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Introduction

Niobium nitride (NbN) thin films exhibit excellent physical, chemical, and electrical properties that are adaptable to applications such as hard surface coatings [START_REF] Benkahoul | Structural and mechanical properties of sputtered cubic and hexagonal NbN x thin films[END_REF][START_REF] Chen | Hard superconducting nitrides[END_REF][START_REF] Delacour | Superconducting single photon detectors made by local oxidation with an atomic force microscope[END_REF][START_REF] Hazra | Superconducting properties of very high quality NbN thin films grown by high temperature chemical vapor deposition[END_REF] or superconducting radio frequency cavities. NbN thin films can be deposited by physical vapor deposition (PVD), chemical vapor deposition (CVD), and atomic layer deposition (ALD). ALD, which is based on a surface reaction leading to a self-limiting, layer-by-layer growth, is the most favorable method for growing conformal films on high-aspect-ratio structures at relatively low temperatures [START_REF] Suntola | Atomic layer epitaxy[END_REF]. The importance of the ALD process for obtaining NbN film layers depends on the potential improvement of the efficiency of Nb-based superconducting radio frequency cavities by coating the internal surfaces with a multilayer coating of superconductor-insulator-superconductor [START_REF] Gurevich | Enhancement of rf breakdown field of superconductors by multilayer coating[END_REF][START_REF] Antoine | Study of nanometric superconducting multilayers for RF field screening applications[END_REF]. This application requires a controlled preparation of an atomically precise thickness of NbN on a complex surface.

The deposition of NbN by thermal ALD has been generally performed by alternatively pulsing NbCl 5 and NH 3 [START_REF] Hiltunen | Nitrides of titanium, niobium, tantalum and molybdenum grown as thin films by the atomic layer epitaxy method[END_REF]. In some cases, an intermediate Zn pulse, which is used as an additional reducing agent to increase the Nb reduction from niobium(V) chloride (NbCl 5 ) to niobium(III) nitride (NbN), was also introduced between the NbCl 5 and NH 3 pulses. The resulting NbN films exhibited a resistivity reduction by a factor of 2 [START_REF] Elers | NbCl 5 as a precursor in atomic layer epitaxy[END_REF][START_REF] Ritala | Effects of intermediate zinc pulses on properties of TiN and NbN films deposited by atomic layer epitaxy[END_REF]. The intermediate Zn pulse improved the superconducting critical temperature (Tc) from 4 K to 7.5 K [START_REF] Proslier | Atomic layer deposition of superconductors[END_REF]. Nevertheless, the reducing power of the reactive gases like NH 3 used in thermal ALD is insufficient to obtain stoichiometric nitrides from a metal precursor [START_REF] Ritala | Controlled Growth of TaN, Ta 3 N 5 , and TaO x N y Thin Films by Atomic Layer Deposition[END_REF]. Therefore, plasma-enhanced ALD (PEALD) is used to greatly improve the quality and the density of the films [START_REF] Heil | Deposition of TiN and HfO 2 in a commercial 200 mm remote plasma atomic layer deposition reactor[END_REF]. Furthermore, organometallic and coordination complex precursors are often preferred because halide precursors are susceptible to equipment corrosion and environmental issues.

A prospective molecular precursor for NbN deposition is (tert-butylimido)-tris (diethylamino)-niobium(V) (TBTDEN), which can be combined with H 2 plasma [START_REF] Ziegler | Superconducting niobium nitride thin films deposited by metal organic plasma-enhanced atomic layer deposition[END_REF][START_REF] Ziegler | Effects of Plasma Parameter on Morphological and Electrical Properties of Superconducting Nb-N Deposited by MO-PEALD[END_REF]. However, in this case, the nitrogen originates from the precursor and it is difficult to prevent carbon contamination in the films. In other cases, the TBTDEN is combined with N 2 [START_REF] Deguns | Plasma-Enabled ALD of niobium nitride using an organometallic Nb precursor[END_REF] or H 2 /N 2 [START_REF] Sowa | Plasma-Enabled ALD of niobium nitride using an organometallic Nb precursor[END_REF] plasma as the reducing agent to form NbN. Efforts have been focused on the evolution of film properties with the process parameters (plasma duration, temperature) and film thickness.

Extremely interesting results (Tc: ~14 K for the ~30 nm thick film) have been reported using TBTDEN/H 2 [START_REF] Ziegler | Effects of Plasma Parameter on Morphological and Electrical Properties of Superconducting Nb-N Deposited by MO-PEALD[END_REF][START_REF] Linzen | Structural and electrical properties of ultrathin niobium nitride films grown by atomic layer deposition[END_REF] or TBTDEN/H 2 /N 2 [START_REF] Sowa | Plasma-Enabled ALD of niobium nitride using an organometallic Nb precursor[END_REF][START_REF] Ukibe | Superconducting characteristics of NbN films deposited by atomic layer deposition[END_REF]. Several authors [START_REF] Ziegler | Superconducting niobium nitride thin films deposited by metal organic plasma-enhanced atomic layer deposition[END_REF][START_REF] Linzen | Structural and electrical properties of ultrathin niobium nitride films grown by atomic layer deposition[END_REF] reported that the films may contain relatively high amounts of oxygen and carbon, up to 50 at%. However, high impurity levels make it difficult to make definite conclusions on the relationship between material properties and the superconductivity. Nitrogen atoms can be substituted by carbon to form a solid solution of NbCN in the full composition range. In this case, the structure remains cubic with an improved Tc value for 15-40 at% C [START_REF] Pessall | A study of superconductivity in interstitial compounds[END_REF][START_REF] Shoji | Fabrication of all-NbN Josephson tunnel junctions using single crystal NbN films for the base electrodes[END_REF][START_REF] Francavilla | Superconducting properties of reactively sputtered NbCN thin films[END_REF]. Nitrogen atoms can be also substituted by oxygen.

The oxynitride NbON remained cubic and the Tc increased as the oxygen concentration approached 20 at% [START_REF] Roy | The effect of composition on the superconducting transition temperature in NbNxOy[END_REF][START_REF] Motohashi | Crystal Structure and Superconducting Properties of Hexagonal Lithium-Niobium Oxynitride[END_REF][START_REF] Ohashi | Local structure around the flux pinning centers in superconducting niobium silicon oxynitride[END_REF]. In this study, we used a non-conventional approach (termed supercycle), which consists of a pulse of TBTDEN, followed by a pulse of H 2 plasma. In addition, we added another pulse of NH 3 . The objective of the supercycle was to break the TBTDEN ligands due to the H 2 plasma to facilitate the surface chemical reaction with NH 3 in order to limit the incorporation of carbon and oxygen in the film. This approach was already verified in the PEALD process of the AlN thin films [START_REF] Tian | Aluminum nitride thin films deposited by hydrogen plasma enhanced and thermal atomic layer deposition[END_REF]. After testing the superconducting properties of the asdeposited PEALD films, a post-deposition annealing in Ar was also performed to investigate its influence on the quality of the films and on the Tc. In this paper, the superconducting properties of the films were evaluated using the value of the Tc, with the objective of obtaining a Tc above 9 K, which is the Tc of the pure niobium.

Experimental

NbN films ALD growth

NbN thin films were grown on the (100) silicon substrates in a Picosun R-200 Advanced ALD system, which features thermal ALD and PEALD equipped with an inductively coupled remote plasma (ICP) source. TBTDEN (99.99%, STREM Chemicals) was used as the Nb precursor. The Nb precursor container was maintained at 90 °C and delivered to the system with a precursor Picohot TM boosting system. The boosting system used a Venturi effect generated in the precursor source by the carrier gas to increase or boost the amount of precursor injected into the ALD reactor, substantially improving the transfer of the low vapor pressure material from the cylinder to the substrate surface. Each of the substrates were previously cleaned in an ultrasonic bath in acetone and isopropanol for 15 min before the deposition.

We used N 2 (99.9999%, Air Liquide) as carrier gas to dilute the NH 3 (99.999%, Air Liquide).

The NH 3 and N 2 flow rates were maintained at 100 and 120 mL/min, respectively. The pulse time of the niobium precursors was controlled between 0.5 and 4 s with the boosting function. The NbN growth was obtained by sequentially exposing the heated substrate to the precursor gases in the following order: TBTDEN, N 2 purge/4 s, remote H 2 plasma/variable time, N 2 purge/4 s, NH 3 /5 s, and N 2 purge/4 s. This reacting gas steps plasma H 2 /thermal NH 3 listed in Table 1 as process 1 enable the separation of the surface activation by H 2 from the reaction step with NH 3 . The substrate temperature was varied between 200 and 400 °C to determine the ALD window. Herein, 2000 cycles were performed in all the experiments. In normal operation, the plasma is subjected to an inductive regime; however, a capacitive regime could appear when the injected gas flow is large. These capacitive discharges could damage our reactor; therefore, the gas flow rate was selected within the limit of our reactor [START_REF] Tian | Aluminum nitride thin films deposited by hydrogen plasma enhanced and thermal atomic layer deposition[END_REF].

The maximum gas flow rate in the induction mode is a function of the electrical power delivered by the generator. In this study, the plasma power was fixed at 2800 W, which allows a wide range of flow variation. The Ar flow (80 mL/min) was used as a carrier gas and the H 2 flow rate used to generate the reducing plasma was varied from 40 to 170 mL/min. In this setup, the plasma is functioned in an inductive regime [START_REF] Tian | Aluminum nitride thin films deposited by hydrogen plasma enhanced and thermal atomic layer deposition[END_REF].

NbN films were also grown by a simpler ALD cycle consisting of an NH 3 plasma (170 mL/min) and an Ar carrier gas (80 mL/min). This alternative ALD route constitutes process 2 in Table 1. * The boosting function is performed with two N 2 flow rates: half the pulse time at 80 mL/min then 600 mL/min After the deposition, the films were annealed in a tubular furnace in a controlled Ar atmosphere (99.9999 %, Air Liquide) between 800 and 1200 °C inside an alumina tube with a heating rate of 20 °C/min. The annealing duration was varied between 10 and 60 min. The gas flow rate and base pressure during annealing were 200 mL/min and 800 Pa, respectively.

NbN films characterization

The composition of the NbN films was determined by an Electron Probe Micro-Analyzer (EPMA) using a Cameca SX50 controlled by an SAMx software. Niobium, nitrogen, carbon, and oxygen were analyzed at 3, 5, 7 and 10 kV acceleration voltage, respectively. The thickness and composition of the thin films were extracted from the measurements using the Stratagem software.

The XPS (X-ray Photoelectron Spectroscopy) analyses were conducted using a Thermo Scientific™ K-Alpha™ XPS spectrometer. The sample surfaces were irradiated with Al Kα radiation at 15 kV for a current of 20 mA. To correct any charging effect, all the binding energies were calibrated to the C-C component of the C 1s core spectrum at 285.0 eV. Analyses were conducted at 90° angles between the sample surface and the analyzer, corresponding to an analyzing depth of 8-9 nm. An Ar ion gun (3 keV) was used to etch the surface for 5 min to remove the surface contamination and probe the in-depth composition of the NbN films. Peak deconvolutions were performed using Thermo Scientific Avantage software.

Field emission gun scanning electron microscopy (ZEISS Ultra-55) was used to characterize the surface morphology of the NbN layers. High-resolution transmission electron microscopy (HRTEM) was performed on samples with a JEOL 2010 microscope operating at 200 kV. The samples were prepared for TEM observation by the grating method. X-ray diffraction (XRD) patterns were collected with a Siemens (Bruker) D5000 diffractometer equipped with a Cu source (= 1.5406Å) according to the Bragg-Brentano configuration. The θ-2θ scans were performed between 20° and 75°. X-Ray Reflectivity (XRR) was performed with the same diffractometer operating in the reflectivity mode. Fitting with X-Pert Reflectivity software enables evaluation of the film thickness and density.

Magnetic measurements were performed in the field perpendicular to the largest plane of the sample using a commercial Metronique Ingenierie Superconducting Quantum Interference Device Device (SQUID) magnetometer with a sensitivity of of 10 -10 A.m 2 at low field. After cooling the sample at zero field, the magnetization was first measured at 2 K by increasing the field to to 795.6 A/m. The sample was then cooled at constant field by increasing (Zero Field Cooled) and decreasing (Field Cooled) the temperature. The deviation of these curves with the normal state at high temperature was used to determine Tc.

Results and discussion

ALD window

To optimize the NbN growth process under the conditions described in process 1, two steps were conducted: 1) the TBTDEN pulse duration, and 2) the substrate temperature were varied.

Only these two parameters were considered because they strongly depend on the precursor nature and chemistry. The other step durations (purge, H 2 plasma, and NH 3 step) were optimized in a previous study using the same reactor [START_REF] Tian | Aluminum nitride thin films deposited by hydrogen plasma enhanced and thermal atomic layer deposition[END_REF]. We varied the TBTDEN pulse duration between 0.5 and 4 s using the Picohot TM boosting function. All other parameters were fixed at the values specified for process 1 in Table 1. The optimal pulse duration corresponds to the precursor volume required to react with the entire active surface, characterized by a growth per cycle (GPC) value independent of the pulse duration. The deposition temperature was fixed at 350 °C to optimize this parameter. We postulated that 1 s of the TBTDEN using the boost function is the minimum time required to obtain a reproducible and constant GPC of ~0.01 nm/cycle. As expected, a further increase in the TBTDEN pulse duration does not alter the GPC in a selflimited ALD process. Therefore, 1 s is sufficient for the reactions to occur in the ALD mode.

In the second step, the deposition temperature range was adjusted to maintain a constant GPC independent of the substrate temperature, also called the ALD window. We varied the substrate temperature between 240 and 400 °C kept all the other parameters for process 1 constant, as

shown in Table 1. The GPC and film density as functions of the substrate temperature are shown in Fig. 1. As the substrate temperature increased, the GPC decreased initially, then stabilized to 0.015 nm/cycle between 350 and 380 °C. This GPC value could be defined as the ALD window in our process. A further increase in temperature leads to a decrease in the GPC. The GPC obtained by our process is lower than the value obtained by Ziegler et al. [START_REF] Ziegler | Effects of Plasma Parameter on Morphological and Electrical Properties of Superconducting Nb-N Deposited by MO-PEALD[END_REF], i.e., a saturated GPC of 0.045 nm/cycle for films deposited at 350 °C, using TBTDEN/H 2 plasma. This difference in the GPC might be due to the different growth conditions (such as additional step of NH 3 ) and consequent different film compositions (low amount of C and/or O impurities). For instance, Sowa [START_REF] Sowa | Plasma-Enabled ALD of niobium nitride using an organometallic Nb precursor[END_REF] demonstrated that using TBTDEN and plasma N 2 /H 2 , the ALD window was not observed and an increase in GPC as a function of the substrate temperature was found. Hinz et al.

[27] reported a slight increase in GPC from 0.065 to 0.072 nm/cycle between 200 and 350 °C when using another molecular precursor in the same family as the niobium precursor, i.e., (tertbutylimido)-tris (dimethylamino)-niobium Nb(N-t-Bu)(NMeEt) 3 (TBTMEN).

Importantly, the film density increased continuously as the substrate temperature increased to 350 °C (Fig. 1); further increase in the substrate temperature does not significantly alter the film density. This relationship with temperature may be associated with a low concentration of incorporated impurities like C and O above 350 °C. Another possible explanation is that an increase in the substrate temperature thermally accelerates the chemical reactions. Therefore, denser films are formed, leading to a decrease in GPC. The GPC and film density values in the ALD window for process 1 are 0.015 nm/cycle and 7 g/cm 3 , respectively. For comparison, the bulk NbN density is 8.47 g/cm 3 [START_REF]Handbook of Inorganic Compounds[END_REF].

The ALD growth using process 2 was performed at a deposition temperature of 350 °C to evaluate the effect of the ammonia plasma. The GPC and the NbN thin film density obtained in these conditions are 0.0245 nm/cycle and 7.2 g/cm 3 , respectively. The PEALD deposition of NbN using an NH 3 plasma has a higher growth rate and a slightly higher density, which might be due to the higher reducing power of NH 3 as compared to that of the H 2 plasma.

The films deposited using process 1 (H 2 plasma/NH 3 ) and process 2 (NH 3 plasma) were characterized by XPS to assess the complete decomposition of the precursor. Fig. 2 shows the C 1s peak of the NbN samples deposited at 330 and 350 °C by process 1, and at 350° C by process 2. The peak located at ~282.8 eV was assigned to the presence of C-Nb bonds because only the metal-carbon bonds could be assigned to such a low binding energy [START_REF] Kovács | X-ray photoelectron spectroscopic study of magnetron sputtered carbon-nickel composite films[END_REF]. Fig. 2 shows that the area of the carbon peak is most pronounced in the sample deposited at a lower temperature (330 °C) by process 1. The presence of the C-Nb bonds suggests an incomplete reaction between TBTDEN and H 2 plasma, NH 3 reactive. At 350 °C, the intensity of this peak decreases, whereas no C-Nb bonds exist in the sample deposited by the NH 3 plasma (process 2) at the same temperature. Therefore, we fixed the substrate temperature at 350 °C for the remainder of the study to have carbon-free NbN samples.

Based on the literature, deposition was only obtained with plasma assistance. In thermal ALD, the NH 3 step itself is not sufficiently reducing to ensure deposition from TBTDEN, which has previously been reported by Ritala et al. as Nb chloride precursors [START_REF] Ritala | Controlled Growth of TaN, Ta 3 N 5 , and TaO x N y Thin Films by Atomic Layer Deposition[END_REF].

After parameter optimization, to study the influence of the different plasmas on the superconducting properties of the NbN films, four samples were deposited for two plasma durations using processes 1 and 2 for 2000 ALD cycles. The measured thickness of all samples is between 30 and 50 nm.

 Samples S1 and S2 were deposited using process 1 with H 2 plasma pulse durations of 12 and 24 s, respectively, followed by an NH 3 step of 5 s.

 Samples S3 and S4 were deposited using process 2 with NH 3 plasma pulse durations of 12 s and 24 s, respectively.

We studied these four different experimental conditions and repeated each experiment five times.

No differences were observed among the samples deposited under identical conditions.

Henceforth, we used the same label for the same deposition conditions.

Crystallographic phase

θ-2θ scans were performed on samples S1 to S4 and results are shown in Fig. 3. The samples were tilted slightly with 2° to decrease the contribution of the Si substrates. The peak centered at 70° is due to Si substrates after tilting. Peaks were ascribed to the (111), ( 200), (220), and (222) diffraction planes of the δ-NbN cubic fcc structure (ICDD: 04-004-2895). This reported phase is associated with a chemical composition of NbN 0.98 with a lattice parameter of a = 0.439 m [START_REF] Christensen | Preparation and structure of stoichiometric -niobium nitride[END_REF].

From the HRTEM images and selected area electron diffraction (SAED) of sample S2 shown in Fig. 4a and4c, the films were not completely crystallized, whereas the NbN cubic phase with an Fm-3m structure was embedded in a matrix of the amorphous phase. The estimated mean size of the crystallites is 10 nm.

Critical temperature

The superconducting behavior was tested for all the samples and a superconducting transition at 3 K was only detected for sample S2. All other samples had a Tc below 2 K. To understand the origin of these low values of Tc and to increase the superconducting properties of the films, the thermal treatments in the Ar atmosphere were conducted at different temperatures ranging from 800-1200 °C for a duration between 10 and 60 min. The samples annealed in the Ar atmosphere at 1000 °C for 30 min exhibited the optimum Tc; Fig. 5 shows the measurements (SQUID method) for the same set of samples, which are renamed with an "A" to distinguish the asdeposited samples. The Tc of all the samples significantly improves and sample S2-A has the highest Tc (13.8 K), which is the same as the highest value reported in the literature for samples prepared by a thermal or a plasma-enhanced ALD process. This value was validated by R(T) measurements. S3-A reveals a Tc of 11.6 K, which is similar to that of S1-A (11.1 K). S4-A exhibits the lowest Tc value (10.1 K). The evolution of the Tc of all our samples with annealing differs from that of several previously published results, where it is shown that annealing lowers the Tc [START_REF] Ukibe | Superconducting characteristics of NbN films deposited by atomic layer deposition[END_REF][START_REF] Hatano | Effects of thermal annealing on superconducting Nb and NbN films[END_REF]. Other publications show that annealing between 800 and 1000 ° C increases the Tc of the NbN samples [START_REF] Oya | Transition temperatures and crystal structures of single-crystal and polycrystalline NbNx films[END_REF][START_REF] Shy | Superconducting properties, electrical resistivities, and structure of NbN thin films[END_REF][START_REF] Guziewicz | Technology of ultrathin NbN and NbTiN films for superconducting photodetectors[END_REF].

To understand why Tc improved significantly after annealing and to establish the contribution of film crystallinity, density, or composition, we characterized the as-deposited and annealed samples by SEM, XRD, XPS, and EPMA.

Effect of annealing in argon

SEM was used to examine the surface morphology of the samples. No cracks were observed in any sample after thermal annealing. Fig. 6 shows the SEM images of sample S2 before and after annealing. Sample S2 consisted of small round grains and no difference in the surface morphology was observed before and after annealing. The same result was observed for all the samples. However, we noticed an increase in the nanocrystal size (lateral size) from 10 nm (Fig. 6a) before annealing to ~30 nm after annealing (Fig. 6b). This result was confirmed by HRTEM Å). However, the crystallinity of all the samples increased significantly, as indicated by the strong (111) peak compared to sample before annealing. This result is consistent with the increase in the signal intensity in SAED (Fig. 4d), as previously discussed. All the samples have a (111) preferred orientation. The lattice parameters of samples S1 to S4 before and after annealing were calculated and plotted in Fig. 8.

The lattice parameters are smaller than the theoretical ones (a = 4.39 Å), as recorded by selected ICDD 04-004-2895 crystallographic data. The lattice parameter of the as-grown samples is extremely small for S1, S2, and S3, and is similar to the theoretical value for S4. The peak shift observed in Fig. 3 was attributed to the composition difference rather than to the stress in the film.

The lattice parameters of the annealed films exhibit similar values. From this perspective, no differences among the four samples could be established. Previous reports [START_REF] Linzen | Structural and electrical properties of ultrathin niobium nitride films grown by atomic layer deposition[END_REF][START_REF] Wang | Superconducting properties and crystal structures of single-crystal niobium nitride thin films deposited at ambient substrate temperature[END_REF][START_REF] Kang | Fabrication and characterization of NbN, AlN and NbN/AlN/NbN on MgO substrates[END_REF][START_REF] Kidszun | Ion-beam-assisted deposition of textured NbN thin films[END_REF] on NbN thin films obtained by PVD or ALD processes demonstrated that the superconducting properties of the NbN thin films are strongly dependent on its lattice parameter; moreover, a larger value leads to a higher Tc. The lattice parameter depends on the chemical composition and vacancies of Nb or N, and the presence of O reduces the lattice parameter [START_REF] Hatano | Effects of thermal annealing on superconducting Nb and NbN films[END_REF]. In our study, the four annealed samples exhibited extremely similar lattice parameters after annealing. Therefore, there is no correlation between Tc and the lattice parameter, which contradicts other reports. We can conclude that, apart from the lattice parameter, there are other more significant factors that influence the Tc of the films.

The film density was measured by XRR for samples S1-S4 before and after annealing. Fig. 9,

shows that the density of the samples increased after annealing and S2 exhibited the highest density among all of the samples.

The stoichiometry and composition of the films were also directly associated with the superconducting properties of NbN. It is important to achieve an optimal Nb/N ratio for the highest Tc, and to understand the contribution of carbon and oxygen. The chemical compositions of the NbN samples before and after annealing were measured by the electron probe microanalyzer (EPMA). The atomic ratios of Nb/N and the at% O atomic concentrations are shown in Fig. 10a andb. Annealing in Ar improved the stoichiometry of the NbN, approaching values close to 1. Importantly, annealing did not increase the oxygen content in the films, which remained low (from 14 at% to 5 at%). From this composition analysis, the origin of the low Tc (< 3 K) before annealing could be correlated with the absence of carbon in our films. This correlates with the results obtained by Proslier et al. where the NbN films grown from NbCl 5 (i.e., carbonfree films) also exhibit a Tc value below 3 K [START_REF] Proslier | Atomic layer deposition of superconductors[END_REF]. The carbon enhanced the Tc and, based on existing information in previous studies on the ALD synthesis of NbN [START_REF] Ziegler | Superconducting niobium nitride thin films deposited by metal organic plasma-enhanced atomic layer deposition[END_REF][START_REF] Ziegler | Effects of Plasma Parameter on Morphological and Electrical Properties of Superconducting Nb-N Deposited by MO-PEALD[END_REF][START_REF] Deguns | Plasma-Enabled ALD of niobium nitride using an organometallic Nb precursor[END_REF][START_REF] Sowa | Plasma-Enabled ALD of niobium nitride using an organometallic Nb precursor[END_REF][START_REF] Linzen | Structural and electrical properties of ultrathin niobium nitride films grown by atomic layer deposition[END_REF][START_REF] Ukibe | Superconducting characteristics of NbN films deposited by atomic layer deposition[END_REF], the presence of carbon as an impurity in the classical ALD process could significantly impact the superconductivity. Therefore, the improvement of the Tc of our carbon-free samples after annealing is related to another parameter. Hence, XPS was performed on sample S2 before and after annealing, which demonstrated the optimum superconducting properties. The samples were first etched by argon ions for 5 min. The spectra were fitted by Gaussian-Lorentzian functions.

The fitting for the Nb 3d state took into account a spin orbital splitting of 2.72 eV of the 3/2 and 5/2 components with an area ratio of 2:3. The Nb 3d spectrum was fitted with the three chemical states of Nb according to a report by Halbritter et al. [START_REF] Halbritter | Angle-resolved XPS studies of oxides at NbN, NbC, and Nb surfaces[END_REF] and the values of the binding energies of Nb 3d5/2 are indicated in Fig. 11. These three components were assigned to Nb-N (204 eV), Nboxynitride (205.3 eV), and Nb-oxide (207.1 eV), which were also retrieved in N 1s and O 1s spectra. Similar results were observed by Ziegler for the optimized conditions and they fitted the Nb 3d spectra with four contributions; the additional one was attributed to Nb-carboxide, which was not observed in our case [START_REF] Ziegler | Effects of Plasma Parameter on Morphological and Electrical Properties of Superconducting Nb-N Deposited by MO-PEALD[END_REF]. In the O 1s spectra, the contributions of niobium oxide and niobium oxynitride are observed. Notably, a third contribution (blue line in the XPS spectra) was not clearly identified. For this contribution, the signature of Nb-carbonitride might be considered in the O 1s spectra, but no carbon (C 1s) was observed.

It can be concluded that the annealing step did not alter the sample composition; in particular, the O contamination was the same before and after annealing, which is in agreement with the EPMA results. Nevertheless, the improvement of the superconducting properties could be clearly related to the transformation of niobium oxide into niobium oxynitride [START_REF] Brauer | Oxidnitride als Katalysatoren zur Methanaktivierung[END_REF], as deduced from the XPS results. Additionally, as previously discussed, the grain growth induced by annealing could also contribute to the enhanced Tc. The understanding of each contribution requires further investigation.

With respect to the comparison of the plasma nature and duration, the H 2 plasma for 24 s is presumably the best compromise because it yields the optimal result before and after annealing.

The oxynitride formation and resulting excellent Tc result may have originated from the formation of Nb in the metallic state during the hydrogen pulse (followed by the TBTDEN pulse), which is easily oxidized to form oxynitride. This latter point is supported by thermodynamic considerations using Factsage 7.2 thermodynamic software; the FactPS database demonstrates the strongest affinity for oxygen of niobium compared to that for niobium nitride:

ΔG reaction (Nb->Nb 2 O 5 ) = -944 kJ/at (@ 500 K) ΔG reaction (NbN->Nb 2 O 5 ) = -711 kJ/at (@ 500 K).

Conclusions

In this study, we presented an ALD approach which consists of combining TBTDEN as the niobium precursor with a supercycle of plasma H 2 followed by a pulse of NH 3 . The objective of this step was to break the TBTDEN ligands due to the H 2 plasma and to facilitate the surface chemical reaction with NH 3 . The ALD window of this was obtained between 350 and 380 °C with a GPC of 0.015 nm/cycle. Under these conditions, the NbN film density was 7 g/cm 3 . At lower temperatures, the decomposition of TBTDEN did not complete as presumed from the XPS contribution in C 1s associated with the binding of Nb-C. The NbN films were also grown at 350

°C by a PEALD process of TBTDEN and NH 3 plasma and the effect of plasma duration was performed to enable comparison.

The superconducting properties of the as-deposited carbon-free NbN films were not satisfactory; hence, an annealing treatment in argon at 1000 °C was conducted. All the annealed samples exhibited a superconducting behavior with a Tc above 10 K. The optimum Tc (13.8 K)

was obtained for a sample grown with the supercycle approach.

The structural characterization and variation in the chemical state of the elements in the film indicated that the improved Tc was due to a partial transformation of the niobium oxide into niobium oxynitride in the NbN film, with no change in the impurity level. However, the reduction of the grain boundaries induced by the grain growth cannot be excluded. Finally, the ability of an RF cavity to sustain thermal annealing should be investigated. The technical aspects of this heat treatment require consideration. We expected the NbN layer to function as a diffusion barrier to prevent the diffusion of Ar in Nb, which degrades the performance of the cavities [START_REF] Grassellino | Nitrogen and argon doping of niobium for superconducting radio frequency cavities: a pathway to highly efficient accelerating structures[END_REF].
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 3 Fig. 3 θ/2θ X-ray diffraction pattern of samples S1, S2, S3, and S4. Samples were tilted by 2° to decrease the silicon contribution.

Fig. 4 (

 4 Fig. 4 (a) Bright-field HRTEM image of the as-grown S2 sample. (b) Bright-field HRTEM image of the S2 sample annealed at 1000 °C for 30 min in Ar. (c) SAED pattern of the as grown sample sample (same sample than a)) compared to the theoretical pattern for the NbN cubic structure. (d) SAED pattern of the S2 annealed at 1000°C for 30 min in Ar sample (same sample than b)).
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 58 Fig. 5 Tc measurement of samples S1 to S4 after annealing in argon at 1000 °C for 30 min Fig. 6 SEM morphology of the sample S2: (a) as-grown and (b) after annealing in argon at 1000 °C for 30 min Fig. 7 θ/2θ X-ray diffraction pattern using a 2° tilt of samples S1-S4 after annealing in argon at 1000 °C for 30 min Fig. 8 Lattice parameters calculated from the XRD patterns of samples S1-S4 before and after annealing in argon at 1000 °C for 30 min.

Fig. 9

 9 Fig. 9 Density of samples S1-S4 before and after annealing measured by XRR Fig. 10 EPMA results of samples S1-S4 before and after annealing in argon at 1000 °C for 30 min: a) atomic ratio between Nb and N+O, b) oxygen atomic percentage.

Fig. 11

 11 Fig. 11 Core-level XPS spectrum of the Nb 3d and O 1s states of sample S2: a) as-grown and b) after annealing in argon at 1000 °C for 30 min. The Nb 3d spectra were fitted by three chemical states of Nb and the binding energies of Nb 3d5/2 are indicated.
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Table 1 :

 1 Parameter values for ALD processes 1 and 2.

	ALD Steps	T (°C)

  1 Growth per cycle (GPC) and density of the NbN films deposited on the Si substrates by PEALD as a function of the substrate temperature. Plasma power: 2800 W, H 2 flow rate: 80 mL/min. The other growth conditions are listed in Table 1 process 1.Fig 2 C 1s peak of the as-grown NbN samples deposited at 330 and 350 °C by process 1 (with H 2 and NH 3 plasma.), and at 350 °C by process 2 (with NH 3 plasma). The XPS characterization was performed on the samples etched by Ar ions for 5 min to remove the oxide and contamination on the top surface.
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