In-substrate-plane stacks of intrinsic Josephson junctions in tilted ReBCO thin films
Scientific report
Peter B. Mozhaev visited the Technical University of Denmark (DTU) from April 2, 2008 to June 24, 2008. The visit was supported by the ESF "Arrays of Quantum Dots and Josephson Junctions (AQDJJ)" program. The joint studies of thin high-temperature superconducting (HTSC) films on miscut substrates were initiated in 2002 under a collaboration agreement between DTU and the Institute of Physics and Technology of the Russian Academy of Sciences.

Background: The main goal of the visit was to fabricate structures with tilt of the c-axis over 45º (high-tilt-angle structures) of HTSC thin films, integrated into a c-oriented superconducting wiring. Bridges formed in films with the c-axis tilted from the substrate normal act as stacks of intrinsic Josephson junctions (IJJS), as was shown, e.g., by T.Kawahara et al., IEEE Trans. Appl. Supercond., v. 9, No. 2, p. 4519 (1999). The disadvantage of standard epitaxial growth is the formation of low (<45º) inclination angles of the (ab) planes of the superconductor from the substrate plane, which results in preferential current flow along the (ab) planes. High (~72º) tilt angle YBa2Cu3Ox thin films can be deposited on a miscut substrate with the miscut angle close to 18.4º due to graphoepitaxial seeding of the film (Divin Y.Y. et al., Proceedings of EUCAS 1999, v.2, p. 29, 2000). The bridges prepared in such film are similar to ordinary mesas used to study IJJSs. The bi-epitaxial technique allows the fabrication of a single superconducting layer with areas of different orientations; this is done by the use of a seeding layer over some part of the substrate. The usual bi-epitaxial film is c-oriented over the seeding layer (fluorite like ZrO2 or rock-salt material like MgO), and has some tilt of the c axis over the bare parts of the substrate, corresponding to the crystallographic orientation of the substrate. The development of deposition techniques providing c-oriented HTSC film on the seeding layer and high-tilt-angle film on the bare areas of the substrate allows integration of IJJSs into superconducting integrated circuits. The bi-epitaxial junctions are formed at the boundaries between the regions with different orientation of the film. The properties of such junctions depend not only on the tilt angle of c axis and on the quality of the grain boundary, but also on the orientation of the grain boundary in the substrate plane: when the grain boundary is aligned parallel to the tilt of the c axis of the tilted part of the film, a “twist”-type junction is formed, with all current flowing along the (ab)-planes of the superconductor on both sides of the junction while for the perpendicular orientation a “tilt”-type junction is formed with current flowing along the c axis at least on one side of the junction. Integrated circuits with IJJSs calls for the development of reproducible fabrication techniques for bi-epitaxial junctions with well-defined properties.

Work: During the visit we continued the development of integrated circuits for IJJSs, including design, optimization of technological processes and electrical investigation of the elements of future integrated circuits.

1) A new set of photomasks for fabrication of integrated IJJSs was designed, fabricated and tested. One of the problems that was encountered during our previous studies was the low contrast between the thin transparent seeding layer and the bare substrate, which makes it difficult to align the top layers with the bi-epitaxial boundaries. To overcome this problem we introduced a new thin film layer, to be prepared before all other layers and to be patterned with alignment marks for all overlying layers. Certain measures were taken to allow changes of the alignment of  the overlying structures to be patterned in the superconducting layer. Tantalum thin films and lift-off patterning showed good compatibility with our standard processes of oxide films preparation at high temperatures.

2) A new set of patterns was designed for studies both of IJJSs and of bi-epitaxial junctions, providing electrical contacts to the structures . The fabrication of structures with IJJSs is a two-step process: first photolithographical patterning and ion-beam etching of micrometer-scale wiring, and secondly focused ion-beam patterning of the sub-micrometer structures in the working area, including the area with high-tilt-angle film. The new patterns allow the fabrication of more complex structures in the second step, including sub-micrometer c-oriented wiring and bi-epitaxial junctions of well-defined orientation in the neighboring areas of c-oriented film (grown over seeding layers). Some of the new patterns allow fabrication of more than one active element (IJJS or bi-epitaxial junction) in the same working area.

3) Before integrated structures can be designed and fabricated it is necessary to determine how the properties of bi-epitaxial junctions depend on the in-plane orientation of the bi-epitaxial boundary in-plane orientation. With this in mind we designed a new mask for thorough studies of the angular dependence of the properties of the bi-epitaxial boundary, including junctions of 11 different orientations from “twist”-type junction to “tilt”-type junction. These structures will refine our knowledge on the bi-epitaxial junctions properties that was obtained by our preliminary studies.

4) During this visit we continued our studies of the growth mechanisms of the high-tilt-angle films. The angular range of formation of such films is in good agreement with simple geometrical considerations on the distribution of the terraces length over the substrate surface. The part of the high-tilt-angle film depends mainly on deposition condition and can be varied from 0 to almost 100% over the entire angular range of growth.

5) The formation of  c-oriented films over the seeding layers was studied, and the deposition conditions were optimized. The optimal conditions of high-tilt-angle film growth are compatible with formation of  c-oriented films on the seeding layers. All deposition and patterning processes were carried out in a sequence, the resulting structures have been sent to other scientific teams for electrical characterization.

6) Bi-epitaxial junctions with different orientation of the bi-epitaxial boundary were fabricated and studied electrically. A new set of samples with the new photomask was also prepared and sent to another group for studies of electrical properties.

Future work: The studies of the HTSC thin films and structures on tilted-axes substrates are to be continued in 2009 under the Interacademy Exchange program. The integrated circuits with intrinsic Josephson stacks will be fabricated and studied. Both high-tilt and low-tilt angle films will be used to compare the effect of the current flowing along the (ab) planes of HTSC on the intrinsic Josephson junctions stack. 

The obtained results will be published in scientific journals. 

