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Scaling up superconducting quantum processors necessitates the use of a high routing density for
readout and control lines, relying on low-loss interconnects to maintain design flexibility and device per-
formance. We propose and demonstrate a universal subtractive fabrication process for air bridges based
on an aluminum hard mask and niobium as the superconducting film. Using this technology, we fabricate
superconducting coplanar waveguide resonators incorporating several niobium air bridges in and across
their center conductors. Through rigorous cleaning methods, we achieve mean internal quality factors in
the single-photon limit exceeding Qi = 8.2 x 10°. Notably, the loss per air bridge remains below the
detection threshold of the resonators. Due to the larger superconducting energy gap of niobium, compared
with conventional aluminum air bridges, our approach enables stable performance at elevated temperatures
and magnetic fields, which we experimentally confirm in temperatures up to 3.9 K and in a magnetic field
of up to 1.60 T. Additionally, we utilize air bridges to realize low-loss vacuum-gap capacitors and demon-
strate their successful integration in transmon qubits by achieving median qubit lifetimes of 77 = 51.6 ps.

DOI: 10.1103/smlg-r7x6

I. INTRODUCTION

In quantum, as well as classical, microwave frequency
integrated circuits, air bridges are an integral element
for routing signals by leaving the substrate and thus act-
ing as a crossover between perpendicular paths. These
interconnects are necessary to enable large-scale quan-
tum processors by increasing the density and complexity
of coplanar waveguide (CPW) routing [1,2]. In addi-
tion, they play an important role in mitigating unwanted
crosstalk between adjacent signal lines and parasitic modes
[3—6]. Owing to their complexity, many different fabrica-
tion processes have been proposed, based on both optical
[7-12] and electron beam lithography [2,13—17]. With a
few exceptions [7,11,12,17,18], in most superconducting
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processes, aluminum (Al) is employed for air bridge met-
allization, with these structures typically fabricated after
the Josephson junctions [2,19]. However, this sequencing
imposes strict limitations: aggressive cleaning methods,
such as those using hydrofluoric acid or piranha solu-
tion, cannot be used to remove surface oxides, as they
would damage Al-based structures, including the junc-
tions themselves. Additionally, post-junction processing
steps must adhere to a minimal thermal budget to pre-
serve junction integrity [20]. By instead fabricating air
bridges before Josephson junctions, higher processing tem-
peratures—during baking, sputtering, and etching—can
be applied without compromising junction performance.
This approach enables the use of temperature-sensitive
techniques, such as laser annealing, to fine-tune qubit
frequencies and mitigate frequency crowding [21,22]. Fur-
thermore, the superconducting energy gap of niobium (Nb)
is significantly higher than that of Al [23]. This leads to
a higher resilience of superconductivity in the presence
of magnetic fields and thus also allows for the use of
galvanically connected Nb air bridges as active elements
within flux lines, with typical currents of the order of
1 mA [24]. In addition, the higher superconducting critical

Published by the American Physical Society
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temperature enables quantum experiments at elevated tem-
peratures above 200 mK [25,26].

A key difficulty in using Nb for air bridges is that
soft resist masks pose processing challenges. In particu-
lar, sputtered atoms penetrate underlying layers due to their
high kinetic energy [27,28]. This leads to lossy interfaces
on the bottom side of the air bridges, owing to the high
amount of two-level systems (TLSs) that are hosted in
photoresist [29]. To improve on these aspects, we develop
a fabrication process based on a sacrificial hard mask
that enables any complementary superconducting mate-
rial, such as Nb, tantalum (Ta), or niobium-titanium nitride
(NDTiN) to be used as an air bridge. Due to its low etch
resistance, we use Al as a sacrificial hard mask, which eas-
ily allows us to remove the mask afterwards. With this
method, we achieve substantially higher quality factors
than those obtained using existing fabrication processes
[8,11,18], which are comparable to standard non-air-bridge
processes. These can therefore be readily used as low-
loss routing elements. Moreover, our low-loss air bridge
technology can also be used to form a transmon qubit by
creating a capacitive shunt between the ground plane and
a large overlying air bridge.

I1. FABRICATION

To realize low-loss Nb sputtered air bridges, we utilize
an additional thin hard mask, illustrated in Fig. 1(c), on top
of the frequently used soft mask as part of the fabrication
process flow. The hard mask serves three essential pur-
poses in our fabrication process. First, it acts as a protective
barrier for the bottom resist, mitigating ion implantation
during argon ion milling [30]. Second, it functions as a
shielding layer during sputtering, preventing intermixing
between the underlying resist and high kinetic Nb parti-
cles [27,28]. Finally, the hard mask serves as a dedicated
stopping layer in the reactive ion etching process [31].
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Fabrication steps of superconducting niobium air bridges: (a) metallization and ground plane patterning with reactive ion

FIG. 1.

This ensures precise control to prevent etching into the Nb
ground plane.

Prior to the air bridge processing steps, we fabricate the
groundplane of the chips containing macroscopic (>2 pwm)
structures, such as coplanar waveguides, ports, and qubit
pads. We start with high-resistivity (>10 k€2cm) 100 mm
silicon (Si) wafers that are cleaned in piranha acid (3
parts 96 wt% H,SO4 to 1 part 30 wt% H,0;) and a 7:1
buffered oxide etch (BOE) solution (7 parts 40 wt% NH4F
to 1 part 49 wt% HF) to remove lossy silicon oxides [32].
Afterwards, we immediately transfer the substrate in an
ultrahigh vacuum system (PLASSYS MEB550 S4-I) to
sputter-deposit a 150 nm thin film of Nb. Using maskless
optical lithography, we pattern coplanar waveguide struc-
tures and transfer these into the film using an SF¢-based
reactive ion etching process. After a wet-chemical resist
stripping step (TechniStrip P1331), these samples act as
the starting point of the hard-mask-based air bridge process
[Figs. 1(a)-1(1)].

We control the bridge height of 2.7 wm by spin coat-
ing the reflow-compatible resist AZ ECI 3027 on the
patterned wafer. The reflow step at 140 °C for 5 min is
needed to reduce the steepness of the sidewalls and ensure
the stability of released air bridges [Fig. 1(b)]. We after-
wards evaporate a thin sacrificial layer of 100nm Al as
a hard mask at a wafer tilt of 20° to cover topographies
in the ground plane [Fig. 1(c)]. This hard mask needs to
be sufficiently thick to serve as a reproducible etch stop
layer during the reactive ion etching process of the air
bridges. We deposit the hard mask with electron beam
evaporation instead of sputtering to reduce intermixing in
the resist-aluminum interface. To create contact areas to
the underlying Nb layer, we pattern a thin optical resist
(AZ MiR 701) on the pads of the air bridge [Fig. 1(d)].
Due to its alkalinity, the tetramethylammonium hydroxide
(TMAH) based developer directly transfers the exposed
pattern to the hard mask. We subsequently use an oxygen

——

etching; (b) optical lithography and reflow of positive resist; (c¢) angled evaporation of a sacrificial Al hard mask; (d) contact area
opening by first defining a thin optical resist mask, followed by wet etching of the hard mask; (e) selective resist removal by oxygen
ashing; (f) removal of surface oxides on the Nb groundplane via argon (Ar) ion milling and sputtering of a thick Nb air bridge layer;
(g) patterning of optical resist to define lateral bridge dimensions; (h) pattern transfer with SF¢-based reactive ion etching; (i) Al
hard mask removal by wet-chemical etching and resist stripping with an N-methyl-2-pyrrolidone-based remover. (j) Scanning electron
micrograph of an air bridge with a length of 60 pm and a width of 10 pm.
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plasma to selectively remove the top resist without attack-
ing the hard mask and reflowed bottom resist [Fig. 1(e)].
Afterwards, we load the wafer in a sputtering chamber
and use argon ion milling to remove surface oxides on the
underlying Nb groundplane. This step is essential to ensure
galvanic connection between the air bridge and the ground-
plane. We then sputter-deposit a 900 nm thick layer of Nb.
We use a low pressure of 1.3 mTorr to reduce intrinsic
stress in the film [33] [Fig. 1(f)]. In our case, optimiza-
tion of this step has been found to be essential, to ensure
high stability of fabricated air bridges. High tensile stress
leads to breaking points between the pad and the arch, as
further described in Appendix B. Afterwards, we coat the
niobium layer with the etch-resistant negative photoresist
ma-N 1420 to define the width and length of the air bridge
[Fig. 1(g)]. We use an SFg-based process to etch the top
niobium layer in several in situ steps to reduce thermal load
and thus prevent reflow of the underlying bottom resist
[Fig. 1(h)]. The Al hard mask serves as an etch stopper
due to its resilience against SF¢-based etching chemistry.
Afterwards, we remove the hard mask with a wet-chemical
Al etchant (TechniEtch Al80) at an elevated temperature of
60 °C and use an N-methyl-2-pyrrolidone-based remover
to strip the underlying resist [Fig. 1(i)]. The air bridges
are dried by nitrogen blow-drying after immersion in hot
isopropyl alcohol (IPA), chosen because of its low sur-
face tension coefficient [34]. We avoid using sonication for
cleaning, as it might result in rip-offs at the contact areas.

The process, as such, is compatible as an “air-bridge-
last” process, i.e., air bridges are fabricated as the last
element of a device, since sensitive elements, such as
Josephson junctions, are protected by resist during etch-
ing. However, by fabricating air bridges before Al-based
elements, we are able to employ additional rigorous clean-
ing steps. We remove potential cross-linked resist and hard
mask residues by immersing the chip for 10 min in piranha
acid, followed by a 10 min BOE immersion to remove
lossy niobium oxides [35]. Afterwards, we immerse the
wafer a second time, for 10 min in piranha acid and 20
min in BOE, to remove buried defects and residues in the
metal-air interface. A fully processed air bridge is shown in
Fig. 1(j). The air bridge has a width of 10 um and a length
of 60 um. Bridges up to a length of 60 pm show a yield of
100% for approximately 23 500 fabricated air bridges on a
100 mm wafer.

ITI. AIR BRIDGE CHARACTERIZATION

To ensure galvanic connection and to investigate super-
conducting properties, we measure resistance as a function
of temperature across a daisy chain of six air bridges [cf.
Fig. 2(a)]. Each air bridge has a width of 10 um and
a length of 60 wm. The corresponding resistance curve
is shown in Fig. 2(b). By fitting two Gaussians to the
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FIG. 2. Transport measurements of several air bridges chained
together. (a) Scanning electron micrograph of a daisy chain with
nag = 6 air bridges. (b) Resistance vs temperature for the daisy
chain at zero magnetic field. The first transition at 7, osg = 9.32K
corresponds to the air bridge; the second transition at ¢ i, =
9.43 K corresponds to the thin film ground plane. (c) Magnetic
field B, for in-plane (ip, red) and out-of-plane (oop, green)
geometries.

derivative of the resistance, we identify two superconduct-
ing transitions, 7o ap = 9.32K and T fim = 9.43 K. The
value for the air bridge transition 7; sp is close to the tran-
sition temperature found in the literature [36] and thus
indicates that sufficiently high quality Nb films can be
grown on Al seed layers. Due to the higher critical tem-
perature of Nb, compared with Al, Nb air bridges can be
used in superconducting integrated circuits operating well
above 1 K.

The high T also relates to a high upper critical magnetic
field B 0. We extract the critical temperature by applying
a constant external magnetic field By and sweeping the
temperature 7. By repeating this measurement for different
values of By, we can extrapolate the critical field B, at
zero temperature by fitting the measured data points to the
Ginzburg-Landau theory with B (7) = B o(1 — T/T0).
From Fig. 2(c), we extract an upper critical field of B j, =
(2.84 £ 0.05) T for an in-plane (ip) geometry and B oop =
(2.04 £0.02) T for an out-of-plane (oop) geometry. Such
high critical fields enable the use of air bridges in appli-
cations where magnetic fields up to 2 T are needed, such
as electron spin resonance spectroscopy [37,38], supercon-
ducting qubit experiments [39], or parametric amplifiers
that operate at high fields [40].

To analyze the dielectric properties of the air bridges, we
probe different CPW resonator configurations and extract
the internal quality factor Qi [41]. We measure the
complex-valued scattering parameter S,; as a function of
frequency around the fundamental resonance frequency of
each resonator using a vector network analyzer. The data
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are fitted by a circle fit model, which allows us to extract
O at different photon numbers [42]. This figure of merit
defines the internal loss in our system and can, in particu-
lar, be used to extract the additional loss per air bridge [8]
by probing resonators with varying numbers of air bridges.
The chips are wire-bonded after the chemical treatment
and mounted in a dilution refrigerator system operating at
a base temperature of 10 mK. We control the number of
photons in the CPW resonators by varying the drive power
of our signal between —70 dBm and —160 dBm at the sam-
ple. The transmitted signal is then amplified by a low-noise
high electron mobility transistor (HEMT) and an addi-
tional room temperature amplifier. The measurement setup
is explained in more detail in Appendix C. We focus on
two different resonator configurations: first, the grounding
configuration, in which we place the air bridge as an addi-
tional grounding element across the CPW, and second, the
in-line configuration, in which we use the air bridge as part
of the center conductor of the CPW. Micrographs of the lat-
ter device are shown in Figs. 3(a) and 3(b). All resonators
are impedance-matched to the 50  microwave environ-
ment, with a CPW center conductor width w of 10 um and
a gap g of 6 um. The X/4 resonators are coupled to the
feedline with a coupling quality factor of approximately
4 x 10%. For both grounding air bridges and in-line air
bridges, we measure a reduction in the internal quality fac-
tor on reducing the input power and, therefore, the effective
photon number in the resonator [cf. Figures 3(c) and 3(e),
respectively]. This is attributed to the TLS loss, as typically
observed in superconducting qubits and resonators [43,44].

The grounding air bridge chip features 19 resonators
with fundamental resonances between 4 and 6 GHz and
a number of air bridges nap varying between 0 and 78.
Each grounding air bridge has a width of 20 um and a
length of 60 um. In the single-photon regime, we reach
a mean quality factor of Qj, = (8.23 & 1.84) x 10°, with
the best-performing resonator, containing 17 grounding
air bridges, surpassing (11.5 £ 0.4) x 10°. We analyze the
internal loss 8jy; & tan iy = 1/Qiny as a function of air
bridge number nag in the high-power (blue) and low-
power (orange) regimes. Using a linear regression model
with a 95% confidence interval, we fit the data points in
the blue shaded region in Fig. 3(d). We exclude the green
resonance from the fit, since the extracted internal qual-
ity factor has a large uncertainty, owing to a nonlinear
response. From the fit, we obtain a negative loss per air
bridge in the high-power limit of (—2.58 & 7.11) x 107!,
with a resulting coefficient of determination of R*> = 0.04.
This clearly shows that the loss per air bridge is below the
resolution limit of our resonators. Additionally, we extract
the loss per air bridge in the single-photon limit in the
orange shaded region in Fig. 3(d). The extracted loss per air
bridge of (4.92 £+ 5.67) x 107'? is an order of magnitude
lower, compared with the best reported air bridge fabrica-
tion methods [11]. However, as in the high-power regime,
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FIG. 3. Coplanar waveguide (CPW) resonator measurements

with different air bridge configurations. (a) Optical micrograph of
19 individual A /4 resonators coupled to a common feedline. (b)
Magnified view of in-line air bridges in the signal line of a CPW.
(c) Internal quality factor Qi as a function of photon number for
19 different resonators on a single chip. The number of grounding
air bridges is varied between nag = 0 and nag = 78. (d) Internal
loss &int Vs nap in the high-power (blue) and low-power (orange)
regimes for the grounding configuration. As visualized by the
gray 95% confidence interval, no clear dependence is visible. (e)
Internal quality factor as a function of photon number for 18 dif-
ferent resonators on a single chip. Up to 27 in-line air bridges
serve as interconnects of the CPW segments. (f) Loss §iy Vs
nap in the high- and low-power regimes in the in-line configu-
ration. In analogy to (d), no clear dependence on the number of
air bridges is visible in the single-photon limit.

the resulting coefficient of determination R?> = 0.16 still
indicates that the loss per air bridge is below the resolu-
tion limit of the sample. The large uncertainty in the loss
estimate arises from the fact that the dissipation per bridge
is less than the resonator-to-resonator variation in loss.
We perform an identical analysis for the in-line chip
with 19 individual resonators that contain between 0 and
27 air bridges. Each in-line air bridge is fabricated with a
center conductor width of 10 pm and a length of 60 pm. To
imitate CPW crossovers with grounding, each in-line air
bridge has two identical passive neighboring air bridges, as
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shown in Fig. 3(b). One resonance is excluded because of
a fabrication defect, probably caused by dust in the copla-
nar waveguide. The resulting quality factors are visualized
as a function of photon number in Fig. 3(e). We obtain a
mean quality factor of Qi = (6.00 & 0.98) x 10% in the
single-photon regime. While the overall quality factor is
lower in both the single-photon and high-power regimes,
compared with the grounding air bridge chip, we attribute
this behavior to wafer-to-wafer variations in resonator per-
formance, and not to the air bridge fabrication process
itself. This is confirmed by an analysis of the loss per air
bridge equivalent to the previous analysis. We extract the
loss per air bridge in the high-power regime from the blue
shaded region in Fig. 3(f). The obtained loss per air bridge
is (4.89+£3.46)x107!% with R?> = 0.36. In the single-
photon regime (orange), we extract a loss per air bridge of
(1.18 £1.60)x 10~ (R?> = 0.13), which is notably larger,
compared with the loss per grounding air bridge. While a
larger loss is, in principle, expected, because of a higher
participation ratio for in-line air bridges, this increase is
mainly attributed to the lower number of air bridges, com-
pared with the grounding resonator sample. By probing 27
instead of 78 bridges, the resolution limit of our resonators
is lower, which is reflected in the larger uncertainty.

IV. VACUUM-GAP AIR BRIDGE QUBIT

As the Nb air bridge fabrication process yields stable
metallization layers for sizes up to 150 x 150 um?, we
can utilize air bridges as versatile vacuum-gap capaci-
tors [45]. In particular, we use air bridges as a shunting
capacitance of transmon qubits by vertically stacking the
capacitor pads. This pushes the energy stored in the elec-
tric field from the substrate into loss-free vacuum. Fur-
thermore, because of the larger capacitance per area, the
overall footprint of qubits is reduced, similar to designs
that utilize flip-chip geometry [46], through-silicon vias
[47], or suspended silicon beams [48]. In our design, the
bottom capacitor plate has dimensions of 240 x 60 um?,
and the air bridge on top has a width of 120 um and a
length of 105 wm. The height of the bridge is 2.7 wm.
Optical and scanning electron micrographs are shown in
Figs. 4(a) and 4(b). We simulate the resulting structure
with a finite-element model (FEM) solver to extract the
electric field and capacitances. Compared with approxi-
mately 10% in conventional coplanar transmons, 42% of
the energy stored in the electric field resides in vacuum.
Moreover, 86% of the field energy stored in vacuum is
located between the capacitor plates.

We fabricate a sample with several air bridge qubits
according to the fabrication steps presented in Sec. II.
To fabricate the Josephson junction, we use the Manhat-
tan shadow evaporation process [49,50] with a chemically
semiamplified resist (CSAR) 6200 bottom resist and a
polymethyl methacrylate (PMMA) 950k top resist mask.
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FIG. 4. Transmon qubit with vacuum-gap capacitance. (a)
Optical micrograph of vacuum-gap air bridge qubit. The bot-
tom island is highlighted in green, the top island, including the
bridge, in red. (b) Scanning electron micrograph of fabricated air
bridge qubit. The Josephson junction is highlighted in black. (c)
Time domain measurements of three air bridge qubits, averaged
over 100 h. The left side of the violin plot (red) visualizes the
histogram of the lifetime 7', whereas the right side (blue) visual-
izes the echo coherence time 75 g. Individual traces are visualized
as single points in the corresponding color. (d) Single trace of a
qubit lifetime 7' and coherence time 7, g from qubit 2.

The bottom and top Al electrodes have thicknesses of 30
and 70 nm, respectively. After junction fabrication, we gal-
vanically connect the Al to the Nb groundplane using an
ex situ Al bandaging process [51]. The junction fabrica-
tion process is explained in more detail in Appendix A.
The air bridge qubits have transition frequencies between
4.3 and 5.3 GHz and a charging energy Ec between 240
and 245 MHz. They are dispersively coupled to readout
resonators with fundamental frequencies between 6.9 and
7.4 GHz and a coupling strength of 60 MHz between res-
onator and qubit. To acquire statistically relevant data, we
measure three air bridge qubits on one sample over 100
h in two cooldowns. The resulting data are visualized in
Fig. 4(c) as a violin plot. The median lifetimes 7; (red)
for all three qubits are in the range of 49.4 to 53.5 s,
with single traces exceeding 75 ws. Example single traces
are shown in Fig. 4(d). Median echo coherence times 7> g
(blue) are 88.3 and 84.3 s for qubits 1 and 2, respectively.
The coherence time T, = 62 ps of qubit 3 is lower, since
it has been measured in a dilution refrigerator setup with
less filters. The median 7; time is reduced by a factor of
2—5, compared with state-of-the-art coplanar Nb transmons
[52,53]. We attribute this to the higher metal-air interface
participation ratio in the vacuum-gap air bridge qubit, since
amorphous Nb oxides are known to be a major loss channel
in transmon qubits [52].
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V. CONCLUSION AND OUTLOOK

In conclusion, we have demonstrated an air bridge fab-
rication process based on a patterned hard mask, which
is highly scalable and enables high yield, owing to its
subtractive processing approach. By incorporating several
cleaning steps, we show that the extracted single-photon
losses, per grounding air bridge of a5 = (4.92 + 5.67) x
1071% and per in-line air bridge of 8,5 = (1.18 & 1.60) x
107, remain below the resolution limit of the resonator-
based measurement. Furthermore, we have verified that
the fabricated air bridges support superconductivity up to
9.3K at zero magnetic field and up to 3.9K in a mag-
netic field of 1.6 T. This extends their applicability to high
magnetic fields and temperatures above 4 K, which is not
feasible with conventional aluminum-based approaches.

An open question that has not been addressed is the
long-term stability, as Nb resonators are known to oxidize
and decrease in quality over time [54]. While we wanted to
focus on the process itself within this study, we are plan-
ning on investigating the aging behavior, as well as the
compatibility with surface treatments, such as buffer and
capping materials, to avoid aging [52].

Beyond their use as interconnects, air bridges can also
serve as active elements in tunable coupler qubits [11,55].
The demonstrated low-loss air bridges hold significant
potential for reducing coupler-induced decoherence, com-
pared with existing fabrication techniques. Additionally,
we have shown that large air bridges can function as capac-
itors in transmon qubits, yielding a median qubit lifetime
of 1 = 51.6 us. While the dominant decoherence mecha-
nisms require further investigation, this qubit design offers
the potential for a smaller footprint, compared with planar
transmons, by reducing the bridge height and increas-
ing capacitance. Moreover, the confinement of the electric
field between capacitor leads enhances robustness against
misalignment in three-dimensional (3D) integrated qubit
architectures.

Finally, since the resist is protected by the hard mask
during milling and deposition, our process is compatible
with a variety of other materials, including Ta and NbTiN,
as well as any material that remains intact during the hard
mask removal process. This versatility makes the pro-
posed fabrication technique well-suited for a wide range
of micro- and nanoelectronic devices, not only supercon-
ducting circuits.
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APPENDIX A: QUBIT FABRICATION

To fabricate Josephson junctions, we use the well-
established Manhattan shadow evaporation process. How-
ever, to realize Josephson junction sizes of the order of
100 x 100 nm?, the total electron beam lithography (EBL)
resist height does not exceed 1 um for sufficiently large
aspect ratios. The air bridge is thus higher than the resist
and needs to be protected with an additional optical lithog-
raphy step to prevent lift-off tear-offs of Al at the air bridge
interface.

The fabrication steps are visualized in Fig. 5. We start
the Josephson junction fabrication process by spin coating
a 650 nm thick bottom layer of CSAR 6200, followed by
a less sensitive 350 nm thick top layer of PMMA 950 K.
To exploit complementary exposure techniques and devel-
opers, we coat the top layer with an additional 50 nm
of CSAR 6200. As a last step, we coat the chip with a
thick layer of optically sensitive resist mr-DWL 5, which
is selectively removed around air bridges in a solvent-
based developer (mr-Dev 600). The thin sacrificial CSAR
layer serves to protect the underlying PMMA from being
attacked by the optical developer. Afterwards, we expose
and develop the EBL resist and evaporate Al at a tilt of 35°
with rotations of 0° and 90° to fabricate Josephson junc-
tions. During deposition, the air bridges are fully protected
by the resist, which prevents Al tear-offs in the lift-off
process step.

In a subsequent step we repeat this process to fabricate
ex situ bandages with an additional milling step prior to Al
deposition.

APPENDIX B: NIOBIUM FILM STRESS

To ensure a high yield of air bridges, it was essential
for us to optimize the Nb sputtering conditions. Our typ-
ical sputtering regime utilizes an argon partial pressure
of 3.3 mTorr. However, the air bridge metallization layer
bends due to the high intrinsic stress that results from the
sputtering conditions [57]. This is clearly visible in the
center part of the 300 nm thick air bridge in Fig. 6(a). In
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FIG. 5.

Fabrication steps to protect air bridges during Josephson junction fabrication, not to scale. (a) Chip with patterned ground-

plane and finished air bridges. (b) Spin coating of bilayer electron beam lithography resist. (c) Coating of additional bilayer consisting
of a sacrificial chemically semiamplified resist layer and a thick optical resist. (d) Subsequent exposure and development of optical
resist and electron beam resist. (¢) Double angle shadow evaporation of Al to form Josephson junctions. (f) Tear-off-free lift-off.

particular, this can lead to breaking points and ultimately
to collapses [Fig. 6(c)]. At an even higher partial pressure,
the film peels off after deposition. By reducing the partial
pressure, we were able to reduce tensile stress in our film.
An example of a relaxed air bridge sputtered at a lower
pressure of 2.0 mTorr is shown in Fig. 6(b). We hope to
quantify the intrinsic stress and further optimize the yield
for higher bridge lengths by employing local asymmetric
and Bragg-Brentano x-ray diffraction configurations [58].

APPENDIX C: MEASUREMENT SETUP

The sample is mounted at the mixing chamber stage of a
dilution refrigerator (Bluefors Fast Sample Exchange cryo-
stat or Qinu Sionludi L). Figure 7 shows the electronic
wiring from room temperature up to several millikelvins.
We use two different devices for measurements: res-
onators are probed with a Keysight vector network ana-
lyzer (VNA); qubits are controlled and read out with
a Zurich Instruments quantum controller (SHFQC). We

attenuate the input signal by a total of 81 dB. In addition,
we characterized the cable loss in the input line, which
resulted in an additional 8 dB of loss at 4 GHz. We take
this into account for all frequencies when determining the
estimated photon number in the A /4 resonators. For mea-
surements in the Bluefors cryostat, the output signal is
routed through a switch, the Qinu cryostat does not contain
a switch. Two dual-junction isolators ensure unidirectional
signal routing. An additional high-pass filter (Minicircuits
VHF-3100+) protects the sample from noise. We amplify
the transmitted signal with a HEMT amplifier at the 4-K
stage of the cryostat, and an additional low-noise amplifier
(LNA) at room temperature. The sample is wire-bonded
to a gold-coated printed circuit board (PCB) and placed
inside a copper package. The package is located inside two
cryoperm shields to protect the sample from stray magnetic
fields. An example resonator response at 5.1 GHz with 31
grounding air bridges is shown in Fig. 8. The red trace
is measured at a drive power of —70dBm, correspond-
ing to roughly 10° photons. The blue trace is measured at

FIG. 6. Scanning electron micrograph of air bridges sputtered at different process conditions. (a) Air bridge sputtered at a partial
pressure of 3.3 mTorr. The center is bent due to tensile stress in the film. (b) Air bridge sputtered at a partial pressure of 2.0 mTorr. (c)
Broken connection between bridge and pad for a tensile stressed air bridge.
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(VNA (Resonators) / SHFQC (Qubits) ]
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-20dB
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3.1 GHz
— DUT =
Copper package
Cryoperm shield
FIG. 7. Measurement setup for both resonator and qubit

devices. DUT, device under test; HEMT, high electron mobil-
ity transistor; LNA, low-noise amplifier; VNA, vector network
analyzer. For details, see main text.

a drive power of —160dBm, which resembles roughly 1
photon. The single-photon quality factor of this trace corre-
sponds to Ojy = (11.05 £ 0.28) x 10°. For a drive power
of —70dBm, we fit an internal quality factor of Qi =
(59.5 +2.6) x 10°. Although the signal-to-noise-ratio is
significantly better, the uncertainty in Qjy is larger, owing
to undercoupling, arising from the constant coupling qual-
ity factor of Q. = 4.1 x 10°. We try to achieve critical

(a) (b)
) . :
5 2
5 f
g Zo2f 1
= s
%) = (
= []-70dBm | ¥ ©
g 30l [ -160dBm | £
o 1 I L L 1 1 L I 1
N -3 -2 1 0 1 2 3 -04 -02 0

f-5.134 GHz (kHz) Re (S,) (arb. units)

FIG. 8. Example measurement trace of a resonator containing
31 grounding air bridges. (a) Magnitude of S, plotted against the
frequency for both single photons (blue) and 10° photons (red).
Circles correspond to measurement points; the solid line corre-

sponds to the fit. (b) The same traces, plotted in the complex
plane.

(a) (b)

60 | ' T ' 1 SR
. ————
]

20 W‘
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FIG. 9. DC conductivity measurements of 1500 air bridges in
series at 3K to extract the resistance of the metal-metal inter-
face between groundplane and air bridge. (a) Histogram of 1000
measurement shots, resulting in a mean total resistance Ry, of
2n€2 and a standard deviation o of 32 n€2. (b) Scanning electron
micrograph of measured device with chain of 1500 air bridges.

coupling of our resonators in the low-power regime, as this
is the main region of interest. Also, the strong drive power
starts to result in a slight nonlinearity, which we attribute
to the saturation limit of our HEMT amplifier.

APPENDIX D: DC CONDUCTIVITY

To investigate the resistivity of the metal-metal inter-
face between ground plane and air bridge, we fabricated a
daisy chain consisting of 1500 air bridges in series, each
with a pad size of 15 x 15 wm?, resulting in a total inter-
face area of 1500 x 2 x 15pum x 15um = 0.675 mm?.
The histogram of 1000 measurement shots measured at 3 K
with a current of 100 mA is shown in Fig. 9. We measure
a resistance of Ry = 2 &= 32 n€2 at 3 K, corresponding to a
contact resistance of R = (3 & 47) fQ/um?. This confirms
a low-ohmic galvanic connection between ground plane
and air bridge.
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