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Abstract:



The preparation of a YBa2Cu3O7−x/LaNiO3/YBa2Cu3O7−x sandwich structured film on a LaAlO3 (100) substrate by a sol-gel method was investigated. YBa2Cu3O7−x/LaNiO3/YBa2Cu3O7−x tri-layer heterostructures with different epitaxial characteristics can be deposited by controlling the heat treatment temperature. X-ray diffraction and transmission electron microscopy results show that the bottom YBCO film grows epitaxially on the LaAlO3 substrate along the c axis, and that this epitaxial growth trend is extended to the subsequently deposited LaNiO3 film. For this reason, the LaNiO3 film also grows epitaxially along the c axis. Furthermore, this epitaxial growth trend is extended to the top YBa2Cu3O7−x film, yielding YBa2Cu3O7−x/LaNiO3/YBa2Cu3O7−x tri-layer heterostructures with epitaxial growth characteristics along the c axis, which enables both the bottom and top YBa2Cu3O7−x layers to possess superconducting abilities.
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1. Introduction


The traditional Josephson junction is composed of a sandwich structured superconductor, insulator and superconductor (SIS); this junction requires the thickness of the insulating layer to be similar to the coherence length of the superconducting layers. The coherence length is rather short in high-temperature oxide superconductors, such as YBa2Cu3O7−x (YBCO), which has a length of ξc ~0.1 nm in the c-axis direction and ξab ~2 nm in the a- and b-axis direction direction. It is challenging to acquire uniform and compact insulation layers that are so thin. However, if the middle I (insulator) layer is replaced by an N (normal) layer with metallic conductivity (i.e., superconductor normal superconductor (SNS) structure), the superconducting electron pair, due to the large proximity effect at the interface of a high-temperature superconductor and a conducting layer [1], can pass through the N layer with a thickness of more than 10 nm, which is much farther than the coherence length of the superconductor. Accordingly, the SNS structure can be deposited more easily, and various SNS structures have been developed, such as YBCO/La2−xSrxCuO4 (20 nm)/YBCO [2], YBCO/CaRuO3 (10–50 nm)/YBCO [3] and YBCO/Nb-doped SrTiO3 (25 nm)/YBCO [4]. The Josephson Effect occurs in these structures. Consequently, studies concerning SNS sandwich structures are considered significant for the preparation of Josephson junctions.



LaNiO3, a reported normal conducting N material, is a metallic perovskite structure oxide with a pseudocubic lattice constant (a) of 0.383 nm. Because there is only a small degree of mismatch between LaNiO3 and YBCO (1% in the a-axis direction and 0.7% in the b-axis direction), it is possible to form coherent interfaces at both LaNiO3/YBCO and YBCO/LaNiO3. Moreover, as LaNiO3 contains only two metallic elements, the stability of its structure can be maintained more easily than multi-element structures. As Ni and La both possess +3 metal ion valence states, these two elements are less likely to diffuse into YBCO than are Sr and Ca [5]. Additionally, the carrier concentration and room temperature resistivity of LaNiO3 are close to those of YBCO, such that an ohmic contact can be easily established between YBCO and LaNiO3 [6]. Therefore, LaNiO3 can prospectively be applied as the N material in the SNS sandwiched structure. In earlier work, Sagoi, M. successfully deposited a YBCO/LaNiO3/Au/Ag/Pb structure [7], but its top electrode did not demonstrate high-temperature superconducting properties. Thus, the large proximity effect was not observed. Shortly after, Hegde, M.S. deposited a symmetrical structure of YBCO/LaNiO3/YBCO [8], but details of the epitaxial growth characteristics of the layers and the growth status of the interfaces were not clear.



In addition, the reported epitaxial technologies for growing both SIS and SNS junctions always involved a vacuum environment, which is a major obstacle for large-scale, low-cost productions. In terms of practical application, the sol-gel method for the preparation of SNS junctions is promising because of its low cost and scalability. Recently, significant advances have been made in growing both YBCO and textured oxide films using the sol-gel method [9,10]. However, heteroepitaxial growth on YBCO/LaNiO3/YBCO tri-layers remains challenging, since a sharp interface between YBCO and LaNiO3 films is not easy to obtain at a high temperature of approximately 800 °C, which is the typical temperature for the heat treatment of YBCO films in the sol-gel route [9,11].



In this paper, the feasibility of depositing a YBCO/LaNiO3/YBCO sandwich structure using a sol-gel method is discussed, and its epitaxial growth characteristics and interface characteristic are studied.




2. Experiments


The process for preparing YBCO and LaNiO3 films can be found elsewhere [12,13]. Starting from these previous reports, the solution and heat treatment temperatures were slightly modified to prepare the YBCO/LaNiO3/YBCO tri-layer.



The YBCO solution can be obtained by using yttrium, barium and copper acetates as raw materials; trifluoroacetic acid and acrylic acid as additives; and absolute methanol as the solvent. In this YBCO solution, the pH value is approximately 7, which is neutral. To prepare the LaNiO3 solution, nickel acetate and lanthanum nitrate hexahydrate are used as raw materials, acrylic acid is used as the additive and ethylene glycol monomethyl ether is used as the solvent. The LaNiO3 solution has a weakly acidic pH value of 5–6. To avoid film corrosion caused by the acidic LaNiO3 solution during the dip-coating process, ethanolamine is added to the LaNiO3 solution to adjust the pH value to 7.



Next, each layer in the YBCO/LaNiO3/YBCO tri-layer is coated with gel and then pyrolysis is performed, followed by a heating treatment at a certain peak temperature. The gel coating and pyrolysis processes can be found in references [12] and [13]. The heat treatment temperature is a key factor in preparing the tri-layer. To avoid possible inter-diffusion between the YBCO and LaNiO3 films, a method to decrease the heat treatment temperature layer-by-layer was adopted. For the bottom YBCO film, the surface of the film is more compact and the superconductivity of the film is more favourable (Tc > 91 K, Jc > 1 MA/cm2) when a high heat treatment temperature is used (near 800 °C). The heat stability is particularly better reflected by the bottom film after the thermal shock in the follow-up film deposition process. Therefore, 800 °C was selected as the heat treatment temperature for the bottom YBCO film.



Our previous studies have shown that the LaNiO3 film is in a single phase at the heat treatment temperature of 750 °C. Accordingly, its crystallization quality is favourable, and its specific resistance is comparatively lower [13]. If the heat treatment for the LaNiO3 film is performed at an overly high temperature, the LaNiO3 can be decompounded, which would exert a negative impact on the follow-up epitaxial growth of the film. Therefore, the heat treatment temperature was selected to be 750 °C. However, it is crucial that the deposition of LaNiO3 on YBCO occurs under a low oxygen partial pressure PO2 of 2000 Pa diluted by nitrogen; otherwise, the YBCO (chemical formula of YBa2Cu3O7−x) of the bottom film will become YBa2Cu4O8 [14], and the superconductivity will be affected.



Finally, the top YBCO film is deposited on the LaNiO3/YBCO bilayer. According to references [15] and [16], the heat treatment temperature of the YBCO film can be varied over the range of 700–800 °C by adjusting the oxygen partial pressure. By decreasing the heat treatment temperature layer-by-layer, a comparison study was conducted at three YBCO heat treatment temperatures, 700 °C (with PO2 of 17 Pa), 725 °C (with PO2 of 30 Pa) and 740 °C (with PO2 of 40 Pa) (all below 750 °C, the treatment temperature of the middle LaNiO3 layer) [16].



To directly clarify the different results attained using the three heat treatment temperatures, temperature combinations of 700/750/800 °C, 725/750/800 °C and 740/750/800 °C (named sample A, sample B and sample C, respectively) were compared.




3. Results and Discussion


X-ray diffraction studies were performed to analyse the epitaxial growth characteristics of the layers. The θ–2θ, ω and ϕ scans of sample A are shown in Figure 1a–c; the θ–2θ, ω and ϕ scans of sample B are shown in Figures 1d–f; and the θ–2θ, ω and ϕ scans of sample C are shown in Figure 1g–i, respectively. For sample A (700 °C for the top film), the YBCO (00l) diffraction peak is relatively weak in the θ–2θ scan, and the non-c-axis-oriented YBCO (103) diffraction peak appears at 2θ of 32.8°. In the corresponding ω scan (Figure 1b), the full width at half maximum (FWHM) is relatively large (1.9°). In the corresponding ϕ scan (Figure 1c), two wide diffraction peaks with a width of 100° appear. Therefore, the YBCO film in sample A prefers the c-axis orientation (out-of-plane texture), but high-angle boundaries exist in the ab plane (embodying the worse in-plane texture). This result demonstrates that the given heat treatment temperature is too low, working against the formation of the tri-layer biaxial structure. However, given our previous studies, a YBCO film with favourable superconductivity can still be deposited at 700 °C on a LaAlO3 single-crystal substrate with a lower FWHM value of the diffraction peak of approximately 1°. Clearly, this lower FWHM is due to the difference in the nucleation free energy on the surfaces of the substrates [17].


Figure 1. θ–2θ, ω and ϕ scan patterns of YBCO/LaNiO3/YBCO sandwich strucutred films from different heat treatment temperatures. The corresponding tri-layer heat treatment temperatures of (a), (d) and (g) are 700/750/800 °C (top to bottom films), 725/750/800 °C (top to bottom films) and 740/750/800 °C (top to bottom films), respectively. (b), (e) and (h) are the corresponding ω scans, and (c), (f) and (i) are the corresponding ϕ scans. The YBCO (005) and YBCO (019) crystal planes are tested for ω and ϕ scans.
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For sample B, where the heat treatment temperature is increased to 725 °C for the top YBCO film, the YBCO (00l) diffraction peak becomes apparent, and the YBCO (103) diffraction peak disappears in the θ–2θ scan, which indicates that sample B prefers the c-axis orientation. In the corresponding ω scan, the FWHM is 1.45°, which is less than the FWHM of sample A. In the corresponding ϕ scan, diffraction peaks appear at an interval of 90° in the 360° scanned area. If the first peak corresponds to the (019) crystal plane, the following three diffraction peaks would correspond to the ([image: there is no content]09), (0[image: there is no content]9) and (109) crystal planes, respectively, which is originally due to the four-fold rotation symmetry of the cubic system and indicates that the crystalline grain carries certain in-plane texture in the ab plane. However, the four diffraction peaks differ greatly in intensity, indicating that the in-plane texture of the film is not excellent.



To deposit tri-layers with better in-plane texture, the final heat treatment temperature is further increased to 740 °C (in sample C). In the θ–2θ scan, the YBCO (00l) diffraction peak becomes very sharp, indicating that the YBCO grain is arranged more orderly in the c-axis orientation. In the corresponding ω scan, the FWHM value is 1.45°, the smallest value among the three samples, indicating that sample C has the strongest c-axis preferred orientation. In the corresponding φ scan, a diffraction peak appears every 90°, and the four diffraction peaks have similar peak intensities, which demonstrates that the YBCO film has a better in-plane texture. From the X-ray diffraction analysis results, sample C (740 °C treated top film) has the best biaxial texture.



Through the XRD analysis, it can be generally presumed that the deposited YBCO/LaNiO3/YBCO (sample C) has epitaxial growth characteristics. To deepen the understanding of the growth characteristics of the tri-layer interfaces, cross-section TEM analysis is conducted for sample C. Figure 2 consists of a TEM image of the YBCO/LaNiO3/YBCO tri-layer structure, in which the layers can be clearly distinguished. The TEM image shows that the bottom YBCO film, middle LaNiO3 film and top YBCO film have thicknesses of 128, 187 and 131 nm, respectively. The arrows mark the interfaces between the layers. Overall, the interfaces are smooth, flat and straight.


Figure 2. TEM images of the YBCO/LaNiO3/YBCO sandwich structure.
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High-resolution TEM analysis is conducted for the marked square areas i and ii, and the acquired high-resolution TEM images (HRTEM) of the YBCO/LaAlO3 (LAO) and LaNiO3/YBCO (lower) interfaces are shown in Figure 3a,b. The interface between the LAO substrate and the YBCO film is clear, with atoms arranged in an orderly fashion. The inter-planar spacing of the YBCO film in the c-axis direction is 1.17 nm, which is similar to the lattice parameter of YBCO (c = 1.169 nm). The interface between the YBCO bottom film and the LaNiO3 middle film is relatively clear. The inter-planar spacing of the LaNiO3 film is 0.38 nm, which is similar to the lattice constant (a = 0.386 nm) of the LaNiO3 pseudocubic lattice.


Figure 3. HRTEM figures of the YBCO/LaNiO3/YBCO sandwich structure. (a) and (b) are the zoomed figures of square areas i and ii of Figure 2; (c) and (d) are the FFT figures of (a) and (b), respectively.
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To further analyse the atomic arrangement at the interfaces, a fast Fourier transform (FFT) was conducted and is shown in Figure 3c,d. In the FFT result of the YBCO/LAO interface, the diffraction points of YBCO(003) and LAO(001), YBCO(010) and LAO(010), and YBCO(013) and LAO(011) are coincident. Thus, the diffraction spots are intensified, indicating that the YBCO cells are cubic-on-cubic arranged on the LAO substrate. Likewise, in the LaNiO3/YBCO FFT result, the diffraction spots of YBCO(003) and LaNiO3(001), YBCO(010) and LaNiO3(010), and YBCO(013) and LaNiO3(011) are coincident. Accordingly, the diffraction spots are intensified, indicating that the LaNiO3 cells are cubic-on-cubic arranged on the YBCO. Consequently, LaNiO3 heteroepitaxial growth is realized on YBCO.



To further examine the superconductivity of the bottom and top YBCO films, R-T curves are acquired as shown in Figure 4. The resistances of the bottom and top YBCO films are reduced as the temperature is decreased. At approximately 90 K, the resistance decreases to zero, presenting typical superconducting transition characteristics. The superconducting transition temperature (Tc) of the bottom YBCO film is approximately 89 K, and the Tc of the top YBCO film is approximately 90 K, which further indicates that the deposited YBCO/LaNiO3/YBCO sandwich structure has favourable epitaxial growth characteristics.


Figure 4. R-T curves of the bottom and top YBCO layers of the YBCO/LaNiO3/YBCO sandwich structured films. The inset is a sketch map on R-T test for the top and bottom YBCO films in the tri-layer. A conductive silver paste was used to adhere the gold lead from the films to the sample stage.
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4. Conclusions


The deposition of a YBa2Cu3O7−x/LaNiO3/YBa2Cu3O7−x sandwich structured film through a sol-gel method on a LaAlO3 (100) single-crystal substrate is studied in this paper. The biaxial texture characteristics of the deposited sandwich structure, the microstructure of the interface and the superconductivity of YBCO are further studied, reaching the following conclusions.



By reasonably controlling the heat treatment temperature of each layer (decreasing the heat treatment temperature layer-by-layer), YBa2Cu3O7−x/LaNiO3/YBa2Cu3O7−x sandwich structured films with epitaxial growth characteristics are deposited, so that the top and bottom YBCO films are superconducting.



The TEM result shows that the LaNiO3 cell growth on YBCO is in a cubic-on-cubic arrangement.
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