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Abstract. Use of the superconducting resonators deliver superior performance due to their high quality factor and therefore

longer decay time of the stored energy. An emerging application of these superconducting resonators is for quantum computing

and quantum information science enabling discoveries that explore and deepen our understanding of matter that might otherwise

be impossible to explore with classical computing and technology. The quantum processing architecture uses resonators and inter-

connecting circuits operating in the microwave regime with superconducting strip-line technology and low noise electronic devices

for switching and communication. The performance of these devices can be enhanced by embedding them in three dimensional

resonators to prolong the coherence time, which improves the utility of the device by reducing error rates and allowing more ma-

nipulations (calculations) before the quantum state decays. Here, we present a short review of current microwave technology used

in quantum computing and progress towards enhancing the qubit coherence time.
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INTRODUCTION

Classical computing units or “bits” rely on two binary

states “0” and “1”. This is sufficient for many everyday

problems and forms the basis of our modern informa-

tion society. However, it can become a limitation for

certain complex problems of exponential scale. The lim-

itation can be overcome with a quantum bit, aka “qubit”

which can contain a lot more information by employ-

ing the superposition of two quantum mechanical states

|0> and |1> in Hilbert space (a two-dimensional com-

plex vector space), as shown in Fig. 1. Study of quan-

tum superposition uncovers the intriguing quantum phe-

nomena of entanglements [1, 2] and coherence [3]; vital

for applications in quantum processing and computing,

quantum metrology [4], and cryptography [5] to name

a few. Recently, a processor with programmable qubits

was demonstrated to create quantum states on 53 qubits

sampling over few minutes, whereas an equal fidelity

classical sampling using state-of-art classical computing

would have taken several years [6]. While quantum com-

puters won’t replace the existing computers in our daily

life that can fit in the palm of the hand, they will offer the

capability to perform calculations which may otherwise

be impossible using current computing technology.

FIGURE 1. Bloch sphere with a vector |ξ > in Hilbert space

represents the quantum state or qubit state. The two states |0>

and |1> are ground and excited state.

In quantum computing, one must be able to create

the superposition of two states and maintain their quan-

tum coherence, defined as the length of time for which

the qubit maintains reliably the given superposition of

quantum states with enough fidelity to allow a series of

quantum manipulations to be performed [7]. One of the

requirements for optimal performance of quantum com-
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puters is perfect isolation of qubit from the outside world

but in such a way that an external user has the capabil-

ity to control, manipulate and read out. With respect

to the Hilbert space as shown in Fig. 1, there are two

characteristic times that contribute to the coherence loss;

longitudinal relaxation T1 corresponding to the energy

decay rate (absorption or emission) of a two level system

and transverse relaxation T2 corresponding to the time for

which the qubit remains on phase coherent state [8]. In

most systems T1 > T2, meaning the phase coherence is

more important for the quantum system following the Di-

Vincenzo criteria [9]. Over the last two decades, the qubit

life time reached milliseconds and number of qubits in a

chips reached more than 50 qubits as shown in Fig. 2. To

FIGURE 2. Development of superconducting qubit. (a) Qubit

coherence time [10] and (b) the number of qubit on chip [11]

physically implement a quantum computer, several candi-

dates are being pursued to realize qubits. These include:

superconducting qubits, trapped ion, quantum dots, spins

states of trapped electrons, nitrogen vacancy centers in

diamonds, quantum wires, nuclear spins, etc [12]. One

implementation of quantum processing architecture uses

resonators and interconnecting circuits operating in the

microwave regime employing superconducting strip-line

technology and low noise electronic devices for switch-

ing and communication. Quantum devices rely on the

nonlinearity of one or more Josephson junctions (JJ) in

the circuit which are dissipationless and stable to avoid

decoherence. The Josephson junction creates a nonzero

periodic current due to tunneling Cooper pairs across the

superconductor-insulator-superconductor junction acting

as a macroscopic quantum variable. The Josephson junc-

tion can be used to produce an anharmonic LC oscillator

where discretized energy levels are unequally spaced and

by isolating two levels, one can realize a two level sys-

tems which can store one qubit of information as shown

in Fig. 3. This qubit can be coupled with microwave cav-

ities that coherently transmit quantum information [13].

The coherence of superconducting qubits depends on two

distinct aspects; the stability of the Josephson junction

itself and the degree of interaction with the environment.

In cavity quantum electrodynamics, a superconducting

FIGURE 3. (a) LC oscillator circuit behaving a harmonic os-

cillator with equally spaced energy levels. (b) Equivalent LC

oscillator with inductor replaced by Josephson junction behav-

ing an anharmonic oscillator.

charge qubit consisting of a JJ shunted by a large capac-

itor is called “transmon” and is coupled to a microwave

cavity. By using superconducting microwave cavities, it

is possible to increase coherence time of qubit. Planar

on-chip transmon qubits have a coherence time ∼ 30-40

µs, however a coherence time over 1 ms was achieved

using a three dimensional superconducting cavity [10].

The carefully engineered interactions between the phys-

ical qubits and the cavity offer a wonderful architecture

for quantum information processing [14, 15]. The high

quality factor superconducting microwave cavities essen-

tially act as a narrow-band filter allowing isolation from

the unwanted interactions with the outside world. The

microwave cavities provide the resources to mediate en-

tanglement between the physical qubits, measure qubit

states and store the quantum information [16]. It has

been proposed that 3D cavities interacting with transmon

can create a superposition of two arbitrary states in two

cavities, a quantum adder phenomenon for quantum in-

formation processing [17, 18]. Furthermore, the coupled

system of superconducting qubit and 3D cavities offer
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excellent capabilities for creating quantum cavity states

through the nonlinearly of intermediary qubits [19, 20,

21, 22, 23]. In this manuscript, we briefly review the

current status of superconducting resonators and research

towards the development of 3D resonators in order to

increase the qubit coherence time.

2D SUPERCONDUCTING QUBIT

SYSTEM

The superconducting qubit system is lithographically fab-

ricated to make an “artificial atom” behaving like the two

level system (TLS) typically used in three fundamental

qubit modalities: charge, flux and phase as well as hy-

bridization to transmon, fluxonium, quantronium. The

qubit, superconducting circuits, interconnects and mi-

crowave resonators provides the entanglement between

the qubits and a means to measure the qubit state as

well as store the quantum information [24]. Figure 4

shows the image of the of IBM’s five qubit processor

along with the qubits, microwave resonators fabricated

with superconducting materials on substrate. Despite

the advantages of the controlled fabrication of the super-

conducting circuits in 2D geometries, the qubit system

suffers a low coherence time. There are several sources

of loss mechanism responsible to the performance, for

example the dielectric loss arising from the interfaces be-

tween the superconducting materials and the substrate,

excess quasi-particles in superconducting material, ox-

ides and contaminants for two level system, surface spins

and charge noise that cause the dissipation and dephasing

[25]. The Josephson junction in superconducting qubits

are mainly fabricated from thin film of aluminum (Tc ∼

1.2 K) making Al/AlOx/Al junction due to the reason

that the Al can be easily evaporated on the substrate and

AlOx can be grown in controlled thickness and have less

pinholes which reduce the leakage current in junction. As

shown in Fig. 4, the niobium capacitor pads are deposited

to tune the frequency of qubit and the combination of the

Josephson junction and capacitor acts as superconducting

qubit coupled with microwave resonators. Superconduct-

ing qubits can store a significant fraction of the electric

field in the interface of the superconductor and substrate

enhancing the loss as a result of the absorption of charged

ions or dipoles and reemission as phonons, which de-

creases the coherence time of qubit. Another source of

the loss mechanism is due to the two-level systems in the

substrate and the non-equilibrium quasi-particles. The

TLS related loss increase with the decreasing the mi-

crowave power at low temperatures [26]. The qubit’s

electric field couples with the TLS and resulting in a

lower coherence time. Several current research works fo-

cused on dependence of loss mechanism to the geometry,

fabrication parameters. The much lower current state-

of-the-art qubit life time than those predicted by known

loss mechanism suggest that the surfaces and interfaces

play the significant role in limiting the coherence time

in superconducting qubits [25, 26, 27]. Understanding

FIGURE 4. An image of IBM’s five qubit processor with its

main elements highlighted, including the five qubits and their

control, read out and coupling resonators (top). A schematic

closeup of IBM’s superconducting qubit, including a zoomed-in

view of its Josephson junction (bottom). Taken from Ref. [28]

the mechanisms of loss in superconducting qubits is still

an active and important area of research. It has become

clear that high quality superconducting films and care-

ful processing of these films is required for reduced loss

and consequently longer coherence time. Currently, high

quality Nb and NbTiN thin films are being perused to

fabricate the superconducting qubit architectures. Re-

cently, a significant improvement over the state of the art

in 2D transmon qubits was achieved by using tantalum

as the superconductor in the capacitor and microwave

resonators, replacing the more commonly used niobium

[29].

3D SUPERCONDUCTING QUBIT

SYSTEM

Current 3D microwave cavities such as those shown in

Fig. 5, are made from high purity aluminum with super-
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conducting transition temperature ∼ 1.2 K. Aluminum is

a low temperature superconductor and a material easy to

machine to a complex shape, has led to its widespread use.

As mentioned, 2D resonators have low coherence times

mostly due to dielectric losses at the interfaces of the su-

perconductors and substrates [10], whereas the 3D ge-

ometry may provide longer lifetimes due to the increased

stored energy and very low wall losses since the most of

the electric field is stored in the vacuum. In addition, the

higher superconducting energy gap of Nb may be benefi-

cial in operating the cavity at higher frequency providing

a more compact structure. In an attempt to use Nb cavities

for quantum applications, Fermi Lab recently reported the

measurement of the quality factor of these accelerating

resonators down to T ∼ 20 mK and demonstrated a high

quality factor ∼ 1010 corresponding to photon lifetime ∼

2 seconds [30]. They showed that the saturation of qual-

ity factor may arise from the TLS in the niobium oxide,

however this might be overcome with thermal treatments.

SRF cavities made from superconducting niobium rou-

FIGURE 5. Three dimensional resonator configurations. (a)

Schematic of cylindrical resonator in shunt configurations [27],

(b) Two cavity resonator with a sapphire chip with a lithographi-

cally patterned transmon qubit [21], (c) 3D rectangular Al cavity

showing the interior volume of the waveguide enclosure hous-

ing a sapphire chip and transmon qubit [14], (d) 3D version of

a quarter wave resonator with a Y-shaped transmon type super-

conducting qubit [31]

tinely achieve Q0 ∼ 1010
−1011 corresponding to several

seconds of photon lifetime, higher than the reported 3D

microwave cavities made from Al [32]. However, the

SRF cavities are optimized forparticle accelerators and

not well optimized for the quantum computing applica-

tions. Figure 6 shows the intrinsic quality factor of 1.5

GHz accelerating SRF cavity as a function of tempera-

ture. The quality factor of these SRF cavities in quantum

regime (∼ 20 mK) has not been fully understood. There

are several 3D niobium cavities that are being explored to

optimize for qubit integration [33].

FIGURE 6. Temperature dependence of intrinsic qualify factor

of 1.5 GHz SRF elliptical cavity in the temperature range 4.0-

1.6 K. The quality factor of > 1011 corresponds to the photon

life time of few seconds.

SUMMARY

Superconducting radio frequency technology is being

used not only in discovery science programs in power-

ful accelerators and basic research but also for several

applications that benefit society more directly. The ad-

vantage of superconducting resonators over those made

of normal conducting metal is their ability to store elec-

tromagnetic energy with much lower dissipation [34].

Building quantum computers with superconducting mi-

crowave resonators and circuits with Josephson junction

as qubit to create an anharmonic oscillator is rapidly pro-

gressing towards the millisecond qubit coherence time.

The research and development in resonator design im-

proved the performance. The environmental radiation is

found to limit the performance of superconducting qubit

[35]. At present, the number of qubits that can be ma-

nipulated has already surpassed 50 qubits. Some of the

challenges still remaining are to increase the coherence

time, quantum gate operations, and readout fidelity with

superconducting qubits, quantum error correction needed

to realize in large scale quantum computers [36].In ad-

dition to their application in accelerator and quantum

computers, microwave cavities are extensively used in

axion dark matter detection.
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