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Engineering superconducting qubits to
reduce quasiparticles and charge noise

Xianchuang Pan1,2,3,8, Yuxuan Zhou1,2,3,4,8, Haolan Yuan1,2,3,4, Lifu Nie1,2,3,
Weiwei Wei1,2,3, Libo Zhang1,2,3, Jian Li 1,2,3, Song Liu 1,2,3, Zhi Hao Jiang 5,
Gianluigi Catelani 6,7 , Ling Hu 1,2,3 , Fei Yan 1,2,3 & Dapeng Yu 1,2,3,4

Identifying, quantifying, and suppressing decoherence mechanisms in qubits
are important steps towards the goal of engineering a quantum computer or
simulator. Superconducting circuits offer flexibility in qubit design; however,
their performance is adversely affected by quasiparticles (broken Cooper
pairs). Developing a quasiparticle mitigation strategy compatible with scal-
able, high-coherence devices is therefore highly desirable. Here we experi-
mentally demonstrate how to control quasiparticle generation by downsizing
the qubit, capping it with a metallic cover, and equipping it with suitable
quasiparticle traps. Using a flip-chip design, we shape the electromagnetic
environment of the qubit above the superconducting gap, inhibiting quasi-
particle poisoning. Our findings support the hypothesis that quasiparticle
generation is dominated by the breaking of Cooper pairs at the junction, as a
result of photon absorption by the antenna-like qubit structure. We achieve
record low charge-parity switching rate (<1 Hz). Our aluminium devices also
display improved stability with respect to discrete charging events.

Quantum computers and simulators are highly anticipated trans-
formative technologies, and superconducting quantum circuits
based on Josephson junctions are a leading candidate for their
realization. The proper functioning of superconducting circuits
requires a pristine environment to protect the collective beha-
viour of Cooper pairs. An acknowledged potential danger is qua-
siparticle poisoning, that is, the presence of broken pairs
ubiquitously seen in superconducting devices; these quasi-
particles can be a significant source of decoherence in qubits
based on Josephson junctions1,2. Moreover, recent studies with
superconducting circuits3–6 have shown that energy deposited in
the substrate may cause quasiparticle generation not only locally
(i.e., in a single qubit) but also across multiple qubits within a short
time, leading to correlated errors that can impede quantum error

correction. Therefore, a deeper understanding of the generation
mechanisms of quasiparticles, from ionizing radiation7 to stray
photons8, is imperative.

Quasiparticles have been intensely investigated over the last
decade9–12. Puzzlingly, experiments conducted using various
devices unanimously suggest a much higher number of quasi-
particles at experimental temperatures (typically ~10mK) than
expected in thermal equilibrium, a phenomenon that is not yet
fully understood. The number of quasiparticles is determined by
the balance between generation, i.e., the breaking of a Cooper pair
into two quasiparticles, and recombination, the reverse process.
While recombination is determined by material properties that can
be difficult to modify, generation can be controlled to some
extent, for example, by using phonon traps13. For small
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superconducting islands, schemes to pump out quasiparticles
have been developed14 and protection by a ground plane has been
shown to reduce quasiparticle generation15. Alternatively, trapping
quasiparticles in normal-metal islands, so that they cannot tunnel
through Josephson junctions, can also protect qubits16. However, a
mitigation method that is compatible with state-of-the-art quan-
tum processor designs17 has not yet been demonstrated.

Here we experimentally investigate how variations in our super-
conducting qubit design affect the rate of quasiparticle generation and
show that the main quasiparticle source is local: quasiparticles origi-
nate from the breaking of Cooper pairs at the Josephson junction via
the absorption of stray photons. This corroborates the conjecture that
photons with energy greater than twice the superconducting energy
gap andwhose absorption ismediated by the antenna-like structure of
the qubit are responsible for the observed excess quasiparticles8,18,19.
Leveraging the design flexibility of superconducting circuits, particu-
larly flip-chip technology, we demonstrate convenient control of the
antenna mode and hence the quasiparticle generation, achieving an
exceedingly low charge-parity switching rate (ΓP≲ 1 Hz) in our alumi-
nium qubits. The charge offset stability is also improved, and the
occurrence rate of strong charge jumps (jump amplitudes >0.1e, where
e is an electron charge) is on the order of 0.01mHz. In addition, the
measured temperature dependence of the charge-parity switching

rates is consistent with quasiparticles being thermally excited out of
the capacitor pads, which act as superconducting traps20, and into the
junction leads.

Results
Devices and quasiparticle generation mechanism
Our devices have two different types of architectures, planar and
vertically integrated21–23, both consisting of aluminium on c-plane
sapphire substrates. A planar sample consists of six qubits separated
by at least 1.3mm (Fig. 1a), with each qubit (transition frequency
between the ground and excited stateωge) coupled to a local resonator
(frequencyωr) for dispersive readout24 and to a dedicated control line
(feeding both direct current and radio frequency signals). As shown in
Fig. 1b, the qubits share a floating transmon design25, two rectangular-
shaped capacitor pads (charging energy EC = e2/2CΣ, where CΣ is the
total capacitance) shunting a Josephson junction (Josephson energy
EJ). We fabricated Manhattan-style Josephson junctions using two
aluminium leads, Arm1 and Arm2 in Fig. 1c, that extend from the pads
and overlap each other, separated by an aluminium oxide barrier. In
addition, we fabricated a second type of device using flip-chip tech-
nology to cover the qubit structure with a floating aluminium cap
separated by 10μm (Fig. 1d). In both the capped and uncapped devi-
ces, we added variations in the circuit design across the different

Fig. 1 | Device layout and photon-assisted quasiparticle generation. a Optical
micrograph of a planar-design 6mm×6mm sample chip. The light area indicates
the base aluminium layer; the dark area indicates the exposed sapphire substrate.
Each qubit (Q1--Q6) has a dedicated charge drive line (straight transmission line)
and a dedicated readout resonator (meandering transmission line). The six reso-
nators share a common feed line for a multiplexed readout. b Close-up view of Q1
(blue rectangle in a), showing two aluminium pads (length L and widthW) floating
inside an aperture. The pad-to-resonator distance is r; the pad-to-ground distance
on the other three sides is d; the pad-to-drive-line distance is c; the pad-to-pad
distance is q. In the shown case, L = 80μm,W = 35μm, r = 23 μm, d = 5 μm,
c = 41μm, q = 10μm. The qubits shown in a have varying pad-to-ground distances
(d = 5 − 30μm). c Close-up view of the junction area (yellow rectangle in b). Two

layers (colour-coded) of aluminium film are deposited on thebase layer to form the
junction, i.e., the region where the two thin strips (Arm1 and Arm2) overlap. An
additional aluminium layer (10μm×2μm rectangular patches) forms the bandage
structures that are used to improve the galvanic contact46. The film thicknesses are
100nm for the pads, 30nm for Arm1, 40nm for Arm2, and 200 nm for the ban-
dages. d Schematic of a vertically integrated device with the qubit, resonator and
drive line patterned on the bottom die and a square-shaped aluminium pad (pur-
ple) on the top die floating above the qubit. The inset on the bottom left shows a
cross-sectional view of the device. e Schematic illustrating the quasiparticle pro-
cesses. Δ0 and Δ are the superconducting energy gaps of the pads and the junction
leads, respectively.
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qubits to investigate the generationmechanism of the nonequilibrium
quasiparticles.We explored anextendedparameter regimeof the EJ/EC
ratio (2–30) between the transmon and the Cooper pair box or charge
qubit26–28, which retains sensitivity to charge fluctuations and quasi-
particle tunnelling. The samples were packaged in aluminium and
copper boxes that were thermally anchored to the mixing chamber
stage (<10mK) of a dilution refrigerator. Similar to other studies18,29,30,
we find that careful shielding and filtering are important to reduce
quasiparticles. See SupplementaryNote 1 ~ 2 (SupplementaryMaterial)
for more information concerning the device and experimental setup.

The aluminium film is thinner at the junction leads (30–40 nm)
than at the pads (100nm); therefore, the superconducting gap fre-
quency near the junction (f* = 2Δ/h ≈ 2 × 217μeV/h = 105GHz) is higher
than that in the pads (f0 = 2Δ0/h ≈ 2 × 180μeV/h = 87GHz)31,32. Accord-
ingly, we hypothesize the following scenario for the generation and
tunnelling processes of nonequilibrium quasiparticles (Fig. 1e). Pho-
tons or phonons with energy greater than twice the superconducting
energy gap can break a Cooper pair and create two quasiparticles.
Such bulk generation is more likely in the pads than in the arms,
because of the much larger area and volume of the pads. However,
these nonequilibrium quasiparticles may not directly contribute to
tunnelling across the junction, unless, for example, they are excited by
phonons to overcome the gapdifference between the thinner junction
arms and the pads. Conversely, the coherent tunnelling of a Cooper
pair across the junction can accompany a photon absorption event, as
a form of photon-assisted tunnelling33 that breaks the pair and creates

one quasiparticle on each side of the barrier. Therefore, by measuring
the quasiparticle tunnelling rate, one can infer the absorption effi-
ciency of sub-terahertz (~100GHz) photons.

The qubit Hamiltonian can be expressed in the form of a gen-
eralized Cooper-pair box18:

Ĥq = 4EC n̂� ng +
P � 1
4

� �2

� EJ cos ϕ̂, ð1Þ

where n̂ is the number of Cooper pairs that have traversed the junction
and ϕ̂ is the superconducting phase difference across the junction. ng
indicates the offset charge in units of 2e and the Hamiltonian has a 2e-
periodicity. P is the charge parity of the circuit, where P = 1 corre-
sponds to even parity and P = − 1 corresponds to odd parity. The
Hamiltonian implies that a change in the charge parity of the junction
electrodes is equivalent to a shift of 1e in the offset charge. Compared
to the usual transmon Hamiltonian25, in which the parity is con-
ventionally fixed to be even, the system described by Eq. (1) has twice
as many eigenstates, one for each parity.

Measuring the charge-parity switch rate
Both the single-tone resonator and two-tone qubit spectroscopy
(Fig. 2a and b, respectively) exhibit random switching between the two
spectral curves corresponding to the different parities. In the dis-
played case, the qubit is in the charge regime (EJ/EC ~ 3), leading to
distinct qubit transition frequencies for the two parities,
ωE

ge=2π =6:850 GHz and ωO
ge=2π =4:478 GHz at ng = 0, and hence dif-

ferent dispersive shifts of the resonator frequency. By fitting both
spectra to Eq. (1) and the Jaynes-Cummingsmodel24, we can extract the
actual device parameters: EJ/h = 4.6GHz, EC/h = 1.4 GHz, and the qubit-
resonator coupling g/h = 24MHz.

To track how the charge parity evolves over time, we repeatedly
measured the transmitted signal. With our approach, events faster
than the sampling rate of 3.3 kHzmay bemissed. However, if the parity
switching is a random process without strong correlation, the only
missed events would be those with parity consecutively switching for
an even number of times during a short time interval. Such events are
not the same type of random telegraph processes studied in this work.
Indeed, a typical trace is shown in Fig. 2c, displaying a telegraph signal
that randomly switches between even and odd parity every few sec-
onds. We acquired a few hundred such traces and computed their
power spectral density (Fig. 2d); the Lorentzian spectral shape is
consistent with a random telegraph process. The spectral width is
proportional to the average switching rate ΓP; in this case, TP = 1/ΓP =
2.7s, which is a state-of-the-art result for superconducting qubits.
Previously reportedTP values range from 1ms34 to ~10msunder similar
shielding and filtering conditions18, and have recently been prolonged
to 100ms level by creating a light-tight environment30. Our result—
more than one order of magnitude better without sophisticated
shielding—implies the significant influence of the device geometry.
This influence, as we discuss next, is much stronger than the variation
in switching rates (about a factor of 2) between devices with identical
design measured in the same cooldown, and between different cool-
downs for a given device (see Supplementary Fig. 5 (Supplementary
Material) for details).

Effect of circuit geometry on parity switching
We performed a parametric study of the dependence of the charge-
parity switching rate on the geometry to investigate the origin of the
nonequilibrium quasiparticles in our devices. The qubit structure,
typically a few hundred microns in size, can be a good antenna19,
channelling stray photons at a few hundred gigahertz to the junction.
The entire structure can be regarded as a pair of folded slots (Sup-
plementary Material)35 (Fig. 3a, left) that support multiple resonant
modes, determined primarily by the length of the long edges L of the

Fig. 2 | Spectroscopy and charge-parity detection. a Resonator (ωr) and b qubit
spectroscopyas a function of the offset charge bias ng, showing 2eperiodicity and a
shift of 1e between even and odd parity. The dashed lines are the identified reso-
nator frequency ωEðOÞ

r and the g-e transition frequency of the qubit ωEðOÞ
ge (the

superscript letter E andO indicate even and odd parity, respectively) from fitting to
the Jaynes-Cumming model. The resonator spectrum was acquired by a network
analyzer at a rate of 0.2 s per offset bias or vertical linecut, while the qubit spectrum
was obtained from pulsed measurements with each data point taking ~0.1 s. See
Supplementary Note 3 (Supplementary Material) for the other identified transi-
tions. c Example of the time evolution (time interval: 0.3ms; total length 18 s) of the
charge parity measured at ng = 0 showing random telegraph behaviour between
even (P = 1) and odd (P = − 1) parity. d Power spectrum of the charge-parity fluc-
tuations obtained from 1200 repetitions of the measurement in c. The inset shows
the Lorentzian fitting function, where ΓP (the average switching rate), A and B
are fitting parameters. In the illustrated case, the extracted charge-parity lifetime
TP = 1/ΓP = 2.7s. The white noise (offset term B) is due to the sampling noise.
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metallic pads. For the fundamental mode, L = λ/2, λ being the effective
mode wavelength obtainable from the real part of the input impe-
dance Zrad calculated via finite-element electromagnetic field simula-
tions (Fig. 3b). For a cappedqubitwith the samegeometry, the radiator
mode frequency is slightly redshifted because of the additional capa-
citance between themetallic cap and the qubit. Moreover, because the
cap behaves as a floating ground plane located in close proximity to
the radiator, the induced currents also contribute to the radiated field;
the virtual currents located on the other side of the cap are out of
phase with respect to the currents on the qubit (Fig. 3a, right), there-
fore cancelling each other and leading to near-zero radiated power.
This explains the much smaller radiation impedance when the same
qubit is capped (Fig. 3b). The real part of the input impedance is
directly related to the power transfer efficiency of the pair-breaking
photons19:

ecð f Þ=
4Re½Z rad�Re½Z J�

∣Z rad + Z J∣
2 , ð2Þ

where ZJ is the junction impedance.
Figure 3c shows the parity switching rate ΓP for qubits with dif-

ferent pad lengths, exhibiting a monotonic increase with the pad
length L by two orders of magnitude for the uncapped qubits. With
larger L, the frequency of the fundamental mode is reduced from
500GHz (L = 80μm) to 160GHz (L = 300μm), approaching twice the

superconducting gap frequency f* = 2Δ/h. Consequently, the power
transfer efficiency at this critical frequency is enhanced. Note that for
L = 240μm, ΓP ≈ 30s−1, in agreement with the switching rate measured
for a device having similar EJ/EC ratio (20–30)18. Assuming the linear
relation ΓP = γ ec(f*), where γ is a constant indicating the conversion
efficiency between the incoming photonflux (excluding the geometry-
dependent factor ec) and the observed parity switching events, we find
that γ = 3 × 105s−1 gives the best agreement between the experiments
and simulation predictions. This value of γ is used in all cases, since
they share a nominally identical setup. For the capped qubits with a
similar size, ΓP is approximately an order of magnitude lower, con-
sistent with the predictions.

The above result supports the hypothesis that pair-breaking
photons absorbed by the antenna mode are responsible for the
excessive quasiparticles in our devices; it also validates our method of
protecting qubits from stray photons via capping, which is predicted
to be effective across different regimes, from EC > 1 GHz (charge
qubits) to EC < 0.3 GHz (transmon qubits). The parity switching timeTP
for the low energy states of transmon qubits, while not detectable
because of their insensitivity to charge, is estimated to be 10–100ms
(see Fig. 3c). Since TP can set an upper limit on the qubit coherence
times36, it is important to prevent nonequilibrium quasiparticles from
compromising the qubit performance, especially with the state-of-the-
art coherence time of transmon qubits approaching the millisecond
mark37,38.

Fig. 3 | Effect of circuit geometry on parity switching, charge offset stability,
and coherence. a Top view of the electric field (E, arrows) of the fundamental
radiation mode formed by the floating transmon structure (left). Mode current (J,
solid arrows) and its image (Jimage, dashed arrows) on the two sides of the alumi-
nium cap indicated by the dashed line (right). b Real part of the simulated input
impedance Zrad of a typical qubit (L = 260μm, W = 35 μm) with and without a cap.
The arrows indicate the peaks corresponding to the fundamental mode. The
dashed line indicates the superconducting gap frequency at 105 GHz. c Measured
parity switching rates for capped (dots) and uncapped (triangles) qubits with
varying pad size plotted as a function of the pad length. In the uncapped case, the
pad width is also varying, but the effect is much smaller. The solid lines indicate
finite-element simulation predictions. The top axis indicates the charging energy EC

that corresponds to the different pad lengths in the capped case.dMeasured (dots)
and simulated (line) parity switching rate of qubits with varying pad-to-ground
distanced. eOffset charge drift for six qubits on a single chip (Fig. 1a)with the same
pad size but varying pad-to-ground distance (d = 5 − 30μm), simultaneously mon-
itored over a 13-h period. f Amplitudes (dots, left axis) and total counts (bars, right
axis) of all offset charge jumps (∣Δq∣) >0.1e identified in the data in c and the
extended data (Supplementary Material) during a total of 40h of monitoring.
g Measured relaxation (Γ1) and pure-dephasing (Γϕ) rates of Q1 as a function of ng
sampled over half a period. The top axis indicates the corresponding qubit fre-
quency. The solid line is fit to the 1/f charge noise model. It is difficult to char-
acterize the qubit around ng = 0.25 because of the stronger sensitivity to charge
noise around this bias and because of its adjacency to the resonator at 5.55GHz.
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We also investigated the dependence of the charge-parity
switching rate on the pad-to-ground distance d (the aperture size,
see Fig. 1b). The experimental result again showed good agreement
with predictions using the same method and parameters as before
(Fig. 3d). Enlarging the gap between the pads and the ground plane
increases the effective wavelength λ of the fundamental mode, giving
rise to larger ΓP values (Supplementary Material).

In addition to parity switching, we observed significantly
improved offset charge stability. The charge offset for all six qubits on
a single chip was monitored continuously and simultaneously via
repeated spectral scans (Fig. 3e). The occurrence of discrete charge
jumps (jump amplitude > 0.1e) was ~1–9 times over 40 h (Fig. 3f), cor-
responding to an offset charge jump rate of 0.007–0.07mHz; the
accumulated offset deviation during the long-term drift was within 1e,
a significantly less volatile result than those previously observed (jump
rate ~ 1.35mHz)4. This difference can be explained by the reduced
scattering cross section inside the substrate of our devices, which have
smaller capacitor pads and a floating design (SupplementaryMaterial).
However, differences in the fabrication materials may be another
important factor, as suggested recently in ref. 39, where an average
jump rate of ~0.7mHz was measured. Note that we do not observe
simultaneous jumps between different qubits. Considering the rela-
tively small footprint of our qubits and their separation (1.3mm), this is
consistent with the previous observation of charge jumps being cor-
related for qubits separated by up to 0.64mm but not if separated
by 3mm4.

We also measured the coherence properties of the qubits. As
shown in Fig. 3g, the energy relaxation rates Γ1 of the charge qubit (Q1)

measured at different offset biases (different qubit frequencies) are
relatively uniform, with slight variations between 10μs and 25μs,
comparable to that of our regular transmon qubits fabricated using
similar processes. The spin-echo pure-dephasing rates Γϕ are in good
agreement with a low-frequency, presumably 1/f-type, charge-noise
model. The extracted noise spectral density is ~ð2:0× 10�3eÞ2 at 1 Hz, in
line with charge noise observed in other experiments40,41.

Effect of temperature on parity switching
Next, we investigated how temperature affects the parity switching
rate. After intentionally heating the mixing chamber, wemeasured the
temperature dependence of ΓP at ng = 0 for qubits with different L and
d (Fig. 4a). At low temperatures, ΓP(T) did not display any clear tem-
perature dependence and fluctuated around a qubit-specific average
value ΓP(0) (up to these fluctuations, ΓP(0) agrees with the data in
Fig. 3c and d); ΓP(T) then started to increase with the temperature near
40 − 60mK.

There is an energy difference of ~30 μeV, equivalent to 350mK,
between the superconducting gaps in the pads (Δ0) and in the junction
strips (Δ) because of the unequal aluminium film thicknesses (Fig. 1e).
Therefore, at temperatures well below this value the pads act as qua-
siparticle traps20. As the temperature increases, the quasiparticles can
be thermally excited from the pads to the strips and hence reach the
junction, which could explain the increase in ΓP(T) with temperature
starting near 50mK.

To quantify the above consideration, we can relate the parity
switching rate to the normalized density of the quasiparticles in the
pads xqp≪ 1 (see Supplementary Note 8 (Supplementary Material) for
details):

ΓPðTÞ= ΓPð0Þ+
16EJ

Δ
c20

ϵ0
h
e
�ðΔ�Δ0 Þ

kBT xqp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ0

2πkBT

s
F

ϵ0
2kBT

,
kBT
2Δ

� �
, ð3Þ

where ΓP(0) accounts for all possible temperature-independent
contributions, ϵ0 is the energy difference between ∣gE

�
and ∣gO

�
,

c0 = ∣ gE
�

∣ cosðϕ̂2Þ∣gO
�
∣ is the tunnelling matrix element between them,

and the function Fðx,yÞ= coshðxÞ½K1ðxÞ � xyK0ðxÞ� (with Ki being the
modified Bessel function of the second kind). For each qubit, ϵ0 and c0
can be evaluated using EJ and EC values obtained from previous
measurements. We assume the same Δ for all qubits on a given chip
and simultaneously fit the data in Fig. 4a to Eq. (3). We obtain f* = 2Δ/h
between 99GHz and 105GHz (depending on the chip), which is
consistent with a 30 nm aluminium thin film32. The quasiparticle
density xqp is the only adjustable parameter available to fit the
temperature effect for a given qubit and Fig. 4b shows the extracted
xqp as function of ΓP(0). Qualitatively, the increase in density with the
parity switching rate indicates that pair breaking at the junction
(followed by diffusion to and trapping in the pads) is a significant
source of quasiparticles, with the steady-state nonequilibrium density
determined by the balance between generation and recombination.
Therefore, although our measurements of ΓP cannot directly distin-
guish between parity switching due to photon-assisted tunnelling or
due to quasiparticles generated by other mechanisms, such as high-
energy impacts of elevated temperature, the study of the temperature
dependence enables us to conclude that thesemechanisms, if present,
are not the main sources of parity switching at low temperature (see
Supplementary Note 8 (Supplementary Material) for more details).

Discussion
Our characterization of several tens of superconducting qubits with
extended parameter regimes indicates that pair breaking at the junc-
tion by stray photons of sufficient energy is the main mechanism
responsible for parity switching as well as the generation of excess
quasiparticles. This mechanism is local and affects each qubit inde-
pendently. Because the parity switching rate ΓP can be reduced by one

Fig. 4 | Effect of temperature on parity switching. a Parity switching rates mea-
sured at ng = 0 as a function of the nominal mixing chamber temperature T for
several uncapped qubits with different L and d, whose combinations are colour-
coded. Symbols identify different samples. The solid lines are fit to Eq. (3). All
curves share the same value for the superconducting gap in the pads (2Δ0/h = 87
GHz) and in the junction leads (2Δ/h≃99 − 105GHz (SupplementaryMaterial)) on a
given chip. The only remaining free parameter for a single qubit is the normalized
quasiparticle density xqp. b Extracted quasiparticle density xqp plotted versus the
low-temperature parity switching rate ΓP(0).
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to two orders of magnitude with simple engineering of the device
geometry, e.g., using the capping technique and reducing the qubit
footprint, novel miniaturized qubit designs42–44 may be advantageous
in this regard. Meanwhile, further studies are required to evaluate the
quasiparticle trapping effectiveness of the lower-gap capacitor pads
and to optimize their design.

Finally, note that in our experiment we found no evidence of
correlated increases in the parity switching rates of different qubits
during simultaneous parity monitoring (similar to the simultaneous
charge offset monitoring shown in Fig. 3e). This is in contrast to the
correlated frequency shifts measured in resonators3 or the correlated
increase of the relaxation errors in qubits5. This suggests that our
floating design with a ground plane (similar to the phonon traps of
ref. 13) and superconducting traps may also effectively suppress cor-
related errors, as suggested in ref. 45.

Methods
Device fabrication and measurement setup
The devices are made in a two-step process on c-plane sapphire
wafers. In the first step, a layer of 100-nm-thick aluminium is
deposited on the sapphire substrate at a growth rate of 1 nm/s with a
base pressure of 10−10 Torr. The base metal is patterned with pho-
tolithography and subsequent dry etching using BCl3/Cl2. In the
second step, the Josephson junctions are made in the Manhattan
style using the double-angle evaporation to form the Al/AlOx/Al
stack. The thickness of the first and second aluminium film is about
30 nm and 40 nm respectively. After ion milling, a final 200 nm-
thick aluminium layer is deposited for making the bandage. For the
flip-chip sample, the fabrication processes are identical. The two
single-sided sapphire dies are bonded together using four rectan-
gular spacers (2mm× 2mm× 10 μm) made of SU-8 photoresist at
the corners.

The samples are mounted inside a BlueFors LD400 dilution
refrigerator at a nominal base temperature <10mK. In our standard
setup, the sample is protected by a aluminium or copper holder box, a
μ-metal shield, a few layers of copper and aluminium shields, and an
outer μ-metal shield. Infra-redfilters are used in all control and readout
lines. These measures help block stray photons from reaching the
sample via open space and cables. More details can be found in Sup-
plementary Note 2.

Charge-parity monitor
For qubits with small EJ/EC ratio, the difference between the g-e tran-
sition frequencies of even and odd parity at ng = 0 is relatively large
(typically a fewGHz). This leads to very different resonator frequencies
due to strong qubit-resonator coupling. Utilizing the difference in
resonator response, we send a probe tone at the resonator frequency
of certain parity to detect the parity. The measurement is done either
with pulsed signals generated from an AWG and collected by a digiti-
zer, or with continuous signals using a network analyzer. In the pulsed
case, the probe pulse is typically 10μs long and repeated every 0.3ms.
The single-shot result—99.14% fidelity for parity classification—is
smoothed by taking a moving average to remove noise from thermal
and measurement-induced excitation (see Supplementary Note 4 for
more details).

For qubits with larger EJ/EC ratio (20 ~ 30), the frequency dis-
crepancy between different parities becomes small (0.1 ~ 1MHz) lead-
ing tounnoticeable difference in resonator frequency. Insteadof direct
dispersive readout, we use the Ramsey-type parity monitor as intro-
duced in ref. 34 for parity detection. In the Ramsey experiment, we set
the carrier frequency of the π/2-pulses at ωdrive = ðωE

ge +ω
O
geÞ=2 and the

free-evolution time between the pulses to τ =π=2ðωE
ge � ωO

geÞ. Under
such a pulse sequence, the qubit evolves to the excited (ground) state
for even (odd) parity, allowing us to differentiate parity state. The
sequence is typically repeated every 0.1ms.

Data availability
All data obtained in the study are available from the corresponding
author upon reasonable request.
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