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Figure 1 The estimated roadmap of superconducting quantum com-
puting. Data points only represent the approximate ranges. The dark red
curve is the time-dependent road to the fault-tolerant quantum
computing, while the blue to quantum practicality through using noisy
intermediate scale quantum system. The purple curve projected on the
XZ plane is the quantum “Moore’s Law™, and the green projected on the
YZ plane is the development route of operation error. The projection on
the XY plane is a time-independent development route. The direction of
fault-tolerant quantum computing is to increase of the number of qubits
and fidelity at the same time
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Figure 2 The structure of a superconducting quantum system. (a) System breakdown diagram. The control system is mainly microwave system and
application related software working at room temperature. Quantum hardware includes superconducting quantum circuit chips and low-temperature
microwave cables connecting the microwave systems and superconducting quantum circuit chips. The operating environment provides low temperature
and shielding, so that the superconducting circuit is not affected by the outside world. (b) The relationship of the major parts
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Figure 3 Decoherence mechanisms of superconducting qubits. (a) Categories of the dissipative channels. (b) Physics diagram of the main decoherence

mechanisms

(a) (b)

IR
| E=Va+e?

e
) IE
Ol (779
_L'

uE

RESR
T ERMRERS
4 \
oo

B 4 AESRIREA. (a) B3R F HORRI R o ARSI RO BONAS 0 R (b) BRI RO MBS, RESE IR T IR A 48 5 1 2 R R

BRI

Figure 4 Two-level defects. (a) The structure diagram of two-level defects in a superconducting qubit

1 (b) The energy level model of two-level

defects. The energy level difference depends on the local barrier height difference and the coupling strength
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Figure 5 Magnetic impurities. (a) Diagram of the distribution and the atomic structure of magnetic impurities in a superconducting qubit chip. (b)
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Figure 6 Quasiparticles in the superconducting quantum chip. (a) Diagram of the behaviors of quasiparticles in a superconducting Josephson junction.
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F*1 EFETFHREYHEEMNRRAMERERT
Table 1 Conventional dielectric films for superconducting quantum
circuits and their microwave dissipation factor

AT T RS 5 7 i HE10™")
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Si0, Thermal oxidation 310
SiO, PECVD 2300
SiN, PECVD 150
AlLO; Pulsed laser deposition 40

AlLO; Molecular beam epitaxy 60

AlO, Thermal oxidation 1600
AIN N.A. 1450
Nb,Os Anodic oxidation 2500

#*2 BEERTHEERASEFEREMKEBREET

Table 2 Conventional crystalline substrates for superconducting quan-
tum circuits and their dissipation factor
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Table 3 Conventional material growth methods for superconducting quantum circuits
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Figure 7 Superconducting tunneling junctions. Diagram of common types of superconducting junctions: (a) Conventional Josephson junction with an
insulating barrier; (b) junctions based on conventional metals or semiconductors; (¢) nanowire junction with spin-orbit coupling and proximity effect.
Different fabrication methods for Josephson junctions: (d) Double-angle evaporation; (e) planar two-step method; (f) epitaxy-etching method. Dark blue,
water blue, and orange are superconductors, green and cyan are insulators, yellow is the 2D semiconductor, and purple is the nanowire with strongly
correlated electrons
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Figure 8 Traveling wave parametric ampliﬁer[””]. (a) Circuit diagram. The black is an amplifying unit composed of a Josephson junction and a
grounding capacitor. Red is a phase matching unit of a LC resonator and a coupling capacitor. During propagation, two pumping photons will be
converted to a signal photon and an idle photon due to the third-order effect of Josephson junctions. (b) Influences of nonuniformity of the phase
matching unit on the gain. The gain drops as the standard deviation of the phase of phase matching unit rises. The different curves indicate the situation
that one phase matching unit is used for every 1, 5, and 50 amplifying units. Reprinted with permission, Copyright (2014) by the American Physical
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Superconducting quantum circuits (SQCs), composed of superconducting capacitors, inductances, Josephson junctions,
and transmission lines, exhibit macroscopic quantum effects at ultra-low temperatures. Due to the extremely low
dissipation of superconductors, an important application of SQCs is superconducting qubits with long coherence time.
Quantum computing based on superconducting qubits is a leading physical realization method of quantum computing,
which is theoretically capable of accelerating many computational problems including quantum simulation, database
searching, and optimization. In the long run, to use the power of quantum computing to its full extent, universal quantum
computers should be constructed with quantum error correction. In the short term, one of the most pressing targets of the
superconducting quantum computing community is to demonstrate quantum advantage using noisy intermediate-scale
quantum chips. Both goals rely on the increasing of the number of coupled qubits in a quantum circuit and the quality of
these qubits, which dictate the breadth and the depth of a problem it can solve, respectively. The fabrication of SQCs has
adopted a few manufacturing processes from conventional integrated circuits. Quantum chips containing multiple
superconducting qubits can be made and packaged on a large scale. “Quantum supremacy” has been demonstrated on a
quantum chip with fifty-three qubits fabricated using the flip-chip bonding technology. However, to demonstrate quantum
advantage, the quality and quantity of qubits need to increase simultaneously. Dissipative channels emerge in circuit
design, material preparation, chip fabrication, and working environment, limiting the lifetime of superconducting qubits.
For quantum chips with tens to hundreds of qubits, the integration will also introduce extra processing steps which may
degrade the qubits, and unwanted coupling to loss channels. Most of these channels are microscopically related to materials
constructing the quantum chips, chip surfaces, and material interfaces. Thus, it is important to investigate the material
growth and device fabrication of SQCs, and to understand the material related loss mechanisms. This review paper
investigates the material related topics in superconducting quantum circuits pertinent to the quantum computing application
from a comprehensive perspective. The history of SQCs is briefly mentioned, followed by the peculiar characteristics as an
engineerable quantum system, and a roadmap to quantum advantage and universal quantum computing in the next few
years. Technically, the superconducting quantum computer is compared to a Schrodinger’s cat, and can be boiled down into
three parts, i.e., quantum chips, the environment, and the operating system, corresponding to the cat, the box, and the
observer, respectively. The material related decoherence channels of the SQCs can be sorted into four categories; each will
be discussed in details. To fabricate SQCs with minimal loss, the processing technologies are elaborated, including qubit
design, material selection, surface treatments, film growth, and Josephson junction, etc. Though there are general
guidelines that amorphous materials should be avoided and processing-induced damage should be minimized, more is to be
investigated due to the emerging of new materials and new fabrication methods. The last part presents the potential
application of the superconducting quantum computer and its current state of play. SQC for quantum computing is a multi-
discipline research topic, demanding joint efforts from different scientific and technical areas. Materials science and device
processing will play important roles along the way to quantum practicality.

superconducting qubit, decoherence, two-level system, quasiparticle, Josephson junction
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