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High-impedance granular-aluminum ring resonators
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Superconducting inductors with impedance surpassing the resistance quantum, i.e., superinductors, are
important for quantum technologies because they enable the development of protected qubits, enhance
coupling to systems with small electric dipole moments, and facilitate the study of phase-slip physics.
We demonstrate superinductors with densely packed meandered traces of granular aluminum (grAl) with
inductances up to 4 μH, achieving impedances exceeding 100 k� in the 4–8 GHz range. Ring resonators
made with grAl meandered superinductors exhibit quality factors on the order of 105 in the single-photon
regime, and low nonlinearity on the order of tens of hertz. Depending on the grAl resistivity, at 10 Hz,
we measure frequency-noise spectral densities in the range of 102–103 Hz/

√
Hz. In some devices, in the

single-photon regime, we observe a positive Kerr coefficient of unknown origin. Using more complex fab-
rication, the devices could be released from the substrate, either freestanding or suspended on a membrane,
thereby further improving their impedance by a factor of 3.

DOI: 10.1103/n73t-7q1n

I. INTRODUCTION

In circuits with high characteristic impedance, ZC, zero-
point voltage fluctuations are enhanced [1,2], VZPF ∝ √

ZC,
enabling coupling of superconducting microwave devices
to other systems, e.g., phonons via direct piezoelectric cou-
pling [3] or parametric electromechanical interactions [4],
molecular qubits [5], as well as small electric dipoles and
spins in quantum dots [2]. At the high end of ZC, induc-
tors with zero dc resistance and impedance exceeding the
resistance quantum, ZC > RQ = h/(2e)2 ≈ 6.45 k�, are
known as superinductors [6,7]. They enable the realiza-
tion of protected qubit architectures, such as fluxonium
[8–14] and 0 − π qubits [15–17], by delocalizing the wave
function and mitigating flux noise. The high inductive
reactance of superinductors is also essential for studying
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flux-tunneling-induced phase slips, facilitating the obser-
vation of dual Shapiro steps [18–20].

Long Josephson junction arrays are a widely used option
for achieving high impedance with low loss [6,7], and their
impedance can exceed hundreds of k� when suspended
in vacuum [21,22]. However, these arrays—particularly in
suspended configurations—are complex to fabricate and
introduce unwanted nonlinearity [23]. Alternatively, geo-
metric inductors optimized into suspended spiral shapes
offer high linearity but remain challenging to fabricate
[24,25].

Ideal superinductor technology would combine low
dissipation, straightforward fabrication, and compatibility
across diverse operational environments, including high
magnetic fields, as required, for example, in spin [2],
Andreev [26], or nanowire qubit devices [27–29].

In this context, disordered superconductors are
particularly attractive because they can be densely pat-
terned using standard lithographic techniques, while con-
tributing substantial kinetic inductance, which dominates
the total inductive response. Among the various candi-
date materials, several have been employed to fabricate
devices exhibiting characteristic impedance, ZC, higher
than 1 k� and internal quality factors, Qi, above 105 in
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the single-photon regime. These include NbN [23,30,31],
TiN [32–34], NbTiN [35–37], TiAlN [38], and granu-
lar aluminum (grAl) [10,39–42]. The associated self-Kerr
nonlinearity can be tuned from approximately 10 to 105 Hz
for both NbN [23,43] and TiN [44], and from 10−2 to
106 Hz for grAl [45,46]. In a recent study [47], the authors
compared NbN and grAl devices, highlighting the follow-
ing trade-off: NbN offers superior magnetic field resilience,
which is beneficial for hybrid circuit quantum electrody-
namics, while grAl is better suited to low-field regimes
requiring high impedance and strong nonlinearity.

Here, we utilize grAl to explore the high-impedance
frontier with meandered trace ring resonators. The mean-
dering design is practical for achieving high impedance, as
it allows for long inductive lines within a small area, max-
imizing inductance while minimizing capacitance [40].
We demonstrate ring resonators with impedance above
100 k� in the technologically relevant frequency range of
4–8 GHz. These resonators achieve quality factors around
105 in the single-photon regime, with nonlinearity in
the tens of hertz. Frequency-noise spectral densities at
10 Hz range from 102–103 Hz/

√
Hz, depending on grAl

resistivity.

II. RESONATOR DESIGN AND FABRICATION

grAl is a nanocomposite of Al grains in an alu-
minum oxide matrix [see Fig. 1(a)], forming a self-
assembled three-dimensional network of Josephson junc-
tions [see Fig. 1(b)]. It is superconducting for a wide
range of normal-state resistivities, ρ, ranging from 1 to
10 000 µ� cm [48], which can be adjusted via the oxy-
gen partial pressure during deposition. This tunability
enables precise control over its kinetic inductance, Lk,
allowing the realization of inductors predominantly gov-
erned by kinetic inductance, with a kinetic inductance
fraction, α = Lk/(Lk + Lg), approaching unity, where Lg
is the geometric inductance.

The kinetic inductance, Lk, of a superconducting trace
of width w and length � is given by [49,50]

Lk = L�
�

w
= �Rn

CkBTcπ

�

w
, (1)

where L� is the kinetic inductance per square, kB is the
Boltzmann constant, Tc is the superconducting critical
temperature, and Rn is the normal-state sheet resistance.
The superconducting gap is linked to the critical tempera-
ture by �(0) = C kBTc, with C = 1.76 for grAl resistivity
below 2 m� cm and C ≈ 2.1 for the high-resistivity range
[48,52].

To increase the characteristic impedance of the res-
onator, ZC = √

L/C, where L = Lk + Lg and C is the res-
onator’s total capacitance, it is essential to optimize the
resonator design to minimize C and maximize L. This is
achieved by employing a meandered ring resonator [see
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FIG. 1. Granular-aluminum (grAl) ring resonator design. (a)
Energy-filtered transmission electron microscopy images of
high-resistivity grAl (top, ≈25 000 µ� cm) and low-resistivity
grAl (bottom, ≈120 µ�cm). Energy filter at 15 eV highlights the
aluminum volume plasmon. Viewing angle is tilted by 72° to
the deposition direction for both images. Right-hand schematic
is there to aid interpretation of the images. grAl was deposited
on carbon lace visible at the bottom of the films. Dark par-
ticles are gold nanoparticles (Au NPs) introduced as fiducial
markers for tracking the sample during rotation in tomography
experiments. (b) Schematic of granular aluminum, illustrating
aluminum grains (gray) encircled by aluminum oxide barri-
ers. This microscopic configuration forms an effective array of
Josephson junctions, which gives high kinetic inductance and
tunable nonlinearity. (c) Design of the ring resonator and its
equivalent circuit. Densely packed meander trace maximizes the
ratio of inductance to self-capacitance. Resonator’s symmetric
design results in two degenerate modes, each involving one effec-
tive capacitor shunted by two parallel inductors. (d) Rendering
of the electric field distribution to illustrate the charge distribu-
tion within the resonator. Modes are similar to dual modes in
aluminum ring resonators in Ref. [51].

Fig. 1(c)], where the capacitance is reduced by decreas-
ing the ring’s outer radius, rout, and using the smallest
possible meander pitch, p . Since α is close to unity, L is
predominantly enhanced by increasing the kinetic induc-
tance, Lk, through two mechanisms: increasing the number
of squares in the trace, by increasing the length, �, and
reducing the width, w, of the resonator, and raising the
sheet resistance, Rn, which can be achieved by using
higher-resistivity films and by reducing film thickness.

As shown in Fig. 1(d), when the ring is closed, the
symmetric design of this distributed resonator results in
two fundamental modes. The effective circuit model for
each mode comprises a capacitor shunted by two parallel
inductors, L/4.

The resonators are capacitively coupled to a common
50 � coplanar waveguide (CPW) for reflection measure-
ments, as shown in Fig. 2. The entire structure is integrated
within a silver ground plane, which suppresses parasitic
modes and ensures a uniform magnetic field across the
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FIG. 2. Ring resonators in CPW architecture. (a) Three-dimensional rendering of the chip layout on a sapphire substrate featuring
multiple CPWs, enabling the measurement of various devices, and a surrounding ground plane to suppress parasitic modes and ensure
a uniform magnetic field. Ground plane mostly consists of silver, which avoids flux trapping and dampens microwave slot modes and
phonons [53]. Central line of the CPW and the regions close to it consist of thin films of 15 nm niobium capped by 5 nm of aluminum.
5 nm Al capping layer is used to enable clean galvanic contact with the ground in overlapping regions, leveraging the argon milling
recipe introduced and tested in Ref. [54]. (b) Optical false color image of the end section of the CPW coupled to several ring resonators.
Central line splits into either rectangular coupling strips or (c) a semicircle at its end. Both the central line and the ground plane in
this region consist of 10 μm wide superconducting strips of Nb + Al [see panel (a)], to minimize flux trapping. (d) Scanning electron
microscope (SEM) image of a granular-aluminum ring resonator, highlighting the densely packed meander traces achieved through a
single-step e-beam lithography process followed by lift-off. (e),(f) SEM images of the meandering lines at increasing magnification.

chip. Near the end of each CPW, we push the normal
ground plane away from the central pin to reduce dissi-
pation. In the proximity of the devices, the ground plane
consists of narrow superconducting lines connected to the
normal plane; this avoids the creation of superconducting
loops and associated flux trapping. The configuration of
the end of the CPW feed line enables flexible coupling to
the small rings. It intentionally creates different coupling
strengths for the two modes, thereby breaking the sym-
metry and lifting the degeneracy of the two fundamental
modes. Positioning the ring near the semicircular structure
at the end of the feed line [see Fig. 2(c)] results in strong
coupling for both modes, while placing it within a square
structure visible in the center of Fig. 2(b) leads to uneven
coupling of the modes to the feed line. The compact design
allows for the integration of three separate CPW sets on a
single chip, each isolated by the ground plane, enabling
the measurement of multiple ring resonators with varying
design parameters.

The rings are patterned using a single-step electron-
beam lithography process followed by lift-off on a c-plane
sapphire substrate with zero-angle evaporation deposition.
See Figs. 2(d)–2(f) for images of one of the fabricated

rings. The pitch values, p , range from 200 to 520 nm, with
widths, w, between 150 and 170 nm, and film thicknesses,
t, from 20 to 30 nm. We wire-bond each chip to a copper
housing that is surrounded by magnetic- and infrared-
radiation-shielding barrels made of copper/aluminum and
mu-metal (see Appendix A). The assembly is connected
to the mixing chamber (MXC) stage of a dilution cryostat,
operating at approximately 20 mK.

III. RESULTS AND DISCUSSION

In Fig. 3(a), we show a typical phase response of a
ring resonator in a microwave-reflection measurement.
The two fundamental modes are clearly visible, separated
by approximately 25 MHz, with their respective coupling
quality factors, Qc, differing by approximately a factor of 4.

A summary of the measured fundamental mode frequen-
cies for nine resonators is shown in Fig. 3(b), for grAl
resistivities between 800 and 2500 µ�cm. By perform-
ing finite-element simulations for rings with varying � and
matching the simulated frequencies with measurements,
we deduce the inductance per square for each grAl film,
ranging from 180 to 670 pH/sq (L�).
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(a)
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FIG. 3. Frequency and impedance of granular-aluminum
superinductors. (a) Graph shows the phase response of one of the
doublet ring resonances with frequency separations of approxi-
mately 25 MHz, pointing to the asymmetry due to the difference
in coupling capacitance of the two modes and fabrication imper-
fections. (b) Frequency spectra of the fabricated and measured
granular-aluminum ring resonators. Each row corresponds to an
inductance per square and the corresponding resistivity, as deter-
mined from Eq. (1). (c) Graph determines the impedance of each
ring resonator up to the first fundamental mode. Filled circu-
lar markers represent the measured impedance of the fabricated
and characterized rings, with the highest impedance recorded at
127 k� at a resonant frequency of 4.6 GHz. These values are
obtained using Z = 2π f0L.

We determine the impedance up to the first fundamental
mode, f0, from Z = 2π f0L, where L denotes the inductance
of the entire ring [21,24], as summarized in Fig. 3(c). The
highest impedance, 127 k�, was achieved for a ring with a
sheet inductance of 670 pH/sq, and specific dimensions of
325 nm pitch, rin = 6.7 µm, rout = 2rin, and 20 nm thick.
A detailed summary of all measured devices is provided in
Table I in Appendix B.

In a simplified model (see Appendix C), we find that
the impedance and lowest-mode frequency scale with the
layout parameters and sheet inductance as follows:

Z ∝
√

rinL�
pw

, f0 ∝
√

pw
r3

inL�
. (2)

Indeed, as shown in Fig. 4(a), the impedance for our mea-
sured resonators follows this scaling. Notably, Zf0 ∝ 1/rin,
as illustrated in Fig. 4(b), which means that, to maximize
the impedance at a given frequency, we need to minimize
rin and compensate for the resulting change in frequency
by decreasing the ratio of pw/L�. The lowest-achievable
value for the ratio of pw/L� depends on the grAl mate-
rial’s properties and the finesse of the lithography process.
The maximum value for L� is limited by the resistivity

(a) (b)

FIG. 4. Measured impedance scaling with geometry and resis-
tivity. Plot of measured Z (a) and Zf (b) as a function of
(rinL�/pw)1/2 and 1/rin, respectively, confirming their linear
dependence (cf. dashed lines), consistent with Eq. (2). Color code
in both panels is consistent with Fig. 3. Details for each resonator
are given in Table I.

threshold for the grAl superconducting-to-insulating tran-
sition [48,52], in the range of 10 m�cm, and by the
thinnest continuous and stable films. For grAl films below
20 nm, we observe significant fluctuations in their resistiv-
ity between different cooldowns, indicating that structural
inhomogeneities and instabilities play a dominant role. We
found that devices with w ≥ 150 nm always resulted in sta-
ble devices, which was not the case for w ≈ 60 nm, likely
due to inhomogeneities in the wires [see Fig. 1(a)]. The
smallest pitch we could achieve with our current electron-
beam lithography process was 200 nm (see Appendix D).
Taking these considerations into account, we believe that a
fine-tuned optimal grAl device operational in the 4–8 GHz
range can reach impedance values in the range of 200 k�

(see Appendix E) on silicon or sapphire substrates, and this
value can be increased by a factor of approximately 3, to
exceed 0.5 M� for suspended devices.

We calculate the noise spectral density, S(f ), by moni-
toring the resonant frequency over time and applying the
method used in Ref. [55]. As shown in Fig. 5(a), the
low-frequency noise exhibits a 1/f dependence. We note
that S(f ) evaluated at a frequency of 10 Hz is observed
in the range of 200–1000 Hz/

√
Hz, which is 1–2 orders

of magnitude larger than that for grAl resonators of sim-
ilar thickness and resistivity but lower impedance [56].
In addition, these values are 2 orders of magnitude larger
than those of aluminum resonators [57]. The frequency-
independent noise component at high frequency (white
noise), modeled by a constant amplitude, S0, is due to the
measurement setup. It is nearly negligible in our data. To
model the low-frequency noise, we use S1/f ∝ f −α , where
α ≈ 1. Fitting this model to the measurements shown in
Fig. 5(a), α ranges from approximately 0.8 to 0.97, which
could be due to contributions from other noise sources.
Note that the three data sets with the highest resistiv-
ity exhibit visible deviations from pure S(f ) dependence,
which is compatible with an added Lorentzian component.
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FIG. 5. Resonator performance. (a) Noise spectral density, S(f ), as a function of frequency, f , for grAl resonators. Spectra were
computed from time traces and are shown for four different resistivity values. Data fit the model S(f ) = S0 + S1/f α , with α ranging
from 0.8 to 0.97. Two curves corresponding to resistivity values of ρ = 2500 µ� cm and ρ = 1200 µ� cm are plotted in green and
purple, respectively; these exhibit behavior that is better described by a Lorentzian model combined with a 1/f α dependence at
higher frequencies. Inset displays the impedance values corresponding to the frequency-noise spectral densities measured at 10 Hz.
(b) Intrinsic quality factors, Qi, plotted against average photon numbers in the granular-aluminum resonators up to the bifurcation
threshold, n̄max. Average number of photons is given by n̄ = 2QcPcold/ω

2
0, where Pcold is the incident microwave power at the device

[61]. Shaded intervals indicate the uncertainty range due to Fano interference [60]. For better visibility, we do not show this uncertainty
range for the data set in blue, as it approximately corresponds to an order of magnitude. Inset presents impedance values derived from
single-photon Qi measurements. (c) Shift in resonance frequency as a function of average photon number for four different rings
with varying resistivity is shown. Self-Kerr coefficient, K11, was determined by fitting the frequency shift data to a linear model.
Higher-resistivity grAl samples exhibit higher K11, consistent with theoretical expectations that K11 is proportional to ρ/V, where ρ is
resistivity and V is the volume [45]. (d) Anomalous shifts in resonance frequency with photon number. In some ring resonators, we
observe an exponential shift to higher frequency at low photon numbers. In the top-two panels, purple data points show the two modes
of the same ring resonator measured during two different cooldowns. In the first, we observe the exponential shift to a higher frequency
for the higher-frequency mode, while the lower-frequency mode almost symmetrically shifts, but to a lower frequency. This occurs
before the usual Kerr nonlinearity at higher photon numbers documented in (c). In the second cooldown, the exponential shifts are no
longer observed. In the bottom-left panel, a similar anomalous shift is observed for a resonator with higher-resistivity grAl. Next to it,
we show an example of a high-resistivity grAl resonator that does not show this anomalous shift.

This suggests the presence of random telegraph noise,
which decays exponentially over a characteristic timescale
given by the position of the peak in the noise spectrum
[58]. Note that, in our case, the peak is less pronounced
than that in Ref. [59].

To evaluate loss in the resonators, we measure the com-
plex S11 signal and extract the internal quality factor, Qi,
and the coupling quality factor, Qc, using the method

in Ref. [60]. To minimize Fano-interference systematic
errors, we design Qc comparable to Qi. In Fig. 5(b), we
plot the fitted Qi values as a function of photon number,
n̄. In the single-photon regime, Qi is on the order of 105

and appears independent of resistivity and impedance. The
value aligns with previous results for granular-aluminum
resonators made using similar processes [61]. Since the
participation ratio in the compact resonators presented here
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is larger, this suggests that, within the explored range,
surface dielectric losses are not dominant. In Ref. [42],
it was demonstrated that by optimizing the fabrication
process and using thicker layers at similar resistivities,
but lower impedance, quality factors above 106 could be
achieved. These low levels of loss make high-impedance
grAl resonators appealing for superconducting quantum
circuits. At higher power levels, Qi saturates to values
close to 106, indicating that the dominant loss mecha-
nism, potentially dielectric loss [62,63] or quasiparticle
bursts [64,65], is saturable, as commonly observed for
other superconducting materials.

In Fig. 5(c), we show that the resonators are com-
paratively linear, considering their high impedance. We
determine the Kerr coefficient, K11, which quantifies the
frequency shift of the fundamental mode with the addition
of one photon, by performing a linear fit to the frequency
shift as a function of n̄ in the high-photon-number regime.
Our measurements indicate that K11 is in the range of tens
of hertz. As seen in Fig. 5(c), resonators with higher resis-
tivity and thinner films exhibit larger K11 values compared
to those with lower resistivity and thicker films. This is
consistent with modeling grAl as a one-dimensional array
of Josephson junctions [45]; in that case, we expect K11 ∝
ρ/V, where V is the resonator current mode volume.

An intriguing aspect of our measurements is the obser-
vation of a positive frequency shift as a function of photon
number in some resonators, as shown in Fig. 5(d). We
observe that the frequency initially increases at very low
photon numbers before the drop corresponding to the Kerr
nonlinearity discussed in the previous paragraph. Some
ring resonators exhibit this effect, while others do not, and
we cannot identify a correlation of this effect with resistiv-
ity, impedance, or other device parameters. Additionally,
this positive frequency shift versus n̄ can vary for the same
device between cooldowns. Similar observations were
recently reported on resonators integrating a flake of van
der Waals cuprate superconductor [66]. This behavior is
highly relevant for quantum devices operating in the low-
power regime, and it needs further investigation to fully
understand its underlying mechanisms, possibly related to
strongly coupled spurious two-level systems [67–69].

IV. CONCLUSION

We fabricated and characterized granular-aluminum
meandered trace ring resonators, achieving high impedance
with a single-step lift-off e-beam lithography process. We
propose a model in which the impedance and frequency
of grAl resonators scale predictably with design param-
eters, with maximal impedance achieved by minimizing
the diameter and correspondingly adjusting the pitch, trace
width, and sheet inductance, within material and litho-
graphic constraints. Our best devices exhibit kinetic induc-
tances up to 4 μH and impedances exceeding 100 k�,

about 16 times the resistance quantum. We demonstrated
quality factors on the order of 105 in the single-photon
regime, making them suitable for quantum information
processing. Their measured self-Kerr nonlinearity, in the
range of tens of hertz, is significantly lower than in Joseph-
son junction arrays. Interestingly, we observe an anoma-
lous positive frequency shift at low photon numbers of
unknown origin. Further impedance enhancements could
be achieved by reducing the dielectric constant, for exam-
ple, through backside etching or by detaching from the
substrate.
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APPENDIX A: SETUP

As shown in Fig. 6, each chip’s CPW is aluminum wire-
bonded to a 50 � transmission line, with the ground plane
bonded to a nonmagnetic oxygen-free high-conductivity
copper box to minimize spurious modes. This box fea-
tures a tightly screwed lid to prevent radiation leakage.
The entire assembly is mounted on a copper rod attached
to the MXC stage of a dilution cryostat and enclosed
within a series of magnetic shields, similar to the setup
in Ref. [54], including a Cu/Al bilayer and an additional
mu-metal shield to ensure effective magnetic shielding.

The input signal, generated by a vector network analyzer
(VNA), is transmitted through cables, with attenuators
at various cryogenic stages, as detailed in Fig. 6. For
single-port reflection measurements, a cryogenic circulator
separates the input and output signals. The reflected out-
put signal then passes through a two-stage isolator, which
shields against 4 K stage radiation, and through a low-pass
filter before reaching a low-noise high-electron-mobility
transistor (HEMT) amplifier via NbTi cables with minimal
noise contribution. Finally, the amplified signal is sent to
commercial room-temperature amplifiers and then back to
the VNA output.
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FIG. 6. Experimental setup. Measurement setup comprises a sample box housing the device under test, which is enclosed within
a multilayer magnetic shield to ensure effective isolation. Input signal from a VNA is transmitted through coaxial cables with atten-
uation applied at each thermal stage of the dilution cryostat before reaching the sample at the 20–30 mK MXC stage. Reflection
measurements are performed by using a cryogenic circulator to separate input and output signals. Reflected signal is subsequently
amplified by a HEMT amplifier at the 4 K stage and a room-temperature amplifier before being returned to the VNA. Dashed lines
in the schematic indicate thermalization stages and a legend explains the symbols used to represent components such as circulators,
isolators, attenuators, and amplifiers in the setup.

APPENDIX B: DESIGNED AND EMPIRICALLY
EXTRACTED PARAMETERS

We confirmed the accuracy of geometric parameters via
SEM imaging. The resonance frequency, f0, was measured

experimentally, as detailed in Appendix A. L� was deter-
mined by fitting measured f0 to simulated frequencies
based on nominal design parameters.

The total inductance, L, was calculated based on geo-
metric parameters and L�, using L = l/w × L�, where

TABLE I. Summary of ring resonator parameters, including geometrical dimensions, L�, Z, and f0 extracted from both measure-
ments and simulations. Qc was determined using the circle-fit method. This table outlines the key design parameters influencing
resonator performance, providing a basis for optimization in various applications.

Resonator rin w l p t f0 L� L C Z Qc (×103)

(μm) (nm) (μm) (nm) (nm) (GHz) (pH/�) (μH) (fF) (k�)

1 9.1 170 1849 300 30 5.95 180 1.95 1.46 72.9 23
2 9.1 170 1849 300 30 5.98 180 1.95 1.45 72.9 5
3 7.4 150 1239 300 30 6.43 260 2.14 1.14 86.45 5
4 7.4 150 1239 300 30 6.54 260 2.14 1.10 86.45 600
5 7.4 150 1066 355 30 7.02 260 1.84 1.11 81.15 150
6 7.4 150 1066 355 30 7.10 260 1.84 1.09 81.15 20
7 5.2 150 928 200 30 8.87 260 1.60 0.80 89.17 25
8 5.2 150 928 200 30 8.9 260 1.60 0.79 89.17 22
9 4.8 150 796 200 20 6.80 530 2.81 0.78 120.05 50
10 4.8 150 796 200 20 6.92 530 2.81 0.75 120.05 30
11 4.8 150 681 240 20 7.39 530 2.40 0.77 111.43 230
12 4.8 150 681 240 20 7.49 530 2.40 0.75 111.43 130
13 5.6 150 875 300 20 5.70 600 3.50 0.89 125.35 200
14 5.6 150 875 300 20 5.81 600 3.50 0.85 125.35 130
15 5.6 150 741 253 20 6.03 600 2.96 0.94 112.14 60
16 5.6 150 741 253 20 6.13 600 2.96 0.91 112.14 6
17 6.7 150 966 325 20 4.68 670 4.31 1.07 126.7 140
18 6.7 150 966 325 20 4.76 670 4.31 1.03 126.7 50
19 6.7 150 806 400 20 5.00 670 3.60 1.12 113.9 8
20 6.7 150 806 400 20 5.11 670 3.60 1.07 113.09 6
21 6.7 150 646 518 20 5.78 670 2.88 1.05 104.59 260
22 6.7 150 646 518 20 5.86 670 2.88 1.02 104.59 30
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l/w represents the number of squares. ρ was calculated
using Eq. (1), with the critical temperature, Tc, set to
approximately 2.2 K for the calculation.

Z was derived from Z = 2π f0L, assuming that the entire
ring behaved as an inductor up to the resonance frequency.
Qi and Qc were both extracted using the circle-fit method.
The value of Qc is influenced by the ring’s position relative
to the feed line, as well as the ring’s radius—the smaller
the radius, the weaker the coupling.

A summary of all parameters discussed above is given
in Table I.

APPENDIX C: MODEL OF RING
SUPERINDUCTORS

Ignoring the turns, which are approximately equal to the
sum of πrin and πrout, the inductance can be approximated
as L = NL�rin/w. As we can see in Fig. 7(a), w is the
wire width, L� is the inductance per square, and rin is the
inner radius of the ring. The outer radius, rout, is related to
the inner radius by rout = 2rin. Here, N is the number of
meanders, which is proportional to 2πrin/p , where p is the
pitch (the sum of wire width and spacing). Substituting this
relationship, we find

L ∝ r2
inL�
pw

.

The capacitance, C, of the ring resembles that of a coplanar
capacitor composed of two square plates with sides rin and
separated by a length of 2rin. The capacitance of such a
capacitor scales linearly with the plate width, and thus, rin.
Therefore, we can approximate the ring capacitance as C ∝
rin [71].

(a) (b)

FIG. 7. Geometric design and capacitance scaling in ring
superinductors. (a) Electric field distribution of the ring superin-
ductor, highlighting the capacitor plates and remaining sections
of the ring acting as inductors. We define rin and rout of the
ring resonator as indicated. Magnified plot illustrates how we
define w and p . (b) Capacitance as a function of rin for rings
with varying inductance per square and resistivity. Each data
point corresponds to a specific resonator, with details listed in
Table I. Dashed line acts as a guide to the eye and confirms the
linear dependence of capacitance on rin for the range of design
parameters used here.

In Fig. 7(b), we confirm that this linear dependency is
consistent with the capacitances determined from HFSS.

The resonance frequency is derived from the two expres-
sions for L and C using the harmonic oscillator equation:

f0 ∝ 1√
LC

∝
√

pw
r3

inL�
.

The impedance, Z, depends on both the inductance and
capacitance of the ring and can be expressed again using
the expressions for L and C determined above:

Z ∝
√

rinL�
pw

.

Again, we confirm this proportionality of Z to the design
parameters for the resonators listed in Table I in the plot
shown in Fig. 4(a). In addition, we confirm in Fig. 4(b)

TABLE II. Summary of fabrication details for the ring res-
onators, including resist spinning, e-beam lithography for pat-
terning, plasma cleaning, and grAl deposition in a dynamic
oxygen environment. The resistivity of the resulting grAl films
ranges from 800 to 2500 μ� cm.

Resist coating

Substrate c-Plane sapphire
e-Beam resist PMMA A4 (thickness = 200 nm)
Acceleration 1000 rpm s−1

Spread cycle 300 rpm for 4 s
Spin speed 5000 rpm for 60 s
Baking temperature 150 °C for 3 min
Conductive coating Electra 92 (AR-PC 5090)
Acceleration 1000 rpm s−1

Spread cycle 500 rpm for 1 s
Spin speed 2000 rpm for 60 s
Baking temperature 85 °C for 2 min

e-Beam exposure

Acceleration voltage 50 kV
Beam current 100 pA
Step size 10 nm

Development

Conductive-coating removal Water (RT) for 30 s
Developer MIBK 1 : 3 IPA at 0 °C for 30 s

Deposition process

Plasma cleaning
Mass flows O2/Ar (10 sccm/5 sccm)
Beam parameters Ubeam = 200 V, Ibeam = 10 mA
Gettering
Ti evaporation rate 0.2 nm s−1 for 2 min
grAl deposition
Al evaporation rate 1 nm s−1

O2 pressure 10−5–10−4 mbar
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that the product Zf0 only depends on the ring radius. This
shows that, for a given fixed frequency, the impedance can
be increased (maximizing the product) only by reducing
the radius and compensating for the associated frequency
shift with one of the other design parameters ( p , w, or L�).
This compensation does not affect the product Zf0.

APPENDIX D: FABRICATION

The device being tested includes the ring resonators,
CPW, and ground plane. It is fabricated on a double-
polished 2 inch c-plane sapphire wafer with a thickness
of 330 μm. The lift-off lithography process (details in
Table II) begins with spin coating a poly(methyl methacry-
late) (PMMA) resist layer, followed by the application
of a conductive coating. The resonators are patterned
using a 50 kV e-beam lithography system, followed by the

removal of the conductive layer and the development of
the resist pattern.

Subsequently, the wafer is transferred to a UHV Plassys
e-beam evaporator, where it undergoes plasma cleaning,
an Ar/O2 descum process. Titanium is then evaporated
as a getter material to improve vacuum conditions, with
the shutter kept closed during this step. The grAl layer
is deposited at room temperature using e-beam evapora-
tion of pure aluminum while a small amount of oxygen
flows through the chamber. After deposition, the grAl film
is lifted off by dissolving the resist underneath it. The
resistivity of the resulting grAl films ranges from 800 to
2500 μ� cm, as determined by comparing the frequencies
extracted from HFSS simulation with the measured ones.
SEM images of representative devices are shown in Fig. 8.

Fabrication of the CPW starts with resist spin coat-
ing, UV lithography patterning, and development. CPW

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 8. Packed and narrow meandering grAl lines. SEM images of grAl meandering lines with a thickness of 30 nm, patterned using
electron-beam lithography. (a),(b) Test structures with meandering lines matching the width of those in ring resonators. These simpler
designs were used to optimize the fabrication recipe, achieving a packing density with a pitch of 200 nm. (c),(d) Ring resonators
fabricated with the same packing density as the test structures, showing results over longer lines with a greater number of meanders.
(e),(f) Test structures highlighting the minimum reproducible line width of about 60 nm. (g),(h) Ring resonators incorporate the same
narrow lines as the test structures, indicating the possibility of making narrow widths in more complex geometries.
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TABLE III. A summary of fabrication details for the CPW and
silver ground plane, including resist spinning, UV lithography for
patterning, plasma cleaning, and Nb + Al metallization. Silver
ground plane is deposited using an additional optical lithography
step with an Ar cleaning stage to remove Al oxide, ensur-
ing galvanic contact between overlapping silver and Nb + Al
structures.

Resist coating

Substrate c-Plane sapphire
Photoresist AZ 5214E
Acceleration 2000 rpm s−1

Spin speed 4000 rpm for 60 s
Baking temperature 110 °C for 50 s

UV exposure

First exposure
Exposure power 2 mW for 12 s
Baking
Baking temperature 120 °C for 60 s
Second exposure
Exposure type Flood exposure for 30 s

Development

Developer AZ developer 3 : 2 water for 30 s

Deposition process

Plasma cleaning
Mass flows O2/Ar (10 sccm/5 sccm)
Beam parameters Ubeam = 200 V, Ibeam = 10 mA
Gettering
Ti evaporation rate 0.2 nm s−1 for 2 min
Nb + Al deposition
Nb evaporation rate 1 nm s−1

Al evaporation rate 1 nm s−1

Ag deposition
Ag evaporation rate 1 nm s−1

metallization involves Al + Nb deposition using the
Plassys evaporator, including Ar/O2 descum cleaning and
Ti gettering, followed by lift-off.

FIG. 9. Prospective grAl impedance optimization. Simulated
impedances up to the fundamental mode, indicated by the x axis,
for the designs summarized in Table IV.

After the CPW lift-off process, an additional optical
lithography step is performed to deposit the silver ground
plane. This step mirrors the CPW fabrication process but
includes an additional Ar cleaning step to remove any
oxide layer on Al, ensuring good galvanic contact between
the overlapping silver and Nb + Al structures, which is
crucial for avoiding parasitic modes. (Fabrication steps are
outlined in Table III.)

After completing the patterning, a protective photoresist
layer is applied, and the chip is diced into pieces of 6 ×
6 mm2. The final step involves cleaning off the protective
resist layer.

APPENDIX E: NUMERICAL SIMULATION OF
HIGH-RESISTIVITY RING RESONATORS

To explore the higher-resistivity regime of grAl below
the superconducting-to-insulator phase transition (SIT),
we simulated grAl ring resonators with L� ranging from
1200 to 1800 pH/sq, which could be achieved by using
ρ from 4338 to 6490 μ� cm. These simulations are

TABLE IV. A summary of simulated ring resonator parameters, including geometrical dimensions, L�, L, Z, and f0. The parameters
were derived using eigenmode simulations in HFSS, focusing on the higher-resistivity regime of grAl below SIT. These results provide
guidelines for designing resonators within the 4–8 GHz frequency range by optimizing impedance and frequency characteristics.

Resonator rin w l p t f0 L� L C Z
(μm) (nm) (μm) (nm) (nm) (GHz) (pH/�) (μH) (fF) (k�)

23 3.2 120 367 200 20 7.3 1200 3.67 0.518 170
24 3.69 120 469.8 200 20 6.07 1200 4.69 0.586 179
25 4.07 120 571.9 200 20 5.22 1200 5.71 0.651 187
26 4.77 120 775.7 200 20 4.14 1200 7.75 0.763 201
27 3.31 120 377 200 20 6.43 1500 4.7 0.521 190
28 3.62 120 459 200 20 5.53 1500 5.7 0.581 199
29 4.2 120 622 200 20 4.39 1500 7.7 0.683 214
30 2.9 120 316 200 20 6.7 1800 4.7 0.480 199
31 3.6 120 452 200 20 5.09 1800 6.7 0.584 217
32 4.13 120 588 200 20 4.1 1800 8.8 0.685 227
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performed using the eigenmode solver in ANSYS HFSS to
determine intrinsic resonant frequencies.

The simulated parameters, including resonator dimen-
sions, inductance, resonance frequencies, and correspond-
ing impedances, are presented in Table IV, and the
impedance values are reported in Fig. 9, providing a per-
spective for future impedance increases in grAl resonators.
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