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ABSTRACT

We present here our recent results on qubit reset scheme based on a quantum-circuit refrigerator (QCR). In particular, we use the photon-
assisted quasiparticle tunneling through a superconductor-insulator-normal-metal-insulator-superconductor junction to controllably
decrease the energy relaxation time of the qubit during the QCR operation. In our experiment, we use a transmon qubit with dispersive read-
out. The QCR is capacitively coupled to the qubit through its normal-metal island. We employ rapid, square-shaped QCR control voltage
pulses with durations in the range of 2-350 ns and a variety of amplitudes to optimize the reset time and fidelity. Consequently, we reach a
qubit ground-state probability of roughly 97% with 80-ns pulses starting from the first excited state. The qubit state probability is extracted
from averaged readout signal, where the calibration is based on Rabi oscillations, thus not distinguishing the residual thermal population

of the qubit.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129345

As formulated in the DiVincenzo criteria,' a functional quantum
processor calls for the ability to initialize the qubits into a desired pure
state. Seemingly, this criterion is naturally satisfied in the current state-
of-the-art quantum processors due to the natural decay of the excited
states of the quantum system toward its ground state. However, to
increase the speed and, thus, the performance of the quantum process-
ors, we need to make the initialization fast and accurate. Depending
on the application, either the whole qubit register or just parts of it has
to be reset during the algorithm. For example, the whole register is ini-
tialized in variational hybrid quantum-classical algorithms” and only
selected qubits in error correcting codes” which, in fact, pose stringent
requirements on the reset speed.

This paper focuses on the reset of superconducting circuits by
photon-assisted quasiparticle tunneling through a superconductor—
insulator-normal-metal-insulator-superconductor (SINIS) junction.

We report on such a quantum-circuit refrigerator (QCR),"” a versatile
tool, which has already been used for on-demand reset of a supercon-
ducting resonator,” among its other applications.”” '’ The fact that
superconducting circuits are also extensively used in hybrid quantum
systems'" further widens the possible applications of the QCR.

From the fundamental point of view, the QCR acts as a widely
controllable environment for quantum systems and, hence, provides
the possibility to study different aspects of the physics of open quantum
systems.'”'” For example, QCR may turn useful for dissipation-driven
quantum information processing, simulation, and protection.'* >’

Figure 1(b) shows a circuit diagram of the QCR, which consists
of two NIS junctions in series. The QCR is operated by a voltage Vocr
applied across its superconducting electrodes, and it is capacitively
coupled to the targeted circuit through its normal-metal island. The
operation of the QCR is mainly determined by three processes: elastic
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(a)QCR QCR RO-jnput RO-output Qubit
Room temperature drive

FIG. 1. (a) Wiring scheme of the sample inside the cryostat. The drive line, readout
input line, and QCR rapid pulse line are anchored at three different temperatures
and have 60 dB of total attenuation each. The readout output line is equipped with
a low-temperature high-electron-mobility-transistor (HEMT) amplifier. The QCR
direct-current (DC) line and the flux line of the frequency-tunable qubit are twisted
pairs with resistive low-pass filters. The QCR pulse and DC lines are connected to
the bias tee, and the combined signal is connected to the QCR through the on-chip
0.3-GHz low-pass Pd filter, see panel (c). (b) Simplified circuit diagram of the sam-
ple, excluding the readout resonator. The qubit is displayed as a Josephson junc-
tion (black symmetric cross) and the parallel capacitor C,. The QCR is depicted as
two normal-metal-insulator-superconductor (NIS) junctions (black half crosses)
parallel to the island-to-ground capacitor Cy. The QCR control voltage is denoted
by Viacr. The parts of the schematic corresponding to the QCR and the qubit are
each encircled with colors corresponding to the parts in panel (c). (c) Colored scan-
ning-electron-microscope image of the sample showing the qubit (red color), QCR
(green color), and low-pass (LP) Pd filter (blue color). The black stripes are bonding
wires connecting different parts of the ground plane but not the other conductors.
(d) Colored scanning-electron-microscope image of the one of the QCR NIS junc-
tions, where blue color denotes the superconductor and green stands for the
normal-metal island.

quasiparticle tunneling through the NIS junctions and inelastic quasi-
particle tunneling with photon absorption or emission. For each
applied control voltage Vcr, there are certain rates for each of these
processes, which eventually determines the speed and accuracy of the
reset. During the standard operation of the QCR, the elastic tunneling
is the dominant process, which defines the QCR current-voltage char-
acteristic, see Fig. 2(a). To tunnel into the superconducting electrode

ARTICLE scitation.org/journal/apl

from the normal-metal island, a quasiparticle needs an additional
energy equal to or higher than A, where 2A is the energy gap in the
superconductor density of states. For the elastic tunneling, this energy
is fully provided by the voltage applied across the junctions added with
thermal fluctuations. Thus, there is an exponential rise of the elastic
tunneling rate when the QCR control voltage Vocr approaches 2A /e
across the SINIS structure having two junctions in series. For the
inelastic tunneling, the energy can be also obtained from or given to
the qubit. Thus, the energy constrain for the photon absorption pro-
cess is relaxed by the qubit excitation energy 2nhf, with respect to the
elastic tunneling, and the photon emission process demands the same
amount of energy in addition to the elastic tunneling process. This
leads to an optimal regime of the QCR operation at the voltage level
close to the edge of the subgap regime, where the ratio between photon
absorption and emission is maximized.”' Our model is based on the
well-developed theory of the QCR, which can be found in previous
publications.”™" **

Previous works related to superconducting-qubit reset can be
divided into a few groups. The first group utilizes fast sweeps of the
qubit frequency,”””” which however may lead to undesired excitations
and frequency crowding in multiqubit devices. Another large group is
microwave control of the qubit state.”” *' A part of the research in this
direction is based on the conditional reset of the qubit, which requires
readout of the qubit state. This naturally limits such reset protocols to
the readout fidelity, readout time, and the relatively long feedback
time. Nevertheless, recently, prominent success was reached by uncon-
ditional reset protocol”” with a reset time of around 300 ns and resid-
ual qubit population less than 0.3%. Similar results were also reached
by modulating the flux through a transmon qubit.”’

In Ref. 29, the reset time was limited by the photon decay rate
through the resonator that is coupled to the qubit. Naively increasing
this decay rate also leads to a decrease in the qubit lifetime. A trade-off
between the reset time and qubit coherence is also relevant for our
device, arising from the fact that the QCR introduces additional qubit
decay channels even in the off-state, mainly because of subgap junc-
tion conductance and Ohmic losses in the normal metal. Fortunately,
it has been previously shown that for the QCR, the decay rates of the
on- and off-state are roughly four orders of magnitude apart.” As an
additional preservation measure, we may consider a circuit where the
QCR is coupled to the qubit through another supplemental qubit or
resonator.””** Such a scheme also provides an opportunity to combine
the QCR-tunable decay rate of a resonator with the unconditional fast
reset of the qubit by the microwave drive.””*’ Recent theoretical work
of this scenario seems promising,”” but, to date, no experimental
implementation has been reported.

Here, we focus on the purely QCR-driven reset, where the QCR
is directly coupled to the targeted qubit. Thus, this study falls into the
area of qubit reset by rapid control of its engineered environment.” *°

The samples, illustrated in Fig. 1(c), are fabricated at the
OtaNano Micronova cleanrooms. First, a high purity 200-nm-thick
Nb layer is deposited on a high-resistivity (p >10kQ cm) non-
oxidized n-type undoped (100) 6-inch silicon wafer by sputtering.
Then, coplanar waveguides and capacitor structures are formed
by photolithography with subsequent reactive ion etching (RIE).
After etching, the photoresist residuals are cleaned in an ultrasonic
bath with acetone and isopropanol (IPA). Next, a 45-nm-thick
film of dielectric Al,Os is grown by atomic-layer deposition (ALD).
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In the subsequent photolithography step, this dielectric layer is wet-
etched away from everywhere except from the location of parallel-
plate ground capacitors of a low-pass filter. We also use electron beam
lithography (EBL) with subsequent e-beam evaporations and a liftoff
processes to form the low-pass filter, the QCR, and the Josephson
junctions of the qubit. For the low-pass filter, we deposit a 30-nm Pd
layer. Two-angle evaporation is used for both QCR and SIS junctions.
The QCR is formed by 20 nm of Al and 40 nm of Cu. The qubit junc-
tions are formed by two 20-nm Al layers. In both structures, the metal
layers are separated by a dielectric layer of Al,Oy formed by in situ
oxidation. Before the evaporation of these structures, natural oxides
are removed from the surface by Ar ion milling. More information
about the QCR fabrication can be found in Ref. 4. The low-pass filter
mentioned above is designed as a lumped-element resistor-capacitor
(RC) circuit, where the capacitors are formed by the wide fins con-
nected by the narrow bridges, which operate as the resistors. Based on
our initial estimates, the electron temperature of the filter is essentially
unchanged for a single QCR voltage pulse and elevated by up to a few
tens of millikelvins if QCR was turned on and off every microsecond.
The resulting sample parameters are given in Table L.

The experimental setup including the main wiring scheme is
shown in Fig. 1(a). We conduct our experiment in a Bluefors dilution
refrigerator with a base temperature below 10 mK. We employ a con-
ventional flux-tunable transmon qubit with a capacitively coupled
drive line and a resonator for dispersive readout.’” The flux-tunability
is not used in the current experiment and we carry out the measure-
ments at the flux sweet spot, where the qubit frequency reaches its
maximum.

In our experiments, we begin with the characterization of the
qubit and the QCR separately, which includes conventional qubit
characterization®® and DC measurements of the QCR junctions

1.7 1.8 19 20

calculated energy decay time, TSR, of the
qubit owing to the QCR. The result is
obtained using the model described in Refs.
21 and 22 and the parameter values in
Table I. (d) Probability distribution of T4 mea-
surement results in the QCR off-state
obtained by repeating the experiment in (b).
These measurements are interleaved with
the reset experiment, the pulse sequence of
which is shown in Fig. 3(a).

T, (ps)

illustrated in Fig. 2. From these experiments, we estimate the NIS
tunneling resistance, the normal-metal electron temperature, the
Dynes parameter, the superconductor energy gap parameter, and the
qubit capacitance, frequency, and characteristic impedance given in
Table I. We make these estimates based on the assumption of symmet-
ric junctions. The junction capacitance and QCR-qubit coupling
capacitance are estimated based on electromagnetic modeling.
Importantly, the normal-metal electron temperature is expected to be
dependent on the QCR control voltage. However, the fitting of the
QCR DC current-voltage curve yields a single characteristic value.
The dedicated study of the temperature dependence on the applied
voltage is left for the future work.

With the obtained parameter values, we use our theoretical
model”"*” to show in Fig. 2(c) the energy relaxation time,
TR = 1/[Ty0(Ver) + Toi(Vaer)] of the qubit at different fixed

TABLE 1. Key parameters of the measured sample together with their descriptions.

RIS 345kQ NIS tunneling resistance (RY™® = Ry/2)

Tn 0.28 K Electron temperature of the normal-metal island
YD 5x10°* Dynes parameter

Z, 179 Q Qubit characteristic impedance

Cq 97 {F Qubit capacitance

C. 15fF Capacitance between QCR and qubit

Cnis 3.5fF NIS junction capacitance

G, 244fF QCR normal-metal-island capacitance

fo  9.18GHz
A 220 ueV

Qubit frequency
Energy gap parameter of the Al leads
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QCR control voltages. Expressions for the QCR-induced relaxation
I'1o(Ver) and excitation I'g; (Viocr) rates are given in Ref. 22. From
our measurements of similar samples without a QCR, we have
obtained energy decay times greatly exceeding the TX® of 4.31 ps pre-
dicted from the QCR in the off-state. However, the actual measured
qubit T, in the QCR off-state is 1.74 * 0.033 us, which is substan-
tially lower than our prediction, see Figs. 2(b) and 2(d). Subsequently,
we carried out classical electromagnetic simulations which showed
that this discrepancy can be explained by Ohmic losses arising from
the normal-metal island in close proximity to the qubit. The simula-
tions are showing that in our current design, the qubit electromagnetic
field is coupling to the normal-metal island through the QCR-qubit
capacitor as well as being mediated by the ground plane metal and a
direct parasitic capacitance. Fortunately, these losses can be minimized
in a future redesign of the sample. Another possible source of qubit
decoherence arises from the Purcell decay of the qubit to the QCR
control line. We estimate that in our experiment, it limits the qubit T,
time to roughly 12 ps. This value is significantly higher than that in
our experiments and than the theoretical limit for the current QCR
parameters. The on-chip Pd filter between the QCR and the 50-Q con-
trol line makes this decoherence source insignificant in our current
discussion.

Figure 2(c) suggests that it is possible to use the QCR to tune the
qubit T, by a factor of roughly 1000, from microseconds to nanosec-
onds, which can be beneficial in the practical applications discussed
above. However, we need to first demonstrate, how such T; tuning
works in the case of rapid switching between these two regimes, and to
find optimized pulse parameters for the QCR control voltage.

For the time domain experiments, we used averaged readout. We
first calibrate our qubit drive pulse and readout with a typical Rabi
experiment.”” We establish the parameters of the qubit drive for a ©
pulse to fully excite the qubit and define the position of the excited
and the ground state in the in-phase-quadrature-phase (IQ) plane of
the down-converted readout pulse.”” We use 2-us readout pulses and
120-ns 7 pulses, and average over 32 768 single trace measurements to
extract the qubit excited-state probability with fixed QCR control
parameters. All our following results are presented in the terms of the
qubit excited-state probability. It means also that the qubit decay dur-
ing the 7 pulse and the readout cancels in the process of the readout
calibration which is based on the Rabi experiment.

The pulsing scheme of our time domain experiment is shown in
Fig. 3(a). First, we excite the qubit with a 7 pulse, then we send a rect-
angular voltage pulse to the QCR, which is aligned to the end of the
excitation pulse, and finally apply a qubit readout pulse. We vary
the length and the amplitude of the QCR pulse to study the decay of
the qubit excitation. Importantly, the delay between the drive and
readout pulses is fixed at 400 ns and long enough to fit the longest
QCR pulse in between without temporal overlap. For each QCR pulse
amplitude, we extract the contribution of the different pulse lengths to
the qubit excited-state probability by first subtracting the effect of the
natural decay of the qubit during the time between the 7 pulse and
readout when the QCR pulse is off. Interleaved with these experi-
ments, we also measure the qubit state without any delay between the
7 pulse and readout, as a part of our T; measurements, see Figs. 2(b)
and 2(d).

Figure 3(b) shows the measured excited-state probability of the
qubit as a function of the QCR pulse length for different QCR pulse
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FIG. 3. (a) The measurement protocol where at first, the qubit is driven to the maxi-
mum probability of its excited state by a 7 pulse, shown in the top row. Then, a QCR
pulse is sent during the delay between the drive and readout pulses, shown in the
middle row. The QCR pulse amplitude and length is varied such that the QCR pulse
is never overlapping with the drive or readout pulse applied at the end (bottom row)
of a single realization of the protocol. (b) Excited-state probability of the qubit as a
function of the length of the QCR voltage pulse of different indicated amplitudes.
Zero-length data are obtained by separate interleaved measurements, where the
readout is applied immediately after the drive pulse. For the other points, we employ
the pulse sequence of panel (a). The excited-state probability is calibrated by a Rabi
experiment before the measurements. For the lowest six amplitudes, exponential fits
are shown by dashed lines. For the rest of the amplitudes, such fitting is not reason-
able owing to the additional raise of the excited-state probability after the initial fall.
The inset shows a magnification to the pulse length range 0-50 ns.

amplitudes. Except for the couple of lowest amplitudes, the decay is
not well described by a single exponential as expected from an ideal
model. This can be attributed to a few different effects: First, the bias
tee at the base temperature works as a high pass filter for the QCR
square pulses. We estimate the time constant of the bias tee around
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500 ns. Second, the charging of the QCR normal-metal island takes
place through the nonlinear resistance of the junctions, which can lead
to the complicated and individual effective pulse distortions at each
junction. See the supplementary material for the further details. At
high pulse amplitudes, we observe an increase in the excited-state
probability after an initial fast drop, which can be explained by the fact
that the QCR is starting to excite higher levels of the qubit, which leads
to the signal drifting out of its usual distribution in the IQ plane.”
Due to this our data analysis, which neglects the higher qubit states, is
leading also to increased uncertainty.

Since our data show a more complex behavior than a simple
exponential decay, it is perhaps more informative to study the shortest
time to achieve the minimal excited-state probability than the decay
rates. To this end, our unconditional reset can reduce the qubit
excited-state probability from nearly 100% to (3 = 1)% in 80 ns with
the QCR control voltage pulse amplitude of 0.57 x 2A. The numbers
here are based only on the Rabi experiment and, thus, does not include
the residual thermal population of the qubit. With the current QCR
parameters our theoretical model predicts that the residual thermal
population of the qubit at the QCR off-state is roughly 5%.

A simple exponential fit yields T; = 10 = 4ns at a pulse ampli-
tude of 0.57 x 2A. This time is 1/170 times the qubit T, time in the
QCR off-state. In the future, this on/off ratio can be increased by a new
design of the coupling between the QCR and the qubit, in which the
transmission line between the QCR and the qubit will increase distance
and, hence, decreases the Ohmic losses from the normal-metal island.”*
This will increase T; in the QCR off-state likely close to its theoretical
value of 4.31 us given the parameters of Table I. Furthermore, an addi-
tional filter may reduce the excitation of the high-energy qubit states,
rendering high QCR pulse amplitudes more effective. From our model,
we predict that in such a case, T; drops to approximately 7 ns when the
QCR is on. Hence, these two future modifications potentially lead to a
QCR on/off ratio of a thousand. Theoretically,” the static on/off ratio
is approximately given by \/A/(2nhfyy3) ~ 5000, at low electron
temperatures and f, < 2nA/h.

According to our theoretical model, by properly choosing the
tunneling resistance Ry of the QCR and the coupling strength, we can
scale the overall dissipative effect of the QCR on the qubit, and hence
move to a regime where the QCR will not be a limiting factor for the
qubit T, in the off-state. Thus, if the off-state T; is 50 us, the QCR
may allow to switch it to roughly 50 ns or below for a short period of
time. Such a regime can be of practical value in quantum information
processing and, thus, motivates future research on the QCR.

Further improvements of these numbers seem to some extent
feasible, for example, with the reduction of the Dynes parameter and
the effective temperature of the QCR normal-metal island, which calls
for a combination of specifically designed heat sinks and advanced on-
chip filters.” Recent achievements in the tunnel junction thermometry
show temperatures of the NIS junction down to the single-millikelvin
regime’' with the range of 107 for the Dynes parameter.”” Another
approach is to combine the QCR with other techniques such as flux-
tunable resonators’” or driving schemes.'”

For potential future industrial applications, the aging of the
QCRs needs to be considered. Although Cu is stable at low tempera-
tures, it can oxidize and degrade when exposed to atmosphere or ther-
mal cycling.”’ The room temperature QCR junction resistance has
shown to increase significantly within weeks at atmosphere, calling for
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improved storage techniques, e.g., nitrogen freezers, or alternative
normal-metal materials,"**” such as AuPd or AIMn.

On one hand, additional integration efforts are needed to utilize
QCR in practical quantum-information-processing devices due to the
need of extra control lines and noise mitigation. On the other hand,
the form factor of the QCR is small and it is exponentially tuned by a
simple voltage pulse. Such simplicity is an advantage of the QCR in
combination with its ability of unconditional qubit reset. In view of
future scaling of the quantum processors in the number of qubits, we
emphasize that a single QCR can be used to reset multiple quantum
circuits.”” Furthermore, a single control line can be used to control
multiple QCRs. Importantly, QCR can be perceived as a general con-
cept for controlled engineered quantum environments, which can give
rise to new quantum algorithms and protocols and help also to
advance quantum simulations and the studies of fundamental
physics.”*>*

In summary, we report here the first experimental results on the
utilization of the QCR for qubit reset. In the current experiment, the
SINIS junction of the QCR is directly coupled to the qubit through a
capacitor. We use simple square voltage pulses to control the relaxa-
tion time of the qubit, achieving qubit reset down to 3% excited-state
probability in 80 ns. Further work is needed to improve these numbers
and reduce the dissipative effect of the QCR in its off-state on the
qubit. This can be implemented by adjusting the QCR parameters and
by an advanced design of the sample with additional filtering between
the qubit and the QCR.

See the supplementary material for the details of the cursory
study of the QCR control pulse distortion due to the non-linear behav-
ior of the NIS junctions.
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