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Fig. 1. Circuit diagram, potential energy and energy levels of three superconducting qubits: (a) Charge qubit; (b) flux qubit;

(c) phase qubit P,
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Fig. 2. Superconducting Xmon qubit *7: (a) Optical micrograph; (b) magnified view of Josephson-junction area; (c) circuit diagram.
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Fig. 3. Superconducting fluxonium qubit 8 (a) Optical micrograph; (b) antenna; (c) 3D resonator; (d) circuit diagram; (e) poten-

tial energy and energy levels.
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Table 1.  Properties of niobium thin film devices

with different growth modes!™.
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Fig. 5. Comparison of the density of niobium film prepared by Hipims process with that by conventional magnetron sputtering(™.
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Table 2. Growth of niobium thin films by different methods and fabricated resonator properties °7.
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(B) E-beam 60 eV Ar* mill for 2 min 135 23;8 228 8(732

(©) MBE None 5 o1 i 076

(D) MEE LL® anneal 5 e 58 %0

(E) MBE LL" and 850 C anneal 135 Z:?Zi 169;1100 é:;g
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Fig. 6. Two designs of Josephson junctions: (a), (¢) Design
drawings; (b), (d) electron micrographs of Josephson junc-

tions prepared by corresponding designs [12:113],
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Fig. 7. (a) Optical microscope image of the central region of Nb-based phase qubit, the substrate appears greenish in color while the

darker and brighter parts are the Nb and Al films; (b) measurement results of energy spectrum and energy relaxation time of phase
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Fig. 8. (a) False-colored optical photograph of the central part of Nb-based nSQUID qubit with the substrate, Nb layer, Al layers,
and «-Si layer appearing in gray, light yellow, white, and brown, respectively; (b)—(e) Typical 2D potential landscapes of the

nSQUID qubit 1],
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Fig. 9. Microscope images of (a) the central region of Nb-based coupled 10-qubit device; (b) an airbridge across the control line;

(¢) the SQUID loop area containing two Josephson junctions; (d) measurement results of sample energy relaxation time
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Abstract

Over the past two decades significant advances have been made in the research of superconducting
quantum computing and quantum simulation, in particular of the device design and fabrication that leads to
ever-increasing superconducting qubit coherence times and scales. With Google’ s announcement of the
realization of “quantum supremacy”, superconducting quantum computing has attracted even more attention.
Superconducting qubits are macroscopic objects with quantum properties such as quantized energy levels and
quantum-state superposition and entanglement. Their quantum states can be precisely manipulated by tuning
the magnetic flux, charge, and phase difference of the Josephson junctions with nonlinear inductance through
electromagnetic pulse signals, thereby implementing the quantum information processing. They have advantages
in many aspects and are expected to become the central part of universal quantum computing. Superconducting
qubits and auxiliary devices prepared with niobium or other hard metals like tantalum as bottom layers of
large-area components have unique properties and potentials for further development. In this paper the research
work in this area is briefly reviewed, starting from the design and working principle of a variety of
superconducting qubits, to the detailed procedures of substrate selection and pretreatment, film growth, pattern
transfer, etching, and Josephson junction fabrication, and finally the practical superconducting qubit and their
auxiliary device fabrications with niobium base layers are also presented. We aim to provide a clear overview
for the fabrication process of these superconducting devices as well as an outlook for further device improvement
and optimization in order to help establish a perspective for future progress.
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