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Effect of the annealing process on the microstructure of La 2 Zr 2 O 7 thin layers epitaxially grown on LaAlO 3 by metalorganic decomposition
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La 2 Zr 2 O 7 (LZO) films have been grown by Metalorganic Decomposition (MOD) to be used as buffer layers for coated conductors. A characteristic feature of LZO thin films deposited by MOD is the formation of nanovoids in an almost single crystal structure of LZO pyrochlore phase. Annealing parameters (heating ramp, temperature, pressure…) were varied to establish their influence on the microstructure of the LZO layers. XRD and TEM were used for sample characterisation. The epitaxial pyrochlore phase was obtained for annealing temperatures higher that 850°C whatever the other annealing conditions.

However, the film microstructure, in particular, nanovoids shape and size, is strongly dependent on heating ramp and pressure during annealing. When using low heating ramp, percolation of voids creates diffusion channels for oxygen which are detrimental for the substrate protection during coated conductor fabrication. From this point of view high heating rates are more adapted to the growth of LZO layers.

Introduction

Coated conductors developed from Rolling Assisted Biaxially Textured substrates (RABiTs) [1,2] are considered a low cost architecture because nickel-based textured substrates are used as template to biaxially grow the superconducting YBa 2 Cu 3 O 7 (YBCO) layer [3]. A simple low cost architecture obtained by all-chemical routes consisting in YBCO MOCVD /La 2 Zr 2 O 7MOD /NiW RABiTS (MOCVD= Metalorganic Chemical Vapor Deposition, MOD= Metalorganic Decomposition) has been already validated in a previous work [4].

La 2 Zr 2 O 7 (LZO) buffer layers grown by MOD have been also tested in other architecture where YBCO was deposited by other methods like PLD [5] or MOD [6] The role of the buffer layer is double: to ensure the texture transmission from the texture substrates to the superconducting layer with a good lattice matching, and to protect the metallic substrate against oxidation. Pyrochlore LZO behaves as a buffer layer in this architecture because its lattice parameters match those of YBCO (|(ε YBCO -ε LZO )/ε LZO | = 1.05%), and also because it provides a good barrier against O 2 diffusion [7]. LZO pyrochlore structure (Space Group: Fd-3m, 73-0444, lattice parameter a= 10.808 Å) is derived from the LZO fluorite structure (Space Group: Fm-3m, 75-0346, lattice parameter a= 5.407 Å) with one-eighth of the anions absent and two distinct cation sites. These two structures can be distinguished by the presence of the (111) and (331) reflections in the pyrochlore phase, corresponding to spacing values of 6.24 Å and 2.48 Å with an intensity of 3% and 5% respectively, which do not exist in the fluorite structure. Ni5%atW RABiTs present a cube texture {100}<001> (Space Group: Fm3m, lattice parameter a= 3.545 Å [8]); so it is well adapted to ensure the epitaxial growth of the LZO layer, whose unit cell is rotated of 45° in order to match the Ni unit cell. A characteristic feature of LZO thin films deposited by Metalorganic Decomposition (MOD) is the formation of nanovoids in an almost single crystal structure of LZO pyrochlore phase [9]. MOD process is a two-steps process: pyrolysis and crystallization. The pyrolisis is probably at the origin of the apparition of these cavities. The decomposition of the metalorganic precursors occurs during the thermal treatment, which is performed under an Ar+H 2 atmosphere to avoid the oxidation of the substrate. Our standard thermal profile consists in a heating ramp at 500°C/h up to 980°C followed by a dwell at 980°C for 30 min.

The cooling rate corresponds to the thermal inertia of the furnace. Pyrolysis takes place during the first part of the annealing at low temperature (RT-500°C), and crystallisation occurs at higher temperatures. A detailed study by TEM on samples annealed in standard conditions is presented in [9]. Generally, voids or nanovoids were observed either spherical or hexagonal, their faces corresponding to the (111) plane front. The most frequent void size is around 20 nm diameter, but it seems that bigger voids are also present. We did not find coalescence of nanovoids in samples observed in our previous work. The voids in LZO can be at the origin of the oxygen diffusion through the layer observed by Paranthaman et al [10]. The effective thickness is smaller, and films have to be thicker in order to reduce oxygen diffusion. This point is very important in the optimisation of the coated conductor architecture. This work focuses on the influence of the parameters of the thermal treatment on the microstructure of LZO thin layers grown on LaAlO 3 (LAO) single crystal substrates from propionates by MOD. Results on XRD are compared with the electron diffraction obtained by TEM to determine the fluorite or pyrochlore formation. The microstructure of these films is related to the synthesis process.

Experimental

Lanthanum zirconate was produced by MOD according to a procedure previously described [11]. Lanthanum (III) 2, 4-pentadionate and zirconium (IV) 2, 4-pentadionate were dissolved in propionic acid (CH 3 -CH 2 -COOH) to form lanthanum and zirconium propionates.

Propionic acid was added to get a total cations concentration of 0.6 mol/l. LZO layers were grown on LaAlO 3 (LAO) single crystals. LAO presents a rhombohedral structure (Space Group: R3m; a=5.364 Å , c=13.11 Å), but we have preferred to simplify the interpretation by using the pseudocubic (pc) perovskite structure of LAO (Space Group: Pm-3m; 073-3584; Before deposition, the substrates were ultrasonically cleaned in isopropanol during 10 min. LZO films were deposited by dip coating at room temperature in a glove box. The substrates were immersed for 30 s in the solution and withdrawn at the rate of 6 cm/min. The samples were then dried at 80°C using infrared lamps for 60 s inside the glove box. The films were annealed under Ar + 5% H 2 gas flow (30 slm) at 1 bar. The heating rate and the annealing temperature were modified in this study. The cooling rate in all the cases corresponds to the furnace thermal inertia. Our standard thermal profile consists in a heating ramp at 500°C/h up to 980°C followed by a dwell at 980°C for 30 min. A standard annealing was also performed under vacuum (10 -2 mbar).

Film texture and epitaxial relationships among the different layers were determined by X-Ray Diffraction (XRD) with the Shultz geometry using a D5000 Siemens four-circle diffractometer with monochromatic Cu Kα radiation (λ=0.15418 nm).

Transmission electron microscopy and electron diffraction were carried out on a JEOL 2011 operating at 200 kV with a 0.19 nm point to point resolution. Cross-sections of LZO/LAO samples were obtained by the tripod method. Samples were polished on both sides to less than 15 m thick by using diamond impregnated films with a grain size varying from 15 m sequentially down to 0.5 m. Low angle ion beam milling was used for final perforation of the samples and to minimise contamination. Samples prepared for TEM observation and described in the results section have been resumed in Table 1.

Results

The solution and the dip coating conditions were the same for all the samples. At the withdrawal speed used in this work the grown layers present a thickness of ~80 nm after annealing. The annealing temperature and the heating rate effect on the crystal quality and on the microstructure of LZO were studied by XRD and by TEM. As presented in [9], substrates have an important role on texture transmission but not on microstructure, mainly established by growth phenomenon. In this frame, results obtained on LAO can be considered also as applicable to metallic substrate. The name and general description of each sample studied are presented in Table I.

The schematic representations of the annealing are summarized in Figure 1a for the annealing temperature variation and in Figure 1b for the heating ramp variation. Sample LZO4 corresponds to the standard annealing. For further details, a complete study of sample annealed in standard conditions has been presented in [9]. An annealing under vacuum was also performed to establish the influence of pressure during the process. XRD results obtained from all the samples are presented in the θ-2θ diagram of figure 2a. The (400) reflection peaks appear at angles higher than that expected for LZO (in compression as (ε LAO -ε LZO )/ε LZO = -0.8%). This shift is less important for LZO5 sample. Figure 2b shows the XRD diagram of the LZO7 sample in logarithmic representation. The labels indicate the origin of the peaks.

i) Annealing temperature effect

The annealing profiles were similar for this experimental series. It consisted of a heating ramp of 500°C/h from room temperature up to the annealing temperature, and then 5 minutes kept at this temperature, except for LZO4 prepared with the standard annealing with a dwell of 30 min. Short dwell times were used to determine the crystalline state of the sample before reaching the standard annealing temperature. Temperatures ranging from 500°C to 960°C were used in this study corresponding to samples LZO1, LZO2, LZO3 and LZO4.

Films are amorphous up to ~800°C, so samples LZO1 and LZO2 present no diffracted signal by XRD. Figure 2a shows the samples annealed at 850°C (LZO3) and 960°C (LZO4); the other annealing conditions are resumed in table 1. For well-crystallised films, ϕ-scans and rocking curves could confirm the biaxial texture of the samples. As it can be seen in figure 2a, except for the LZO3 sample, the LZO(400) reflection intensity varies from 5500 to 12000 cps, and the LZO(222) reflection is not detected. LZO1 sample corresponding to the lowest annealing temperature (500°C) was observed by TEM (Figure 3). The sample was stable under the electron beam, which indicates that the material did not contain organic compounds which could be burnt under the electron beam.

The layer was amorphous, but a variation of contrast can be already observed at this temperature. We presumed these zones to be voids [9], but due to the amorphous state, it was not possible to strictly identify this inclusion as voids. Their mean size was 5 nm.

LZO2 sample observed by TEM was still amorphous, as shown in the electron diffraction pattern included in Figure 4 and in agreement with the XRD results. The variation of contrast was also visible in this sample, but it seems that their size was slightly bigger (around 10 nm).

LZO3 sample was analysed by XRD and a small contribution at 2θ~33.2° corresponding to LZO crystallization was detected. The intensity was too small to perform a detailed analysis on phase identification. When observed by TEM in cross section, an electron diffraction pattern corresponding to fluorite phase in the [110] axis zone could be indexed (Figure 5). The sample was well crystallised through all its thickness, and the substrate texture was well-transmitted up to the surface. The pyrochlore phase was not easily detected in this layer, and only when using small diaphragm and working at the substrate-LZO interface it could be possible to detect very slight (111) and (331) reflections attributed to the pyrochlore structure.

LZO4 sample corresponds to the standard annealing, already discussed in [9]. In these conditions, the LZO layer was well crystallised and the pyrochlore structure could be easily identified. Voids detected in this sample were around 20 nm. A representative picture of this sample is given in Fig 6.

Annealing temperature is the main parameter that controls the crystallisation advance.

Films are amorphous below 800°C and crystallize, at first, in fluorite structure. The crystalline order increases with temperature and films transform into pyrochlore at higher temperatures, hardly detected at 850°C. Besides, voids seems to be already included in the amorphous structure and interestingly do not influence the crystalline final state.

ii) Heating ramp effect LZO4, LZO5, LZO6 samples were prepared at different heating rate up to the same annealing temperature of 960°C. The annealing dwell was 30 min in all the experiments. The lowest ramp was 100°C/h corresponding to the LZO5 sample. This layer presented a very strong (400) reflection in XRD analysis (Figure 2a), almost the double than that of the LZO6 sample, corresponding to the highest heating ramp. From this result, it could be inferred that low heating ramp enhances crystallization. On the other hand, the shift in the position of the (400) reflection peak is less important for LZO5 sample, so stress has been also relaxed. The cross section observation by TEM of the LZO5 sample is presented in the Figure 7 together with the electron diffraction pattern. The crystal structure was pyrochlore in the [110] axis zone and the (111) and (331) reflections were strongly visible when compared to previous results. Nevertheless, the microstructure was also really different. Voids were bigger than in standard annealing and they percolated almost in the entire thickness of the sample. This morphology can be at the origin of the stress relaxation detected by XRD.

Besides, the sample is less compact and the generation of channels for oxygen migration can be a detrimental aspect for the diffusion barrier behaviour. Moreover, the surface is also influenced by this morphology and it presents a larger roughness than sample LZO4.

The LZO6 sample corresponds to the highest ramp (1400°C/h). TEM observation in cross section (Figure 8) shows that the layer is well-crystallised in pyrochlore structure as identified in the electron diffraction pattern. Nanovoids were small, with very sharp edges corresponding to [111] directions, and they were not connected. From this point of view; the layer was more compact. Its surface was also smoother than in precedent sample. When compared to standard annealing, there are not strong differences, but voids seem more regular and there are less deviation from the mean size.

The main effect of the heating rate is on microstructure; otherwise the LZO layers present a well-textured pyrochlore structure in all cases. Reactions proceeding during pyrolysis need the evacuation of pyrolysis products. The diffusion of these products generates voids and channels in the viscous matrix, which is plastic in a specific temperature range. For higher temperatures, the matrix starts solidification and recovering of the films is not possible anymore. The deformation of the matrix can be thus identified after nucleation. This phenomenon is exacerbated at low heating rates because it means longer time for pyrolysis and deformation.

iii) Vacuum annealing

We also performed a standard thermal profile under vacuum to set the influence of pressure on the LZO growth. This experiment corresponds to the LZO7 sample. XRD on this sample presented the highest intensity for the (400) LZO reflection (Figure 2a and2b). When observed by TEM in cross section, the sample showed the pyrochlore structure with very intense (111) and (331) reflections and the characteristic nanovoids were also visible through the layer thickness. However voids were spherical in this case and their sizes larger than for the standard annealing. This result confirms the hypothesis that voids are formed during the pyrolysis step and caused by gas generation. Processes at low pressure creates round cavities in a temperature range where the film is rather plastic, they cannot be transformed in regular cavities during the nucleation step.

Discussion

MOD process is a two step process consisting of pyrolisis at low temperature and of nucleation and growth of the crystalline phase at higher temperature. For coated conductors applications, the nucleation should only present a hetereogeneous contribution to ensure the transmission of texture from the substrate through the films towards the surface. The characterization technique generally used for crystalline quality determination is XRD, which probes the whole thickness and it can be implemented as on-line control in production.

Special procedures have been recently developed for estimating the epitaxial fraction in the layer volume by XRD [12]. This technique can also give information about in-plane and outof-plane texture of the layer. Alternative techniques to determine the crystalline quality of the surface are EBSD and RHEED, which need vacuum systems and can be only used on small samples [13]. Otherwise, crystalline quality can be probed by TEM [14]. However, this technique needs a hard and long preparation step and it can be only used for exploratory works. Nevertheless, for experimental studies and in order to understand the effect of the growth parameters on the sample quality, TEM seems to be well-adapted to supply complementary information to XRD analysis about crystalline quality and to reveal the microstructure.

We have determined the microstructure of LZO samples annealed with different thermal profiles. A temperature above 800°C is necessary to crystallize the LZO layer. The crystalline quality evolves from fluorite to pyrochlore structure at higher temperatures, indicating an increasing crystalline order: in pyrochlore structure, cations present an order which does not exist in the case of fluorite. It is known that Ln 2 Zr 2 O 7 (Ln = Lanthanide La to Gd) pyrochlore phases are stable at RT but at high temperature (>1500°C), an order-disorder transition from pyrochlore to fluorite occurs. Theoretically La-pyrochlore does not present such transition, and then LZO cannot exist in fluorite phase [15]. In our case, fluorite structure appears as a metastable phase which transforms into pyrochlore (the stable phase) between 850°C and 960°C. This transformation is relatively fast, because using the standard heating ramp of 500°C/h, the transformation takes place in less than 15 min (~0.1 nm/s). XRD diffraction allows to follow this increase of crystalline quality by recording the LZO(400) reflection intensity.

The origin of voids is related to gas accumulation as inferred from the sample annealed under vacuum. If voids are already present at 500°C, it means that gas accumulation takes place during the low temperature annealing step concerning pyrolysis of the organic precursor used in this MOD process. TGA performed separately for each precursor shows that main mass losses take place between 300°C and 400°C [11]. The shrinking in thickness also occurs in this temperature range. We can then suppose that pyrolysis is already finished at 500°C and that the matrix is stable, as corroborated by TEM analysis. On the other hand, EFTEM analysis on standard samples previously reported in [9] confirms that voids contain no carbon inside or the carbon level is the same in nanovoids than in the rest of the sample. So pyrolysis products have been already evacuated in the standard conditions before crystallization. It would be important to establish the process involved in accumulation and in evacuation of products during pyrolysis. This understanding, currently under study, would allow to improve the LZO microstructure by a better control of voids formation.

The choice of lanthanum zirconate is justified by the good lattice matching with YBCO and by its good properties as diffusion barrier to protect substrate against oxidation. [16].

From results shown above, it is seen that oxygen diffusion will be strongly dependent on the microstructure of the layer, so on the thermal profile of crystallisation. Using low heating rates is not compatible with coated conductor fabrication, because the effective thickness is reduced to few nanometers due to voids percolation. These diffusion channels for oxygen are detrimental for the substrate protection during YBCO deposition. The formation of channels takes place during pyrolysis, in the amorphous matrix, which sinters by viscous flow [START_REF] Brinker | Chapter 11: Sintering" from "Sol-Gel science. The Physics and Chemistry of Sol-Gel Processing[END_REF]. For fast heating, this step is squeezed and pores cannot coalesce in channels. Pores are then distributed randomly within the bulk of the film. Then fast heating seems more appropriate to avoid percolated porosity, it has also no detrimental effect on the crystallization as shown in this paper. On the other hand, high heating rates allow to decrease the crystallization driving forces, which would delay the densification and crystallization processes to higher temperatures [START_REF] Bhuiyan | [END_REF]. From this point of view, high heating rates are more adapted to the formation of denser and better crystallized films.

When using different heating ramp up to the same annealing temperature (960°C), the crystalline state is characterised by the formation of the pyrochlore phase. Nevertheless, microstructure is really different for each annealing profile and it can present detrimental aspects for coated conductor applications. It seems evident that crystalline quality cannot be considered as the only specifications for sample quality, and that a deeper understanding on the pyrolysis process is the key to control the microstructure. Even if standard annealing leads to excellent LZO which can be used in single buffer layer architectures [4], the optimisation of the MOD process need the optimisation of the pyrolysis step and the crystallization step separately Heterogeneous nucleation is possible whatever the annealing conditions in the temperature range used for this study are. The nucleation front starts at the substrate-layer interface and moves towards the surface. Voids do not interfere with the crystallization process. It seems that the carbon content linked with the pyrolysis can have an important role on the crystallization step. In our case, there is no carbon in the standard annealed sample.

Further study should be performed with different pyrolysis conditions to understand the influence of this step on the nucleation and crystallization step, as well as on the microstructure.

Conclusions

La 2 Zr 2 O 7 (LZO) films grown by Metalorganic Decomposition (MOD) present a characteristic feature: the formation of nanovoids in an almost single crystal structure of LZO pyrochlore phase. Annealing parameters (heating ramp, temperature, atmosphere…) were varied and XRD and TEM were used to establish their influence on the microstructure of the LZO layers.

Epitaxial pyrochlore phase was obtained for annealing temperatures higher that 850°C whatever the other annealing conditions. Films are amorphous below 800°C. At 850°C, layers crystallise in LZO fluorite structure, which transforms into pyrochlore structure at higher temperatures. Voids present in the crystallised samples are already visible in the amorphous matrix at 500°C. Besides, microstructure is strongly dependent on the heating ramp and pressure during annealing. In particular, nanovoids shape and size are influenced by the heating ramp. Using low heating ramp, percolation of voids creates diffusion channels for oxygen which are detrimental for the substrate protection during YBCO deposition. When using high heating ramp, voids are regular and homogeneously distributed without connexion. When annealing under vacuum, voids are spherical indicating their origin by gas accumulation.

  a pc =3.7913 Å). LAO single crystals provided by Crystec GmbH (00l) pc oriented were used as substrates and all diffraction patterns presented in this work are indexed with pseudocubic indices. The epitaxial relationships of LAO (as for Ni textured substrate) with LZO are described by [100] LAO //[110] LZO [010] LAO //[110] LZO and [001] LAO //[001] LZO .

  

  

  

  The epitaxial relationships are [100] Ni //[110] LZO ; [010] Ni //[110] LZO and [001] Ni //[001] LZO .
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