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Superconducting Qubits above 20 GHz Operating over 200 mK
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Current state-of-the-art superconducting microwave qubits are cooled to extremely low temperatures
to avoid sources of decoherence. Higher qubit operating temperatures would significantly increase the
cooling power available, which is desirable for scaling up the number of qubits in quantum computing
architectures and integrating qubits in experiments requiring increased heat dissipation. To operate super-
conducting qubits at higher temperatures, it is necessary to address both quasiparticle decoherence (which
becomes significant for aluminum junctions above 160 mK) and dephasing from thermal microwave pho-
tons (which are problematic above 50 mK). Using low-loss niobium-trilayer junctions, which have reduced
sensitivity to quasiparticles due to the higher superconducting transition temperature of niobium, we fab-
ricate transmons with higher frequencies than previously studied, up to 24 GHz. We measure decoherence
and dephasing times of about 1 s, corresponding to average qubit quality factors of approximately 10,
and find that decoherence is unaffected by quasiparticles up to 1 K. Without relaxation from quasiparti-
cles, we are able to explore dephasing from purely thermal sources, finding that our qubits can operate up
to approximately 250 mK while maintaining similar performance. The thermal resilience of these qubits
creates new options for scaling up quantum processors, enables hybrid quantum experiments with high

heat-dissipation budgets, and introduces a material platform for even-higher-frequency qubits.

DOI: 10.1103/PRXQuantum.5.030347

I. INTRODUCTION

Superconducting qubits built from Josephson junctions
are a promising technology for quantum sensing, hybrid
systems coupling different types of quantum emitters [1,2],
and realizing large-scale quantum computing architectures
[3]. While current qubits typically operate below 10 GHz
due to widely available cryogenic microwave equipment,
increased frequencies expand the range of accessible ener-
gies in quantum experiments, can couple to a new range
of signals and quantum emitters, and, importantly, enable
higher operating temperatures. This offers a straightfor-
ward approach for scalability by making use of the sig-
nificantly higher cooling power available with even a
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moderate increase in temperature [4]. Thermally resilient
qubits could reduce hardware overheads for microwave
quantum interconnects [5,6], provide new opportunities for
direct integration with superconducting digital logic [7-9],
and help manage the heat load from expanding numbers of
qubit control lines [10], as superconducting quantum pro-
cessors [11—13] expand beyond hundreds of qubits. For
hybrid quantum systems [1,2], many of which introduce
additional challenges by exposing qubits to magnetic fields
or direct optical illumination [14—17], more resilient qubits
could also help reduce experiment complexity and improve
performance.

Increasing the qubit operating temperature requires a
two-pronged approach addressing both increased environ-
mental radiation as well as quasiparticle loss. Specifically,
thermal photons at the qubit frequency result in heating,
requiring active reset [18,19] or extensive dissipation engi-
neering [20,21] to artificially cool the qubit to its ground
state before experiments begin. Furthermore, the thermal
population in the readout resonator (less easily cooled
[22]) induces qubit dephasing [23]. Increasing system fre-
quencies mitigate these effects due to the reduced thermal
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sensitivity of higher-energy photons and expands accessi-
ble operating temperatures and cooling powers even for
conventional aluminum Josephson-junction qubits [3,24].

Ultimately, the operating temperatures are limited by
decoherence from quasiparticles [25-30] in the super-
conductor. The higher energy gap of niobium relative
to that of aluminum results in a significantly lower
quasiparticle density at elevated temperatures as well
as increased nonequilibrium quasiparticle recombination
rates [31], making it a promising material for realizing
higher-temperature qubits and increasing repetition rates
for optical-transduction experiments [14—17]. Full tem-
perature resilience requires replacing aluminum junctions
with a high-temperature nonlinear element, which can
be realized with newly optimized niobium nitride [32]
or niobium-based [33] junctions: along with increased
plasma frequencies [34] that simplify the high-frequency
qubit design, these junctions have shown rapidly improv-
ing coherence properties in microwave qubits and reduced
quasiparticle sensitivity [33].

In this work, we scale up transmon qubits to 1124 GHz,
expanding the frequency range studied with superconduct-
ing devices. Using micron-scale optically defined niobium-
trilayer Josephson junctions, we achieve qubit dephasing
times above 1 ps through material improvements and
residue-removal techniques. With higher frequencies and
the quasiparticle insensitivity of niobium, we improve the
qubit thermal resilience, demonstrating coherent behavior
above 200 mK, and investigate their coherence properties
up to 1 K in a previously unexplored regime.

II. HIGH-FREQUENCY QUBIT DESIGN

The key element at the heart of our transmon qubit is a
niobium-trilayer Josephson junction with a high critical-
current density (J.), shown in Fig. 1(a). We use a self-
aligned fabrication process (see Appendix A) to form a
Nb/AlLAIO,/Al/Nb Josephson junction on a C-plane sap-
phire substrate, with two main changes from Ref. [33].
First, we use low-temperature plasma-enhanced chemical
vapor deposition (PECVD) for growing the SiO, spacer
[35]: keeping the wafer below 230 °C during the growth
process creates a spacer oxide with lower loss than other
methods such as high-density PECVD [33] (for more
details, see Appendix B) and preserves a high J. density
needed for higher-frequency junctions. Second, immedi-
ately prior to measurement, we use a 72 + 1 °C solution
of catechol, hydroxylamine, and 2-(2-aminoethylamine)-
ethanol (Dupont EKC 265) to remove lossy plasma-etch
residues along with a thin layer of the oxidized niobium
surface, known to contain lossy oxides [36,37]. This treat-
ment (see Appendix B) leaves a smooth metal surface with
minimal defects and residues. For these PECVD junctions,
the J, density can be adjusted between 0.1 and 2.6 kA /cm?

(see Appendix C). Although higher densities are possi-
ble, we select a J, between 0.19 and 0.36 kA /cm?, which
is closer to that of typical aluminum junctions (typically
0.05 kA/cm? [38]), allowing us to design qubits between
11 and 24 GHz using junction-finger dimensions between
0.4 and 0.8 wm, achieved entirely with optical lithography.
We note that the junction reproducibility and minimum
feature size could also be improved with electron-beam
lithography.

Our qubit geometry, shown in Fig. 1(b), is qualitatively
similar to that for conventional microwave transmon qubits
[39,40], with the primary difference that every major fea-
ture is slightly smaller. The rounded cross-shaped qubit
capacitor Cp is capacitively coupled to a (20-22)-GHz
quarter-wave coplanar waveguide resonator used for dis-
persive measurements. The other end of the resonator
is inductively coupled (k/27 = 2—9 MHz) to a common
feed line. The system can be modeled by the circuit in
Fig. 1(c), where the qubit frequency is determined by
the Josephson inductance L; and total shunt capacitance
Cx. As with linear circuits, reducing the capacitance and
inductance increases the qubit frequency. A smaller capac-
itance has the benefit of increased anharmonicity and thus
faster possible qubit control operations, which can help
improve single-qubit gate fidelities. While this speed-up
could be exploited until the device begins to approach the

(b) E

200 um

FIG. 1.
graph of a low-loss niobium-trilayer junction at the core of
the qubit. (b) A micrograph of the qubit and readout-resonator
geometry, with the junction location marked at the top. (c) The
equivalent circuit of the qubit and readout resonator coupled
inductively to a transmission line. (d) A photograph of a chip
containing six qubits mounted in a low-loss K-band circuit board.

The qubit geometry. (a) A scanning electron micro-
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charge-sensitive regime [27], because the qubits reported  pulse reveals the higher-energy states of the qubit through
in this paper use optical lithography, they have a large  two-photon processes for = (fge + for )/2 and excited-state
capacitance that limits the anharmonicity and therefore  transitions f,r. This allows us to measure the anharmonic-
the gate speeds. However, designing 20-GHz qubits with ity & = fy — fee, Which for our qubits is typically near
lower capacitance will enable substantially faster gate =~ 200 MHz. Notably, this level spacing (which sets an upper

times than achievable with microwave qubits. bound on qubit gate speed) is similar to that for many con-
The qubit capacitor, ground plane, and readout resonator ~ ventional microwave qubits [39,40,42] but could easily be
are defined along with the junction, so no additional fab-  adjusted in our design by picking a different junction J,

rication steps are needed. Chips with several qubits and  density or capacitor size.

their readout resonators sharing a common microwave feed

line are patterned on 5-mm-square chips, and mounted in a A. Time-domain measurements
K-band [(18-27)-GHz] package shown in Fig. 1(d), which
is carefully engineered for low-loss and mode-free oper-
ation up to 30 GHz (see Appendix D). The assembly is
thermalized to the base stage of a dilution refrigerator
(6595 mK), where transmission measurements through
the central feed line can be used to control and measure
the qubits [39,41].

Next, we control the qubit. We apply fixed-length (o =
25 ns) Gaussian pulses at the qubit frequency f,. with
varying amplitude (over which we have much finer con-
trol than for time), which results in sinusoidal behavior as
shown in Fig. 2(b). We repeat this measurement with o =
60 ns while varying pulse detuning from the transition A =
f —fee and summarize the results in Fig. 2(c), where the
brighter colors indicate the system in the excited state. At
the qubit frequency, we observe a series of bright fringes;

The qubit properties are experimentally determined with ~ however, as the detuning from the transition increases, the
microwave spectroscopy [39,42]. While monitoring low-  oscillation rate increases, while the oscillation amplitude
power transmission through the system at the readout-  is quickly suppressed. The bandwidth of the fringes is fur-
resonator frequency, simultaneously applying a second  ther reduced by the finite nature of the pulse envelope
probe pulse reveals the energy spectrum of the qubit, as  [43—45].
shown in Fig. 2(a). At low powers, we observe a deflec- To verify the time dependence of the Rabi oscillations,
tion in transmission at the bare qubit frequency f,. as  we also repeat this measurement at A = 0 while varying
the qubit is excited, resulting in a dispersive shift of the o and plot the results in Fig. 2(d). The observed fringes
resonator frequency. Increasing the power of the probe  are evenly spaced for fixed amplitude (vertical slice) or

II1. QUBIT CHARACTERIZATION
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FIG. 2. The qubit dynamics. (a) Deflection of the readout-resonator transmission signal as a function of the applied qubit pulse
frequency, shown for increasing qubit pulse power. At low powers (blue), a single peak is observed when the pulse is resonant with
the qubit frequency (fg. = 18.474 GHz). As the power increases, the line width of this transition increases and additional peaks appear
due to excitations into higher qubit levels through many-photon excitations (fys /2 etc.). These features have a spacing of /2 = (fg, —
Jer)/2. (b) The measured excited-state probability shows Rabi oscillations when a fixed-length pulse with varying amplitude is applied
at the qubit frequency. The red line is a fit to the expected sinusoidal behavior. (c) Rabi oscillations measured for frequencies near
Jee» With brighter colors corresponding to higher excited-state probabilities. Away from the transition frequency, the Rabi frequency
increases while the oscillation amplitude decreases and becomes power dependent. (d) Rabi oscillations as a function of the pulse
amplitude and length o, with brighter colors corresponding to higher excited-state probabilities. The dashed red lines mark contours
of integer 7 pulses, where 0 Q2 = m.
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fixed length (horizontal): by fitting the fringe contours, we
find Rabi rates as high as 100 MHz and calibrate a qubit &
control pulse with o between 20 and 40 ns. Since the band-
width of these pulses is still much smaller than the level
spacing, our single-qubit gate speeds could be optimized to
be significantly shorter [46]. Further reducing our junction
area and qubit capacitance to increase qubit anharmonicity
could allow for even faster gate operation.

B. Coherence properties

We can now study the qubit relaxation time and the
dephasing time, which dictate the qubit limitations and act
as sensitive probes of loss channels. Fitting the character-
istic population relaxation time 7; [as shown in Fig. 3(a)]
for each qubit, we find that 7} roughly scales inversely
with frequency as shown in Fig. 3(c), with 7, = 1.6 us
for our best device. We find that 7; typically fluctuates
with a relative deviation of about 6% from the average
value (see Appendix G), likely due to coupled two-level
systems [47—49]. We note that hardware limitations pre-
vent time-domain measurements of some of the qubits with
frequencies outside the mixer bands (wafers A and C) or
those overlapping with the readout resonators at approx-
imately 21 GHz (wafer B). The highest-frequency qubits
(e.g., wafer C) are above their readout-resonator frequen-
cies (approximately 22 GHz), so are likely further affected
by Purcell loss.

To probe the loss channels in detail, we use the
frequency-independent qubit quality factor Oy = 2nf, T,
which we find for our devices is just below 10°. Our
K-band qubit quality factors are comparable to those
for transmons made with a similar junction process,

which measure an average O; = 2.5 x 103 [33]. The slight
decrease in our average O; could be attributed to slightly
higher junction [33] and surface participation [50] aris-
ing from our smaller qubit-capacitor size relative to the
junction area. By comparison, state-of-the-art aluminum-
junction microwave qubits now achieve quality factors of
several million [24]. Having addressed potential loss from
fluorocarbon residues, we expect that our qubit coherence
is now likely primarily limited by loss in residual spacer
material [see Fig. 1(a)] and potentially two-level systems
in the relatively large junction-barrier region [51,52]. This
suggests that future devices could be directly improved
with smaller junctions and larger capacitor geometry, or
with improved junction-fabrication techniques [32] and
spacer-removal methods [53]. The quantum decoherence
and material properties in this frequency range are still rel-
atively unexplored, warranting further investigation [54]
into the nature and sources of loss.

We also perform a Ramsey experiment to measure the
dephasing time 75 and a Hahn-echo experiment to charac-
terize the spin-echo dephasing time 75 [Fig. 3(b)]. We find
that 77 is consistently higher than T, nearing the dissipa-
tion limit 277. This suggests that the pure-dephasing rates
are relatively low, which is expected from the low pho-
ton occupation of the higher-frequency readout resonators.
The T values, which add an additional v pulse to decouple
the qubit from low-frequency noise, are not significantly
different from T7. For qubits with lower T; values (such
as qubit B4), the Hahn echo reduces the visibility of qubit
oscillations to the extent that it is no longer possible to reli-
ably measure 7. This implies that our qubit performance
is primarily limited by dissipation (77) in the qubit and
junction materials.

(a) (c) (d)
1.0 5 5
: .o
Ty =0.991 ps —————— e ° . .
14 - ——a R =
0.0 T T = ———— .- G
0 1 2 3 2 054 i = 05 om
(b) t(us) = - 5
1.0 n N
104 Wafer
— T,
°© e Wafer
o 057 R PO 014 |ae?
= : R cm O
T, =1.885 pus 0.05 1 mec | 0.05 1
0.0 , . . . — —
0 2 4 6 10 20 30 10 20 30
t(us) Qubit Frequency (GHz) Qubit Frequency (GHz)
FIG. 3. The qubit coherence at 60 mK. (a) The average qubit decay time 7 extracted by fitting the decay of excited-state population.

(b) A Ramsey-dephasing experiment, from which the dephasing time T is extracted by fitting the exponential decay of the oscillations.
(c) Ty plotted as a function of the qubit frequency, grouped by wafer. The background color and numbered lines indicate the qubit
quality factor O = w,T;. We find an overall mean Q; of 0.792 x 10°, with some wafer-to-wafer variation. (d) 75 (filled points) and
the Hahn-echo dephasing time 75 (hollow points) for the qubits studied. We find an average T and T of 1.124 ps and 1.357 ps,

respectively.
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IV. QUBIT SENSITIVITY TO ITS ENVIRONMENT

A key benefit of higher-frequency qubits is a reduced
thermal occupation of higher energy levels, reducing ini-
tialization errors and minimizing the need for active reset
[18,19]. We measure the residual excited-state population
following the method in Ref. [55], as shown in Fig. 4. We
perform Rabi oscillations between the e and f* states by
applying a Gaussian pulse of varying amplitude at the tran-
sition frequency for [see Fig. 2(a)]. This measurement is
also repeated with the g and e populations swapped with
a ge 7 pulse immediately prior, resulting in a significantly
stronger signal. For maximum contrast, the readout signal
is projected to resolve the e and f* states (rather than ge) for
both measurements. By comparing the relative oscillation
amplitudes, we obtain a thermal excited-state population
0f 0.017 & 0.004%, which is nearly an order of magnitude
lower than values measured for microwave devices [55].
We note that the precision of this measurement is limited
by our readout fidelity, which could be greatly improved
by a K-band quantum limited amplifier [56,57]. This pop-
ulation corresponds to an effective qubit temperature [55]
of 116 mK, which is significantly higher than the physi-
cal fridge temperature, suggesting that improved filtering
[22,58] could help reduce these qubit initialization error
rates even further.

A. Thermal dependence of coherence

To probe the thermal resilience of our qubits, we investi-
gate our qubits at increased operating temperatures, shown
in Fig. 5(a). We observe a small decrease in 7; with
temperature above 300 mK, consistent with qubit heat-
ing from its environment [59], but, importantly, we do
not see the drastic temperature dependence seen in qubits
with aluminum junctions due to quasiparticle-induced loss
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FIG. 4. The qubit thermal population. The residual e-state
population of qubit C1, measured by comparing the ef Rabi-
oscillation amplitude with g and e swapped (pink) and idle
populations (blue). From this measurement, we find a probability
0f 0.017 £ 0.004% of finding the qubit in its excited state.
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FIG. 5. Thermal decoherence and dephasing. (a) The decoher-

ence time 7 of three representative qubits measured as a function
of the temperature. A mild decrease is observed at higher temper-
ature, consistent with a model including loss from an increased
system bath temperature (solid lines). (b) The Ramsey-dephasing
time 75 as a function of the temperature. The behavior is largely
captured by a parameter-free thermal dephasing model assum-
ing a fixed 77 (solid lines). (c) The pure-dephasing rate I'y,
which has dephasing from relaxation subtracted, resulting in
better agreement with the model.

[27-29], in line with expectations for niobium. The mea-
sured dephasing time shown in Fig. 5(b) does not signifi-
cantly decrease until above 200 mK and is captured with
the following parameter-free model for dephasing from
thermal photons in the readout resonator [23,601]:

T;' =Ty = LRe \/<1+2ix>2+8ixnh 1
_r, =~ 2ix )\, 8k,
¢ 2 v y

» (D)

where x is the dispersive coupling, y is the decay rate
of the readout resonator, and ng = 1/(e//&/¥T — 1) is the
resonator thermal population, set by the fundamental fre-
quency f, of the resonator. The measured dephasing rate
is then given by T2_1 = T;l +T2_,01 + 1/(2Ty), where T
and T are measured by averaging the low-temperature
values. The model, which contains only independently

030347-5



ALEXANDER ANFEROV et al.

PRX QUANTUM 5, 030347 (2024)

measured quantities, is overlaid for each qubit in Fig. 5(b),
showing relatively good agreement. We can also go further
by using the measured temperature-dependent values of T
to solve for I'y directly, as shown in Fig. 5(c), finding that
the behavior is well modeled by Eq. (1).

V. CONCLUSIONS

By investigating transmon qubits at higher temperatures
and frequencies than before, we gain a new perspective on
superconducting-qubit coherence. Our devices highlight
the importance of increased frequency, which could even
help improve aluminum-microwave-device performance
up to approximately 180 mK, relaxing the strict thermal-
ization requirements of current qubits [25,27,42,61], as
well as exploring a new regime for studying physics with
qubits in a conventional material platform. Beyond this, we
have shown that with high-temperature niobium-trilayer
Josephson junctions, quasiparticle-based decoherence can
be eliminated up to approximately 1 K. Taking advan-
tage of this, we confirm the thermal behavior of qubit
dephasing unhindered by relaxation. Above 200 mK, our
qubit dephasing begins to see reduction below 1 s from
readout-induced dephasing. Already, these temperatures
allow for significantly increased heat dissipation. This
enables new opportunities for addressing thermal chal-
lenges in quantum processors and new hybrid quantum
experiments by reducing experimental complexity. More-
over, expanding the achievable frequencies also expands
the range of energy scales that can be modeled with super-
conducting qubits. Niobium junctions can operate as high
as 700 GHz: our devices have only begun to explore this
accessible energy range, serving as an important first step

(a) (b)

o

(e)

Nb@

Al
AlOy
Al 7
| Nb = SiO;
Sapphire ’ |

in increasing qubit frequencies and paving the way for
even higher-frequency higher-temperature superconduct-
ing quantum devices.
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APPENDIX A: FABRICATION METHODS

The trilayer junction fabrication process is summarized
in Fig. 6. 330 um-thick C-plane polished sapphire wafers
grown with heat-exchange method (HEMEX) are ultrason-
ically cleaned in toluene, acetone, methanol, isopropanol,
and deionized (DI) water, then etched in a piranha solu-
tion kept at 40 °C for 2 min and rinsed with deionized
water. Immediately following, the wafers are loaded into

(c)

'
L7

y By

FIG. 6. The junction-fabrication process. (a) The trilayer is deposited and oxidized in sifu. (b) The first layer is etched with a chlorine
reactive ion etch (RIE). (c) The SiO, is grown isotropically. (d) The sidewall spacer is formed by anisotropic etching with fluorine
chemistry. (e) Surface oxides are cleaned in vacuum and the wiring layer (purple) is deposited. (f) The second junction finger (and
other circuit elements) are defined by a fluorine plasma etch that is selective against Al. (g) The final devices undergo a wet etch to
further remove SiO; and exposed Al (h) Fluorocarbon residues are removed.
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a Plassys MEBS550S electron-beam evaporation system,
where they are baked at > 200 °C under vacuum for 1 h
to help remove water and volatiles. When a sufficiently
low pressure is reached (< 5 x 1073 mbar), titanium is
electron-beam evaporated to bring the load-lock pressure
down even further. The trilayer is now deposited by first
evaporating 80 nm of Nb at > 0.5 nm/s while rotating the
substrate. After cooling for a few minutes, 8 nm of alu-
minum is deposited while rotating the substrate at a shal-
low angle (10 °) to improve conformality. The aluminum
is lightly etched with a 400-V 15-mA Ar" beam for 10s,
then oxidized with a mixture of 15% O, and Ar at a static
pressure. After pumping to below (< 10~7 mbar), titanium
is again used to bring the vacuum pressure down to the low
10~8-mB range. We note that the pressure for the remain-
der of the trilayer deposition is higher than for the first
Nb layer. The second 3-nm layer of Al is evaporated
vertically while rotating the substrate to minimize void for-
mation in the following layer. The counterelectrode is then
formed by evaporating 150 nm of Nb at > 0.5nm/s. The
substrate is allowed to cool in vacuum for several min-
utes and we attempt to form a thin protective coating of
pure Nb,Os5 by briefly oxidizing the top surface at 3 mbar
for 30s.

The wafers are mounted on a silicon handle wafer using
AZ1518 photoresist cured at 115 °C, then coated with 1 um
of AZ MiR 703 photoresist and exposed with a 375-nm
laser in a Heidelberg MLA150 direct-write system. The
assembly is hardened for etch resistance by a 1-min bake
at 115 °C, then developed with AZ MIF 300, followed by
a rinse in DI water. The entire trilayer structure is now
etched in a chlorine inductively coupled plasma—reactive
ion etcher (ICP-RIE) (etch 1 in Table I). The plasma con-
ditions are optimized to be in the ballistic ion regime,
which gives high etch rates with minimal redeposition.
Immediately after exposure to air, the wafer is quenched
in DI water: this helps prevent excess lateral aluminum
etching by quickly diluting any surface HCI (formed by
adsorbed Cl reacting with water vapor in the air). The
remaining photoresist is thoroughly dissolved in a mixture
of 80 °C N-methyl-2-pyrrolidone with a small addition
of surfactants, which also removes the substrate from the
handle wafer.

The wafer is ultrasonically cleaned with acetone and iso-
propanol, then SiO, spacer is grown with low-temperature

PECVD. SiH4 and N,;O are reacted in a 100-W plasma
with the chamber held at 190 °C. The complete process
(including chamber cleaning, pumping, and purging steps)
takes approximately 15 min. The wafer is then mounted
on a silicon handle wafer using Crystalbond 509 adhe-
sive softened at 135 °C, then etched in a fluorine reactive
ion etch (etch 2 in Table I). This etch is optimized to be
directional but in the diffusive regime to promote chemi-
cal selectivity while enabling the formation of the spacer
structure. At this point, minimizing oxide formation is
crucial, since the top surface of the trilayer is exposed
and will need to form a good contact to the wiring layer,
so immediately following the completion of the etch,
wafers are separated from the handle wafer by heating to
135 °C, ultrasonically cleaned of remaining adhesive in
40 °C acetone and isopropanol, then immediately placed
under vacuum in the deposition chamber, where they are
gently heated to 50 °C for 30 min to remove remaining
volatiles.

The contaminated and oxidized top surface of the
counter electrode is etched with a 400-V 15-mA Ar™
beam for 5min, which is sufficient to remove any resid-
ual resistance from the contact. After pumping to below
(< 1077 mbar), titanium is used to bring the vacuum pres-
sure down to the low 10~8-mB range. The wiring layer is
now formed by evaporating 160 nm of Nb at > 0.5 nm/s.
The substrate is allowed to cool in vacuum for several min-
utes and the wiring layer is briefly oxidized with a mixture
of 15% O, and Ar at 3mbar for 30s to promote a thin
protective coating of pure Nb,Os. The wafers are again
mounted on a handle wafer, coated with AZ MiR 703 pho-
toresist and exposed with a 375-nm laser. The assembly
is hardened for etch resistance by a 1-min bake at 115 °C
before development. The final structure is now defined
with a fluorine reactive ion etch (etch 3 in Table I). This
step proves to be highly problematic, as it easily forms
inert residues and needs to be highly chemically selec-
tive in order to avoid etching through the aluminum, so
the plasma is operated in a low-density ballistic regime
with the addition of O,, which helps passivate exposed alu-
minum and increase selectivity. To avoid the formation of
excess sulfur silicon residues on the spacer (which we find
are even worse than fluorocarbon residues), we reduce the
SFg content compared to Ref. [33] and increase the Ar con-
tent to promote mechanical removal. This instead favors

TABLE I. The plasma-etch parameters used in the inductively coupled plasma—reactive ion etch (ICP-RIE) etches described in the

process. The etches are performed in an Apex SLR ICP etcher.

Etch T Pressure ICP/bias Cl, BCl;3 Ar CF4 CHF;3 SFg (0)) Etch time Etch rate
(°0) (mT)  power (W/W) (sccm) (sccm) (scem) (sccm) (scem)  (sccm)  (scem) (s) (nm/s)

1 20£0.1 5 400/50 30 30 10 e e 50-60 ~45

2 20+0.1 30 500/60 10 30 20 e 120-140 ~2

3 20+ 0.1 5 400/60 10 . 40 20 4 65-90 ~4.5
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the formation of fluorocarbon residue, which unlike the
silicon residues can later be successfully removed. The
etch time is calculated for each wafer based on visual con-
firmation when the bare wiring layer is etched through. We
remove cross-linked polymers from the photoresist sur-
face with a mild 180-W room-temperature oxygen plasma
that minimally oxidizes the exposed Nb (though we find
that this is not very effective). The remaining resist is
now fully dissolved in 80 °C N-methyl-2-pyrrolidone with
surfactants.

With the junctions now formed, the wafer is ultrasoni-
cally cleaned with acetone and isopropanol, coated with a
thick protective covering of photoresist (MiR 703) cured
at 115 °C, and diced into 7-mm chips. The protective cov-
ering is now dissolved in 80 °C N-methyl-2-pyrrolidone
with surfactants (we find that this can also help to remove
stubborn organic residues from previous steps) and the
chips are given a final ultrasonic clean with acetone and
isopropanol. The remaining silicon spacer is now dissolved
by a short (10—15)-s etch in a mixture of ammonium fluo-
ride and acetic acid (AIPAD Etch 639), quenched in deion-
ized water, then carefully dried using isopropanol to pre-
serve the now partially suspended wiring layer. Finally, we
remove the aforementioned fluorocarbon residues by etch-
ing the chips in a 72 &= 1 °C solution containing hydrox-
ylammine, catechol, and 2-(2-aminoethylamine)-ethanol
(Dupont EKC 265). The finished chips are packaged and
cooled down within 30 min from this final etch to minimize
any NbO, regrowth from air exposure.

APPENDIX B: FLUOROCARBON REMOVAL
METHODS

As mentioned in Appendix A, the carbon and argon
content of etch 3 is increased to avoid lossy silicon-spacer
residues, which arise in sulfur-rich and carbon-poor
plasma-etch chemistries [62]. Unfortunately, this results in
more pronounced fluorocarbon residues [33] on finished
junctions, as shown in Fig. 7(a). As these residues are
comprised of lossy dielectric material, it is essential to
remove them to reduce junction loss. To this end, we use
commercially available cleaning solution (Dupont EKC
265), specifically optimized to remove organometallic
compounds. This alkanolamine solution consists of a polar
solvent (H,O), hydroxylamine, 2-(2-aminoethylamine)-
ethanol (AEEA), and catechol [63,64]. The etch mecha-
nism for this mixture begins with the reduction of any
organometallic compounds by the hydroxylamine, allow-
ing the compounds to become more soluble in the water
and alkanolamine solution [63,64]. This also reduces any
exposed metal oxides, which conveniently also removes
contaminated surface metal oxides, which are significant
sources of loss [36,37].

The catechol, primarily a chelating agent or ligand,
allows the now-soluble metal ions to form complexes
and avoid precipitating out of solution. The hydroxy-
lamine can also serve as a ligand in solution. Catechol
also assists in metal protection and metal-oxide solubiliza-
tion due to its redox potential between 1.0 V and —2.0 V

()

Niobium
Wiring

Sapphire ; iy

FIG. 7.

(d)

Fluorocarbon residue removal. (a) With the increased carbon content in etch 3, the untreated finished junctions have fairly

pronounced fluorocarbon residues, with minimal spacer residues. (b) The finished junction treated with the EKC mixture (3 min 90 °C
EKC) nearly 20° above the target etching temperature shows significant metal attack (about 60 nm). Notably, no signs remain of the
fluorocarbon residues on the edges of the Nb wiring layer. (c) When treated between 70 and 75 °C (2 min 72 °C EKC), the metal
etch rate is reduced to a reasonable level, while the organometallic residue on the wiring layer is still efficiently removed. This leaves
incredibly smooth and virtually residue-free surfaces on all sides of the junction as shown in (d).
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(relative to the standard hydrogen electrode) at a pH of
7 [63]. The alkanolamine of choice, AEEA, is an alco-
hol amine with a relatively high boiling point, a high
flash point, and nearly nonexistent metal- or substrate-
etch rates under standard process conditions. The two-
carbon linkage is key toward reducing the attack on
metals and alloyed substrates while enhancing reactiv-
ity with organic and organometallic residues. Importantly,
this mixture is only moderately acidic, with amines with
hydroxyl groups both enhancing solubility and not increas-
ing acidity greatly. Reducing acidity may have the added
benefit of reducing surface hydrogen content, which could
help limit niobium hydride precipitation at cryogenic
temperatures [65], which is known to adversely affect
niobium superconducting properties [66] and coherence
properties [65].

As shown in Figs. 7(b)-7(d), the mixture is effective
at efficiently removing fluorocarbon residue. At the ele-
vated temperatures (approaching the mixture boiling point)
shown in Fig. 7(b), the metal etch rate is increased, remov-
ing nearly 60 nm of niobium. In practice, this consumes
too much of the junction, leaving behind very little of
the first niobium layer, and leaves behind ridges, pro-
ducing a rougher surface. Reducing the etch tempera-
ture to 7075 °C yields much more reasonable etch rates
and surface profiles, as shown in Figs. 7(c) and 7(d).
Only about 10 nm of niobium is consumed in the pro-
cess, while the etch demonstrates selectivity toward the
organometallic residue materials (which can be up to 30

nm thick). These etch conditions completely remove the
fluorocarbon residues and leave a very smooth and lightly
etched finish on the junction metal surfaces. Additionally,
the mild surface etch ensures lossy surface interfaces and
oxides [36,37,50] are removed, which should improve the
loss characteristics in the device.

APPENDIX C: HIGH CRITICAL-CURRENT
DENSITY WITH PECVD

Realizing qubits above 20 GHz requires Josephson junc-
tions with critical currents higher than 0.1 kA/cm?. In
the self-aligned niobium-trilayer junction-fabrication pro-
cess [33], this can be achieved by using low-temperature
(90 °C) high-density plasma chemical vapor deposition
(HDPCVD) when depositing the spacer material, which
avoids annealing the junction barrier [67]. Unlike PECVD,
which requires hotter deposition temperatures, HDPCVD
typically produces more porous material [68]: while the
wet-etch rates are faster [68], we empirically find that
using HDPCVD spacers leads to worse junction loss prop-
erties (This may be a result of the rougher spacer surface
producing a lossier metal-spacer interface left behind after
the final wet etch.) Since the junction-barrier annealing
process is minimal below 200 °C [33,35,67], however, we
can use PECVD at reduced temperatures (200230 °C)
while still forming junctions with a relatively high critical-
current density. In this way, by limiting the maximum
temperatures and the time spent at elevated temperatures,

(c)

(a)

(b)
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FIG. 8. Low-temperature plasma-enhanced chemical vapor deposition (PECVD) junctions with high J.. (a) The junction inductance

Lj calculated from the normal-junction resistance R,, measured as a function of the junction area for several different devices with
different process conditions, including junctions from wafers B and C (qubits measured in the main text). A linear fit with respect
to the junction area yields a measurement of the junction critical-current density J.. (b) The J. of niobium-trilayer junctions as a
function of the oxygen exposure (red and blue data from Ref. [33]) with the addition of low-temperature PECVD junctions (magenta),
which still have a high critical-current density. (c) Reduction of the critical-current density as a function of the anneal temperature,
with the addition of the low-temperature PECVD junctions, which are only mildly annealed. The high-density plasma chemical vapor
deposition (HDPCVD) junctions (data from Ref. [33]) have been annealed for 5 min, while the junctions that have gone through
PECVD have spent more than 15 min at that temperature.
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we can replicate the physical spacer properties of the junc-
tions in Refs. [33,35]. This also improves process stability
by providing control over a wide range of critical-current
densities with a unified process, eliminating the need
for switching between PECVD and HDPCVD deposition
methods.

Using the relationship between the normal-state resis-
tance R, and the critical current /. [69], we can use
room-temperature resistance measurements to predict
cryogenic junction properties. In Fig. 8(a), we show the
Josephson inductance L; = ®y/27 1. determined from the
junction resistance as a function of the final junction
area (with lithographic reduction and etch-back taken into
account). The solid lines show fits to an inverse function
of the area, which can be used to extract the effective
critical-current density J.. Along with test devices con-
taining many junctions with large areas, we also plot
witness junctions (with geometries identical to the qubits
in the main text) fabricated alongside the qubits, which
have different values of J. resulting from differing pro-
cess conditions. While the resistance of the qubit junctions
is not directly measured, this gives a reasonable estimate
of their junction inductance. The junction critical-current
density can be easily adjusted by changing the oxygen
exposure £ = Po, T (the product of the oxidation time T
and the oxygen partial pressure Po,) during the junction-
barrier-formation step [67]. The critical-current densities
extracted by fitting the junction resistance are shown as
a function of the oxygen exposure £ for varying pro-
cess conditions in Fig. 8(b), overlaid with measurements
from Ref. [33]. Our results (magenta) are consistent with
the expected J, o E'/? dependence and, importantly, we
find that reducing the PECVD deposition temperature
from 300 to 200230 °C results in critical-current densities
close to the low-temperature (90 °C) HDPCVD junctions.
Going further, we can directly compare the PECVD and
HDCPVD processes to estimate the annealing effect of
the elevated temperatures. We summarize the reduction
in J, as a function of the PECVD deposition temperature
in Fig. 8(c), finding that our process typically maintains
more than 50% of the HDPCVD critical-current density.
These differences are comparable to the variations in J,
measured from wafer to wafer (likely a result of imperfect
process control), so we are not able to resolve a consis-
tent trend with temperature [33,67]. However, comparing
the unintentionally different lengths of time each wafer has
spent at elevated temperatures [labeled in Fig. 8(c)] could
help to explain the J. variations. Automating and further
refining the fabrication process described in Appendix A
may help further increase the junction consistency. Nev-
ertheless, within a practically accessible oxygen exposure,
our junction process can realize critical-current densities
between 100 A/cm? and 2.5 kA/cm?, while also taking
advantage of the smoother and more conformal PECVD
spacer surface.

APPENDIX D: LOW-LOSS K-BAND PACKAGING

Chips with several qubits and their readout resonators
sharing a common microwave feed line are mounted in a
K-band [(18-27)-GHz] package shown in Fig. 9, which
is carefully engineered for low-loss operation from dc
to 30 GHz. Inspired by microwave solutions [70], the
package aims to shield the qubits from decoherence from
external fields and thermalize the sapphire chip contain-
ing the qubits, while adding minimal unwanted resonant
modes and efficiently routing signals to and from the
chip with minimal dissipation and reflection. We accom-
plish this with a copper-clad porous ceramic filled polyte-
trafluoroethylene (PTFE) dielectric (Rogers 3003) circuit
board, patterned with via-fenced [71] coplanar waveguides
for signal routing. The sapphire substrate is clamped to
the circuit board by a high-purity copper enclosure, as
shown in Fig. 9(b). This enclosure is composed of three
precision-machined pieces, which thermalize and mechan-
ically secure the sample and prevent leakage by fully
enclosing the chip on all sides. To minimize potential dam-
age to the delicate surface of the chip from accidents during
mounting, the chip is first placed into a slot on the copper
anvil piece, where it sits on short sections of soft indium
wire located on each corner. The enclosure is designed to
naturally align patterns on the chip surface with the cir-
cuit board: as the anvil is screwed into the copper base,
the anvil geometry aligns the chip within a tolerance of
0.005 in. and the indium wire deforms into the machined
pocket, firmly securing the sapphire. When assembled,
the sapphire substrate is suspended so that the surface
qubits are well separated from the lossy copper surfaces
[70], with the resulting dimensions optimized such that the
nearest package mode lies above 27 GHz. To further mini-
mize potential loss contributions from the copper, the anvil
and lid are polished and the copper oxide is etched with
glutamic acid (flux) immediately prior to packaging. Fur-
ther improvement could be achieved by plating the copper
surface [70].

The signal is coupled on and off the sapphire sub-
strate with wire bonds. Since each of these has a high
inherent inductance of about 1 nH/mm [72], which is
increasingly problematic at higher frequencies, we use
sets of three wire bonds for each connection. Using
finite-element-method simulations (ANSYS HFSS), we sim-
ulate and optimize the wire-bond location and profile
in conjunction with the on-chip signal-launch geometry
for best performance in the K band. The final geom-
etry is illustrated in Fig. 10(a). To estimate the pack-
age performance and avoid unwanted resonant modes in
lengths of transmission line, we also simulate the scat-
tering parameters of the entire package, which includes
the entire chip and circuit board. The simulated param-
eters, shown in Fig. 10(b), suggest an insertion loss
better than 0.2 dB up to 27 GHz, after which the
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(a) Compression Mount
2.92-mm (K) Connector

FIG. 9.

1/2 oz. Copper

E w =0.38 mm Via

Rogers 3003

(a) Cutaway renderings of the K-band packaging, highlighting the three machined copper pieces that secure, thermal-

ize, and electrically shield devices patterned on the sapphire chip (blue). (b) A close-up view shows how the sapphire chip is
held in the anvil piece with sections of indium wire: as the anvil is screwed into the base, the anvil geometry aligns the chip
within a tolerance of 0.005 in. and the indium wire (green) deforms into the machined pocket, firmly securing the sapphire. (c)
The package also routs a signal from K connectors to and from on-chip devices. This is accomplished with a circuit board fab-
ricated using a low dielectric constant substrate with good high-frequency loss properties. Plated vias on either side of the signal
trace combined with a mousehole slot in the copper lid ensure that the signal is confined without excessive leakage and unwanted

resonances.

impedance-mismatch effects become increasingly pro-
nounced. While not visible in Fig. 10(b), the simula-
tions also suggest the presence of weakly coupled modes
localized in the substrate and indium mounting regions,
typically between 25 and 29 GHz (depending on the
exact geometry of the deformed indium). Combined with
reduced transmission at higher frequencies, this determines
an upper useful operating range of about 27 GHz for this
packaging design.

APPENDIX E: CRYOGENIC MEASUREMENT
SETUP

The K-band package described in Appendix D is ther-
malized to the base stage of an Oxford Triton 200 dilution
refrigerator (lowest mixing-chamber temperature 65-95
mK), where transmission measurements through the cen-
tral feed line can be used to characterize resonators and
qubits. The mounted assembly is encased in two layers of
Mu-metal magnetic shielding to reduce decoherence from
stray magnetic fields, as shown in Fig. 11. The qubits

are also protected from noise coming from the input line
by 50 dB of cryogenic attenuation: these cryogenic atten-
uators maintain their properties up to excessively high
frequencies (65 GHz), which helps to ensure that the noise
temperature reaching the qubits is sufficiently low, even for
higher-frequency harmonics, which will also be properly
attenuated. After passing through the sample, two cryo-
genic isolators along with a superconducting Nb-Ti cable
minimize signal dissipation while continuing to shield
the qubits from thermal radiation. A cryogenic low-noise
amplifier (noise temperature around 8.5 K) combined with
a low-noise room-temperature amplifier help to increase
the output signal power to easily measurable levels while
maintaining a good signal-to-noise ratio.

The resonators and qubit transitions are characterized
with continuous-wave single- and two-tone spectroscopy,
using a Agilent E5071C network analyzer (not shown
in Fig. 11). For pulsed qubit measurements, we use a
Quantum Instrument Control Kit [73] based on the Xilinx
RFSoC ZCU111 field-programmable gate array (FPGA)
to synthesize and measure pulses, which are up- and
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(a) The optimized launcher geometry and wire-bond configuration, which achieves maximal transmission up to 27 GHz.

Using a manual wire bonder, we attempt to replicate this wire-bond shape; however, in practice, the circuit-board dimensions require
slightly longer bonds. (b) The simulated transmission and reflection through the K-band package containing a chip with a straight
transmission line connected to the optimized launch and wire-bond geometry. Not taking into account metal dissipation and inser-
tion loss from the circuit-board connectors, the simulations predict a total insertion loss better than 0.2 dB up to 27 GHz for each

transition.

down-converted with the heterodyne measurement setup
shown in Fig. 11. The FPGA and carrier-signal generators
are clocked to a 10-MHz rubidium source for frequency
stability. Although the frequencies used can technically
be sent through SMA connectors, in practice working at
the edge of the connector operating band causes increased
issues with impedance mismatches and unwanted circuit
modes. Since many components used in the setup are
designed to operate at higher frequencies, we primarily
use 2.92-mm (K) connectors for routing signals. Since the
individual filters (marked with stars in Fig. 11) have fairly
wide bandwidths, we adjust the filter network to best match
the frequency of each individual qubit, in order to maxi-
mize transmission at the qubit frequencies while filtering
out leaking local oscillator signals and unwanted images.

APPENDIX F: RABI OSCILLATIONS WITH
FINITE PULSES

An applied signal on resonance with fy, will result in
Rabi oscillations between the ground and excited states at
a Rabi frequency €2 proportional to the signal amplitude. In
the main text, we explore this behavior by applying fixed-
length Gaussian pulses near the qubit frequency, which
have the following pulse envelope function:

Q) = Qoexp |:—2tf7:| , —no <t<mno. (F1)

For practical purposes, the pulse length is finite, which is
achieved by truncating the Gaussian envelope at £no. For

simplicity, the resolution of the stored pulse wave form
is limited to the FPGA processor speed, so we instead
explore Rabi oscillations by varying the pulse amplitude
(over which we have much finer control). This behav-
ior is sinusoidal and results in periodic fringes with the
qubit in its excited state, as shown in Fig. 2(b). For a
continuous signal detuned from the qubit transition by A,
the excited-state probability of the qubit would be given
by [45]

2

P.(f) = ﬁ sin? (T Q). (F2)
The finite Gaussian nature of the pulse that we use com-
plicates the qubit evolution, however, since the Rabi evo-
lution rate is nonuniform during the pulse [44] and the
truncated pulse edges introduce nonadiabaticity in the
qubit-state evolution [43]. For a truncated Gaussian pulse
as described in Eq. (F2), the excited-state population can
be modeled by [44,45]

QZ —n? n
Po=—Csin? (5/ TV Qe + A2) .
Qe 4 A2 -

2 )
(F3)

On resonance (A = 0), we recover the familiar expression
P, = sin? (1o Q). However, off resonance, the expected
power broadening of the Rabi oscillations in frequency
space is reduced, as shown in Fig. 12. For small n, the
behavior is similar to that of a square pulse [45]; however,
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FIG. 11. A schematic of the high-frequency microwave-measurement setup used for qubit characterization. The colored tabs show
the temperature stages inside the dilution refrigerator. A composite photograph (top right) highlights the relevant hardware in the
dilution refrigerator, with a cutaway showing the location of the copper sample box inside the magnetic shield. A photograph (bottom
right) shows the sample box with the top and anvil copper pieces removed.

as we include more of the Gaussian profile by increas- APPENDIX G: TIME DEPENDENCE OF
ing the cutoff length n, the bandwidth of the oscillations COHERENCE

decreases while the frequency scaling of the oscillations
remains constant. While this model neglects bandwidth
effects on the pulse envelope reaching the qubit, the behav-
ior shown in Fig. 12 qualitatively matches the behavior
observed in Fig. 2(b).

The qubit coherence is expected to fluctuate in time,
both from lossy coupled two-level systems [47—49] as well
as nonequilibrium quasiparticles that can be generated by
high-energy particle impacts [27,74—77]. To investigate
this, we measure the coherence properties of a qubit as a
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FIG. 12. The excited-state population following a finite-length Gaussian pulse terminated at +no, shown for different values of n:
(a)n =1.5;(b) n = 2.0; (c) n = 2.5. For smaller n, the pulse shape is closer to a square pulse and the fringes exhibit significant power
broadening. As more of the Gaussian envelope is used, the fringe bandwidth is reduced, limiting the power-broadening effect. Here,
the pulse lengths o have been adjusted to yield similar oscillation rates at A = 0.

function of time, as shown in Fig. 13(a). We interleave
faster and slower experiments with 1000 and 3 x 10° aver-
ages, respectively, each of which has a different fit uncer-
tainty o,,. After propagating out the respective average
fit uncertainty (o,,), we estimate that the qubit coherence
fluctuation can be described by a Gaussian probability dis-
tribution with o7 = 6 = 1% of the qubit 7;. To speed
up measurements, these population-decay experiments are
each performed with fewer than ten delay points; however,
many averages are still needed to estimate the population
decay rate. Combined with data-transfer times, the short-
est experiment spacing achieved in Fig. 13(a) is around 3 s,
which is sufficient to capture slow effects such as two-level
system (TLS) population fluctuations [47—49].

Other dissipation processes such as quasiparticle relax-
ation [25,26,38] occur on a much faster time scale, espe-
cially in niobium [31]. Since our devices are firmly in the
transmon limit [39], we cannot leverage charge sensitiv-
ity to monitor quasiparticle dissipation dynamics through
discrete charge fluctuations [74]. To explore decoherence
events with higher time resolution, we turn to rapid qubit
error measurements similar to those of Refs. [75,76]. Our
measurement protocol [illustrated in Fig. 13(b)] consists of
a deconstructed population-decay experiment, in which the
qubit is excited and then measured following a short delay
T = 260 ns. We wait for several coherence lengths (4 j1s)
in between experiments to ensure that the qubit cools back
down to its ground state. The qubit state is measured (with
readout fidelity 60%) and we count the percentage of errors
occurring in a window of fixed time. We note that due to
hardware bandwidth limitations, we are only able to mea-
sure a single qubit at a time, which limits the information
gained by this measurement.

The error rates are summarized as a function of time
using increasing window lengths in Fig. 13(c). Since
we are measuring single-qubit errors and not correlated
qubit errors [75,76], our measurements cannot differentiate

between different types of errors. As a result, the time-
series data in Fig. 13(c) are dominated by a combination
of readout errors and qubit errors from population decay.
An event generating an aluminum quasiparticle is expected
to produce significant sustained increases in single and
correlated qubit errors over durations of milliseconds
[75—77]. Other than small fluctuations [not inconsistent
with 7} distributions found in Fig. 13(a)], we do not
observe conclusive signs of such millisecond-scale events.
As niobium quasiparticles are expected to have lower equi-
librium densities and much faster recombination rates on
the order of 5 ns [31], we cannot conclusively confirm or
deny the presence or frequency of nonequilibrium quasi-
particle events in our qubits. However when combined
with the thermal dependence of coherence properties, we
believe that the absence of consistent qubit errors on mil-
lisecond time scales may suggest that our loss channels are
primarily dominated by nonquasiparticle sources.

APPENDIX H: QUBIT THERMAL
PERFORMANCE IN CONTEXT

Our qubits benefit from both higher frequencies
as well as a higher-energy-gap superconductor, which
increases the temperatures at which quasiparticle effects
are observed. As a comparison, it is useful to place their
performance in context with a conventional microwave
qubit: in Fig. 14, we show the measured relaxation
and dephasing times of a standard aluminum-junction
microwave qubit (the same device compared to the one
used in Ref. [33]) plotted alongside the devices discussed
in the main text.

The qubit relaxation times are determined by qubit
heating from its environment, which depends on the
qubit frequency and environment temperature [59], a low-
temperature loss limit 7y determined by independent
sources of dissipation, as well as quasiparticle tunneling
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FIG. 13. Temporal measurements with qubit C1. (a) The deco-

herence time 77 measured as a function of time, with low- (blue)
and higher-average-number experiments (red) interleaved. Tak-
ing into account the individual fit errors, a cumulative histogram
for both suggests that qubit 7; has a variance of about 6%. (b)
Rapid qubit error measurements are made by applying a 7 pulse
and then measuring the qubit after a short delay . The exper-
iments are repeated after a relaxation delay of 4 ws and the
percentage of qubit errors is counted in a moving time window.
(c) Several time-dependent qubit error measurements with 10°
points, taken at different times, each shown with varying time-
window lengths. Here, the measurement is performed with a
delay of T = 260 ns, so a significant error baseline is observed
from 7 decay and limited readout fidelity. We observe fluctua-
tions consistent with small variations in 7. These measurements
do not reveal conclusive signs of sustained qubit errors on a mil-
lisecond time scale, such as those observed during cosmic ray
events.

loss T, [28,29], resulting in the following model for
temperature dependence:

1 1 + COth (%) N 1
Ti(T) Tio Typ(D)'

(HT)

Here, the quasiparticle tunneling loss can be approximated
as a function of the temperature, the qubit frequency wy,
and the superconducting energy gap of the junction A,
using Bessel functions Ky and K as follows [28,29,78]:

x (K [hwq} L [m"]) (H2)

l2kr | " 4an 24T )
We find that this model is fairly accurate for describing
qubit relaxation times for both niobium- and aluminum-
junction qubits, as shown in Fig. 14. As expected, the
relaxation times of the aluminum junction qubit drop
rapidly around 160 mK as the quasiparticle decoherence
term becomes dominant. From Eq. (H2), we observe that
the niobium-junction qubit would begin to see impacts
from quasiparticle-tunneling contributions only above
approximately 1.1 K.

Unlike the relaxation time, the qubit dephasing times
largely depend on the readout-resonator properties. As
described in the main text, the dephasing time has contri-
butions from relaxation, along with pure dephasing from
both the readout resonator and the environment:

L_1 + ! + ! (H3)
o Tho 2T)

For the devices in the main text, the relaxation time is
fairly constant, so we primarily observe the effects of pure
dephasing. However, for the aluminum qubit, shown in
Fig. 14(b), we observe three regimes in which the qubit is
first dominated by fairly constant dephasing from the envi-
ronment, then reduced by contributions from the readout
resonator above approximately 50 mK, and finally, above
approximately 150 mK, is rapidly reduced by the drop
in relaxation time caused by quasiparticle tunneling. At
the highest temperatures measured, the microwave qubit is
sensitive to the line width of the readout resonator, which is
in turn also likely increasing due to quasiparticle loss [30]
(which explains the deviations, as we do not include this
effect in the model). As a result of the significant frequency
difference, the aluminum-qubit dephasing is comparable to
the K-band qubits at approximately 140 mK.

This model of the thermal dependence of relaxation
and dephasing leads to some interesting conclusions for
qubit design. Consider a hypothetical microwave qubit
with improved performance (779 = 7> = 150 ps) and,
otherwise, frequencies and properties identical to those
of the measured microwave device (magenta). Plotting
this performance with dashed cyan lines in Figs. 14(a)
and 14(b), we observe that the relaxation time behaves
similarly to the measured device, with a sharp drop
from quasiparticle tunneling around 150 mK, while the
dephasing times begin to decrease at temperatures as
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FIG. 14. (a) The relaxation time for the K-band niobium qubits from the main text (labeled with the qubit frequency) along with

a microwave aluminum qubit [33] (magenta), which showcases a much sharper drop in 7; around 160 mK. Hypothetical aluminum-
junction qubits with better performance are shown in cyan: we assume a fixed quality factor Q;, which results in different base-
temperature relaxation times; however, the thermal dependence is unchanged. (b) The dephasing time for the K-band and microwave
qubits. In addition to the limitations of quasiparticle effects above 160 mK, the microwave-qubit performance is degraded by excess
thermal population in its readout resonator: this effect remains even if low-temperature performance is improved (dashed cyan). This

dephasing can be mitigated by increasing the readout-resonator frequency (solid cyan).

low as 50 mK. Now consider the same hypothetical alu-
minum qubit but scaled up approximately threefold in
frequency, shown with a solid line. Assuming that the
relaxation loss has material origins, the qubit quality fac-
tor will remain constant: this leads to an inverse reduc-
tion in the relaxation time, with the thermal dependence
largely unchanged. Examining the thermal dependence of
the dephasing, however, we conclude that an aluminum
qubit merely 3 times higher in frequency should yield

significant performance improvements between 100 and
200 mK. Operating beyond these temperatures requires
also addressing the quasiparticle loss through the use of a
higher-energy-gap junction, as done with the qubits in the
main text.

Evidently, increased frequency can be a powerful tool
for improving qubit performance at higher tempera-
tures. For the 20-GHz qubits described in the main text,
we observe limits to the dephasing performance above

(a) (b) (c)
10 ms 1 1 1 1 1 1
1ms+ L [
fa.fr
N (GHz)
100 ps+ E e FEo—
~ \\».
S o N —2
c ] L N L L
g \\ 5
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s N \ \ 2
100 ns 5 . \ 3 N\ F \\ 3 50
N _
10 ns 3 N\ AR \\ 100
T T T T T T
10 100 1000 10 100 1000 10 100 1000
T (mK) T (mK) T (mK)
FIG. 15. Maximum dephasing for all-niobium qubits, considering only thermal dephasing from the readout resonator and relaxation

from quasiparticle tunneling: (a) readout-resonator Q = 103; (b) readout-resonator Q = 10*; (c) readout-resonator Q = 10°. For a
better comparison between frequencies, the readout-resonator line width y is determined by the unitless quality factor Q = wg/y
and dispersive shifts y between 0.3y and 5y are considered. From this model, an increase in qubit and readout-resonator frequency
will result in improved dephasing times, particularly at lower temperatures. Higher frequencies also increase the maximum operating
temperature, with frequencies on the order of 100 GHz increasing the dephasing performance near temperatures of 1 K.
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approximately 250 mK. Similar to the hypothetical exam-
ple discussed above, however, a further threefold increase
in the niobium-qubit frequency to 60—75 GHz could elim-
inate this thermal sensitivity and enable good performance
at temperatures up to 1 K. To illustrate this, we consider
the maximum-possible dephasing times for a niobium-
junction qubit in Fig. 15, where we assume a perfect device
with Ty o = T = oo. For any qubit design, quasiparticle-
induced decoherence becomes dominant above approx-
imately 1.1 K. The low-temperature dephasing perfor-
mance is sensitive to qubit parameters, however, and can
be improved by decoupling the qubit from its readout res-
onator: achieved by either increasing the readout-resonator
quality factor Q = wg/y or, to a lesser extent, by reducing
the dispersive shift y. However, since this also reduces the
state-measurement fidelity, this approach is less practical.

On the other hand, increasing the readout-resonator fre-
quency for a given qubit design leads to dramatic improve-
ments, particularly for lower temperatures. From Fig. 15,
we also observe that as frequencies increase, so too does
the maximum operating temperature (above which dephas-
ing times decrease below a particular threshold). From
this we conclude that increasing the frequency of our
K-band qubits to millimeter-wave frequencies (near 100
GHz) could further extend their operating temperatures
from 250 mK to 1 K.
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