors. For this reason, the 700 °C annealed thin film is the only sample which showed the electronic transport properties required for high ac curate temperature sens ors. For this sample, the Seebeck coeffiàent was similar during the increase and the decrease of the measuring temperature which shows high stability.

Therefore, the hopping conduction could be attributed to this material where the density of charge carrier did not vary with temperature. Applying similar approach than those used for Mg doped CuCrO2 [START_REF] Sinnarasa | Thermoelectric and transport properties of delafossite CuCrO 2 :Mg thin films prepared by RF magnetron sputtering[END_REF], the hale density (Cu 2 +] is equal to 3.40 ± 0.15 x 10 19 cm-3 in the case of the Mg doped CuFe02 thin film annealed at 700 °C. The hale density is about three time smaller than those of Mg doped CuCrO 2 thin films and could be explained by a lower Mg substitution in the lattice in agreement with the EDS map and GDOES which have showed Mg segrega tian close to the interfaces. The limit of Mg substitution is clearly smaller in the case of CuFeO 2 than the CuCrO 2 compound leading to a higher Seebeck coefficient for Mg doped CuFeO 2 which is advantageous for high accurate temperature sensors. Stocker et al. [START_REF] Stocker | Influence of oxygen Fig. 11. Thermal conductivity of 300 nm thick CuFeO 2 :Mg film annealed at 700 C as a function of the measuring temperature. partial pressure during processing on the thermoelectric properties of aerosol-deposited CuFeO 2[END_REF] have also reported a constant Seebeck coefficient of +425 �1V K-1 for an aerosol deposited CuFe02 films. However, the values of the Seebeck coefficient of CuFeO 2:Mg bulk reported in the literature are scattered. Benko and Koffyberg [START_REF] Benko | Opto-electronic properties of p-and n-type delafossite CuFeO 2[END_REF] published +359 �1V K-1 for 2% Mg doped CuFe0 2 and Nozaki et al. 23 reported an increasing Seebeck coefficient with the temperature for the same material.

Thennal conductivity

A low thermal conductivity of the material and a low material quantity are two factors which reduce the heat pumping by the temperature sensor leading to an increasing of the accuracy of the temperature surface measurement. The thermal conductivity of the 300 nm thick CuFeO2:Mg film annealed at 700 °C as a function of the measuring temperature is presented in Fig. 11 . We can suppose there are no thermal conductivity anisotropy because there are no specific crystallites preferred orientation and the microstructure do not show a typical columnar grains growth but a dense small grains. The low thermal conductivity obtained for this material ( <5 W m-1 K-1 in the 25 < T < 70 °C temperature range) in contrary to other oxides such as single crystal bulk ZnO [START_REF] Wu | Thermal conductivity of wurtzite zinc-oxide from first-principles lattice dynamics a comparative study with gallium nitride[END_REF] (50W.m-1 .K-1 ) is firstly explained by the microstructure of the film (small grains size) and could be also explained partially by the polaron conduc tian mechanism whereas the contribution of the carriers to the thermal conductivity was low. Moreover, the complex delafossite structure especially the FeOs octahedral stacks limits also the Moreover, as described by Sinnarasa et al [START_REF] Sinnarasa | Determination of modified figure of merit validity for thermoelectric thin films with heat transfer model: case of CuCrO 2 :Mg deposited on fused silica[END_REF], the impact of ther mal conductivity of the film can be neglected in comparison with the thermal conductivity of the substrate. In our case, the fused silica has a very low thermal conductivity (1.38 W m À1 K À1 at 300K) [START_REF] Combis | Evaluation of the fused silica thermal conductivity by comparing infrared thermometry measurements with two-dimensional simulations[END_REF]. We can see that the thermal conductivity of CuFeO 2 material in thin film configuration is well adapted for high accuracy mini aturized temperature sensors.

Conclusions

300 nm thick CuFeO 2 :Mg films have been deposited by RF magnetron sputtering and annealed between 350 and 750 C un der primary vacuum. The structural characterizations showed that for the films annealed above 550 C, the main phase was dela fossite. The microstructural characterizations revealed that cracks appeared on the films annealed above 650 C and increased in number and size for samples annealed at higher temperature leading to a drastically decreasing of the electrical conductivity. Moreover, the dopant distribution was not homogenous in the films thickness which suggested that doping in CuFeO 2 :Mg thin films was not completely effective. The best structural and microstruc tural properties were obtained for thin film annealed at 700 C under primary vacuum. An electrical conductivity of 1.08 S cm À1 at 25 C and a high Seebeck coefficient (þ416 ± 3 mV K À1 ) without drift with the temperature was obtained for this film. Moreover, the thermal conductivity of this thin film showed a low values (below 5W.m À1 .K À1 ) in comparison with the bulk, allowing to reduce heat pumping and then to increase the accuracy of the temperature measurement. In the case of the optimized Mg doped CuFeO 2 thin film (annealed at 700 C) all of properties are very well adapted to the p type part of high accuracy miniaturized temperature sensors based on the Seebeck effect in a medium temperature range. We can conclude that this material is a very good candidate for this kind of application.
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Fig. 1 .

 1 Fig. 1. Schematic representation of the sample used for the thermal conductivity measurement.

Fig. 2 .Fig. 3 .

 23 Fig. 2. Phase diagram of the Cu Fe O system calculated with Factsage software for an oxygen pressure of 8.6 Pa (pressure in the furnace) by using the data from Shishin et al. [49] and Pinto et al. [48] publications.

Fig. 4 .

 4 Fig. 4. Raman spectra 700 C and 750 C annealed thin films and the reference Raman spectra of CuFeO 2 , CuO and Cu 2 O.

Fig. 5 .

 5 Fig. 5. Top surface SEM-FEG micrographs of 300 nm thick CuFeO 2 :Mg thin films annealed at a) 600, b) 650, c) 700 and d) 750 C.

Fig. 6 .

 6 Fig. 6. a) Bright field and b) dark field cross section STEM micrographs of 300 nm thick CuFeO 2 :Mg thin films annealed at 700 C.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Distribution of the chemical elements in the annealed thin film at 700 C by EDS mapping of a) Cu, b) Fe and c) Mg.

Fig. 9 .

 9 Fig. 9. (Top) Electrical conductivity as function of the measuring temperature of 300 nm thick CuFeOi:Mg thin films annealed at various temperature, ln ins ert ln( crT) as function of 1000/T for the 700 •C annealed CuFeOi thin 61m. (Botto m) Electrical conductivity at 25 •c of 300 nm thick CufeOi:Mg thin films as a function of the annealing temperature.

Fig. 10 .

 10 Fig. 10. Seebeck coefficient of 300 nm thick CuFeOi:Mg thin films annealed at various temperatures as a function of the measuring temperature.

  phonon propagation. The obtained values of the thermal conduc tivity were lower than the values published by Nozaki et al. [54] (8.6 Wm À1 K À1 at 28 C) and by Ruttanapun et al. [55] (6.0 Wm À1 K À1 at 31 C) for CuFeO 2 bulk. The low value of thermal conductivity obtained in CuFeO 2 :Mg thin film is in agreement with the normal behavior of thin film material. It can be explained by the effects of micro and nano structuration which cause a decrease of the thermal conductivity compared to the same bulk materials.

Table 1

 1 Process parameters for the deposition of delafossite Mg-doped CuFeO 2 by RFsputtering.

	Target material	3 at % Mg-doped CuFeO 2
	Substrate	Fused silica
	Power (W)	50
	Magnetron	Yes
	Argon pressure P (Pa)	0.5
	Target to substrate distance d (cm)	

Table 2

 2 Atomic ratio of different elements of the delafossite.

Expected value Measured value

Mg/(Mg þ Fe) 0.03 0.04 ± 0.01 Cu/(Cu þ Fe) 0.51 0.56 ± 0.01
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