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Abstract

®

CrossMark

Superconducting qubits show great promise to realize practical quantum computers from
micro-fabricated integrated circuits. However, their solid-state architecture bears the burden of
parasitic modes in qubit materials and the control circuitry which cause decoherence and
interfere with qubits. Here, we present evidence that wirebonds, which are used to contact the

micro-circuits and to realize chip-to-chip airbridges, may contain parasitic Josephson junctions.
In our experiment, such a junction was enclosed in a superconducting loop and so gave rise to
the formation an RF-SQUID which interfered with a nearby flux-tunable transmon qubit.
Periodic signatures observed in magnetic field sweeps revealed a strong AC-dispersive coupling
of the parasitic RF-SQUID to both the qubit and its readout resonator, in addition to the
DC-inductive coupling between RF-SQUID and qubit. Our finding sheds light on a previously
unknown origin of decoherence due to parasitic Josephson junctions in superconducting circuits.

Keywords: superconducting qubits, Josephson junctions, decoherence, SQUIDs

1. Introduction

Superconducting micro-circuits provide a tremendous test-bed
to explore quantum coherence in electrically controlled solid-
state systems. Different types of custom-tailored quantum
two-state-systems (qubits) can be constructed from discrete
eigenmodes of resonant circuits which combine the nonlinear
inductance of Josephson tunnel junctions with capacitive and
inductive elements [1, 2]. In recent years, this architecture has
become a leading platform in the pursuit to realize large-scale
quantum processors [3]. Yet, it remains a challenge to keep
the macroscopic qubits well isolated from their environment
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and modes in the controlling circuitry which open channels
for decoherence [4, 5].

Qubits are typically operated in the microwave regime
at resonance frequencies of a few GHz, and read out with
weakly coupled and slightly detuned linear resonators that
are accessed via on-chip transmission lines [1]. Both readout
resonators and transmission lines are typically made from
coplanar waveguides, where a central signal line is placed
between two ground planes.

To suppress unwanted slot-line modes, where the currents
in the two ground planes oscillate out-of-phase, the state-of-
the-art approach is to use micro-fabricated airbridges [6—8]
that shorten the ground planes at regular distances. However,
in academic research environments and in prototyping exper-
iments, the additional effort of lithographic airbridge fabric-
ation is often spared. Instead, it is common practice to con-
nect the ground plane sections at a few positions by manually
placed airbridge wirebonds.

Here, we present evidence that parasitic Josephson junc-
tions (p-JJs) may exist at flawed contacts between aluminum

© 2025 The Author(s). Published by IOP Publishing Ltd
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bonding wires and the natively oxidized aluminum film which
is part of an on-chip ground plane or bond pad. This mechan-
ism can give rise to a parasitic RF-SQUID (p-SQUID) that is
formed by the p-JJ together with the inductances of involved
wirebonds or lithographic connections which enclose the p-
JJ in a superconducting loop. The quantized magnetic flux in
the p-SQUID loop [9] may then couple to neighboring qubits
if they are based on SQUIDs, such as flux qubits [10] and
fluxonium qubits [11], and if they employ DC-SQUIDs for
tunability such as transmon qubits [12] and their couplers [13].
Moreover, AC-coupling of the p-SQUID’s oscillatory eigen-
states may induce dispersive shifts and avoided level crossings
in neighboring qubits and resonators.

In our experiments, the existence of a p-SQUID was
revealed from the characteristic signature it induces in the res-
onance frequency of a transmon qubit and its readout reson-
ator during sweeps of the applied magnetic field. The data can
well be fitted to a model that includes strong inductive and
dispersive interactions of the p-SQUID with both the qubit
and the readout resonator. The conclusion that a bond wire is
involved in the creation of the p-SQUID is supported by meas-
urements with applied in-plane and off-plane magnetic fields
which reveal the three-dimensional form of the p-SQUID
loop. Moreover, removing the wirebonds from the sample also
removed the p-SQUID signature. Our finding reveals that para-
sitic Josephson junctions in the wiring circuitry of supercon-
ducting qubits add further decoherence channels for supercon-
ducting qubits, and can even completely spoil their operability.

2. Experiment

Transmon qubits conventionally consist of one or two
submicron-sized Josephson junctions that are shunted by a
planar capacitor. In this work, we studied transmon qubits that
employ larger-area Josephson junctions which possess suffi-
cient self-capacitance so that no additional shunt capacitor is
required. This so-called mergemon design [14, 15] signific-
antly reduces the qubit footprint and promises less interfer-
ence from charged two-level-system defects (TLS) known to
reside at and near the interfaces of qubit electrodes [16-19].
To enable in-situ tuning of the qubit’s operation frequency, the
junction is replaced by a DC-SQUID that can be flux-biased
by a current in a nearby flux bias line. A photograph of the
mergemon qubit sample is shown in the inset of figure 1.

The qubit’s resonance frequency f, and state population are
read out with a resonator that consists of a coplanar wave-
guide segment of electrical length A/2, whose two open ends
are each capacitively coupled to the opposing Mergemon elec-
trodes as shown in figure 1. Since this design choice elec-
trically isolates the inner ground plane of the coplanar reson-
ator, we connected it by four airbridge wirebonds to the sur-
rounding ground plane in order to suppress unwanted slot-line
modes.

For small qubit-resonator coupling energies hgq, and suf-
ficiently large detuning |0 = |(fo — f;)| > &qr» the resonator’s
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Figure 1. False-colored sample micrograph showing the coplanar
/2 readout resonator (green) that is coupled at both ends to a
mergemon qubit consisting of a DC-SQUID with two Josephson
junctions (blue, see inset). Four wirebonds (black) connect the
resonator’s inner and outer ground planes to avoid slot-line modes.
A parasitic Josephson junction within a wirebond (red cross) is
enclosed in a superconducting loop (red dashed line) and so gives
rise to an RF-SQUID that interferes with qubit and resonator.

resonance frequency f; obtains a dispersive shift [12]

2
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== M
The qubit transition frequency fo depends on the flux ®q
threading its DC-SQUID and can be approximated by [12]
hfo (Pq) = v/8ECE; (Pq) — Ec, 2)
where Ec=e¢?/2C, is the charging energy of the
qubit’s capacitance C,, e is the electron charge, E;=
hl./2e(+/cos(m ®q/Po)? + d2sin(m Bq/Po)?) is the
Josephson energy assuming two slightly different junctions
with a total critical current I., ®o = h/2e is the flux quantum,

h is Planck’s constant, and the junction’s asymmetry factor
_ En—Ep
d= En+Ep” .
Using a network analyzer connected to the on-chip trans-

mission line, the dispersive shift of the readout resonator is
determined to estimate the qubit frequency as a function of
the applied magnetic fields. In addition to the on-chip flux-bias
line, the sample is enclosed in a solenoid to control the mag-
netic field B in-plane of the qubit circuit, while another coil
above the qubit chip applies a magnetic field B perpendicular
to the chip’s surface.

Figure 2(a) shows the expected periodic oscillations in the
resonator’s dispersive frequency shift when the qubit is tuned
between its lowest and highest (at 4.5662 GHz + 200 kHz)
resonance frequencies according to equations (1) and (2) by
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Figure 2. Resonance frequency shift of the readout resonator vs.
the applied in-plane magnetic field By|. (a) Sample without
chip-to-chip wirebonds, showing the expected modulation as the
qubit is tuned according to equation (2) via the induced flux ®q in
its DC-SQUID. A shift of 0 corresponds to f; = 4.5662 GHz. (b)
With the wirebonds still in place, a saw-tooth pattern and sharp dips
in the resonator frequency were additionally observed at regular
intervals. Sweeping the applied magnetic field in different directions
(blue and red curves) inverts the asymmetry of this signature, and
reveals a large hysteresis in the qubit frequency. A shift of 0
corresponds to f; = 4.1902 GHz.

sweeping the magnetic field B. We note that B should nom-
inally be oriented perpendicular to the plane of the qubit’s
SQUID loop and therefore not couple to ®q. Accordingly, we
use these data to characterize the misalignment of the solenoid
(see appendix D for further details).

However, the data shown in figure 2(a) were acquired on the
sample after the airbridge wirebonds had been removed. With
the wirebonds still in place, the same experiment resulted in
the data shown in figure 2(b). Most prominently, the resonator
frequency displayed a sawtooth-pattern and pronounced asym-
metric dips at regular flux intervals in addition to the expected
modulation. Moreover, there is a large hysteresis when the dir-
ection of the applied field is reversed, which also inverts the
asymmetry of the signature.

3. Model

In the following, we argue that these observations are
explained by the presence of a parasitic RF-SQUID that is
formed by a faulty airbridge wirebond that effectively con-
tains a parasitic Josephson junction (p-JJ). We suspect that
the p-JJ is contained in one of the four wirebonds that con-
nect inner and outer ground planes of the resonator as shown
in figure 1. The dashed red line in figure 1 indicates one of
the possible superconducting loops that contribute to the p-
SQUID’s inductance together with that of other involved wire-
bonds and on-chip lithographic connections.

The schematic of the qubit circuit including the p-SQUID
is shown in figure 3(a), where Cpsq is the capacitance of
the readout resonator’s inner ground plane plus the p-JJ’s
capacitance.

The potential energy of a large-inductance RF-SQUID is
given by the sum of its inductive energy E; = <I>§SQ /2Lsq
and Josephson energy Ejsq(Ppsq) o cos(Ppsg — Pext) as
illustrated in figure 3(b). The height of the potential barrier that

localizes the ground state in one of the wells depends on the
flux in the p-SQUID loop. Upon increasing the bias flux ®ex,
the potential barrier will decrease until the state may escape
by quantum tunneling or thermal activation to the neighbor-
ing deeper well. This gives rise to the hysteretic function of
®5q vs. bias flux as illustrated in figure 3(c).

The nonlinear and quantized flux in the p-SQUID loop
®,5q couples via the mutual inductance M, 44 to the qubit flux
®. In magnetic field sweeps, the qubit frequency is thus mod-
ulated by a sawtooth-like pattern as it was also observed dir-
ectly in spectroscopy, see figure 3(e). This pattern is repro-
duced in the dispersive shift of the readout resonator fre-
quency shown in figure 2(b). The magnetic coupling between
p-SQUID and the qubit also explains the hysteresis and inver-
ted symmetry of the sawtooth pattern when the field sweep
direction is reversed.

However, the p-SQUID’s oscillatory eigenstates may also
be AC-coupled to the qubit and resonator and induce dis-
persive resonance shifts and avoided level crossings via their
respective (transversal) coupling strengths gpsq.q and gpsq,r as
described by equation (1).

The sharp dips observed in f; (figure 2(b)) are explained
by the dispersive coupling of the p-SQUID to qubit and res-
onator, which results in a large (quadratic) frequency shift
according to equation (1) when the detuning becomes small.
Figure 3(d) shows how the p-SQUID’s plasma frequency fpso
decreases with the tunneling barrier until its state escapes to
the next well. Since only dips but no avoided level crossings
nor peaks were observed, the p-SQUID’s resonance frequency
must always be above that of the qubit and resonator. Because
the dips remain visible when the qubit is tuned to its lowest fre-
quency, where it is effectively decoupled from the resonator,
there must be a strong direct dispersive coupling between the
p-SQUID and the resonator, see appendix B for details. This
shows that parasitic RF-SQUIDs can have a strong impact on
both qubits and resonators.

For a closer test of our model, we numerically simulate the
data shown in figure 2(b). For each value of bias flux ®ey,
the small oscillation frequency wpsq in an initial well is found
from the p-SQUID’s potential energy [20] and the qubit res-
onance frequency wy is calculated from equation (2), taking
into account that the flux in the qubit loop ®g is a function of
the applied field and the flux in the p-SQUID loop ®psq. The
eigenfrequency of the resonator f; is then obtained by solving
the stationary Schrodinger equation for the circuit shown in
figure 3(a) and its Hamiltionian

f{ ¢ fr,() 8r,q 8pSQ,r
(hX) = 8q,r fq,O 8pSQ,q | » (3)
8psQ.r  8psQ.a  JpsQo

which contains the transversal coupling strengths between res-
onator, qubit, and p-SQUID as off-diagonal elements. The
escape from the current potential well is implemented by ini-
tializing the p-SQUID’s ground state in the next deeper well
once the tunnel rate [21] exceeds a value of (20s)~! which
corresponds to the time required for one measurement of f;.
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Figure 3. (a) Circuit schematic including qubit, resonator, and the p-SQUID. Black symbols denote the model parameters. (b) Potential
energy of an RF-SQUID as a function of the flux in its loop ®psq. Transitions between wells correspond to a change of ®psq by ~ 1®y. (c)
RF-SQUID flux ®psq vs. the applied external flux ®.x: for the different sweep directions (arrows). (d) RF-SQUID resonance frequency f,sq
vs. ®exi. Blue and red lines indicate different sweep directions. (e) The qubit resonance frequency fq (bright pixels), measured vs. the
applied magnetic field B, shows a sawtooth behaviour due to the discretized flux induced from the p-SQUID.
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Figure 4. Dispersive shift of the readout resonator (a) vs. applied
in-plane magnetic field B, and (b) vs. the applied perpendicular
field B . The red lines show good agreement with the model’s
prediction, using the same fitting parameters for both measurements.

Figure 4(a) shows a striking agreement between the model
and the data. To test the hypothesis that a wirebond is involved
in the loop of the p-SQUID, the experiment is repeated by
sweeping the out-of-plane component of the applied magnetic
field B as shown in figure 4(b). A comparison of the flux peri-
odicity of the p-SQUID (given by the distance between dips
in f;) with that of the qubit (the distance between the broader
maxima in f;) shows that the relative coupling of qubit and
p-SQUID to the B-field depends on its direction. This is con-
sistent with the three-dimensional geometry of the wirebond’s
loops (see appendix D for details).

The model agrees excellently with both experiments for the
same set of fit parameters (red lines in figures 4(a) and (b)).
We note that the data obtained near maxima of the qubit fre-
quency is distorted due to the small detuning of qubit and res-
onator, and has therefore been omitted from the fits. Since the
least-squares fit involved 8 free parameters (see appendix A),
large uncertainties in the fitting values do not allow us to

obtain detailed information on the origin of the parasitic junc-
tion that gave rise to the p-SQUID. However, the observed
hysteresis clearly reveals the p-SQUID’s multi-well poten-
tial associated with [9] Bz psq = 27 Lpsq - Ie psq/Po > 1. This
places the p-SQUID in the parameter regime of flux-biased
phase qubits [22-24]. We estimate the possible ranges of p-
SQUID parameters by fixing f; psq to a value of 11.3 which
is compatible with the observed hysteresis. The restricted fit
(see appendix C) achieves good agreement with the data when
Lpsq ranges between 0.1 and 1.7 nH, corresponding to crit-
ical currents of /. psq between 80 A and 20 A and capacit-
ances Cpsq of 30pF to 5 pF. While the best-fitting inductance
of Lpsq ~ 474 pH is well in accordance with the wirebonds’
inductances, the capacitance and critical current of the para-
sitic junction can not be predicted without exact knowledge of
its geometry since it depends strongly on the dielectric mater-
ial (such as photoresist residual) and its thickness. Aiming
to identify the flawed bond after the sample was warmed
up, the bond wire bridges were touched and heavily bent
using the micro-manipulator of a bonding station. However,
all bonds appeared stable and did not disconnect easily. We
note that it has been proposed to utilize the discreteness of
RF-SQUID flux states to provide a stable flux-bias source for
qubits [25, 26].

4. Discussion

The observed anomaly of resonator and qubit resonance fre-
quencies in applied magnetic fields is fully explained by their
interactions with a parasitic RF-SQUID. The notion that a
faulty wirebond contains a parasitic tunnel junction is sup-
ported by in- and out-of-plane magnetic field sweeps which
confirm the three-dimensional form of the p-SQUID’s loop. A
further confirmation is the fact that the anomaly disappeared
once the wirebonds were removed. Other possible origins of
flux irregularities, such as the motion of trapped vortices [27],
would not result in the observed strictly periodic signatures
and observed dispersive resonance frequency shifts.

While it has been known that stray Josephson junctions
between thin-film qubit electrodes are a source of qubit deco-
herence [17, 28], our finding sheds light on related issues in the
remaining circuitry and packaging. In our experiment, two out
of four qubits on the chip were inoperable due to their strong
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interference with the parasitic RF-SQUID formed by a faulty
chip-to-chip wirebond.

The signature of a parasitic SQUID was so far only
observed in a single experiment. To determine how common
this problem actually is will require a systematic study on
many samples, in which a large range of applied magnetic
fields is explored to search for anomalies such as avoided level
crossings in resonator and qubit spectroscopy. It can be seen
as a coincidence that the parameters of the p-SQUID placed
it into a regime where its interactions with qubit and reson-
ator could be clearly observed. In more typical cases, the p-
SQUID could be further detuned and induce only slight fre-
quency shifts in a circuit that may remain unnoticed. Similarly,
p-SQUID s may be overlooked when only on-chip qubit flux
bias lines are used that only slightly tune the p-SQUID’s res-
onance frequency, while their parasitic modes would still con-
tribute to decoherence and flux noise.

Related issues may arise for instance from detrimental
modes in flux bias lines that were terminated by a junc-
tion in a flawed wirebond. Problems with parasitic junctions
due to flawed airbridges, bond wires, or bump-pads in flip-
chip architectures [29], may rise in importance as quantum
processors increase in size and complexity. The observed
strong DC-magnetic and AC-electric interactions of parasitic
RFSQUIDs can furthermore spoil the functionality of various
other superconducting devices [30] such as for instance para-
metric amplifiers [31, 32], RSFQ-logic [33], MKID photon
detectors [34], and passive resonator-based microwave fil-
ters [35].

Data availability statement

All data is fully displayed in figure 2(b). The data that support
the findings of this study are available upon reasonable request
from the authors.
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Appendix A. Fit to the model

To compare the data shown in figure 4 to the system of inter-
acting qubit, resonator, and p-SQUID , we simulate magnetic
field sweeps and obtain the eigenfrequency of the resonator by
numerical diagonalization of the Hamiltonian equation (3) as
described in the main text. Best-fitting model parameters are
then obtained by a least-square fit routine. These are listed in
table 1 and were used to plot the red lines in figure 4.

Table 1. Model parameters and their values that best fit the data as
shown in figure 4. We note that due to large uncertainties in the
fitting values, the fit only serves for a qualitative comparison with
the model.

parameter value description

Sres,0 4.19 GHz uncoupled resonator frequency

8pSQ,r 9.9 MHz coupling strength
pSQUID-resonator

£pSQ,q 70.3 MHz coupling strength pSQUID-qubit

dﬁme 0.177 &g ®q induced between well jumps

¢qiump 0.116 @ ®q jump at well jump

Lysq 474 pH p-SQUID inductance

Cpso 10.3 pF p-SQUID capacitance

I psq 7.85 nA p-SQUID critical current

However, due to the large number and not fully independent
model parameters, the confidence interval of most fitting para-
meters greatly exceeds their values so that we cannot obtain
precise information on the p-SQUID’s parameters and geo-
metry. This could be improved with the help of finite element
simulations of the p-SQUID’s inductance and capacitance.

The parameters of the qubit and its coupling to the resonator
(see table 2) were obtained from a fit to spectroscopy data on
the sample after the wirebonds had been removed. We note
that the readout resonator’s frequency was 4.5662 GHz when
the wirebonds were removed, and 4.1902 GHz with installed
airbridge wirebonds as shown in figure 1.

To estimate the range of pSQUID parameters which result
in reasonable agreement with the data, we fixed the parameter
Br = 27 Lysqlc psq/ Po to the value of 11.3 to ensure that the
p-SQUID hysteresis matches the data shown in figure 2. A
value of the pSQUID inductance Lysq was then chosen, and
the pJJ’s critical current Ic psq was calculated accordingly.
The other parameters listed in table 1 were kept as free fitting
parameters.
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Table 2. Qubit parameters, obtained in spectroscopy after removal
of wirebonds.

parameter value description

Ey 12.3 GHz qubit Josephson energy

Jq,max 4.125 GHz maximum qubit frequency at zero
flux

Ec 0.19 GHz qubit charge energy

d 0.12 qubit JJ asymmetry factor

8q,r 0.014 GHz coupling strength qubit-resonator

Figure 6(b) shows the deviation from the data in the form
of the root mean square error of the fit. The fit quality remains
rather constant for a wide range of L,sq between 0.1-1.7 nH.
For higher values, the fit quickly becomes worse as it becomes
impossible to fulfill the three boundary conditions imposed by
the p-SQUID-hysteresis, the fixed L;sq, and the requirement
that the pSQUID’s resonance frequency must always exceed
that of the readout resonator.

The uncertainties in the p-SQUID capacitance Cpsq, and
the parameters controlling the p-SQUID-qubit flux-coupling
gbgope, qﬁgump, range between 5%—12%. This is a much more
narrow uncertainty range compared to a fit where all para-
meters are left free. The uncertainty in the dispersive coupling
strengths gpsq,r and gpsq,q remains large (20%-90%) because
both contribute to the formation of the sharp dips in the reson-
ator frequency.

— only gpsqr #0

4.1905 [ only gy # 0 and Mygq o # 0

— all effects

in-plane applied magnetic field B;,

Figure 5. Resonator resonance frequency f; vs. B); obtained from
the Hamiltonian equation (3) when different coupling parameters
are set to zero. Without a direct transversal coupling between
p-SQUID and the resonator (yellow line), the sharp dips near the
minimum of f; are absent. The blue line shows the dips induced by
this direct interaction.

Appendix B. p-SQUID coupling to qubit and
resonator

To illustrate our conclusion that the p-SQUID directly couples
to the qubit’s readout resonator, we set different parameters in
the Hamiltonian equation (3) to zero and compare the model’s
prediction shown in figure 5. This shows that the sharp dips

in f; are caused by the dispersive shift on f. due to nonzero
p-SQUID-resonator transversal coupling gpsq,r-

Appendix C. Estimating the pSQUID parameters

To estimate the range of realistic values for the inductance
of the pSQUID, we consider the geometry of the wirebonds
shown in figure 1. From optical microscopy as shown in
figure 8(a), the lengths of the four wirebonds is measured as
381 pm, 466 pm, 466 pm and 546 pm, respectively. Using the
textbook formula [36]

L=1y <1og (21> - 1> ,
2w r

where r is the wire radius and / is its length, we estimate induct-
ances of 237 pH-379 pH for our aluminum bond wires which
have a diameter of 25 ym. In figure 8(b), the inductance per
length is plotted also for other wire diameters, and compared
to a common rule of thumb which estimates that a 1 mm-long
bond wire has a typical inductance of 1 nH.
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Figure 6. Top panel: Fitting values of Cpsq and 1. psq as a function
of Lysq for fixed S = 2x Lic/®p = 11.3 (as determined by a
measurement of the p-SQUID’s hysteresis). The bottom panel
shows the root mean squared error of the fit, which remains
similarly small in a wide range of L,sq. The vertical dashed lines in
the top panel indicate the realistic range of bond wire inductances as
described in the text.

To obtain a lower limit for the range of reasonable pSQUID
inductance, we assume that the parasitic junction is con-
tained in the shortest bond wire, and that the pSQUID loop is
closed by the parallel connection of the remaining three wire-
bonds. The upper limit is estimated by assuming that only the
two longest bond wires are involved in the loop formation.
This results in an estimated range of 347pH S Lysq < 688 pH,
which is well in accordance with the best fitting parameter
Lysq of 474 pH. The limits are indicated by vertical dashed
lines in figure 6.
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wirebond foot

Al ground plane AL

sapphire substrate

Figure 7. Sketch of the cross-section through the foot of a wirebond
(not to scale), illustrating thickness variations of the native AIOx on
the ground plane and a layer of contamination such as photoresist
residual. The active junction area where Cooper pair tunneling
occurs may be limited to small regions of least dielectric thickness
in addition to pinholes.

For the pSQUID capacitance, an upper limit can be estim-
ated from the average area of a wirebond foot that is meas-
ured to about Ago ~ (62 um)? = 3840 um?. Taking d = 2nm
as a minimal thickness of the capacitor dielectric (so that
the whole bond wire foot would form a tunnel junction) and
a relative permittivity ¢, ~ 10 for AlOx, we obtain Cpsq =
€0€Afo0r/d =170 pF which is much larger than the fitted
Cpsq ~ 10pF. Realistically, the whole bond foot area must
contribute to Cpsq. The discrepancy between this large area
and relatively small (fitting) capacitance can be explained by
a larger thickness and lower permittivity of the dielectric under
the faulty bonding wire foot. For example, assuming that the
bond foot area is contaminated by a 10 nm-thick layer of resid-
ual PMMA photoresist (¢, ~ 3) results in a capacitance of 10
pF that corresponds to the best fitting value.

To reconcile the large bond foot area with the small
capacitance (requiring a thick dielectric) and formation of
a tunnel junction (requiring a tunnel barrier thickness of
<3nm), one can assume that the thickness of the dielec-
tric under the wirebond foot is non-uniform, possibly due to
photoresist residuals. Figure 7 illustrates this situation in a
cross-section through the wirebond foot. The actual contam-
ination of our sample surface is unknown. In ultrasonic wire-
bonding, the amount of intermetallic formed at the bonded
interface depends strongly on the bonding parameters such
as ultrasound frequency, amplitude, and duration [37], so that
inadequate settings could have played a role in the junction
formation.

Since the Cooper-pair tunneling rate depends exponentially
on the tunnel barrier thickness, the critical current of the para-
sitic junction can not be predicted without exact knowledge
of the junction geometry. The junction’s active tunneling area
might be given by a small region of least surface contamination
and be could be largely affected by pinholes. In the restricted
fit, compatible fit values for the critical current range between
2 and 80 pA as shown in figure 6.

Appendix D. Field alignment and p-SQUID
geometry

To estimate the misalignment of the in-plane magnetic field
with respect to the chip’s ground plane, we measure the
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Figure 8. (a) Optical micrographs of bonding wires. By comparing
micrographs from different angles, the lengths of the bonding wires
were measured to be 466, 381, 546 and 466 pm. (b) The bond wire
inductance per length of wire calculated by the textbook formula for
different wire diameters (blue, red and green line).

flux direction

A=|A-A

Figure 9. Illustration of adjacent wirebond loops from an in-plane
perspective. Their effective loop size A is the difference of the area
enclosed by loop segments of opposite current directions.

periodicity of the qubit resonance frequency as a function
of B). Using the area of the qubit’s DC-SQUID loop A =
276 ,umz, we calculate the misalignment angle o from the rela-
tion
a=sin"! (¢0> =0.0725°, (D1)
AB)|

where the field B)| generated by the solenoid is estimated from
COMSOL simulations.

The p-SQUID’s effective loop area A,gp | can accordingly
be estimated from the periodicity of the dips in the resonator
frequency (figure 4) as a function of the estimated B -field
strength. This results in

®
Apso.| = Fg = 2068 yim”. (D2)

The effective p-SQUID area is rather small due to gradiometer
effects in the four parallel wirebond connections as shown in
figure 1 and the illustration in figure 9.

Appendix E. Sample fabrication

The samples were fabricated on a C-plane oriented and
500 pm thick 3-inch sapphire wafer. After cleaning in Piranha
solution and an oxygen plasma, it is installed in a PLASYS
MEB 550 S eBeam evaporation chamber, heated to 200 °C for
two hours to remove any excess moisture, and subsequently
evaporated with 100nm aluminum at a rate of 1nms~', a polar
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angle of 0°, and a base pressure of 5 x 10~8 mbar to form the
ground plane. The aluminum layer is then passivated by means
of a static oxidation at 30 mbar for 10min and exposed to the
clean-room atmosphere.

This aluminum ground plane is then structured using
optical lithography. For this purpose, S/805 photoresist is
applied and patterned using a mask-aligner and AZ Developer,
followed by Al etching in an inductively coupled plasma.
Afterwards, the resist is removed and the wafer cleaned with
DMSO, 2-propanol and an oxygen plasma. The Josephson
junctions and leads were fabricated using a modified version
of the in-situ bandaged Niemeyer-Dolan technique that avoids
the formation of stray junctions [38]. For this, a bi-layer of
250nm A4 (PMMA) on top of 900nm EL-13 (MMA) was
applied to the sample and patterned using an electron beam
writing system and developed with a mixture of 2-propanol
and bidistilled water. Resist residuals in the trenches were
removed using an oxygen plasma. Afterwards, the Josephson
junctions and leads were deposited in the PLASYS MEB 550 S
at a base pressure of 5 x 10~8 mbar.

Deviating from conventional fabrication, the here-used
samples employed thicker-than-usual tunnel barriers. These
were realized by first oxidizing the deposited junction bottom
electrodes at a static pressure of 130mbar for 20 min. To fur-
ther thicken the barrier, an additional aluminium layer of about
0.1nm thickness was deposited and thoroughly oxidized, fol-
lowed by deposition of the junction’s top electrode. After pro-
tective oxidation at 30mbar for 10min, a lift-off was per-
formed using DMSO and the sample is cleaned in 2-propanol
and an ultrasonic bath. The resulting tunnel junctions had crit-
ical current densities of about 2 A cm™2. A thorough discus-
sion of junction fabrication and qubit coherence will be the
focus of an upcoming work [39].

Appendix F. Experimental setup

The sample was measured in a dry dilution refrigerator at a
base temperature of about 25 mK. The readout resonator fre-
quency was measured with a vector network analyzer via a
transmission line that had total attenuation of 80 dB distrib-
uted over several temperature stages, and was equipped with
band-pass and infrared filters. After interaction with the reson-
ator, the signal was isolated by means of two circulators and
additional band-pass and infrared filters from a HEMT ampli-
fier at the 4 K stage, and further amplified by 66 dB at room
temperature.
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