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TOPICAL REVIEW — Quantum information

Progress in superconducting qubits from the perspective of
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Superconducting qubits are Josephson junction-based circuits that exhibit macroscopic quantum behavior and can
be manipulated as artificial atoms. Benefiting from the well-developed technology of microfabrication and microwave
engineering, superconducting qubits have great advantages in design flexibility, controllability, and scalability. Over the
past decade, there has been rapid progress in the field, which greatly improved our understanding of qubit decoherence and
circuit optimization. The single-qubit coherence time has been steadily raised to the order of 10 to 100 ps, allowing for the
demonstration of high-fidelity gate operations and measurement-based feedback control. Here we review recent progress

in the coherence and readout of superconducting qubits.
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1. Introduction

Consisting of two superconducting electrodes separated
by a thin insulating barrier, Josephson junctions serve as
a building block for the superconductivity-related technol-
ogy. Building superconducting qubits out of Josephson junc-
tions, and scaling up for a quantum computer may consti-
tute the most important and ambitious application of Joseph-
son junctions. After the first experimental observation of the
macroscopic quantum tunneling in Josephson junctions,!-!
Anthony Leggett proposed the idea of creating macroscopic
quantum coherence using superconducting devices.!’! One
decade later, a superconducting charge qubit made its debut,
with the demonstration of generating a quantum superposition
state.[*] Since then, research on superconducting qubits has
become an active field in condensed matter physics, comb-
ing forces from many aspects including quantum mechanics,
materials science, and circuit engineering.>~"! Today, with
greatly improved performance in both the coherence!!%-13! and

14,15

control,['*13] superconducting qubits have stood out from the

competitors and become one of the most promising candidates
for quantum information processing. !¢

For a long time, decoherence has been the limiting factor
in the development of superconducting qubits. The current un-
derstanding is that spurious two-level state (TLS) defects in di-

electrics or metal surface oxide may play a dominant role,!!”!
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with additional contributions from other mechanisms such as

18191 Removing TLS defects

nonequilibrium quasiparticles. !
may appear to be a challenging materials problem. Recently
superconducting qubits in a three-dimensional (3D)[!"-1?! or
two-dimensional (2D)!'329) resonator cavity have shown ex-
ceptionally long coherence times of 10 to 100 ps, as com-
pared to the typical gate operation times of 10 to 100 ns. This
now gives the hope for obtaining a stable artificial atom with-
out revolutionizing the conventional junction fabrication tech-
nique. By removing bias-lines and exposing the qubit to mini-
mal microwave radiations, these experiments can be indicative
of how coherent an AlI/AlIO,/Al junction can be.!''-13] What
we have learned from these experiments is that we may have
to re-examine what we have done in the past, and really mas-
ter the circuit engineering technique to maximally isolate the
qubit from its environment, while maintaining enough tunabil-
ity for gate operations.

Along with the improvement in qubit coherence, great ef-
forts have also been devoted to the development of the read-
out technology. From the repetitive to the single-shot mea-
surement, the qubit readout efficiency and speed have both
been improved steadily over the last several years. Fur-
thermore with the introduction of the ultra-low noise am-
plifier that works at the quantum limit,[>!! the powerful
single-shot quantum non-demolition (QND) readout now be-
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comes available,??! which is fast enough to deliver the re-
altime, meausuement-based quantum feedback control of the
qubit.?>24! This demonstration presents a crucial step towards
fault-tolerant quantum computation.

Here, we review recent progress in the coherence and
readout of superconducting qubits (For more comprehensive
reviews on superconducting qubits, see Refs. [16], [25], [26],
[27], and [28]). We begin with introducing some basic con-
cepts in Josephson junctions and superconducting qubits. We
then discuss how qubit coherence has been improved, with a
focus on the three energy loss mechanisms: dissipation due
to external circuitry, TLS defects, and quasiparticle tunneling.
We finish by reviewing the progress in the qubit readout, par-
ticularly highlighting achievements in the fast QND measure-
ment.

2. Basic concepts
2.1. Josephson junction basics

A Josephson junction consists of two superconducting
electrodes separated by a thin insulating barrier, as illus-
trated in Fig. 1(a).
trodes, typically of Al, Nb, or Re, are sputtered or ebeam-

The thin-film superconducting elec-

evaporated with a pre-growth vacuum as high as 107!0 Torr
(1 Torr=1.33322x10? Pa). The insulating barriers are usu-
ally native oxide, grown in sifu by thermal oxidation in pure
oxygen. There have been experimental efforts of growing
crystalline oxide in a trilayer structure.l>*3% But the best
junctions, built on which the qubits have good coherence
performance, are grown using double-angle evaporation and
in situ thermal oxidation in an ultra-high vacuum ebeam
evaporator. (11,20]

As a consequence of its sandwich geometry, the junc-
tion has a self-capacitance Cy = &:£yA/t, where A is the junc-
tion area, f (~ 1 to 2 nm) is the insulating-barrier thickness,
and & is the relative permittivity of the insulating barrier (for
AlOy, & ~ 10). Depending on the junction size, Cj varies from
~ 0.1 fF to ~ 1 pF, Cy directly determines the charging energy
Ec = €?/(2Cy) of the junction.

Another important parameter for a Josephson junction is
its critical current Iy, the maximum supercurrent that the junc-
tion can support. The actual supercurrent through the junction
is related to the phase 0 across the Josephson junction through
the DC Josephson relation, I = Isind. For a junction in a
closed loop ignoring the geometric inductance, § is related to
the flux threading the loop by & = 2n® /Py, where Py is the
flux quantum. The effective inductance Ly of the Josephson

junction is therefore

do ) Ly

Al 2mlpcosd /- (I/Io)?’

Ly=

ey

where Lyg = ®@y/(2nly). The junction inductance Ly is non-
linear and can be tuned with a bias current, enabling the
frequency tunability of superconducting qubits. From the
DC and AC Josephson relations, the junction energy is U =
—Ejcos(0), where Ey = Iy®,/(27). Therefore, Iy determines
both junction’s zero-bias inductance Lyy and the Josephson en-
ergy Ey.

Thus one can quote the two pairs of parameters to charac-
terize a Josephson junction, either (Lyp, Cy) or (Ej, Ec). A
Josephson junction is essentially a nonlinear LC resonator,
with Ly tuned by a bias current, as illustrated in Fig. 1(b). The
pair of parameter (Ej, Ec) will be useful when discussing the

potential-well landscapes of the three basic types of qubits. >
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Fig. 1. Josephson junction and its two operation modes. (a) Left: False
color scanning electron microscopy image of a phase qubit junction,
with top electrode circled at the triangle tip. Insulating barrier is formed
by oxidizing the surface of the bottom electrode underneath the trian-
gle tip. Right: Cross-section illustration showing the 2-nm-thick oxide
barrier. (b) A Josephson junction can be described as a nonlinear induc-
tor Ly in parallel with its self-capacitance Cy. Depending on whether
voltage builds up across Cy, two operation modes related to energy loss
can be identified. In the voltage mode, the oscillating voltage builds up
across Cj, with the stored electric field (E) energy close to one energy
quantum. Oscillating E-field can drive spurious TLS defects (see text)
in the insulating barrier, resulting in energy loss. This mode applies to
charge and phase qubits. In the current mode, the voltage drop across
Cy is minimal and the Josephson junction carries a total current /. TLS
loss is negligible but loss from quasiparticle tunneling (o< i2, where i,
the current that flows through the dissipative channel, is a portion of
1.) may become serious. This mode applies to the flux qubit, phase
qubit, fluxonium, ! and the 2-junction SQUID (see (c)) for tuning the
coplanar waveguide resonator.3>-*] Engineering a circuit incorporat-
ing a Josephson junction can mix these two modes to reduce energy
loss (see text). (c) Optical micrograph of a single junction (left) and a
2-junction SQUID (right). The 2-junction SQUID can be treated as a
single junction with the Josephson energy Ej tuned by an external flux
&, and is used to replace the single junction if tunability is desired.
However, this sacrifices coherence due to noise associated with ®,.
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As a Josephson junction is at the heart of a qubit cir-
cuit, it might be helpful to first examine decoherence sources
associated with the junction itself. One decoherence source
is fluctuations of the junction parameters such as Iy and Cj,
which determine the qubit energy (see e.g., Ref. [35]). These
fluctuations are usually low frequency noises, and therefore
their impact can be minimized efficiently through dynamical
decoupling. 36! Here we focus on energy loss mechanisms in
the junction. We define two operation modes that relate to two
important energy-loss processes as illustrated in Fig. 1(b). The
two modes are determined by the amount of voltage built up
across Cj. In the voltage mode, there is enough voltage across
Cy such that the electrical field (E) energy stored is close to
one energy quantum. In the current mode, there is minimal
voltage across Cy, so the junction stores most of the magnetic
flux energy by carrying high current. The voltage mode is
more sensitive to the loss from two-level state (TLS) defects
(see below). The current mode is more sensitive to the loss
from quasiparticle tunneling (see below). Useful circuit de-
signs usually mix these two modes to minimize energy loss,
with the voltage across Cy reduced by a shunting capacitor and
the current through the junction reduced by a shunting induc-
tor.

For a single junction, Ljp and Ej are pre-defined during
device fabrication. A 2-junction superconducting quantum in-
terference device (SQUID) (shown in Fig. 1(c)) or more com-
plex loop of junctions can be treated as a single junction with
Ljyo and Ej tuned by varying the flux &.. It adds flexibility to
the circuit design but also introduces extra flux noise from .

2.2. Superconducting qubit basics

Superconducting qubits are made by wiring Josephson
junctions to circuit elements such as inductor coils and capac-
itors. For a quantum circuit to be used as a qubit, the cir-
cuit Hamiltonian must have solutions with unequally-spaced
energy levels. Ratios between Ey and E¢ result in three ba-
sic types of superconducting qubits: charge, flux, and phase
qubit.[?>261 Here we briefly introduce the three types of qubits
in Fig. 2. There are variants, such as the quantronium,®!
transmon, *¥! fluxonium, *!1 and hybrid qubit*’! for improved

coherence. But they operate in similar manners.

2.3. Coherence caliber and some notes on dephasing

We quote two characteristic times to quantify coherence
performance. The first is the energy relaxation time (lifetime)
Ty, the time for a qubit to relax from its excited state |1) to the
ground state |0). After energy relaxation for a time 7, an ini-

tial pure state @|0) + 3|1) becomes a probabilistic mixture of

the state a|0) 4+ e ~%/(271)B|1) and the state /1 — e~%/Ti B|0),
where the squared norm equals the state probability. Micro-
scopically, energy stored in the qubit is dissipated into the en-
vironment through various energy exchange processes. In the
next section we will discuss two such modes (TLS defects and
quasiparticles) and the corresponding energy exchange pro-
cesses.

The second one quantifies the phase randomization pro-
cess between the qubit’s |0) and |1) states, and is character-
ized by the dephasing time 75. 7> has a contribution from 7}
as energy relaxation naturally reduces probability in |1) and
consequently the phase coherence between |0) and |1). Ex-
cluding 71’s contribution to 75, we define a pure dephasing
time Ty. Under the influence of the simplest Markovian noise,
1/T, = 1/(2Th) + 1/Ty.1*") Dephasing occurs when a noise
source shifts the qubit energy Eg; over time. All known dom-
inant dephasing sources, such as critical-current noise, charge
noise, and flux noise, have been observed to have a 1/f* noise
spectrum (i.e., the spectral density of the noise at low fre-
quency f scales as 1/f%), where « is close to 1.3

For superconducting qubits, dephasing is likely intro-
duced by control or readout signal lines (see yellow regions
in Fig. 2).

the bias-lines that are integrated close to the qubit may play

In particular, native surface spin fluctuators on

a dominant role.*! In transmon and flux qubits, dephasing
noise is negligible (T, ~ 27T7) at the “sweet spot” defined
in Fig. 2.164142] In phase qubit increasing the shunt induc-
tance is also seen to reduce noise current driven by noise
in the flux-bias line, thus increasing 75./*3! In the 3D cavity
protected transmon qubits, where there is no bias-line, 75 is
likely limited by thermal fluctuations of the number of pho-
tons confined in the cavity through the qubit-photon dispersive
coupling.:12] Better thermal anchoring of the 3D cavity can
quench the cavity photon fluctuations and thus improve 75.!'?!
As most observed dephasing noises are low-frequency

36]

1/f noises, dynamical decoupling*®! sufficiently suppresses

dephasing noise and enhances Ty. Moreover, preliminary
quantum error correction has been demonstrated to eliminate
artificially introduced dephasing noise.!**! As such, it may
be less challenging to handle dephasing, particularly if we
remove part of the control lines as done in the 3D cavity
protected transmon qubit, or reduce the bias-line coupling to
qubit. This is at the cost of controllability. But a proper bal-
ance may eventually benefit the overall device performance.
Therefore next we will only focus on dissipation issues in su-

perconducting qubits.
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Fig. 2. Introduction to charge, flux and phase qubits.!>>2°) Shown are the circuit schematics, potential-well landscapes, eigenenergies, and

eigenstate wavefunctions. Yellow regions in schematics denote possible noise sources from external circuitry. (a) Charge qubits.[3! Left: A
single junction is gated by an external voltage source V. Middle: Charging energy as a function of ng, where n is the number of Cooper pairs
on the island (the red segment in schematic) between the junction and Cg and ng is the number of Cooper pairs introduced through gating of
Vy. The charge qubit is operated at ng = 0.5. Right: Normalized eigenenergies E /Ey as functions of ng at three Ey/Ec values. The lowest three
energy levels are indicated by blue, red, and magenta lines, respectively. For Ej/Ec < 1, the lowest two levels are (|n = 0) + |n = 1))/v/2 and
(Jn=0) —|[n=1))/v/2. Qubit energy E is tuned by ng, and dEy; /dng = 0 at ny = 0.5. Therefore ny = 0.5 is the “sweet spot” for operating a
charge qubit. For Ey/Ec > 1, charges are delocalized and eigenstates are superpositions of different |n), written as ¥, ¢,|n). The ratio Ej/Ec is
increased by shunting the junction with an extra capacitor. This produces a transmon qubit, with Ep; insensitive to fluctuations in ng away from
ng = 0.5. (b) Flux qubits.[*37) Left: Schematic showing a single-junction loop tuned by an external flux ®,. Right: Potential-well landscapes
(U) as functions of the phase & across the Josephson junction at three representative @, values. Eigenstate wavefunctions versus 6 of the three
lowest energy levels are illustrated by the blue, red, and magenta lines, respectively. Qubit energy Eo; is tuned by &, and dEy;/d P, = 0 at
@, /Dy = 0.5. Therefore, P /Py = 0.5 is the “sweet spot” for operating a flux qubit. (c) Phase qubits.[m] Schemaitics of a current-biased
single junction (Left) and of a flux-biased single junction (Middle). Right: Potential-well landscapes (U) as functions of the phase § across the
Josephson junction at two @, values (P, < &) for the flux-biased single junction. Eigenenergies and wavefunctions of the three lowest energy
levels in the left-hand well are illustrated. Qubit energy Ep; is tuned by ®.. There is no “sweet spot” but the phase qubit is less sensitive to
noise from @, if operated in a deeper left-hand well.

3. Dissipation in superconducting qubits
3.1. Dissipative environment due to external circuitry

Dissipative environment due to external circuitry, includ-
ing classical control and measurement instrumentation, might
be manageable through dedicated circuit engineering. The in-
teraction between qubit and external circuitry contains two
folds of meanings. On one hand, in order to manipulate
and measure the qubit, it is necessary to have signal wires

that carry electrical signal from the outside instruments to the

vicinity of the qubit. On the other hand, the same wires in-
evitably introduce unwanted noise and a leakage of quantum
information from the qubit to the classical environment. An
important task is to design a proper intermediate stage between
the signal lines and the qubit that can transmit signals while
providing the isolation of the qubit from external noise.

Using a flux coil to bias instead of using a current source
to directly current-bias the phase qubit junction is one of the

examples (see the two schematics in the phase qubit section
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in Fig. 2). Coax cables that carry fast DC pulses are 50-Q-
matched, which can be a source of strong dissipation if di-
rectly connected to the qubit. Instead, one can use a flux coil
that introduces a flux into the qubit loop and generates a cir-
culation current to bias the Josephson junction. The cost is
that we need as much as 1-mA current in the flux coil for 1-
pA induced current in the qubit loop. Isolation was also done
for the readout line of the phase qubit,[*>! where dissipation
through the readout SQUID back-action may be minimized
through the choice of a “sweet spot” (see Fig. 3(a)), similar
to those used in charge and flux qubits.[>*14¢] Coupling be-
tween the qubit and its readout SQUID can be modeled by
a current-to-current transformer, which can be used to calcu-
late the impedance transformation function and to predict the
qubit’s lifetime 77. Choosing a proper operation point for min-
imal transfer of noise is important for achieving a longer 77,
as seen in the right panel in Fig 3(a).

Another example is the use of the Purcell filter to short
out the 50-Q environment, as demonstrated in the transmon
qubit!*’l(see Fig. 3(b)). To ensure the fidelity of the readout,
it is critical that all the information stored in the readout cav-
ity can be efficiently transferred to signal acquisition instru-
ments. It therefore requires a large capacitor connecting the
readout cavity to external transmission line wiring. However,
the strong coupling will at the same time cause the energy dis-
sipation of the qubit, through the Purcell effect.!*®! To over-
come this problem, a purely reactive A /4 resonator is added to
modify the environmental admittance at a designed frequency,
at which the 50-Q dissipation channel is shorted out due to
a shunted reactive path. The transmon qubit is therefore pro-
tected when operated near the frequency of the A /4 resonator,
but for readout, it will be moved close to the frequency of the

readout cavity.

(a) port 1 port 2 T + : .
10 r ‘ 1
I a=22 & * - oy |
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Fig. 3. Examples of decoupling the dissipative external circuitry. (a) Minimizing the readout SQUID’s back-action to phase qubit
through impedance transformation. Left: Illustrations of impedance transformation by a two-port dissipationless coupler. The external
circuitry (environment) dissipation is described by admittance Y} (®). In phase qubits such dissipation comes from the readout SQUID,
which is shunted by a 30-Q resistor to minimize the quasiparticle generation during SQUID’s switching. The SQUID inductively

couples to the qubit. Admittance ¥>(@) (not shown) seen by the qubit is related to Y1 () through ReYs (o) = |dIy/dlyq ‘2 ReY; (o),
where I is the constant biasing current in SQUID during qubit operation and /g is the Jyq-induced current in qubit. For ReY,(®) to be
small, dly/dfq must be as small as possible. Middle: the designed transfer function of Iy versus Iy, which shows that dfy/dlq =0
at two Iyq values for @ < 2, « is the size ratio between junctions used in the readout SQUID and is designed to be 1.6 in phase
qubit. Right: 77 versus Iyq data (dots) measured in a phase qubit. At the two Iyq values where diy / dlq = 0, the qubit shows the
longest 77 values. Line is a fit according to the impedance transformation model. (Panel adapted from Ref. [45]). (b) The Purcell
filter to suppress spontaneous emission at the qubit operation frequency. Left: Circuit model of the Purcell-filtered cavity design.
The transmon qubit, enclosed in the dash-line box, dispersively interacts with the readout cavity, which strongly couples to external
circuitry through Coyut, Coy is designed to be 75 fF, and can lead to unwanted energy loss (through the path indicated by a blue arrow)
over a wide range of frequencies. The Purcell filter, implemented with the A /4 open-circuited transmission-line stubs, shunts the blue
arrow path with high non-dissipative admittance at its resonance frequency @¢. As such, microwave photons will bounce into the 4 /4
transmission-line stubs (through the path indicated by red arrows) instead of leaking out through the blue arrow path, inhibiting qubit
decay near @;. Right: Experimental data indicating a region around 8 GHz (resonance frequency of the readout cavity) with very low
T values and a region around 6 GHz (resonance frequency of the Purcell filter) with much-improved 77 performance (Panel modified,
with permission, from Ref. [47]).
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Although there are many sophisticated designs to isolate
noise from the qubit, it is not a simple question to determine
how good the isolation should be. Actually, completely re-
moving the dissipation from external circuitry is a real engi-
neering challenge. In a recent experiment, a two-stage trans-
former is used for a charge qubit. By inserting a lumped-
element LC resonator as the intermediate stage, the charge
qubit can be effectively decoupled from the transmission line,
resulting in a 77 as high as 200 ps, %1 a 20 times improvement
compared with previous results. In other experiments using a
2D31 or 3DULI2] cavity protection, the transmon qubits are
exposed to minimal microwave radiation, with no bias-line in-
tegrated. Although less controllable, these qubits can achieve
very long T; values close to 100 us. These long 77 values sug-
gest that we have to be very careful in dealing with dissipation
due to external circuitry.

An inseparable topic associated with the external circuitry
is how much dephasing noise it can introduce. The qubits
in a 3D cavity without the bias-line have demonstrated good
T, performance, once the 3D cavity is sufficiently cooled.!!?]
Similarily, transmon qubits shunted by a capacitor made of
TiN and protected in a 2D cavity have also exhibited excellent
coherence performance.m] In contrast, introduction of an in-
tegrated bias-line slightly enhanced the dephasing rate."! The
dephasing noise is possibly associated with the surface spin
fluctuators on the bias-line, and may impose a serious mate-
rials challenge (a topic not covered by this paper). As men-
tioned before, by reducing the bias-line coupling to the qubit
and performing dynamical decoupling sequences, dephasing
noise can be significantly reduced.

There are more aspects to be considered for reducing en-

s is one of

ergy loss by circuit engineering. Radiation los
them but its effect should be small as the circuit is enclosed
in a RF tight box. Although all measures add difficulties in
circuit fabrication and operation, they do modify the qubit’s
electromagnetic environment to make the qubit more stable,

and are therefore necessary.

3.2. Spurious two-level state defects

Spurious two-level state (TLS) defects are believed to be
one important source of energy dissipation.!!”! These defects
are located inside dielectric layers or surface oxide layers as
shown in Fig. 4(a). While the exact microscopic origin of the
TLS defects remains unknown, we can model these TLS de-
fects as atomic-scale defects which reside in a double-well po-
tential landscape with two local minima (defined as states |L)
and |R)).1*] The two local minima differ by energy A, and a
tunneling path between the two exists (see in Fig. 4(a)). The
Hamiltonian for the TLS is

_l A Ay

where A is the tunneling matrix element. In the standard TLS
tunneling model A is assumed to have a constant distribution
and Ay has a distribution e 1/Aj. The two eigenstates are sep-
arated by energy € = /A% + AZ.

It has been widely believed that these TLS defects are as-
sociated with dangling chemical bonds between atoms. The
spatial configuration of bonding electrons between atoms en-
able an electrical dipole moment d which can resonate with the
surrounding electromagnetic field. The interaction between
the dipole moment and external electrical field depends on the
dipole alignment with the field, Hj,, = —d - E. For such an
energy exchange process to be effective, the resonant electro-
magnetic field has to be sufficiently large. In the early designs
for charge and phase qubits, there is no shunting capacitor
and the Josephson junction itself contains most the electrical
energy when fully charged. The electrical field is therefore
large enough that the ensemble bath of the TLS defects can
absorb the qubit energy and subsquently dissipate it through
e.g., phonon radiations.

There have been abundant experimental results which
demonstrate the existence of TLS defects.!!7%-3] Due to their
spatial arrangement or specific locations in the barrier, some
TLS defects can have strong couplings to the qubit and are
thus easily observable. The first piece of evidence came from
the spectroscopically-resolved spurious two-level systems in-
teracting with the qubit, resulting in avoided two-level cross-
ings (splittings) in the frequency-domain spectroscopy >3l (see
an example in Fig. 4(c)). Early evidence of dissipation due to
spurious TLS defects was mostly found in phase qubits, 2071
likely due to the fact that charge and flux qubits use small-size
junctions and strongly coupled TLS defects can therefore be
statisitcaly avoided. The avoided two-level crossings indicate
that other unknown two-level systems are interacting with the
qubit when the qubit frequency is close. Their appearance in
the frequency domain is random and may drift overtime, in
particular after thermal cycles. The complete randomness can
be well understood by the conventional dielectric loss model
in the low-power limit of single photon, as first systematically
formulated for superconducting qubits in the seminal work by
Martinis ef al.l'”) In their work, the size distributions of the
avoided two-level crossings were statistically studied for phase
qubits with junction areas 13 um? and 70 um?. The important
finding is that there is a significant low-power dielectric loss
associated with the insulating barrier of the Josephson junc-
tion, an important loss mechanism that had been overlooked
for a long time. The model also predicted that a smaller junc-
tion is a better choice for statistically avoiding the loss from
TLS defects, which was later verified in phase qubits made of

smaller-size junctions. %]

It turned out that the time-domain swap spectroscopy>’!

can be used as a powerful tool to locate the strongly cou-
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pled TLS defects (see Fig. 4(d)). As illustrated in Fig. 4(b),
some TLS defects, usually referred as coherent, can swap
energy with the qubit, resulting in Rabi oscillations. In con-
trast, incoherent TLS defects can quickly dump energy to the
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Fig. 4. TLS defects in Josephson junction qubits. (a) Left: Cross-section
illustration of a Josephson junction. Middle: TLS defects are located in-
side the oxide barrier, and are likely related to microscopic charge defects
which have two spatial arrangements |L) and |R). Right: In the potential-
well description the two local minima are separated by an energy A, with
a tunneling matrix element Ag. (b) Top: A coherent TLS defect can keep
energy for a long time. A qubit can exchange energy with it if their fre-
quencies match, resulting in Rabi oscillation between the two. Bottom:
An incoherent TLS defect quickly dissipates energy received from qubit
to the environment. The two types of TLS defects give very different fea-
tures in the time-domain swap spectroscopy in d. (c) Frequency-domain
qubit spectroscopy. Shown is the qubit resonance frequency as a func-
tion of qubit bias. An avoided two-level crossing (splitting), indicated by
the red arrow, suggests that a TLS defect interacts with the qubit at about
6.9 GHz. The splitting size S (inset) gives the coupling strength between
the qubit and the TLS defect. Inset is the measurement pulse sequence.
The measurement starts with biasing the qubit to a certain frequency using
the square pulse, followed by a 1-ps-long sinusoidal microwave drive at
a selected frequency. Then the qubit excited-state probability P; is mea-
sured with a triangle pulse. Microwave drive frequency corresponding to
maximum in P; is recorded as the qubit frequency. (d) Time-domain qubit
swap spectroscopy. Shown is the qubit |1)-state probability P; (colorbar)
as a function of qubit frequency (x axis) and delay (y axis). The measure-
ment starts with exciting the qubit to its |1) state, followed by biasing the
qubit to a fixed frequency for a delay time. Then qubit P; is measured.
As indicated by a red arrow at about 6.9 GHz, the qubit swaps its energy
into and out of a coherent TLS defect, resulting in P; oscillation along the
delay axis. This TLS defect is the same as that observed in c. As indi-
cated by a black arrow at about 5.1 GHz, Py quickly decays in about 30 ns,
suggesting that an incoherent TLS defect may exist.

surrounding lattice through phonon radiations, acting like a
blackhole for absorbing qubit’s energy (see an example indi-
cated by the black arrow in Fig. 4(d)). In a recent experiment
a systematic study of the strongly coupled coherent TLS was
carried out in phase qubits,®] which measured a distribution
of lifetimes of individual TLS defects that can be explained by
the standard TLS model. In the experiment they found that the
TLS lifetime T} o< S%, where o = —1.44 and S is the coupling
strength between the qubit and the TLS defect (the same as the
splitting size defined in Fig. 4(c) inset). This is in reasonable
agreement with what is expected from the phonon radiation
of a dipole (proportional to the coupling strength) inside the
junction (a numerical simulation gives o0 = —1.63).

There are two directions to minimize the TLS loss. As
will be discussed later, the efficient method requires the com-
bination of the two. The first one is to use circuit-integrable
low-loss dielectric materials, replacing the native oxide di-
The TLS
model predicts that TLS loss has a strong effect only at very

electrics currently used for Josephson junctions.

low power close to the single-photon level, and at high pow-
ers all TLS defects are saturated with no contribution to en-
ergy loss. The simplest way of testing the material loss is
to measure the microwave response of an LC resonator with
the tested material used as the capacitor dielectrics (see inset
of Fig. 5(a)). There have been experimental efforts in search
of low-loss dielectric materials at very low powers.[17:2-3361]
SiO,, the standard dielectric for silicon-based microfabrica-
tion, was shown to be particularly lossy at the single-photon
level, as compared with the less-lossy ones such as plasma-
enhanced-chemical-vapor-deposition (PECVD) grown SiN,
and amorphous Si. Crystalline Si, with highly ordered struc-
ture, shows improved performance. Recently, a crystalline
sapphire dielectric whispering gallery mode resonator was
measured, with the loss tangent of the material to be less than
2 x 107% at around 13 GHz.[%%! If this crystalline sapphire can
be integrated, the upper bound of the qubit 77 due to the di-
electric loss can be up to a millisecond.

However, it is technically very challenging to replace the
native oxide with the new dielectrics in the Joshphson junc-
tion fabrication process. Great efforts have been invested for
epitaxially growing the thin crystalline sapphire layer for the

(29391 However, satisfying re-

Re/Sapphire/Al hybrid junction.
sults have not been achieved so far. Until today, the Josephson
junction with the best performance is still made through the
old technique of the double-angle evaporation.

With the junction itself remaining untouched, we can
shunt the junction with an extra capacitor using the low-loss
dielectrics. With most of the electric field energy stored in the
shunting capacitor, we have a minimal amount of the E-field
in the Josephson junction barrier, greatly reducing the cou-
pling strength between the qubit and TLS defects. Replacing
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the dielectrics with these low-loss materials has directly led
to the improvement of phase qubit 7;. From the initial choice
of SiN, to amorphous Si,[!7*>93] and to the more recent crys-
talline Si,[®* 77 of phase qubits has risen from 10 ns to more
than 1 ps, representing a big understanding of the materials
origin. Even though the discovery was made in phase qubits,
we believe that this mechanism may also contribute, at least
partially, to the improvement of 7; of transmon qubits over
charge qubits,®] given the fact that vacuum is the lowest-
loss dielectric. Recently, hybrid qubits developed by shunting
flux qubit junctions with interdigitated capacitors also show
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Fig. 5. Understanding TLS dissipation by studying the resonator. Resonators
are a simple but efficient platform to test decoherence. (a) Optical micrograph
of part of the coplanar waveguide resonator (CPW), with a 5-pm-wide cen-
ter signal trace and 10-pum gap to the ground plane metallization on either
side of the center trace. Green regions are metallization and dark regions are
clear with sapphire substrate underneath. The center signal trace is 8-mm-long
(half-wavelength) with breaks on both ends (only one end is shown) to support
electromagnetic standing waves. The breaks act as vacuum-gap capacitors to
couple the resonator to external circuitry (left inset). Right inset: Schematic
of the CPW circuit and its equivalent LC circuit to measure the resonator qual-
ity factor (Q), which is indicative of sources of dielectric loss in the circuit.
For measurement, microwave signals are sent into one port and detected at the
other port, which gives the scattering matrix element S; as a function of the
microwave frequency. Excitations in the resonator must be close to the single
photon energy. There are variants of the circuit but the measurement princi-
ples are similar. (b) Cross-section illustration of the CPW highlighting dif-
ferent regions that could contribute to the TLS loss. TLS defects inside these
regions could couple with the electric field E' (shown as dashed green arrows)
when the CPW is excited. These regions include: metal-air (ma) interface,
substrate-air (sa) interface, and metal-substrate (ms) interface. Corners are
emphasized due to concentrated E-field energies. Geometric scaling analysis
and preliminary experiments suggest that overall E-field energy ratio in these
regions need to be small for better coherence performance of the circuit (Panel
modified, with permissions, from Ref. [67]).

coherence time more than 1 ps.[?’!

It is important to realize that much of the insight for
TLS dissipation comes from the study of resonators. First
introduced as kinetic inductance detectors for studying cos-
mic microwave background radiation, superconducting copla-
nar waveguide (CPW) resonators are less complicated in struc-
ture (Fig. 5(a)) and can easily be scaled up using frequency
multiplexing.!°! CPW resonators can also be used to test di-
electrics (Fig. 5(a) inset), with the targeted dielectrics either
above or below the resonator metal plane, where the electric
field E is relatively strong. In the cross-section view of the
resonator shown in Fig. 5(b), the metal surface, substrate sur-
face, and the interface between the metal and substrate usu-
ally contain layers of oxide or contamination, where TLS de-
fects may reside. In Fig. 5(b) we also illustrate the spatial
distribution of the electric field E (indicated by green arrows)
when the resonator is charged. As the E-field widely dis-
tributes over the space, TLS defects in layers mentioned above
can interact with the E-field and thus contribute to energy
loss. [40:08.691 Studies show that the energy loss decreases as
the resonator trace-width and gap-width become wider, which
corresponds to lower surface-to-volume ratios. %79 This con-
firms that the surface layers of the CPW resonator contribute
to energy loss. As the E-field focuses at the edge or corner,
CPW resonators are also observed to couple with individual
TLS defect for coherent energy transfer, similar to the qubit-
TLS Rabi oscillation.?* In a numerical simulation, it is found
that the TLS defects in previously overlooked metal-substrate
interface may present a dominant dissipation source.!®”! Fol-
lowing this idea, CPW resonators fabricated with Al on the
pretreated substrate in ultra high vacuum show quality factor
above a million,”!! which is a factor of 30 times improvement
over previous results. With better choices of superconductors
such as TiN,,[7?! it is quite promising that this figure of merit
can be further improved.

In resonator studies, the surface oxide, which was origi-
nally ignored, is found to contribute significantly to TLS loss.
Interdigitated capacitors, mostly relying on vacuum gaps be-
tween metallization, were supposed to perform well. How-
ever, a series of experiments show that this may not be the
case, as a layered oxide or contamination residue may still be

40.67.68] One of the most sig-

present at the metal-air interface.!
nificant improvement came with the 3D cavity protected trans-
mon qubit, where the qubit, a Josephson junction with large
dipole antenna, is located in the middle of a 3D cavity./!!:!?]
The 3D cavity has 3-cm?® mode volume, such that its surface-
to-volume ratio is significantly reduced. Later on, other ver-
sions of the cavity protected qubits showed up, with an average
coherence performance closing to 50 ps.[!1=13-201 The Xmon,
a 2D cavity protected qubit with bias-line for better control-
lability, shows up as a promising surface-integrable qubit.[>!
2D cavity protected qubits with shunt capacitors made of TiN,

also show very long coherence.!3)

110313-8



Chin. Phys. B Vol. 22, No. 11 (2013) 110313

The route ahead is still possible. With proper circuit engi-
neering, we can avoid the influence of TLS defects, though we
cannot control their appearance at the moment. A principle is
to always keep an eye on areas in the qubit circuit where the
strong E-field can reach.

3.3. Quasiparticles

Another possible source of energy dissipation is nonequi-
librium quasiparticles.!'®1%73-76] The incoherent tunneling of
quasiparticles across a Josephson junction can lead to dissipa-
tion. At temperatures far below the superconducting transition
temperature T¢, thermal excitations are suppressed and quasi-
particle populations should be negligible. However, unwanted
excitations may still be present, possibly due to nonequilib-
rium sources such as stray infrared radiation, cosmic rays,
energy relaxation in materials, or imperfections in qubit con-
trol and readout.!"®! In flux and phase qubits, the switching
of the readout SQUID can dissipate large amounts of energy
and generate nonequilibrium quasiparticles. When tunneling
across the junction, it is possible for quasiparticles to ab-
sorb the qubit energy and subsequently dissipate the energy
through phonon radiative loss (see illustrations in Fig. 6(a)).
For hot quasiparticles with energies above the superconduct-
ing energy gap Ay, they may emit photons during tunneling,
which can excite the qubit and increase the background |1)-
state population. [3]

For a small concentration of quasiparticles rqp /ncp, where
ngp and ne;, are the densities of quasiparticles and Cooper pairs,
respectively, the total junction admittance is affected by quasi-
particle tunneling as!’*!

Yi(o) A I1+1 A ng .
R, — hw(1+cos5) AR IS if(Asc)
— in% cosd[1 — f(As)], 3)

where f(E = As) describes the occupation probability at Ay
for nonequilibrium quasiparticles. Here we only consider the
low-energy (cold) quasiparticles.

For the Josephson junction phase & = 0 the factors from
f(Ase) cancel out, and the admittance is

32
5®) _ 3141) <AS"> gl g

1/R, ho)  ne ho
This formula is equivalent to the normalized conductivity
o(w)/o, given by the Mattis—Bardeen theory for thermal
quasiparticles in the limit k7" < hw < A, which has been
used to describe the effect of quasiparticles on CPW res-

onators.
There have been systematic studies on the effects of

18.74] where the

nonequilibrium quasiparticles in phase qubits,|
readout SQUID is used as a source to generate nonequilibrium
quasiparticles (Fig. 6(b)). In Eq. (3), the real (dissipative) part
of the admittance at the qubit frequency, ReY;(® = Ey; /1), in-

creases with increased quasiparticle density ngp/ncp, whereas

the imaginary part of Yj shifts the qubit frequency. In phase
qubits, the presence of quasiparticles ngp/ncp also changes
the junction’s critical current y, which directly determines the
potential-well landscape and affects, in addition to the effect
of ImYj, the qubit frequency. Therefore the two quantities, the
qubit decay rate I = 1/7) and the shift of the qubit frequency
6(Ep1/h), can be correlated as they both depend on the quasi-
particle density ngp/ncp. Based on the actual parameters of
the qubit, 6(Eo; /h) /I is theoretically predicted to take values
close to —1.0. This was verified experimentally using the repe-
tition rate of the readout SQUID’s switching and the switching
current magnitudes as knobs to change ngp/ncp. The represen-
tative data are shown in Fig. 6(c).[”* A follow-up experiment
further reveals the effects of hot nonequilibrium quasiparticles
by examining the qubit |1)-state probability due to excitations
from quasiparticles with energies larger than Ep; + Agc.[”!

One way to reduce the effects of excessive quasiparticles
is to engineer quasiparticle traps that can restrict quasiparti-
cles away from the qubit junction and thus forbid the dissipa-
tive tunneling from occurring. The quasiparticle traps are typ-
ically made of superconductors with an energy gap lower than
the regular one: AQY < A.. As quasiparticles quickly relax to
the gap edge through incoherent phonon scatterings, they have
less chance of escaping away from these traps to the nearby
regions which are made of superconductors with a regular en-
ergy gap Agc. In the transmon qubit, the quasiparticle trap was
engineered in a reversed way, where clean Al was used for the
trap and the Josephson junction was made by oxygen-doped
Al. The oxygen-doped Al has an energy gap 280 peV and T;
1.9 K, about 60% higher than those of the clean Al (energy
gap 180 peV and T, 1.2 K).["5] The quasiparticle trap is de-
fined by depositing a layer of clean Al 100 nm away from the
junction. The effectiveness of their small-size traps (the quasi-
particle diffusion length in Al can be of millimeter lengths, '8!
as illustrated in Fig. 6(b)) and the use of oxygen-doped Al for
junction electrodes may be questioned. But their findings that
quasiparticle-induced relaxation in their system may not be a
serious concern for 77 at the order of 100 ps are encouraging.
Small effects of nonequilibrium quasiparticles in the transmon
qubit are likely due to the dispersive readout for less energy in-
jection on-chip and the galvanically isolation of qubit junction
from the rest circuitry.

Reducing the unwanted excitation sources of quasiparti-
cles is equally important. For flux and phase qubits, large en-
ergy dumped on-chip due to the readout SQUID’s switching
events are serious concerns. A low-energy readout scheme is
thus highly necessary, as will be discussed later. Meanwhile,
well isolating the devices from the radiative environment us-
ing multistage shielding may be a crucial step for completely

removing the quasiparticle source.?"!

110313-9



Chin. Phys. B Vol. 22, No. 11 (2013) 110313
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Fig. 6. Dissipation due to quasiparticle tunneling. (a) Illustrations of the dissipation process due to quasiparticle tunneling. Left: Quasiparticles
are generated by unwanted irradiation for the sample sealed in the metal box (inset) below 20 mK. The quasiparticles relax to near the super-
conductor energy gap A through electron-phonon scattering. Right: During quasiparticle tunneling, there is a probability for a quasiparticle
to absorb one energy quantum Ep; from the qubit, resulting in qubit dissipation. (b) Controlled quasiparticle generation in phase qubit. By
switching the readout SQUID to the resistive state with the voltage Vyq, quasiparticles can be generated and they eventually diffuse to the
nearby qubit junction through path indicated by light blue arrows (Panel adapted from Ref. [73]). (c) Quasiparticle tunneling affects the qubit’s
dissipation rate I as well as the qubit frequency f = Ep; /h. Experiments were carried out in a phase qubit and the frequency shift versus the
decay rate is shown, which agrees with theory (Panel adapted from Ref. [74]).

3.4. More about suppressing dissipation

So far we have discussed three energy loss mechanisms.
Proper circuit engineering should allow for avoiding most of
their influence, but a true breakthrough may rely on the inter-
play between new materials research and circuit engineering.
At the present stage, we are fortunate that, with only a small
help from new materials, superconducting qubits have already
shown sufficiently long coherence, enough for thousands of
coherent operations. The good coherence performance also
enables the development of the new readout technique as will
be discussed next. A problem for the 3D cavity protected
transmon qubits is that they may not be suitable for large-
scale integration due to their size and lack of frequency tun-
ability. There are 2D version of the qubits that are tunable in
frequency. Although these qubits have slightly reduced coher-
ence performance, foreseeable improvements are next. Mean-
while, all-microwave gates!!*”’! have been demonstrated by
the IBM group, in which virtual couplings through the res-
onator cavity were implemented to coupled qubits at fixed fre-
quencies. The operation employs simple amplitude control
of a single microwave tone, and qubit biasing is unnecessary.
However, the gate time is significantly longer than that in pre-
vious demonstrations when qubit biasing is possible.

It is likely that a small capability to bias the qubit may still
be necessary. A way out is to have minimal qubit tunability to-
gether with the all-microwave gates. The capability of tuning

the qubit and even the cavity resonator®*! may prove useful
when implementing gate-based operations to protect the qubit
against decoherence.

Quantum error correction, capable of correcting error
syndromes if detected, has been preliminarily demonstrated in
transmon qubits with artificially introduced bit-flip and phase
errors.[*! However, the capability of correcting errors due to
dissipation is yet to come. Recently there is a proposal of
correcting photon-loss errors by encoding/decoding the qubit
state using the resonator cavity mode.!”®) The method uses the
large Hilbert space in the resonator cavity to redundantly en-
code quantum information, which is different from the QEC

code!™! and surface code!30

| that use the multiqubit regis-
ter. Moreover, as an alternative shortcut in certain applica-
tions, a probabilistic way to suppress dissipation errors has
been demonstrated recently based on the idea of quantum un-
collapsing, in which errors are rejected if detected.!®!! These
algorithm-based quantum control methods represent another
powerful tool to suppress the influence of dissipation for quan-

tum information processing.

4. Quantum measurement
4.1. Basic concepts

Together with much improved qubit coherence, there has
been rapid progress in the readout technology over the last
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decade. The capability to identify the state of qubit is crucial
for almost all the protocols in quantum information process-
ing. The three essential requirements for an ideal readout are:
(i) High fidelity: the capability of reading out accurately, (ii)
High speed: the capability of reading out rapidly, and (iii) Low
back-action: the capability of reading out without decohering
the qubit. Satisfying these three requirements is in principle
very sound. Unfortunately, in practice it is very challenging.
These challenges have been the main driving force behind the
development of the superconducting qubit readout technology.

For a quantum system, the qubit state is usually directly
reflected in the status of a certain quantum variable. A charge
qubit, for example, has its quantum states encoded into states
with different charge numbers. A flux qubit, on the other hand,
has its quantum states associated with states of different flux
threading the circuit loop. A natural solution to read out the
qubit states would therefore be to use the well-engineered de-
tectors which are ultra-sensitive to those quantum variable sig-
nals. This is, in fact, the approach that researchers initially
took, when single electron transistors (SETs) were used as
charge detectors to read out charge qubits and SQUIDs were
used as flux detectors to read out flux and phase qubits.[7--8?]
These approaches have demonstrated good performance in
readout fidelity and speed, but are limited by rather strong
back-actions in the form of current noise or excessive quasi-
particles.

4.2. Dispersive readout: repetitive and single-shot

With the emergence of the circuit quantum electrodynam-
ics (cQED) architecture, researchers developed a new readout
technique—dispersive readout, which turned out to be a power-

As shown in Fig. 7(a), the principle of the dispersive readout
lies in the fact that there is a dispersion-induced resonance fre-
quency shift for a superconducting resonator when being cou-
pled to a qubit. As the resonance frequency shift depends on
whether the qubit is in the ground or the excited state, one can
read out the qubit state by probing the microwave response
of the resonator. In other words, when measuring at a certain
frequency, different qubit states will be projected into differ-
ent transmission (or reflection) coefficients. Expressing the
transmission (or reflection) coefficient in forms of a complex
number / +iQ , one can find out that the measured signals for
a qubit being in the ground state and excited state correspond
to two distinct points in the /-Q plane, as shown in Fig. 7(b).
Meanwhile, there is noise in the measurement system, which
gives rise to random scattering of the signal points in the I-Q
plane. Clearly, the success of the readout is mainly determined
by the signal-to-noise ratio, i.e., the separation of the two sig-
nal points over the size of the scattering blot. The real chal-
lenge is to achieve a high signal-to-noise ratio within a short
period of measurement time, without adding decoherence to
the qubit.

The simplest approach to increase the signal-to-noise ra-
tio is through the repetitive measurements. This was, in fact,
the most commonly used method at the early stage of the dis-
persive readout. In order to achieve a signal-to-noise ratio suf-
ficient to distinguish the two states, one had to repeat the mea-
surement to effectively average out the noise. With an average
of about 5 x 10* measurements, it has been demonstrated that
one can achieve a readout signal-to-noise ratio as high as 25,
enabling the single qubit characterizations such as the Rabi

ful one applicable to all kinds of superconducting qubits.!3384  oscillation and the Ramsey fringe measurements. !
(a) Data (b)
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Fig. 7. Dispersive readout. (a) Top: Circuit schematic of dispersive readout showing a resonator coupled to a qubit. Bottom: Illustration of
a qubit state-dependent resonator frequency shift due to the dispersive resonator-qubit interaction. (b) When expressed as a complex number
I+ 10, the readout signal corresponds to a point in the complex /-Q plane, whose position depends on the state of the qubit. The system noise
will induce random distortion of the signal, therefore leading to spreading out of the signal points in the /-Q plane.
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Despite the success in reading out single qubit, the repeti-
tive readout met its limit when multiple qubits need to be mea-
sured simultaneously. Given the averaged nature, the repet-
itive readout is unable to resolve the qubit—qubit correlation
and therefore forbids the exploration of the multi-qubit dy-
namics such as entanglement. To solve this issue, people
switched from the repetitive dispersive readout to single-shot
readout. The fidelity of the single-shot readout, where the
qubit state gets evaluated individually during each measure-
ment, is directly determined by the accuracy of identifying the
qubit state within the measurement probe time. Similar to the
repetitive readout whose fidelity gets improved with increas-
ing number of measurements, one can reduce the single-shot
readout noise by increasing the probe time. In practice, how-
ever, this approach still has a limited readout fidelity simply
due to the energy decay of the qubit.

On the other hand, an improved signal-to-noise ratio can
be achieved by enhancing the signal, namely, the separation
of the two signal points in the /-Q plane. A naive thought
is that one would achieve an enhanced signal by turning up
the resonator readout power. There are associated subtleties,
unfortunately, when the number of photons in the readout res-
onator is increased. At the same time that the resonator gets
a qubit-state-dependent frequency shift, the qubit frequency
also varies with the photon number in the resonator, which is
the AC Stark shift. As a consequence, the quantum fluctu-

ation of the photon number (photon shot noise) will directly
give rise to random shifting in the qubit frequency and even-
tually measurement-induced dephasing.®¥ However, it turned
out that one can achieve an enhanced readout signal if further
increasing the resonator readout power. In the strong driven
dispersive regime, it has been discovered that there exists an
unexpected onset of “Bright state”, where the transmission
of the microwave abruptly increases, as shown in Figs. 8(a)—
8(e).1%%] The associated critical power level at the onset of the
“Bright state” depends sensitively on the state of the qubit.
With a properly chosen readout power, the ground or excited
state in the qubit can be projected into the “Dark” or “Bright”
state in the resonator, which effectively enhances the signal-
to-noise ratio by pulling the readout signal of the excited state
further away from that of the ground state. The concept of en-
hancing the signal through state projection was already used in
phase qubits. Given that it is operated in a tilted potential well,
the phase qubit can be biased by a short DC measure pulse,
which projects its ground state or the excited state into the
“Left well” or “Right well” state (see introduction to the phase
qubit in Fig. 2). As with the “Dark” and “Bright” states, the
“Left well” and “Right well” states yield much higher signal
separation compared to that of the bare qubit states. %! There-
fore with an inductively coupled lumped element resonator,
one can easily readout the qubit state with high single-shot fi-
delity, as shown in Figs. 8(f) and 8(g).
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Fig. 8. Single-shot readout through state projection. (a)—(e) The “Bright state” readout: The resonator response as a function of frequency
at different drive power levels (the O dB here corresponds to single photon). One can see the evolution of the readout signal: at low power,
there is a dispersion-induced frequency shift between the ground state and excited state signal. At high power, the frequency shift vanishes, but
the amplitude of the readout signal shows drastic difference between the ground state and excited state signal. As seen, 47 dB is the optimal
drive power level for differentiating the qubit states (Panels reproduced, with permission, from Ref. [86]). (f) and (g) The “Left well” and
“Right well” state readout: The resonator response, after the coupled qubit is projected into the “Left well” (L) and “Right well” (R) states.
The projection greatly enhances the readout signal by increasing the dispersive frequency shift between the ground and excited state signals.
One can perform multiple signal-shot measurements at different qubit biases and find out that the two readout signals are well separated. A
signal-to-noise ratio as high as 10 guarantees the high fidelity of the readout (Panels reproduced, with permission, from Ref. [66]).
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Instead of projecting the state of the qubits, one can also
achieve an enhanced signal separation by directly project-
ing the states of the resonator.!®-"°! This is realized through
exploring the bifurcation regime of the nonlinear resonator.
With a single Josephson junction or a SQUID embeded (see
Fig. 1(c)), a linear resonator inherits nonlinearity from the
nonlinear inductance of the Josephson junction. Over a limited
range of driving power, a nonlinear resonator can be tuned into
the bifurcation regime, where there coexist two bistable states
with dramatically different microwave responses. One can
perform a launching process to project the resonator into ei-
ther states, by adjusting driving power of the resonator. When
having the nonlinear resonator coupled to the qubit, the result
of the projection actually depends on the state of the qubit.
This qubit state-dependent projection is the key to the single-
shot readout using a nonlinear resonator.

Unfortunately, the approach of readout through state pro-
jection has a two-fold consequence. At the same time that the
readout signal is enhanced, the state projection has to pay the
price of the reduced readout speed. After reading out the qubit,
one has to either reinitialize the qubit (if the qubit is projected),
or need to wait for the resonator to fully relax (if the resonator
is projected). The delay in readout speed severely affects the
efficiency of executing more advanced protocols such as quan-
tum feedback and quantum error correction.

4.3. Quantum-limited superconducting amplifier and
single-shot QND readout

After all the efforts of enhancing the readout signal, the
real breakthrough of the readout technology eventually came
after the success of suppressing the readout noise. The system
noise level is to a large extent determined by the noise tem-
perature of the first-stage amplifier in the readout circuit. The
basic operation principle of an amplifier is usually based on the
sensitive dynamic change of a certain signal (acting as the out-
put signal) in response to the other one (acting as the input sig-
nal). It requires the usage of nonlinear elements such as tran-
sistors, which are typically dissipative and can add additional
noise to the signal. Cryogenic semiconductor high-mobility-
electron-transistor (HEMT) amplifiers, for example, have a
noise temperature around 3 K—4 K, corresponding to a noise
level of tens of photons in contrast to merely a few photons
of the signal to be detected. Minimizing the noise tempera-
ture therefore requires a dissipationless nonlinear element and
fortunately it can be satisfied by the superconducting Joseph-
son junction. Researchers have demonstrated that a nonlin-
ear resonator, which is a 2-junction SQUID loop shunted with
a capacitor, can be used as an amplifier when being strongly
driven.

The behavior of the nonlinear resonator under an AC

drive can be described as

B0 423()
2 de?

1 @ d8(r) B
ZQET +1051n(5(t)) = IdCOS((DdI), 5)

where C is the shunted capacitance, Zj is the real impedance
of the circuit, Iy is the critical current of the SQUID, and
14 is the drive signal amplitude. One can solve such a non-
linear differential equation and find out that a high ampli-
tude drive can drive the system to the bifurcation regime dis-
cussed above, where there are three solutions for 8.2 Just
below the bifurcation regime, the nonlinear resonator has a
single-value but steeper response to the drive signal. In this
parametric regime, a small modulation in the resonator drive
can result in a large microwave response, exactly the trans-
fer function required for an amplifier. With a persistent ef-
fort over the last several years, Josephson parametric ampli-
fiers (JPAs) have been successfully developed based on the
nonlinear resonators.?!l Operated in the superconducting state
without dissipation, the JPA has demonstrated excellent per-
formance with a noise level limited to half a photon, purely
the zero-point fluctuation of the electromagnetic field. With a
quantum-limited noise and a high gain over 20 dB, these ultra-
low noise amplifiers serve as a perfect preamp for the cryo-
genic HEMT amplifier and result in dramatic improvement in
the readout efficiency. Even with a probe time only a few per-
cent of the qubit coherence time, one can acquire a signal-to-
noise ratio which is sufficiently high to ensure the high fidelity
for a single-shot readout. What is more crucial, such a high-
fidelity single-shot readout is achieved without the hassle of
enhancing the resonator readout signal through the state pro-
jection. It preserves the eigenstates of the qubit with very low
back-actions, qualifying this way of readout as a QND read-
out.

The success of single-shot QND readout brings profound
influence on the progress of superconducting quantum compu-
tation. As demonstrated with the first observation of quantum
jumps in superconducting qubits, we are now able to perform
high-fidelity, real-time monitoring on the state of the qubit. [>!
With such a capability, the readout is no longer necessarily the
last step to be performed in the whole control sequence, there-
fore, allowing us to go beyond the current open-loop control
scheme to a closed-loop feedback control scheme. In other
words, the qubit can now receive realtime instructions, based
on the result of monitoring the qubit state. Being able to per-
form the closed-loop control on the system using quantum
feedback represents a major step forward for fault-tolerant su-
perconducting quantum computation. Initial efforts are made
to demonstrate the power of the closed-loop control using
quantum feedback. Using a weak measurement to monitoring
the qubit state, researchers have shown that closed-loop feed-
back control can be used to overcome dephasing and stabilize
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the Rabi oscillation of a qubit indefinitely.[>*! More recently,
a deterministic qubit initialization protocol has been demon-
strated, where the quantum feedback control has been applied
to remove the spurious excitation in the qubit.?*%3 Such a
high-fidelity quantum feedback control delivered by single-
shot QND readout will be a critical component of quantum
error correction.

5. Closing remarks

With the long coherence time and high-fidelity QND
readout achieved, superconducting qubits are now one-step
closer to realizing fault-tolerant quantum computation. We
will continue to enjoy the high coherence that the simple
Al/AlO,/Al junction can provide, by refining the circuit de-
sign and fabrication process. We believe that the materials
research on low-loss dielectrics will eventually become fruit-
ful and may lead to another big leap of the qubit coherence.
Meanwhile, further development of the readout technology
will continue to focus on enhancing the QND readout fidelity
and speed, with a key addition of the multiplexing function for
scalability. Despite all the challenges ahead, we are optimistic
since there seem to be no fundamental limitations on the future
of superconducting qubits.
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