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I. INTRODUCTION

ZnO is a semiconductor with potentially attractive optical properties for numerous optoelectronic applications, especially if optimal doping can be achieved [START_REF] Özgür | A comprehensive review of ZnO materials and devices[END_REF] . While n-type doping can be obtained with high donor concentrations, p-type doping instead has never reached a robust and sufficient level, neither in bulk crystals nor in monocrystalline films. Such difficulties are linked to the fundamental physics of defects, with a lower formation energy for those which compensate acceptors, also known as "hole killer", thus preventing the Fermi level from approaching the valence band maximum, as supported by a phenomenological model 2 and by theoretical calculations 3 . For example, high quality epitaxial films doped with nitrogen, one element among the best candidates for p-type doping, either stay n-type with a large number of deep defects on both sides of the bandgap [START_REF] Muret | Donor and acceptor levels in ZnO homoepitaxial thin films grown by molecular beam epitaxy and doped with plasmaactivated nitrogen[END_REF] , or show a weak transient p-type doping that finally return to n-type [START_REF] Wang | Plasma-activated nitrogen-doped p-type ZnO thin films with multi-buffer-layers grown on sapphire (0 0 0 1) by L -MBE[END_REF] . Whereas p-type doping has been evidenced, near surfaces, at grain boundaries in polycrystalline material [START_REF] Urban | Mechanisms for p-type behavior of ZnO, Zn 1-x Mg x O, and related oxide semiconductors[END_REF] and in nanopillars [START_REF] Latu-Romain | Surface-induced p-type conductivity in ZnO nanopillars investigated by scanning probe microscopy[END_REF] , doping homogeneity and high concentrations of holes, necessary to electroluminescent diodes and most optoelectronic applications, remain out of reach. On the contrary, most copper delafossites CuXO 2 (X being a trivalent element), which are semi-conducting oxides with hexagonal or trigonal structure, are naturally p-type [START_REF] Nagarajan | p-type conductivity in the delafossite structure[END_REF][START_REF] Marquardt | Crystal chemistry and electrical properties of the delafossite structure[END_REF] . Although a general rule is still not clear, several properties which contribute to enhance the hole concentration have been discovered. These are the combination of a trivalent ion of a sufficient size, interstitial intercalation of oxygen into Cu planes [START_REF] Nagarajan | p-type conductivity in CuCr 1-x Mg x O 2 films and powders[END_REF][START_REF] Kakehi | Epitaxial growth of CuScO 2 thin films on sapphire a -plane substrates by pulsed laser deposition[END_REF] , substitution of divalent ions for a small percentage of trivalent ones [START_REF] Nagarajan | p-type conductivity in CuCr 1-x Mg x O 2 films and powders[END_REF][START_REF] Kakehi | Epitaxial growth of CuScO 2 thin films on sapphire a -plane substrates by pulsed laser deposition[END_REF][START_REF] Tate | p-type oxides for use in transparent diodes[END_REF][START_REF] Kakehi | Control of carrier concentration of p-type transparent conducting CuScO 2 (0001) epitaxial films[END_REF][14] , and copper vacancies [START_REF] Popa | Invisible electronics: Metastable Cu-vacancies chain defects for highly conductive p-type transparent oxide[END_REF] . From these studies, CuXO 2 appeared more and more conductive with X=Y, Sc, Cr in this order. Among these three oxides, [2H]CuScO 2 and [3R]CuScO 2 have a basal plane (0001) which fits the same basal plane of ZnO with a very low mismatch of less than 1 , but epitaxial films have been deposited only on sapphire [START_REF] Kakehi | Epitaxial growth of CuScO 2 thin films on sapphire a -plane substrates by pulsed laser deposition[END_REF][START_REF] Chuai | Epitaxial growth of highly infrared-transparent and conductive CuScO 2 thin film by polymerassisted-deposition method[END_REF] or spinel [START_REF] Hiraga | Excitonic characteristics in direct wide-band-gap CuScO 2 epitaxial thin films[END_REF] , with an epitaxial relationship less straightforward and a larger mismatch. To achieve better interface quality, an atomic structure with a minimum distortion across the interface is highly recommended, thus minimizing interface defects and optimizing the electrical properties of the heterojunction. This is the aim of the present study, which demonstrates the heteroepitaxy of [3R]CuScO 2+δ and [3R]CuSc 1-x Mg x O 2+δ on ZnO.

II. EXPERIMENTAL

Either commercial ZnO crystals grown by the hydrothermal method or wafers grown by the chemical vapour transport method from a partner team [START_REF] Santailler | Chemically assisted vapour transport for bulk ZnO crystal growth[END_REF] (ECR) source of atomic oxygen operating with a power of 60 W at 2.45 GHz under a magnetic field of 845 gauss, and delivering mainly excited neutral oxygen atoms with a pressure of 3 mtorr in the chamber. The ECR source can be idle to serve as a feedthrough when a higher pressure of molecular oxygen is required. However, pressures above 10 mtorr are found detrimental to the deposition rate. The laser beam is focused on the target through an external lens after reflection on three mirrors, illuminating a rectangle approximately 3 mm high and 1.5 mm wide at a wavelength of 248 nm, with 25 ns duration for each pulse.

With typical energy of 230 mJ per pulse, the density on the target is close to 5 J.cm -2 . The repetition rate is one shot per second. A set-up behind the last mirror slightly moves it to change the impact location of the beam on the target. Inside the vessel, four targets are mounted on a carousel, one with CuScO 2 , one with MgO, an other with CuO, thus allowing incorporation of magnesium rather than scandium into the film. The elaboration of the film is performed sequentially, alternating deposition of material necessary to build two unit cells of CuSc 1-x Mg x O 2 at 875 and annealing under an enhanced oxygen pressure, generally 100 mtorr. These two steps are repeated up to a thickness of about 100 nm. However, postannealing the sample one hour under an oxygen pressure of 10 torr at 900 is necessary to strongly improve the crystalline structure of the film. Cooling is achieved with a typical rate of 40 per mn with a pause at 500 during two hours to incorporate interstitial oxygen atoms in the Cu planes [START_REF] Li | Oxygen intercalation of two polymorphs of CuScO 2[END_REF] . X-ray diffraction was performed either on a Bruker D8 Discover diffractometer using both the CuKα1 and CuKα2 radiations at a wavelength of 1.5418 Å, or a high resolution Smart-Lab X-ray diffractometer (Rigaku) consisting of a 9 kW rotating Cu anode and a 5-circle goniometer. With the later, the incident X-ray beam was monochromatised with a 2-bounce Ge(220) crystal (wavelength of 1.5405 Å for the CuKα1 radiation). Spectroscopic ellipsometry is achieved in an alpha-SE ellipsometer from the Woolam company, equipped with the EASE software for data analysis. Cathodoluminescence measurements are performed in a scanning electron microscope FEI Inspect F50 equipped with a parabolic collecting mirror with a hole located at the electron beam axis. The spectroscopy of the light emitted by the sample is performed using a UV-enhanced optical system.

III. STRUCTURAL CHARACTERIZATION

In all the films of CuSc 1-x Mg x O 2+δ elaborated on the (001) surface of ZnO substrates, only (00l) peaks are detected in the θ -2θ diagrams obtained in specular configuration, indicating that (00l) planes of the delafossite are parallel to those of ZnO (Figure 1), whatever the polytype really elaborated, when the representation using hexagonal lattice parameters of the trigonal lattice is adopted.

To know what polytype has epitaxially grown, a phi-scan is performed at 2θ = 53.8°, showing the specific (018) peak of the trigonal delafossite, whereas no peak exists at this 2θ angle in the hexagonal polytype. By contrast, the (018) peak of the hexagonal polytype would be found near 2θ = 74 °, very far from that evidenced in Figure 2.

Sixfold multiplicity of the planes belonging to the {110}, {120} and {210} families 20 , perpendicular to the c-axis, is checked with the help of diffraction at glancing incidence with the detector at 2θ χ = 57.4°, since the periodicity of the peaks appearing in the phi-scan diagram amounts to 360°/6 =60°(Figure 3). From the plane (110), such a rotation around the c-axis allows to shift sequentially to (120), (210), (110), (120) and (210) in this order, like in the ZnO substrate. Oxygen atoms belong to these planes and form hexagonal sets like in hexagonal ZnO, also on its surface since the substrate is oxygen terminated. But the entire lattice of the delafossite is invariant through rotations of 120°in accordance with the space group R -3 m. Because these oxygen hexagonal sets located at the interface are common to the two crystals, the epitaxial relationships should be either CuSc In both delafossite polytypes, the two parameters which define the size of the unit cell are c along the c axis and a for the two axes inside the basal plane, making an angle of 120°b etween them. To know whether the delafossite lattice is either pseudomorphic or relaxed, diffraction on planes {0kl}, {hkl} or {hk0} is needed in order to measure the a parameter.

Diffraction on planes (110) is performed at glancing incidence with two angles, 0.5°and 0°in θ -2θ configuration (Figure 4). In the first case, both crystals contribute while in the second case, the beam enters the trench of the ZnO crystal and only the ZnO planes participate to the diffracted beam. By difference, the peak due to the delafossite (110) planes is well identified and its position allows the accurate determination of the a parameter. Diffraction by other {0kl} planes are also used. In comparison to the stoichiometric compound [3R]CuScO 2 , substitution of divalent cations like Mg contribute to decrease the a parameter because of a smaller ionic radius while intercalation of oxygen into Cu planes has an opposite effect [START_REF] Li | Oxygen intercalation of two polymorphs of CuScO 2[END_REF][START_REF] Garlea | InCuO 2.5 and ScCuO 2.5 : new oxidized copper delafossites with triangular lattices of Cu 2+ cations[END_REF] . Measured parameters for the ZnO substrate, three delafossite thin It seems that all the films are relaxed despite absolute deviation of each a parameter always less than 0.5% from that of ZnO. However, such a conclusion assumes a perfect homogeneity of the a parameter from the interface up to the film surface, a fact which is not checked and leaves occasionally the possibility of a pseudomorphic heteroepitaxy in the first film layers if strain exists in them and above. Assuming linear relationships between parameters, Mg content x like in CuCr 1-x Mg x O 2 [START_REF] Sadik | Corrigendum to"electrical transport and structural study of CuCr 1-x Mg x O 2 delafossite thin films grown by pulsed laser deposition"[thin solid films 517[END_REF] and oxygen content [START_REF] Li | Oxygen intercalation of two polymorphs of CuScO 2[END_REF][START_REF] Garlea | InCuO 2.5 and ScCuO 2.5 : new oxidized copper delafossites with triangular lattices of Cu 2+ cations[END_REF] δ, the intercalated ScCuO 2 on ZnO excess oxygen can be estimated and is indicated in the last column of Table I. It appears that the two quantities x and δ are able to control the a parameter. Therefore, if a further decrease of the heteroepitaxy misfit is suitable, an even more meticulous structural study would be needed. But a perfect pseudomorphism can certainly be obtained since the present study demonstrates that the a parameter of the CuSc 1-x Mg x O 2+δ films can be either larger or smaller than that of ZnO.

IV. OPTICAL PROPERTIES

The optical responses of the films and of the multilayer comprising the film and the ZnO substrate are investigated both by spectroscopic ellipsometry and cathodoluminescence. In the first case, changes in the ellipticity and angle of a light beam, linearly polarized and directed to the samples surface with an incidence angle of 45°, are collected from hν = 0.7 eV to 5.8 eV. The same is done on bare substrates, allowing the extraction of the film response alone. Then, the film data are fitted with the help of four oscillators inside the measured energy range and a Drude contribution due to hole conduction, plus two oscillators outside the measured energy range, one in the mid-infrared and the other above 5.8 eV.

The optical parameters of the delafossite films are obtained from the best fit. If the Drude contribution is canceled, a shift of the whole simulated response appears in comparison to the experimental one, indicating that the film conductivity exceeds 10 Ω -1 cm -1 , with hole concentrations probably above 10 20 cm -3 because of the low mobility. Such a property matches the experimental findings in bulk polycrystalline materials [START_REF] Nagarajan | p-type conductivity in CuCr 1-x Mg x O 2 films and powders[END_REF][START_REF] Tate | p-type oxides for use in transparent diodes[END_REF] .

Optical absorption is of paramount importance because it can be compared to the band structure of the material and can thus confirm its identification. Here, the imaginary part ε 2 of the dielectric permittivity is deduced from the analysis of spectroscopic ellipsometry and plotted as a function of photon energy (Figure 5). Some authors [START_REF] Gillen | Band structure calculations of CuAlO 2 , CuGaO 2 , CuInO 2 , and CuCrO 2 by screened exchange[END_REF][START_REF] Shi | First-principles study of p-type transparent conductive oxides CuXO 2 (X = Y, Sc, and Al)[END_REF] have determined either this quantity or absorption coefficient among those who have done ab initio calculations of the band structure for several copper delafossite compounds [START_REF] Trani | Band structures of delafossite transparent conductive oxides from a self-consistent GW approach[END_REF][START_REF] Laskowski | Strong excitonic effects in CuAlO 2 delafossite transparent conductive oxides[END_REF][START_REF] Huda | Group-IIIA versus IIIB delafossites: Electronic structure study[END_REF] . A less accurate but simpler model, which relies on the joined density of states (JDOS) calculated from the Scanlon study [START_REF] Scanlon | Understanding conductivity anomalies in Cu-I-based delafossite transparent conducting oxides: Theoretical insights[END_REF] , is used here. The forbidden band gap energy is the single parameter which has been adjusted to 3 eV in order that peak extrema fit experimental optical absorption On the contrary, in the cathodoluminescence experiment, the light beam is collected close to the normal to the surface, favoring ε 2⊥ almost exclusively and producing a spectrum with a better resolution for the II and III structures, the former appearing as a shoulder near 4.4

eV as predicted by JDOS (see Figure 5). In this experiment, the electron beam is accelerated under 4 keV to localize the interactions only inside the film, before the buried interface with the substrate. The structure I is well marked close to 3.4 eV both in JDOS and ε 2 while the cathodoluminescence structure is red shifted near 3.2 eV. This deviation comes from the fundamental difference between the two physical mechanisms at stake respectively in ellipsometry and cathodoluminescence measurements. In the second case, the interaction of the electron beam with the film takes place inside a volume extending over dimensions less than 100 nm and creates many secondary electrons for each incident electron. Then, excitons can easily form and there radiative recombination produces luminescence, whereas in ellipsometry measurements, electron concentration due to optical absorption in the first nanometers beneath the film surface over an area of several mm 2 cannot reach a sufficient level to trigger exciton formation. Therefore, the exciton binding energy in CuSc 1-x Mg x O 2+δ turns out to be the difference between the two peaks, namely close to 0.2 eV, while predicted values in transition metal delafossites [START_REF] Wang | Electronic band structures and excitonic properties of delafossites: A GW -BSE study[END_REF] appear to be in the range 0.24 to 0.44 eV. It is not clear why both the exciton peak energy and binding energy are markedly higher in reference

[ 17 ] than our experimental values but the optical response shown by these authors is also far from the JDOS, contrary to what is evidenced in our study. Moreover, the plot of (αhν) 2

(not shown), where α is the absorption coefficient, yields an intercept with the photon energy axis near 3 eV, which is both the expected value for the forbidden bandgap like in reference [START_REF] Shi | First-principles study of p-type transparent conductive oxides CuXO 2 (X = Y, Sc, and Al)[END_REF] and that adjusted in JDOS to fit our experimental ε 2 . All these optical properties confirm the nature of the films.

V. CONCLUSIONS

In this study, we have reported the heteroepitaxy of ScCuO 

  are used as substrates. Deposition is done on the oxygen terminated (001) face, after recrystallization of the polished surface performed by annealing at 1200 one hour under pure oxygen at atmospheric pressure. The direction normal to the surface plane of ZnO crystals is thus colinear with the c axis. A target with stoichiometric composition, 20 mm in diameter, is elaborated by mixing hydrated copper and scandium nitrates containing known numbers of water molecules, followed by sintering and heating twice the mixture at 1200 in air. Powder diffraction diagram shows peaks of [2H]CuScO 2 , [3R]CuScO 2 , [2H]CuScO 2.5 and [3R]CuScO 2.5 . Pulsed laser deposition is performed in a vessel equipped with an electron cyclotron resonance

  1-x Mg x O 2+δ [100]//ZnO[100] or CuSc 1-x Mg x O 2+δ [100]//ZnO[110].
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 1 FIG. 1. θ -2θ X-ray diffraction diagrams for (a) CuSc 0.975 Mg 0.025 O 2+δ with high resolution and background near 10 counts/s and (b) CuScO 2+δ at low resolution and background near 10 2 counts/s. Delafossite peaks are labeled SCO-3R (00l).
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 2 FIG. 2. Phi-scan at glancing incidence and θ -2θ configuration with 2θ = 53.8°, selecting the (018) planes.

FIG. 4 .

 4 FIG. 4. θ -2θ scan near 2θ = 57°at two glancing incidences: (a) α = 0.5°and (b) α = 0°. Since only the ZnO substrate contributes in case (b), the difference (c) yields the specific peak of the (110) planes in the delafossite.
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  2+δ and Sc 1-x Mg x CuO 2+δ films, about 100 nm thick, elaborated by pulse laser deposition onto the basal plane (001) of ZnO, where the same hexagonal sets of oxygen atoms exist as in the delafossites of either polytypes. It is demonstrated that only the trigonal polytype has grown in our samples. Post annealing of the samples allows to increase the interstitial oxygen content

T. Okuda, N. Jufuku, S. Hidaka, and N. Terada, "Magnetic, transport, and thermoelectric properties of the delafossite oxides CuCr 1-x Mg x O 2 (x from 0 to 0.04)," Physical Review
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