
Pushing the Boundaries of Impedance and
Nonlinearity in Superconducting Quantum

Circuits Based on Granular Aluminum

Zur Erlangung des akademischen Grades einer

Doktorin der Naturwissenschaften (Dr. rer. nat.)

von der KIT-Fakultät für Physik des
Karlsruher Instituts für Technologie (KIT)

angenommene

Dissertation

von

M. Sc. Mahya Khorramshahi

Tag der mündlichen Prüfung:
25. Juli 2025

Referent: Prof. Dr. Ioan Pop
Korreferentin: Dr. habil. Claire Marrache-Kikuchi (University Paris Saclay, France)





Abstract

Superconducting circuits based on high kinetic inductance materials are promising can-
didates for future quantum technologies, owing to their magnetic field resilience, low
microwave losses, and lithographic scalability. In this thesis, we explore the properties
of granular aluminum (grAl) resonators in two distinct geometries, using the nonlinear
kinetic inductance of grAl for applications in superconducting quantum circuits.

In the first part, we present compact meandered ring resonators fabricated using a single-
step lift-off process. By optimizing film resistivity and geometry, we achieve superinductors
with characteristic impedances exceeding 100 k𝛺 , corresponding to total inductance of
several microhenries. These high-impedance devices exhibit internal quality factors on
the order of 105 in the single-photon regime and frequency noise spectral densities as low
as 200–1000 Hz/

√
Hz at 10 Hz. These high-impedance resonators with large zero-point

voltage fluctuations are suitable for coupling to molecular qubits, small electric dipoles, and
spins in quantum dots, for studying quantum phase slips, and for implementing protected
qubit designs.

In the second part, we investigate DC-tunable resonators based on a 3𝜆/4 fractal geometry
that allows direct current injection for in-situ tuning of the resonance frequency. We
achieve frequency tunability up to 4.5% before reaching the critical current, and extract
characteristic currents 𝐼 ∗ ranging from 109 to 414 𝜇A for resonators with sheet inductances
between 41 and 92 pH/□. The nonlinear inductance is analyzed using theoretical models
based on Ginzburg-Landau, Mattis-Bardeen-BCS, and a 1D Josephson junction array
model. Noise and quality factor measurements indicate internal quality factors around
104, demonstrating the suitability of these resonators for use in broadband phase shifters,
three-wave mixing parametric amplifiers, and other devices requiring tunable nonlinearity
and frequency control.

This work establishes granular aluminum as a material for realizing high-impedance and
frequency-tunable superconducting circuits, offering new opportunities for advanced
applications in quantum information processing and hybrid quantum technologies.
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1 Introduction

This chapter introduces the foundational concepts and key components of super-
conducting quantum circuits. Starting from lumped-element LC resonators, we
outline their quantum behavior as harmonic oscillators, including discrete energy
quantization, characteristic impedance, and quality factors. We then introduce the
Josephson junction (JJ) as a nonlinear, non-dissipative circuit element, discussing its
key physical properties and role in enabling superconducting qubits. The chapter
concludes with an overview of kinetic inductance and its circuit implications, with
particular attention to granular aluminum (grAl) as a high-inductance supercon-
ducting material used throughout this work.

1.1 Motivation for Quantum Circuit Engineering

Since ancient times, humans have been fascinated by theworkings of the universe. Whether
staring at the stars or trying to understand the structure of atoms, we have tried to
uncover the fundamental laws that describe the natural world. This philosophical curiosity
sparked a scientific revolution in the 20th century, the development of quantum mechanics.
Emerging in response to experimental results that conflicted with classical explanations,
quantum mechanics introduced a fundamentally new way to understand nature at the
microscopic scale, where classical intuition breaks down. Now, as we step into the era of
the second quantum revolution, we are not just observing quantum phenomena; we are
beginning to control them. This control opens up a wide array of technological possibilities,
especially in areas like quantum sensing, quantum simulation, and quantum computing,
fields that promise to change modern science, industry, and information processing.

To put this new understanding of quantum mechanics into practice, scientists have devel-
oped technologies that make use of quantum mechanics’ most important features, like
superposition and entanglement. One of the most foundational elements of these tech-
nologies is the quantum bit, or qubit, which acts as the basic unit of quantum information.

1



1 Introduction

Unlike a classical bit, which exists in one of two definite states (0 or 1), a qubit can occupy
a coherent superposition of both states, described by

|𝛹⟩ = 𝛼 |0⟩ + 𝛽 |1⟩, with |𝛼 |2 + |𝛽 |2 = 1, (1.1)

where 𝛼 and 𝛽 are complex probability amplitudes. This superposition enables quantum
systems to encode and process information in ways that classical systems cannot.

When multiple qubits are involved, entanglement becomes possible. An entangled state
looks as follows

|𝛹⟩ = 1
√

2
( |00 . . . 0⟩ + |11 . . . 1⟩) (1.2)

This phenomenon gives rise to a Hilbert space that grows exponentially with the number
of qubits, forming the basis for powerful quantum algorithms with no classical counter-
parts.

However, this power comes with some challenges. Qubits must maintain coherence over
time, get manipulated with high fidelity, and be read out accurately, all while being isolated
from environmental noise. To address these demands, the DiVincenzo criteria [3] define
the essential features a quantum system must fulfill for scalable quantum computation:
initialization, long coherence times, universal gate sets, reliable readout, and connection
between qubits.

As the number of qubits increases, so does the susceptibility to errors, requiring robust
quantum error correction techniques. These protocols use redundancy to encode logical
qubits using several physical qubits, effectively preserving quantum information over
longer timescales.

Various physical systems are used to implement qubits, each offering distinct advan-
tages in terms of coherence, control, and scalability. These include microscopic systems
such as trapped ions [4–6], nitrogen-vacancy centers in diamond [7], individual electron
spins in semiconductors [8–10], and molecular spin systems [11–13]. On the other hand,
macroscopic systems like superconducting circuits [14–18] are widely favored for their
lithographic scalability and compatibility with microwave control techniques. These
circuits are typically well-controlled, large-scale structures with gate and measurement
fidelities that approach the thresholds required for quantum error correction.

Superconductors are particularly well suited for quantum computing applications due to
their unique electrical and magnetic properties. When cooled below a material-specific

2



1.1 Motivation for Quantum Circuit Engineering

critical temperature 𝑇c, superconductors enter a phase characterized by zero electrical
resistance and the expulsion of magnetic fields from their interior, a phenomenon known
as the Meissner effect.

These macroscopic quantum behaviors originate from the formation of Cooper pairs, which
are pairs of bound electrons that move in a collective, phase-coherent state without energy
dissipation. This coherent state allows the flow of steady currents and the quantization of
magnetic flux in discrete multiples of the flux quantum,𝛷0 = ℎ/2𝑒 , where ℎ is Planck’s
constant and 𝑒 is the elementary charge. A key feature of the superconducting state is the
emergence of an energy gap 𝛥 in the spectrum. This gap protects the superconductor from
excitations smaller than 𝛥 [19, 20]. The internal magnetic field within a superconductor
decays exponentially from the surface, following 𝐵(𝑥) = 𝐵0 exp(−𝑥/𝜆𝐿), where 𝜆𝐿 is the
London penetration depth. These properties provide the fundamental physical basis for a
wide range of superconducting quantum devices.

To make superconducting circuits practical for quantum computing, engineers have devel-
oped strategies to mitigate noise and energy loss, such as cooling devices to millikelvin
temperatures, applying magnetic and infrared shielding. These innovations have enabled
superconducting qubits to approach the fidelity thresholds required for quantum error
correction, making them strong candidates for scalable quantum processors. However, de-
spite this progress, superconducting circuits continue to face key challenges. Energy losses
from material defects, quasiparticles, and environmental noise still impose significant
limits on qubit coherence and overall system performance.

There is a growing focus on building hybrid quantum systems that bring together different
types of quantum hardware. The goal is to make use of each system’s strengths while
reducing its weaknesses. Although improving single platforms is still important, combining
them offers a more flexible and powerful approach to advancing quantum technology.
In this work, we focus on building high-impedance circuit elements, which have large
zero-point voltage fluctuations. This enables stronger coupling to systems with small
electric dipole moments, making our approach especially valuable for hybrid quantum
applications. Additionally, using high-impedance components allows for the design of
qubits that are less sensitive to flux noise, offering an advantage over conventional qubit
architectures. We will explain this work in detail in Chapter 2.

Achieving a high signal-to-noise ratio (SNR) is essential in quantum measurement setups,
as it directly improves readout fidelity and speed. While Josephson parametric amplifiers
(JPAs) can operate near the quantum limit of added noise, they are limited by narrow
bandwidth, small power dynamic range, and design complexity. As we will discuss the
details in Chapter 3, we investigate the tunability of granular aluminum, a high-kinetic

3



1 Introduction

inductancematerial. Thanks to its lithography compatibility and current-dependent kinetic
inductance, grAl is a promising material for implementing traveling wave parametric
amplifiers (TWPAs) and phase shifters. A grAl-based TWPA can potentially offer higher
bandwidth and larger power dynamic range compared to Josephson junction-based designs,
making it an attractive platform for quantum-limited amplifiers.

1.2 Superconducting Quantum Circuits

Superconducting quantum circuits are designed electrical systems that exhibit quantum
mechanical properties even at macroscopic scales. These systems are built from circuits
that include both linear elements, such as inductors and capacitors, and nonlinear el-
ements, most commonly Josephson junctions. The classical properties of the circuits
can be precisely modeled using finite element methods (FEM). We can fabricate them
using common approaches such as thin-film deposition and lithographic techniques for
patterning, enabling control over device parameters and reproducibility across circuits.

What makes superconducting quantum circuits notable is that they use flux and charge as
quantum variables. These are observable macroscopic quantities, yet they are quantized
and follow the laws of quantum mechanics. This allows superconducting circuits, though
made from billions of atoms, to reliably store and manipulate coherent quantum states,
enabling a leading platform for quantum information processing.

These circuits can be viewed from multiple perspectives [21].

• The solid-state physics viewpoint: they describe the collective motion of Cooper
pairs in a superconducting condensate.

• An electrical engineering perspective: they reduce to effective circuit models from
Kirchhoff’s laws and a small set of quantum degrees of freedom.

• A quantum optics view: they resemble microwave cavities with discrete photonic
modes.

Superconducting quantum circuits enable accurate simulation of a wide variety of quantum
systems. By adjusting the circuit layout and the way components are designed and coupled,
they facilitate exploring diverse physical behaviors under controlled conditions.

4



1.2 Superconducting Quantum Circuits

1.2.1 The Harmonic Oscillator

(a)

L C

(b)

A
l
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p

p
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e

2
0

 µ
m

Figure 1.1: Lumped-Element Superconducting Resonator. (a) Schematic of the lumped-element LC
resonator circuit, which shows an idealized circuit representation, highlighting the magnetic flux threading
the inductor and electric field between the capacitor plates. The resonance occurs at the natural frequency
𝜔0 = 1/

√
𝐿𝐶 . (b) False-color optical microscopy image of a fabricated aluminum resonator on a sapphire

substrate. The structure is defined using a single-step electron-beam lithography and lift-off process. The
inductor is implemented as a meandered wire (top part), while the capacitor consists of an interdigitated
structure (bottom part). This resonator with a simple fabrication approach provides a convenient platform
for characterizing resonators and comparing loss mechanisms across different fabrication methods or
measurement environments.

Resonators are important components in quantum circuits, being used as energy storage
elements, filters, coupling buses, and quantum memories. They are designed to support
standing wave patterns at specific resonant frequencies, where energy oscillates between
electric and magnetic fields. At these resonant points, the stored electric energy in a
capacitor equals the magnetic energy in an inductor. This angular frequency 𝜔0 of the
resonance is given by

𝜔0 =
1

√
𝐿𝐶

. (1.3)

A basic LC circuit (see Fig. 1.1(a)), consisting of an inductor 𝐿 and a capacitor 𝐶 , behaves
as a harmonic oscillator. When quantized, this system exhibits discrete energy levels

𝐸𝑛 = ℏ𝜔0

(
𝑛 + 1

2

)
, 𝑛 = 0, 1, 2, . . . (1.4)
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1 Introduction

These evenly spaced levels define the Fock space and enable the resonator to store energy
or help with qubit interactions [22].

In the quantum regime, classical variables like voltage and current become operators. The
node flux 𝛷̂ and node charge 𝑄̂ are conjugate variables and obey the canonical commutation
relation [23, 24]

[𝛷̂, 𝑄̂] = 𝑖ℏ. (1.5)

Using Faraday’s law, the voltage is defined as the time derivative of flux

𝑉 (𝑡) = 𝑑𝛷
𝑑𝑡

= ¤𝛷. (1.6)

The quantum Hamiltonian of the LC oscillator is

𝐻̂ =
𝑄̂2

2𝐶 + 𝛷̂
2

2𝐿 . (1.7)

We can also write the Hamiltonian in terms of raising (𝑎†) and lowering (𝑎) operators

𝐻̂ = ℏ𝜔0

(
𝑎†𝑎 + 1

2

)
, (1.8)

where,

𝑎 =
1

√
2ℏ𝑍

𝛷̂ + 𝑖
√︂
𝑍

2ℏ𝑄̂, 𝑎† =
1

√
2ℏ𝑍

𝛷̂ − 𝑖
√︂
𝑍

2ℏ𝑄̂, (1.9)

and

𝑍 =

√︂
𝐿

𝐶
(1.10)

is the characteristic impedance of the resonator. These operators satisfy the commutation
relation

[𝑎, 𝑎†] = 1. (1.11)

The operators for flux and charge can be written as
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1.2 Superconducting Quantum Circuits

𝛷̂ =𝛷ZPF(𝑎 + 𝑎†), 𝑄̂ = −𝑖𝑄ZPF(𝑎 − 𝑎†), (1.12)

with zero-point fluctuations

𝛷ZPF =

√︂
ℏ𝑍
2 , 𝑄ZPF =

√︂
ℏ

2𝑍 . (1.13)

These quantify the vacuum uncertainties of the system’s ground state

⟨0|𝛷̂2 |0⟩ =𝛷2
ZPF, ⟨0|𝑄̂2 |0⟩ =𝑄2

ZPF. (1.14)

To characterize how efficiently a resonator stores energy relative to its losses, we use the
quality factor 𝑄 , a key parameter that determines resonator performance in both classical
and quantum systems

𝑄 = 𝜔0 ·
Average Stored Energy
Average Power Loss . (1.15)

In an ideal, lossless quantum system, energy would be preserved indefinitely, and the
quality factor would be infinite. However, real resonators experience dissipation from
both internal and external sources. The internal quality factor 𝑄i accounts for intrinsic
losses such as dielectric, conductive, and radiative losses, while the external (or coupling)
quality factor 𝑄c captures losses due to coupling to measurement lines or other circuit
components. The total or loaded quality factor 𝑄l is given by [25, 26]

1
𝑄l

=
1
𝑄i

+ 1
𝑄c
. (1.16)

The coupling regimes can be distinguished:

• Overcoupled (𝑄c < 𝑄i): Fast energy transfer, typically desirable for readout applica-
tions.

• Undercoupled (𝑄c > 𝑄i): Lower energy leakage, optimal for energy storage, coher-
ence.

• Critically coupled (𝑄c =𝑄i).

In the context of our devices, 𝑄i is especially important, as it limits coherence and deter-
mines the suitability for quantum applications. We therefore extract and analyze 𝑄i for
our resonators in the next chapters.
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1.2.2 The Josephson Junction

The Josephson junction (JJ) is a fundamental component in superconducting quantum
circuits, as a non-dissipative, nonlinear element, introduced by Brian Josephson in 1962 [27].
A JJ consists of two superconductors separated by a weak link, which allows for the
tunneling of Cooper pairs without resistance. The nature of this weak link defines the
type of JJ [28–39] (all types are shown in Fig. 1.2):

• S-I-S (Superconductor–Insulator–Superconductor): where the current tunnels through
a thin insulating layer.

• S-c-S (Superconductor–Constriction–Superconductor): where the weak link is a
narrow constriction in a continuous superconducting material.

• S-N-S (Superconductor–Normal metal–Superconductor): where a normal metal
barrier shows induced superconductivity through the proximity effect.

• S-I-N-I-S (Superconductor–Insulator–Normalmetal–Insulator–Superconductor): where
a normal metal island is tunnel-coupled to superconductors through insulating barri-
ers; commonly used in thermometry.

• S-F-S (Superconductor–Ferromagnet–Superconductor): where a thin ferromagnetic
layer sits between two superconductors; these junctions can exhibit 𝜋-phase shifts.

In all these configurations, current flows through the junction due to a phase difference
𝜙 between the wavefunctions of the two superconductors. This gives rise to the DC
Josephson effect, described by [28, 40, 41]

𝐼 = 𝐼𝑐 sin(𝜙), (1.17)

where 𝐼𝑐 is the critical current, the maximum supercurrent that can pass through the
junction without a voltage drop. Having a voltage drop 𝑉 across the junction leads to a
time-varying phase according to the second Josephson relation [28]

𝑑𝜙

𝑑𝑡
=

2𝑒𝑉
ℏ
, (1.18)
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Figure 1.2: Types of Josephson Junctions. (a) Schematic of a Superconductor–Insulator–Superconductor
(SIS) junction, where tunneling occurs through a thin insulating barrier, a widely used configuration in
superconducting qubits. (b) Superconductor–Constriction–Superconductor (ScS) junction, in which a nar-
row geometric constriction serves as the weak link. (c) Superconductor–Normal metal–Superconductor
(SNS) junction that uses proximity-induced superconductivity in the normal-metal region to mediate
Cooper pair tunneling. (d) Superconductor–Insulator–Normal metal–Insulator–Superconductor (SINIS)
junction, a double-barrier structure commonly used in low-temperature thermometry. (e) Superconduc-
tor–Ferromagnet–Superconductor (SFS) junction, which can introduce 𝜋-phase shifts used in memory and
quantum logic applications. All configurations support non-dissipative Cooper pair transport, but differ in
their microscopic mechanisms and fabrication techniques, offering distinct functionalities in superconduct-
ing quantum circuits.

where 2𝑒 is the charge of a Cooper pair and ℏ is the reduced Planck constant. As a result,
an AC supercurrent with frequency

𝜈 =
2𝑒𝑉
ℎ

(1.19)

flows across the junction.
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The Josephson Potential

Beyond their unique tunneling behavior, Josephson junctions introduce nonlinear, dissi-
pationless inductance to quantum circuits, a property that enables the transformation of
harmonic circuits into artificial atoms [42]. The Josephson energy potential is [28, 43]

𝐸 = −𝐸J cos(𝜙), (1.20)

where 𝐸J = ℏ𝐼c/(2𝑒) is the Josephson energy. For small phase variations 𝜙 ≪ 1, the
potential can be expanded as

𝐸 ≈ −𝐸J +
𝐸J
2 𝜙

2 −
𝐸J
24𝜙

4 + O(𝜙6). (1.21)

The quadratic term corresponds to a linear inductor with Josephson inductance

𝐿J =
𝛷0

2𝜋𝐼c
, (1.22)

where 𝛷0 = ℎ/2𝑒 is the magnetic flux quantum. The presence of the quartic and higher-
order terms is the signature of anharmonicity in the Josephson potential, making the
Josephson junction a source of nonlinearity in superconducting circuits even in the case
of small excitations. Unlike harmonic oscillators (e.g., LC circuits with a linear inductor
𝐿), for which energy levels are equally spaced (see previous section), the cosine-shaped
Josephson potential results in unevenly spaced energy levels. This spectral structure allows
for isolated two-level systems, or qubits, where transitions between the two energy levels
can be selectively controlled.

Phase Dynamics and the RCSJ Model

The RCSJ model is a widely used equivalent circuit to describe the realistic behavior of a
biased Josephson junction. It models the JJ as a parallel combination of an ideal Josephson
element, a resistor 𝑅, and a capacitor𝐶 [44, 45]. In Chapter 3, we use this model to describe
the relation between kinetic inductance and bias current in granular aluminum, which can
be modeled as a one-dimensional array of Josephson junctions. The differential equation
for the phase 𝜙 is

𝐶

(
𝛷0
2𝜋

)
𝑑2𝜙

𝑑𝑡2 +
(

1
𝑅

) (
𝛷0
2𝜋

)
𝑑𝜙

𝑑𝑡
+ 𝐼c sin(𝜙) = 𝐼 , (1.23)
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where the second-order term represents inertial effects (like mass in mechanics), the
first-order term accounts for damping (similar to friction), and 𝐼 is the applied current.

This equation is analogous to the motion of a particle in a tilted washboard potential

𝑈 (𝜙) = −𝐸J

[
cos(𝜙) + 𝐼

𝐼c
𝜙

]
, (1.24)

where the phase behaves like the position of a particle. In this analogy, the cosine term gives
the periodic, washboard shape, while the linear term

(
𝐼
𝐼c

)
𝜙 introduces a tilt, representing

the effect of the applied current. A higher bias current increases the tilt, making it easier for
the phase particle to escape potential wells. Depending on the current bias and damping,
the particle either oscillates in a potential well (zero-voltage state) or slides downhill
(finite-voltage state).

Damping Regimes in Josephson Dynamics

The quality factor 𝑄 = 𝜔𝑝/𝜔𝑅𝐶 , where 𝜔𝑝 =
√︁

2𝜋𝐼𝑐/(𝛷0𝐶) and 𝜔𝑅𝐶 = 1/𝑅𝐶 , determines
the damping behavior:

• Overdamped junctions (𝑄 < 1) [46]: The phase particle has little inertia and is quickly
trapped in a potential minimumwhen the bias current drops below 𝐼c. Voltage returns
to zero immediately, and no hysteresis in the current–voltage (I–V) characteristics is
observed.

• Underdamped junctions (𝑄 > 1) [47]: The phase retains momentum and can over-
shoot potential minima. This dynamic leads to hysteresis in the I–V curve. The
return current 𝐼R (when voltage goes to zero) is lower than the switching current 𝐼sw,
at which the junction switches to the voltage state.

The choice of damping regime depends on the intended application [48–52]. Underdamped
junctions are preferred in qubits, quantum sensing, and low-energy photon detection [53].
Overdamped junctions are used in quantum metrology [54] when non-hysteretic behavior
is required.

1.3 High Impedance Resonators

In electrical circuits, the impedance 𝑍 represents the frequency-dependent opposition to
AC flow. It is given by

11
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𝑍 = 𝑅 + 𝑖𝑋, (1.25)

where 𝑅 is the resistance (real part, dissipates energy as heat) and 𝑋 is the reactance
(imaginary part, stores energy in electric or magnetic fields).

There are two types of reactance:

Capacitive reactance (𝑋𝐶 )

𝑋𝐶 = − 1
𝜔𝐶

(1.26)

decreases with increasing frequency.

Inductive reactance (𝑋𝐿)

𝑋𝐿 = 𝜔𝐿 (1.27)

increases with frequency.

So, in a circuit with an inductor and a capacitor, the total impedance is

𝑍 = 𝑅 + 𝑖
(
𝜔𝐿 − 1

𝜔𝐶

)
. (1.28)

In circuits with high characteristic impedance 𝑍C, zero-point voltage fluctuations are
enhanced [55, 56],

𝑉ZPF ∝
√︁
𝑍C, (1.29)

enabling coupling of superconducting microwave devices to other solid-state excitations,
e.g., phonons via direct piezoelectric coupling [57] or parametric electromechanical in-
teractions [58], or molecular qubits [59]. At the high end of 𝑍C, inductors with zero DC
resistance and impedance exceeding the resistance quantum,

𝑍C > 𝑅Q =
ℎ

(2𝑒)2 ≈ 6.45 kΩ, (1.30)

are known as superinductors [60, 61]. They enable the realization of protected qubit
architectures, such as fluxonium [62–68] and 0 − 𝜋 qubits [69–71], by delocalizing the
wavefunction and mitigating flux noise. The high inductive reactance of superinductors is
also essential for studying flux-tunneling-induced phase slips, facilitating the observation
of dual Shapiro steps [72–74].
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Long Josephson junction arrays are a widely used option for achieving high impedance
with low loss [60, 61], and their impedance can exceed hundreds of kΩ when suspended
in vacuum [75, 76]. However, these arrays—particularly in suspended configurations—are
complex to fabricate and introduce unwanted nonlinearity [77]. Alternatively, geometric in-
ductors optimized into suspended spiral shapes offer high linearity but remain challenging
to fabricate [78, 79].

An ideal superinductor technology would combine low dissipation, straightforward fabrica-
tion, and compatibility across diverse operational environments, including high magnetic
fields, as required in spin [56], Andreev [80], or nanowire qubit devices [81–83].

Disordered superconductors are a promising platform for realizing compact, high-impedance
resonators, as discussed next.

1.4 Disordered Superconductors

Disordered superconductors can be realized by disturbing perfect crystalline structures
through the introduction of defects such as vacancies, dislocations, impurities, and other
irregularities. These imperfections break lattice periodicity and enhance electron scattering
rates, thereby changing transport properties.

Disordered materials such as NbN [77, 84, 85], TiN [86–88], NbTiN [89–91], InO [92,
93], and granular aluminum [64, 94–97] have high kinetic inductance and are discussed
in detail in the following section. These materials enter the local dirty limit regime of
superconductors [98]

𝑙 ≪ 𝜉0 ≪ 𝜆𝐿, (1.31)

where 𝑙 is the electron mean free path, 𝜉0 the Bardeen–Cooper–Schrieffer (BCS) coherence
length, and 𝜆𝐿 the London penetration depth.

As disorder increases and the Ioffe-Regel condition [99] is approached, defined by the
criterion 𝑘Fℓ ≈ 1, where 𝑘F is the Fermi wavevector and ℓ the mean free path—electronic
states begin to localize, signaling the onset of a metal-insulator transition.

Another threshold was discovered by Dynes [100], showing that superconductivity in thin
films breaks when the sheet resistance exceeds ≈ 30 kΩ.
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Considering these limits and knowing the microscopic structures of disordered super-
conductors, one can refine the fabrication process to maximize kinetic inductance while
maintaining superconducting behavior, enabling high-impedance device architectures.

1.5 Kinetic Inductance

Kinetic inductance comes from the inertia of charge carriers. Unlike geometric inductance,
which results frommagnetic fields generated by current loops, kinetic inductance originates
from the kinetic energy stored in the motion of the superconducting charge carriers
themselves.

To describe kinetic inductance, several theoretical models can be used. The Drude model
explains conductivity in normal metals. The two-fluid model adds superconducting behav-
ior by combining normal and superfluid carriers. The Mattis-Bardeen theory gives a full
quantum description, especially useful for disordered superconductors at low temperatures.
The London theory connects inductance to magnetic field penetration.

1.5.1 Drude and Two-Fluid Models

The kinetic inductance can be derived by analyzing the inductive component of the
material’s complex conductivity.

Drude Model: A Starting Point for Normal Metals

The Drude model [101] describes electrical transport in normal metals by treating electrons
as a classical gas of non-interacting particles that respond to an applied electric field 𝐸.
Electrons accelerate under the field but are randomly scattered after an average time 𝜏 . As
a result, they gain an average momentum in the direction of the field.

The frequency-dependent complex conductivity is

𝜎 (𝜔) = 𝑛𝑒2𝜏

𝑚e(1 + 𝑖𝜔𝜏)
, (1.32)

where 𝑛, 𝑒 ,𝑚e and 𝜔 describe the electron density, the elementary charge, the electron
mass, and the angular frequency, respectively.

Splitting this into real and imaginary parts leads to
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𝜎1 =
𝑛𝑒2𝜏

𝑚e(1 + 𝜔2𝜏2) , 𝜎2 =
𝑛𝑒2𝜔𝜏2

𝑚e(1 + 𝜔2𝜏2) . (1.33)

Here, 𝜎1 accounts for resistive losses, while 𝜎2 corresponds to the inductive (reactive)
response. In normal metals, 𝜎2 is typically small, especially at microwave frequencies, and
thus kinetic inductance is usually negligible.

Two-Fluid Model: Extending to Superconductors [102, 103]

Below the critical temperature, the two-fluid model assumes that conduction electrons
divide into two populations:

• Superconducting electrons 𝑛s, electrons forming Cooper pairs, which move without
resistance.

• Normal electrons 𝑛n (quasiparticles), which still experience scattering.

The total complex conductivity is the sum of both contributions

𝜎 (𝜔) = 𝜎s(𝜔) + 𝜎n(𝜔). (1.34)

The normal part follows the Drude form. For the superconducting part, since Cooper pairs
do not scatter, we take the limit 𝜏 → ∞ in the Drude expression. This leads to

𝜎s = −𝑖 𝑛s𝑒
2

𝜔𝑚e
, (1.35)

this purely imaginary conductivity corresponds to an inductive response associated with ki-
netic inductance, as it shows the system stores energy in the motion of the superconducting
carriers.

We can relate this to the kinetic inductance

𝐿k =
𝑚e
𝑛s𝑒2 · 𝑙

𝐴
, (1.36)

where 𝑙 is the length and 𝐴 the cross-sectional area of the superconductor. Note that for a
superconductor, 𝑛s depends on temperature and current.
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Temperature Dependence

In the historical two-fluid model, the temperature dependence of the superfluid fraction,
where 𝑛 = 𝑛s + 𝑛n is the total conduction-electron density, is given by

𝑛s
𝑛

= 1 −
(
𝑇

𝑇c

)4
. (1.37)

This means 𝑛s decreases with rising temperature, increasing the kinetic inductance. How-
ever, in the modern view based on BCS theory, the temperature dependence is determined
by the superconducting energy gap. As the temperature approaches zero, the density of
normal electrons vanishes exponentially.

The Drude model covers basic transport physics in normal metals but does not include
quantum effects or superconductivity. In addition, the two-fluid model adds the supercon-
ducting response and provides a simple framework to derive kinetic inductance. However,
both models are limited. They ignore microscopic mechanisms giving rise to superconduc-
tivity. They do not account for the energy gap, coherence length, or non-local interactions.
To accurately describe real superconductors, especially at low temperatures and in dis-
ordered systems, a quantum mechanical model such as the Mattis-Bardeen theory is
required.

1.5.2 Mattis-Bardeen Formalism

To go beyond semi-classical descriptions, the Mattis-Bardeen formalism [104] offers a
quantum mechanical model based on BCS theory. It provides a precise way to calculate
the frequency-dependent complex conductivity of superconductors

𝜎 (𝜔) = 𝜎1(𝜔) − 𝑖𝜎2(𝜔), (1.38)

where the real part 𝜎1 corresponds to dissipative losses from quasiparticles, and the imagi-
nary part 𝜎2 relates to the inductive (non-dissipative) response, i.e., kinetic inductance.

The conductivity is normalized to the normal-state conductivity 𝜎𝑛 , and expressed through
energy integrals involving the superconducting energy gap 𝛥 and Fermi-Dirac distribution
𝑓 (𝐸)
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𝜎1
𝜎n

=
2
ℏ𝜔

∫ ∞

𝛥

[𝑓 (𝐸) − 𝑓 (𝐸 + ℏ𝜔)] 𝐸2 + 𝛥2 + ℏ𝜔𝐸
√
𝐸2 − 𝛥2

√︁
(𝐸 + ℏ𝜔)2 − 𝛥2

𝑑𝐸

+ 1
ℏ𝜔

∫ −𝛥

𝛥−ℏ𝜔
[1 − 2𝑓 (𝐸 + ℏ𝜔)] 𝐸2 + 𝛥2 + ℏ𝜔𝐸

√
𝐸2 − 𝛥2

√︁
(𝐸 + ℏ𝜔)2 − 𝛥2

𝑑𝐸

(1.39)

𝜎2
𝜎n

=
1
ℏ𝜔

∫ 𝛥

𝛥−ℏ𝜔,−𝛥
[1 − 2𝑓 (𝐸 + ℏ𝜔)] 𝐸2 + 𝛥2 + ℏ𝜔𝐸

√
𝛥2 − 𝐸2

√︁
(𝐸 + ℏ𝜔)2 − 𝛥2

𝑑𝐸. (1.40)

Low-Temperature Limit and Kinetic Inductance

At low temperatures and low frequencies (ℏ𝜔 ≪ 2𝛥), the imaginary conductivity can be
approximated by

𝜎2
𝜎n

=
𝜋𝛥

ℏ𝜔
tanh

(
𝛥

2𝑘B𝑇

)
. (1.41)

This leads to the expression for kinetic inductance

𝐿k =
𝑙

𝐴
· 𝜌ℏ
𝜋𝛥

· 1
tanh(𝛥/2𝑘B𝑇 )

. (1.42)

In the limit 𝑇 → 0

𝐿k =
ℏ
𝜋𝛥0

𝑅n. (1.43)

This equation is particularly relevant to the central aim of this thesis, maximizing in-
ductance in superconducting resonators. It shows that in disordered superconductors,
where the normal-state resistance 𝑅n is large, the kinetic inductance can be significantly
enhanced.

1.5.3 London Theory

While the Drude and two-fluid models offer useful approximations and the Mattis-Bardeen
formalism provides a detailed quantum mechanical framework, it is sometimes desir-
able to use a simpler yet physically insightful model, the London theory, to capture the
macroscopic electrodynamics of superconductivity.
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The London Equations

The London model supplements Maxwell’s equations to describe the behavior of electric
and magnetic fields in superconductors. It introduces two core equations [105]:

𝜕®𝑗s
𝜕𝑡

=
𝑛s𝑒

2

𝑚e
®𝐸 (first London equation) (1.44)

∇ × ®𝑗s = −𝑛s𝑒
2

𝑚e
®𝐵 (second London equation) (1.45)

The first London equation implies a frictionless response of the supercurrent to an electric
field, while the second describes the magnetic field screening in the superconductor
(Meissner effect). From these, one can define the London penetration depth [28]

𝜆𝐿 =

√︂
𝑚e
𝜇0𝑛s𝑒2 . (1.46)

This is the characteristic length scale over which magnetic fields decay inside the super-
conductor.

Deriving Kinetic Inductance from London Theory

We can derive the expression for kinetic inductance by starting from the first London
equation. For a uniform supercurrent density 𝑗𝑠 , we get

®𝐸 =
𝑚e
𝑛s𝑒2

𝑑 ®𝑗s
𝑑𝑡
, (1.47)

assuming the total current is 𝐼 = 𝑗s𝐴 and the voltage drop is 𝑉 = 𝐸𝑙 , we obtain

𝑉 =
𝑚e
𝑛s𝑒2 · 𝑙

𝐴
· 𝑑𝐼
𝑑𝑡

(1.48)

Comparing this with 𝑉 = 𝐿k
𝑑𝐼
𝑑𝑡
, we identify the kinetic inductance as

𝐿k =
𝑚e
𝑛s𝑒2 · 𝑙

𝐴
, (1.49)

using the definition of 𝜆𝐿 , we substitute
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1.6 Granular Aluminum

𝑚e
𝑛s𝑒2 = 𝜇0𝜆

2
𝐿 (1.50)

This yields the widely used form

𝐿k = 𝜇0𝜆
2
𝐿 ·

𝑙

𝐴
. (1.51)

This shows that kinetic inductance is determined by the superconductor’s geometry and
the London penetration depth. It increases with length 𝑙 , increases with weaker superfluid
density (larger 𝜆𝐿), and decreases with larger cross-sectional area 𝐴.

1.6 Granular Aluminum

Granular aluminum is a disordered superconductor that can be a strong candidate for
making superinductors, thanks to the high kinetic inductance that can be achieved with
it. In this material, the Al metallic grains are separated by oxide barriers (Fig. 1.3(a),
the image is provided by L. Brauch and C. Kübel), which can effectively be modeled as
a 3D network of Josephson junctions [106] (Fig. 1.3(b)). The fabrication of grAl films
involves evaporating pure Al in a controlled oxygen atmosphere. Two critical parameters
determine the microstructure and electronic properties of the resulting film: the partial
pressure of oxygen in the deposition chamber and the evaporation rate of Al. Adjusting
these parameters allows for tuning of the film’s normal-state resistivity. As oxygen
pressure increases, the oxide barriers between grains thicken on average, leading to
weaker intergrain coupling and higher resistivity.

For 𝜌 > 100 𝜇𝛺 · cm, the Al grains are typically around 3 ± 1 nm in diameter. However,
the grain size is not constant and can vary depending on the substrate temperature during
the deposition process. Lower substrate temperatures, such as those achieved by cooling
with liquid nitrogen, result in smaller Al grains. The critical temperature is also influenced
by the substrate temperature during deposition. Films evaporated onto cold substrates,
typically at or below 100 K, have been shown to reach critical temperatures of𝑇c ≥ 3 K [107].
In contrast, films deposited at room temperature exhibit a lower𝑇c, generally around 2.2 K.
Although both 𝑇c values are still larger than that of pure Al films (𝑇c ∼ 1.4 K).

A notable feature of grAl is the dome-shaped dependence of the critical temperature
on the normal-state resistivity. The peak typically occurs in the range of 𝜌 = 100 to
1000 𝜇𝛺 · cm [108]. Ref. [97] demonstrated that grAl-based resonators made with ∼ 90 nm
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Figure 1.3: Granular Aluminum. (a) Energy-filtered transmission electron microscopy images of high-
resistivity grAl (top, ≈ 25 000 µΩ cm) and low-resistivity grAl (bottom, ≈ 120 µΩ cm). The energy filter
at 15 eV highlights the aluminum volume plasmon. The viewing angle is tilted by 72° to the deposition
direction for both images. The right-hand schematic is there to aid interpretation of the images. The grAl
was deposited on carbon laces visible at the bottom of the films. The dark particles 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 barriers.
This microscopic configuration forms an effective array of Josephson junctions, which gives high kinetic
inductance and tunable nonlinearity.

thick films can achieve exceptionally low loss, with internal quality factors reaching 106

in the single-photon regime, highlighting the material’s suitability for quantum circuits
when optimized in the appropriate resistivity range.

Circuit quantum electrodynamics (cQED) can be used to describe the quantum behavior
of granular aluminum devices, assuming that the zero-point phase fluctuations between
adjacent grains are small, allowing the system to be treated as weakly nonlinear. These as-
sumptions lead to a Hamiltonian describing the nonlinear behavior of grAl-based resonant
systems:

𝐻̂

ℏ
=

∑︁
𝑛=1

(
𝜔𝑛 + 𝐾𝑛𝑛𝑎†𝑛𝑎𝑛

)
𝑎†𝑛𝑎𝑛 +

∑︁
𝑛,𝑚=1;𝑛≠𝑚

𝐾𝑛𝑚

2 𝑎†𝑛𝑎𝑛𝑎
†
𝑚𝑎𝑚, (1.52)

where: 𝜔𝑛 are mode frequencies, 𝐾𝑛𝑛 are self-Kerr coefficients (frequency shift per photon
in mode 𝑛), 𝐾𝑛𝑚 are cross-Kerr coefficients (interaction between different modes), 𝑎𝑛, 𝑎†𝑛
are bosonic lowering and raising operators, and 𝑎†𝑛𝑎𝑛 = 𝑁̂𝑛 is photon number operator.

The nonlinearity of a strip of granular aluminum can be described using a simplified model
that treats the structure as a one-dimensional (1D) array of effective Josephson junctions.
The strip is divided into superconducting sections of length 𝑎, width𝑤 , and thickness 𝑡 ,
so that each section has volume 𝑎𝑤𝑡 . The total number of junctions is 𝑁 = ℓ/𝑎, where ℓ is
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1.6 Granular Aluminum

the total strip length. By solving the equations of motion and expanding the Josephson
potential to third order, the self-Kerr and cross-Kerr coefficients for the fundamental mode
are derived as [106]

𝐾1𝑛 =𝐶𝜋𝑒𝑎
𝜔1𝜔𝑛
𝑗𝑐𝑉grAl

, with 𝑛 ≥ 1. (1.53)

The self-Kerr coefficient 𝐾11 scales inversely with the volume𝑉grAl of the element through
which the current passes, and the critical current density 𝑗c. Thus, at fixed frequency
and material parameters, shrinking the volume of the grAl element directly enhances
nonlinearity. This principle allows one to tailor 𝐾11 for various applications:

• Superinductors [64, 95] & microwave kinetic inductance detectors (MKIDs) [109]:
require minimal nonlinearity (𝐾11 ∼ 10 − 100Hz)

• Parametric amplifiers [110–113] & converters: operate in the kHz range of Kerr
nonlinearity

• Transmon qubits [114]: benefit from large nonlinearities (𝐾11 ∼ 10 − 100MHz)

The kinetic inductance 𝐿k of a superconducting strip of width𝑤 and length ℓ is given by

𝐿k = 𝐿□k
ℓ

𝑤
=

ℏ𝑅□n
C𝑘B𝑇c𝜋

· ℓ
𝑤
, (1.54)

where 𝐿□k is the kinetic inductance per square, 𝑘B is the Boltzmann constant, 𝑇c is the
superconducting critical temperature, and 𝑅□n is the normal-state sheet resistance. The
superconducting gap is linked to the critical temperature by 𝛥 (0) = C𝑘B𝑇c, with C = 1.76
for grAl resistivity below 2 m𝛺 ·cm and up to C ≈ 2.1 for the high-resistivity range.

High and tunable kinetic inductance, combined with internal quality factors up to 106

in the single-photon regime, makes grAl a good material for applications requiring high
impedance and minimal loss. Its nonlinearity can be tuned through geometry and resis-
tivity, allowing integration into both linear and nonlinear quantum devices. Moreover,
its resilience against magnetic fields, with 𝑄i > 105 maintained under in-plane fields up
to 1 T [115], makes it a good candidate to be used for hybrid quantum systems and other
circuits that need to be operated in a magnetic field. These attributes make grAl a good
candidate for use in superinductors, kinetic inductance detectors, parametric amplifiers,
and superconducting qubits.
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2 High Impedance Ring Resonators

In this chapter, we present the main results, including the design, simulation, fab-
rication, and characterization of high-impedance granular aluminum (grAl) ring
resonators. The large kinetic inductance of grAl is utilized to implement ring superin-
ductors with meandered traces, achieving impedance levels well above 100 k𝛺 in the
4–8GHz range. These resonators are integrated into a coplanar waveguide (CPW)
architecture, optimizing coupling and enabling efficient experimental characteriza-
tion. This chapter concludes with a characterization of resonators’ performance.
The results reveal quality factors exceeding 105 in the single-photon regime, nonlin-
earity on the order of tens of Hz, and frequency noise spectral densities ranging
from 102 to 103 Hz/

√
Hz at 10 Hz.

2.1 Introduction

Superconducting circuits with high characteristic impedance 𝑍C enhance zero-point volt-
age fluctuations (𝑉ZPF ∝

√
𝑍C) [55, 56], enabling strong coupling to various quantum

systems with small electric dipoles. When the impedance exceeds the resistance quantum
𝑅𝑄 = ℎ/(2𝑒)2 ≈ 6.45 k𝛺 , these circuit elements are referred to as superinductors [60, 61].
Superinductors play a key role in implementing noise-protected qubits [62–71], thanks to
their reduced sensitivity to flux noise. Moreover, their large inductive reactance facilitates
the study of quantum phase slips and flux tunneling phenomena [72–74].

Compared to long Josephson junction arrays, disordered superconductors aremore fabrication-
friendly and can be densely patterned using standard lithographic techniques, while
offering high kinetic inductance that dominates the total inductive response.

Several disordered superconductors have demonstrated 𝑍C > 1 k𝛺 and internal quality
factors 𝑄𝑖 > 105 in the single-photon regime, including NbN [77, 84, 85], TiN [86–88],
NbTiN [89–91], NbAlN [116], and granular aluminum (grAl) [64, 94–97]. These materials
also offer tunable self-Kerr nonlinearities: from 10 Hz to 105 Hz for NbN [77, 112] and
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2 High Impedance Ring Resonators

TiN [117], and from 10−2 Hz up to 106 Hz for grAl [106, 114]. Notably, a recent comparative
study [118] between NbN and grAl shows: while NbN excels in magnetic-field resilience,
making it suitable for hybrid circuit QED platforms, grAl is better optimized for low-field
applications requiring ultra-high impedance and strong nonlinearity.

This chapter focuses on the implementation and characterization of grAl-based resonators
and their application in pushing the frontiers of high-impedance superconducting quan-
tum circuits. We begin with an overview of the design and simulation of meandered
grAl resonators, followed by a discussion of fabrication techniques. We then present
experimental characterization of the resonator impedance, introduce a model to optimize
impedance with respect to resistivity and geometry, and compare model predictions with
measurements. The performance of the devices, internal quality factors, and frequency
noise will also be analyzed. Finally, we conclude with simulations that suggest design
parameters for achieving even higher impedance circuits for future implementations.

2.2 Design Considerations

2.2.1 Meandered Trace Ring Design

As discussed in the introductory chapter, grAl is a nanocomposite consisting of Al grains
embedded in an aluminum oxide matrix, forming a self-assembled three-dimensional
network of Josephson junctions (see Fig. 1.3(b)). It exhibits superconductivity over a broad
range of normal-state resistivities 𝜌 spanning from 1 to 10 000 µΩ · cm [108]. The resistivity
can be adjusted by varying the oxygen partial pressure during deposition of grAl, enabling
control over the kinetic inductance 𝐿k. This tunability allows the realization of inductors
dominated by kinetic inductance with a kinetic inductance fraction 𝛼 = 𝐿k/(𝐿k + 𝐿g)
approaching unity, where 𝐿g represents the geometric inductance.

To achieve high characteristic impedance, the resonator design must be optimized to
minimize stray capacitance and maximize the number of squares in the kinetic inductance
trace. This can be realized using a meandered ring resonator (see Fig. 2.1(a)), where the
capacitance is reduced by decreasing the outer radius of the ring (𝑟out) and selecting the
smallest possible meander pitch 𝑝 . The number of squares in the kinetic inductance trace
increases with the length ℓ and decreases with the width𝑤 of the resonator. Additionally,
the kinetic inductance increases with the sheet resistance 𝑅□n , which can be controlled by
using higher-resistivity films or reducing the film thickness.
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Figure 2.1: Granular Aluminum Ring Resonators Design. (a) Design of the ring resonator and its
equivalent circuit. The densely packed meander trace maximizes the ratio of inductance to self-capacitance.
The resonator’s symmetric design results in two degenerate modes, each involving one effective capacitor
shunted by two parallel inductors. (b) Rendering of the electric field distribution to illustrate the charge
distribution within the resonator. The modes are similar to dual modes in aluminum ring resonators in
Ref. [119].

As shown in Fig. 2.1(b), when the ring is closed, the symmetric design of this distributed
resonator gives rise to two fundamental modes. The effective circuit model for each mode
consists of a capacitor shunted by two parallel inductors with total inductance of 𝐿/4,
𝐿 represents the total inductance of the ring. The degeneracy of these modes can be
lifted by modifying the external coupling, introducing a gap to break the symmetry of the
design.

2.2.2 Ring Resonators in Coplanar Waveguide Architecture

The resonators are capacitively coupled to a shared 50𝛺 CPW for reflection measurements,
as depicted in Fig. 2.2. The entire structure is enclosed within a silver ground plane, which
helps suppress parasitic modes and maintain a uniform magnetic field across the chip. In
addition, it might help in reducing the density of non-equilibrium quasiparticles by acting
as a phonon trap [120, 121]. To minimize dissipation, the ground plane near the ends
of each CPW is shifted away from the central pin. Close to the resonators, the ground
plane consists of narrow superconducting lines connected to the normal conducting plane,
effectively preventing the formation of superconducting loops that could trap magnetic
flux.

The configuration of the CPW feed line allows for flexible coupling to the small rings,
intentionally breaking the symmetry and lifting the degeneracy of the two fundamental
modes. Positioning the ring near the semicircular structure at the end of the feed line (see
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2 High Impedance Ring Resonators

Fig. 2.2(c)) results in strong coupling for both modes, while placing it within the square
structure at the center of Fig. 2.2(b) leads to asymmetric coupling of the modes to the feed
line. The compact design accommodates three separate CPW sets on a single chip, each
isolated by the ground plane, enabling the measurement of multiple ring resonators with
different design parameters.

Sapphire

1 µm

150 µm 50 µm

150 nm

5 µm

(c)

(a)

(b)

Nb + Al

Ag

(f) (e)

(d)

p

w

rout
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Figure 2.2:RingResonators in CPWArchitecture. (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. The ground plane mostly
consists of silver, which avoids flux trapping and damps microwave slot modes and phonons [120]. The
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. The 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. [122]. (b) Optical false color
image of the end section of the CPW coupled to several ring resonators. The 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) images 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.

2.3 Finite Element Modeling of Resonators

To determine the intrinsic resonant frequencies of the ring resonators, we performed
eigenmode simulations using the finite element solver AnsysHFSS. The resonator geometry
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2.4 Fabrication Details

was modeled on a sapphire substrate and enclosed in a rectangular airbox with dimensions
large enough to mitigate boundary truncation effects. On the ring resonators, kinetic
inductance was included as a reactive impedance boundary condition. The ground plane
and feed line are modeled with lossless, ideal conductive (Perfect E) boundary conditions.
The schematic of the simplified 2D architecture used in the simulation is shown in Fig. 2.3(a).
It includes a matched load termination, which allows us to determine the coupling quality
factor from the simulation.

In addition to the global mesh refinement applied by the simulation to ensure conver-
gence, two local mesh refinements were introduced to facilitate convergence of the eigen-
frequencies: a customized mesh refinement box around the resonator-CPW interface, and
a more intense meshing applied in the small ring resonator area to enhance resolution in
critical regions, as shown in Fig. 2.3(b).

(a) (b)

200 μm

200 μm

5 μm500 nm

Figure 2.3: Simulation Setup and Meshing for Electromagnetic Finite Element Simulations with
ANSYS. (a) Schematic of the 2D architecture used for ANSYS finite-element simulations, which approximates
the actual fabricated design. In the simulation, the ground plane and feed line are shown in purple and
blue, respectively, with ideal conductive (Perfect E) boundary conditions. The ring is placed in one of the
square cutouts, and the green square represents the matched load termination (50 𝛺). (b) Zoomed-in views
of the simulation mesh. The mesh is automatically generated and refined to aid convergence. A customized
denser mesh is applied around the resonator-CPW interface region to ensure accuracy in areas critical to
the electromagnetic response. Smaller features, such as the ring resonator, are assigned even finer meshing
to support convergence.

2.4 Fabrication Details

2.4.1 Fabrication of Granular Aluminum Ring Resonators

The fabrication of grAl ring resonators begins with spin-coating a 200 nm thick PMMA
resist layer on a double-polished c-plane sapphire substrate with a diameter of 2 inches and
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2 High Impedance Ring Resonators

a thickness of 330 µm. The resist is baked at 150 °C for 3min to ensure uniform adhesion.
To prevent charging effects during e-beam exposure, a conductive coating (Electra 92) is
applied over the resist. This conductive layer is removed prior to development.

The resonator patterns are defined using a 50 kV e-beam lithography system, enabling
high-resolution features with pitches 𝑝 ranging from 200 nm to 520 nm and wire widths
𝑤 between 150 nm and 170 nm. Following exposure, the resist is developed, defining
the ring-resonator patterns, and the sample is then transferred to a Plassys deposition
chamber. GrAl films are deposited by e-beam evaporation of pure aluminum in a controlled
oxygen environment, forming granular films with resistivities used here ranging from
800 µΩ cm to 2500 µΩ cm. After deposition, the resist is removed via lift-off, leaving behind
the grAl structures precisely defined according to the desired design specifications. The
fabrication steps are summarized in Table 2.1. The resulting compactness, pitch, linewidth,
and thickness achieved using this process are shown in Fig. 2.4.

Table 2.1: Summary of Fabrication Details for the Ring Resonators. The process includes resist
spinning, e-beam lithography for patterning, plasma cleaning, and aluminum evaporation in a dynamic
oxygen environment. The resistivity of the resulting grAl films ranges from 800 µΩ cm to 2500 µΩ cm.

Resist Coating

Substrate C-plane sapphire

E-beam resist PMMA A4
(thickness = 200 nm)

Acceleration 1000 rpm/s

Spread cycle 300 rpm for 4 s

Spin speed 5000 rpm for 60 s

Baking temperature 150 °C for 3min

Conductive coating Electra 92 (AR-PC 5090)

Acceleration 1000 rpm/s

Spread cycle 500 rpm for 1 s

Spin speed 2000 rpm for 60 s

Baking temperature 85 °C for 2min
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2.4 Fabrication Details

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 for 2min

grAl Deposition

Al evaporation rate 1 nm/s

O2 pressure 10−5 to 10−4 mbar

2.4.2 Fabrication of Coplanar Waveguide and Ground Plane

The CPW structure and the Ag ground plane are fabricated in two consecutive optical
lithography steps, each including a lift-off process. Each process begins with spin-coating
a layer of photoresist (AZ 5214E) onto the substrate. After the resist is applied, the desired
patterns are written using UV lithography, followed by development to form the pattern.
The metallization process for the CPW structure involves the sequential deposition of Nb
and Al films via e-beam evaporation. The specific steps for resist coating, UV exposure,
and development are detailed in Table 2.2. To ensure proper galvanic contact between the
Ag and the CPW structure, an Ar milling step is performed before deposition. In order
to remove any oxide layers on the underlying Al, enhancing the electrical connectivity
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Figure 2.4: 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 less than 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 linewidth 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.

between the Ag ground plane and the CPW structure. After the fabrication steps are
completed, the devices are protected with a thin resist layer to prevent contamination.
The chips are then diced into individual pieces with dimensions of 6mm by 6mm, making
them ready for integration into the experimental setup.
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2.4 Fabrication Details

Table 2.2: Summary of Fabrication Details for the Coplanar Waveguide and Ag Ground Plane. The
process includes resist spinning, UV lithography for patterning, plasma cleaning, and Nb + Al metallization.
The Ag ground plane was deposited using an additional optical lithography step with a preceding Ar milling
process to remove Al oxide, ensuring galvanic contact between overlapping Ag and Nb + Al structures.

Resist Coating

Substrate C-plane sapphire

Photoresist AZ 5214E

Acceleration 2000 rpm/s

Spin speed 4000 rpm for 60 s

Baking temperature 110 °C for 50 s

UV Exposure

1st Exposure

Exposure power 2mW for 12 s

Baking

Baking temperature 120 °C for 60 s

2nd 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 for 2min

Nb + Al Deposition

Nb evaporation rate 1 nm/s
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Al evaporation rate 1 nm/s

Ag Deposition

Ag evaporation rate 1 nm/s

2.5 Setup

This section describes the experimental setup and sample box used for measuring the ring
resonators. As shown in Fig. 2.5, the chip is mounted inside a non-magnetic, oxygen-free
high-conductivity (OFHC) copper sample box. The CPW is connected via aluminum wire
bonds to a 50Ω transmission line, while the ground plane is bonded directly to the copper
enclosure. The box is sealed with a tightly screwed lid to minimize radiation leakage. It
is mounted on a copper rod connected to the mixing chamber (MXC) stage of a dilution
refrigerator.

The sample box is enclosed within magnetic shields, similar to the configuration used by
Grünhaupt et al. [122]. These include a copper/aluminum bilayer shield and a mu-metal
shield to suppress external magnetic fields.

The input signal, generated by a vector network analyzer (VNA), is sent through cables.
Attenuators are installed at various cryogenic stages (as detailed in Fig. 2.5) to reduce
thermal noise before the signal reaches the sample. For reflection measurements, a cryo-
genic circulator is used to separate the input and output paths. The reflected signal passes
through a two-stage isolator that blocks thermal radiation from the 4 K stage, followed
by a low-pass filter. It is then amplified by a low-noise high electron mobility transistor
(HEMT) amplifier at 4 K, and again at room temperature, before returning to the VNA.
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Figure 2.5: Experimental Setup. The setup includes a sample box containing the device under test, placed
at the 20mKMXC stage of a dilution cryostat. The device is enclosed in multiple layers of magnetic shielding.
A signal from the VNA is sent through coaxial cables with attenuators at each cryogenic stage. Reflection
measurements are performed using a cryogenic circulator, and the reflected signal is amplified by both
cryogenic and room-temperature amplifiers before returning to the VNA.

2.6 Resonator Impedance

2.6.1 Resonator Impedance Measurements

In Fig. 2.6(a), we present a typical phase response of a ring resonator measured in mi-
crowave reflection. The two fundamental modes are clearly distinguishable, separated
by approximately 25MHz, with their respective coupling quality factors 𝑄𝑐 differing by a
factor of four.

A summary of the measured fundamental mode frequencies for eleven rings is shown in
Fig. 2.6(b), covering grAl resistivities between 800 µΩ cm and 2500 µΩ cm. Finite element
simulations were performed for rings with varying ℓ , and by matching the simulated and
measured frequencies, we extracted the inductance per square for each grAl film, which
ranges from 180 to 670 pH/□.

The characteristic impedance up to the first fundamental mode 𝑓0 is determined using the
expression

𝑍 = 2𝜋 𝑓0𝐿, (2.1)
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2 High Impedance Ring Resonators

where 𝐿 represents the total inductance of the ring [75, 78], as shown in Fig. 2.6(c).

The highest measured impedance, 127 kΩ, corresponds to a ring with a sheet inductance
of 670 pH/□ and specific geometric parameters: a pitch of 325 nm, an inner radius of
𝑟in = 6.7 µm, an outer radius given by 𝑟out = 2𝑟in, and a thickness of 20 nm. A complete
summary of all measured devices is provided in Table 2.3.

(a)

(b)

(c)

Figure 2.6: Frequency and Impedance of Granular Aluminum Superinductors. (a) The graph shows
the phase response of one of the doublet ring resonances with the frequency separations of approximately
25MHz, pointing to the asymmetry due to the difference in coupling capacitance of the two modes and
fabrication imperfections. (b) The frequency spectra of the fabricated and measured granular aluminum
ring resonators. Each row corresponds to an inductance per square and the corresponding resistivity as
determined from Eq. (1.54). (c) The graph determines the impedance of each ring resonator up to the first
fundamental mode. The filled circular markers represent the measured impedance of the fabricated and
characterized rings, with the highest impedance recorded at 127 kΩ at a resonance frequency of 4.6 GHz.
These values are obtained using Eq. (2.1).
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2.6 Resonator Impedance

Table 2.3: Summary of Ring Resonator Parameters. Included are geometrical dimensions, 𝐿□, 𝐿, 𝑍 , and
𝑓0 extracted from both measurements and simulations. 𝑄c were determined using the circle fitting 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

(µm) (nm) (µm) (nm) (nm) (GHz) (pH/□) (µH) (fF) (kΩ) (×103)

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 1.12 113.09 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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2.6.2 Impedance Model Based on Geometric Parameters
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Figure 2.7: Geometric Design and Capacitance Scaling in Ring Superinductors. (a) Electric field
distribution of the ring superinductor, highlighting the capacitor plates and the remaining sections of the
ring acting as inductors. We define 𝑟in and 𝑟out of the ring resonator as indicated, the outer radius is fixed at
twice the inner radius, 𝑟out = 2𝑟in. The schematic next to the plot illustrates how we define wire width𝑤
and pitch 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 2.3. The 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.

To understand the scaling behavior of the impedance and resonance frequency in mean-
dered ring resonators, we begin by analyzing their inductive and capacitive components
based on simple geometric approximations in ring resonators. It helps to understand the
scaling behavior of the impedance and resonance frequency in terms of geometric proper-
ties. Ignoring the contributions from the curved sections, which can be approximated as
the sum of 𝜋𝑟in and 𝜋𝑟out. The total inductance of the structure can be expressed as:

𝐿 ≈ 𝑁𝐿□
𝑟in
𝑤
, (2.2)

where 𝐿□ is the inductance per square, 𝑤 is the linewidth, and 𝑟in is the inner radius of
the ring. As illustrated in Fig. 2.7(a), the outer radius follows 𝑟out = 2𝑟in. The number of
meanders 𝑁 is proportional to 2𝜋𝑟in/𝑝 , with 𝑝 being the pitch (i.e., the sum of the wire
width and the spacing between lines). Substituting this relation leads to a quadratic scaling
of the inductance with the ring radius:

𝐿 ∝
𝑟 2
in𝐿□

𝑝𝑤
.

The capacitance𝐶 of the ring can be approximated by considering it as a coplanar capacitor
with square electrodes of side length 𝑟in, separated by a distance of approximately 2𝑟in.
The capacitance scales linearly with 𝑟in, i.e., 𝐶 ∝ 𝑟in [123]. This linear scaling is confirmed
using HFSS, as shown in Fig. 2.7(b), validating this simplification.
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2.6 Resonator Impedance

Combining the expressions for 𝐿 and 𝐶 , the resonance frequency 𝑓0 of the circuit can be
derived from the harmonic oscillator relation:

𝑓0 =
1

2𝜋
√
𝐿𝐶

∝
√︄

𝑝𝑤

𝑟 3
in𝐿□

.

The characteristic impedance 𝑍 of the resonator is obtained from the ratio 𝑍 =
√︁
𝐿/𝐶 .

Using the previous scaling relations, the impedance can be approximated as:

𝑍 ∝
√︄
𝑟in𝐿□
𝑝𝑤

. (2.3)

As shown in Fig. 2.8, the measured impedance of our resonators agrees with the predicted
scaling. In particular, the product of the impedance and the resonance frequency is
inversely proportional to the inner radius. This means that, to maximize impedance
at a given frequency, the inner radius should be minimized. We can compensate the
resulting change in frequency by decreasing the ratio 𝑝𝑤/𝐿□. The lowest achievable
value for the ratio 𝑝𝑤/𝐿□ depends on the grAl material properties and the finesse of the
lithography. The maximum value for 𝐿□ is limited by the resistivity threshold for the grAl
superconducting-to-insulating transition [108, 124], in the range of 10 mΩ · cm, and by the
thinnest continuous and stable films. For grAl films below 20 nm, we observe significant
fluctuations in their resistivity between different cooldowns, indicating that structural
inhomogeneities and instabilities play a dominant role. We found that structures with
𝑤 ≥ 150 nm always resulted in stable devices, which was not the case for𝑤 ≈ 60 nm, likely
due to inhomogeneities in the wires. The smallest pitch we could achieve with our current
electron-beam lithography (see Fig. 2.4) was 200 nm. 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 kΩ on silicon or sapphire substrates (the
simulation result, as a guide how to get to this value, is presented in the next section), and
this value can be increased by a factor of ≈ 3, to exceed 0.5MΩ for suspended devices.
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2 High Impedance Ring Resonators

(a) (b)

Figure 2.8: Measured Impedance Scaling with Geometry and Resistivity. Plot of measured 𝑍 in
panel (a) and 𝑍 𝑓 in panel (b) as a function of (𝑟in𝐿□/𝑝𝑤)1/2 and 1/𝑟in, respectively, confirming their linear
dependence (cf. dashed lines), consistent with Eq. (2.3). At high-impedance, in panel (a), we note a larger
spread between the points, which could be explained by film and patterning inhomogeneities. The color
code in both panels is consistent with Fig. 2.6. Details for each resonator are given in the Table 2.3.

2.7 Simulating High-Resistivity GrAl Resonators

To investigate how grAl resonators perform in the high-resistivity regime, we do a series
of simulations. In this regime, the sheet inductance becomes larger, directly influencing
both the resonance frequency and characteristic impedance of the resonator.

We simulated grAl ring resonators with 𝐿□ values ranging from 1200 to 1800 pH/□,
corresponding to resistivities between 4338 µΩ · cm and 6490 µΩ · cm; these values remain
within a range where superconductivity is preserved.

The simulations are performed using the eigenmode solver in ANSYS HFSS, which es-
timates resonance frequencies based on the device geometry and material parameters.
From these results, we extracted the corresponding impedance values for each simulated
configuration.

A detailed summary of all simulated parameters, resonator dimensions, inductance, reso-
nance frequencies, and impedances, is presented in Table 2.4. The impedance values as a
function of frequency are plotted in Fig. 2.9, illustrating how higher resistivity enables
higher impedance in the frequency range of 4 to 8 GHz.

These results serve as a guide for extending the design of grAl resonators toward higher
impedance.
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Table 2.4: Summary of Simulated Ring Resonator Parameters. It includes geometrical dimensions, 𝐿□,
𝐿, 𝑍 , and 𝑓0. The parameters were derived using eigenmode simulations in ANSYS HFSS, focusing on the
higher resistivity regime of grAl below SIT. These results provide guidelines for designing resonators within
the 4–8GHz 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) (kΩ)

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

Figure 2.9: Prospective GrAl Impedance Optimization. Simulated impedances up to the fundamental
mode, indicated by the x-axis, for the designs summarized in Table 2.4.

39



2 High Impedance Ring Resonators

2.8 Resonator Performance

2.8.1 Noise Spectral Density

To evaluate the phase and frequency stability of the grAl resonators, the noise spectral
density 𝑆 (𝑓 ), measured in units of Hz/

√
Hz, was calculated by monitoring the resonance

frequency over time. We applied the method used in Ref. [125]. As shown in Fig. 2.10(a),
the noise spectrum shows a 1/𝑓 dependence at low frequencies. This behavior is mainly
attributed to intrinsic loss mechanisms in the resonators and can be described by a model
where 𝑆1/𝑓 𝛼 ∝ 𝑓 −𝛼 , with 𝛼 close to 1. In our measurements, 𝛼 ranges from approximately
0.8 to 0.97, which may reflect contributions from other noise sources.

At higher frequencies, the noise spectrum typically flattens, resulting in a frequency-
independent white noise background. The overall behavior can therefore be modeled
as

𝑆 (𝑓 ) = 𝑆0 + 𝑆1/𝑓 𝛼 , (2.4)

where 𝑆0 represents the white noise floor.

Notably, in some resonators with higher resistivity, deviations from the pure 1/𝑓 model are
observed. In these cases, the noise spectrum is better described by including a Lorentzian
component, which suggests the presence of random telegraph noise (RTN). RTN, charac-
terized by an exponential decay with a specific correlation time, has been reported in other
superconducting resonators. However, in our grAl devices, RTN appears less prominent
than in similar studies, such as Ref. [126].

2.8.2 Quality Factor

The internal quality factor and the coupling quality factor were extracted from the complex
reflection coefficient 𝑆11 using a circle-fitting procedure, as described in Ref. [129]. To
minimize systematic errors from Fano interference, the resonators were designed so that
𝑄c is comparable to 𝑄i.
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(a)

(b)

Figure 2.10: Resonator Performance: Internal Quality Factors and Noise Spectra. (a) Noise spectral
density 𝑆 (𝑓 ) as a function of frequency 𝑓 for grAl resonators. The spectra were computed from time
traces and are shown for four different resistivity values. The data fit the model 𝑆 (𝑓 ) = 𝑆0 + 𝑆1/𝑓 𝛼 , with
𝛼 ranging from 0.8 to 0.97. The two curves corresponding to resistivity values 𝜌 = 2500 𝜇Ω · cm and
𝜌 = 1200 𝜇Ω · cm plotted in green and purple, respectively, exhibit behavior that is better described by a
Lorentzian model combined with a 1/𝑓 𝛼 dependence at higher frequencies. The 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 𝑛max. The average number of photons is given by 𝑛 = 4𝑄2

𝑙
𝑃cold/(𝑄𝑐ℏ𝜔2

0), where 𝑃cold is the incident
microwave power at the device [127]. The shaded intervals indicate the uncertainty range due to Fano
interference [128]. For better visibility, we do not show this uncertainty range for the dataset in blue, as it
approximately corresponds to an order of magnitude. The inset presents impedance values derived from
single-photon 𝑄i measurements.

Figure 2.10(b) presents 𝑄i as a function of average photon number. In the single-photon
regime, 𝑄i reaches 105, with no significant dependence on the resistivity or impedance of
the grAl films. This is consistent with previous results for granular aluminum resonators
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fabricated using similar techniques [64]. Notably, although the compact resonator ge-
ometries used here have a higher participation ratio, the observed quality factors remain
high, indicating that surface dielectric loss is not the dominant limiting factor. Further
improvements in fabrication and increased film thickness, as shown in Ref. [97], can reach
𝑄i > 106 at similar resistivities, but lower impedance. In our devices, at higher drive
powers, 𝑄i saturates near 106, suggesting that the dominant loss mechanism, possibly
dielectric loss [130, 131] or quasiparticle bursts [132, 133], is saturable, as commonly
observed in other superconducting materials.

2.8.3 Kerr Nonlinearity

To evaluate the nonlinearity of the resonators, the self-Kerr coefficient 𝐾11, representing
the frequency shift of the fundamental mode per added photon, was measured. As shown
in Fig. 2.11(a), 𝐾11 was determined by performing a linear fit to the frequency shift as a
function of photon number in the high-photon-number regime. The measured 𝐾11 values
are in the range of tens of Hz, several orders of magnitude smaller than the Kerr coefficients
observed in Josephson junction arrays. This small nonlinearity highlights the suitability
of grAl resonators for applications requiring a highly linear response.

The data also reveals a dependence of 𝐾11 on the resistivity and thickness of the grAl films.
Higher resistivity and thinner films lead to larger 𝐾11 values, consistent with theoretical
expectations that 𝐾11 ∝ 𝜌/𝑉 , where 𝜌 is the resistivity and 𝑉 is the volume of grAl [106].
This relationship suggests that careful optimization of resistivity and film thickness can
tune the Kerr nonlinearity for specific applications.
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(b)

(a)

Figure 2.11: Resonator Performance: Kerr Nonlinearity and Anomalous Frequency Shifts. (a) The
shift in resonance frequency as a function of the average photon number for four different rings with varying
resistivity is shown. The 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 [106]. (b) 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, the 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 (a). 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.

2.9 Challenges in Narrow-Line Resonator Performance

Fabrication of resonators with 60 nm linewidth does not reliably produce the expected
resonator behavior observed in wider-line resonators. In wider-line resonators, we observe
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Figure 2.12: Power-Dependent Behavior of Narrow-Line Resonators. The top panel shows the phase
response of a resonator near 7.383 GHz as a function of microwave power 𝑃 . The color scale represents the
phase of the reflection coefficient, arg(𝑆11). The middle and bottom panels present the amplitude response
|𝑆11 | of resonators near 5.212 GHz and 3.05 GHz, respectively, as a function of 𝑃 . At higher powers, resonators
exhibit broadening and splitting effects, indicating power-dependent anomalies. These effects are likely
due to fabrication-induced imperfections. In these measurements, the unusual behavior was more clearly
observed in the phase response for the 7.383 GHz resonator, while the amplitude response provided better
clarity for the 5.212 GHz and 3.05 GHz resonators.

predictable features such as two closely spaced modes, each bifurcating at its respective
bifurcation powers. However, for the narrow-line resonators, although some show normal
responses, some have unusual features in their reflection coefficient measurements in
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terms of phase and magnitude. Specifically, at high power levels, we see broadening or
splitting of the resonance as shown in Fig. 2.12.

This behavior is likely due to fabrication imperfections. For instance, the edges of the
narrow lines can be rough compared to the linewidth, suggesting localized discontinuities.
There might be cuts or deformations caused by strain during cooldown due to differing
thermal expansion coefficients of sapphire and granular aluminum. These might produce
weak links, which might explain the splitting observed in power-dependent sweeps,
potentially due to phenomena like resonance fluorescence, in which increasing the incident
microwave power leads to a monotonic decrease in reflection magnitude and a transition
to an elliptical trajectory in the Smith chart. Overall, the exact mechanism underlying this
behavior remains unclear, and further investigation is required to understand and address
these inconsistencies. Further optimization of the fabrication process may mitigate these
issues.

2.10 Test Resonators for Reference Characterization

In addition to the high-impedance granular aluminum ring resonators studied throughout
this work, we propose a complementary set of test resonators with a simpler, lumped-
element geometry, as shown in Fig. 2.13(a). These resonators consist of two square
parallel-plate capacitors connected by a central meandered inductor. The test resonators
also provide a practical geometry for enhanced capacitive coupling to the feed line. Their
capacitive elements are asymmetrically positioned, such that one plate sits closer to the
CPW than the other (see Fig. 2.13(b,c)). This spatial asymmetry creates a non-uniform
electric potential, resulting in a dipole moment that couples strongly to the transmission
line. The inductor’s geometric parameters, including wire width, pitch, and thickness, are
deliberately matched to those of the ring resonators, and the test structures can be placed
on the same chip as the ring resonators. This design ensures that both types of resonators
have identical sheet kinetic inductance properties, enabling the test resonators to serve as
reliable reference devices.

The main purpose of these test resonators is to provide a practical and independent means
of extracting film parameters such as the sheet inductance 𝐿□k and normal-state sheet
resistance 𝑅□n , particularly in cases where multiple ring resonators with varying lengths
are not available on the same chip. By designing several test resonators with different
inductor lengths, but keeping the capacitor geometry fixed, the capacitance 𝐶 remains
constant, so the resonance frequency 𝑓0 depends only on the inductance 𝐿 according to the
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2 High Impedance Ring Resonators

standard relation, 𝑓0 = 1/2𝜋
√
𝐿𝐶 , fitting the measured resonance frequencies of these test

structures to this model enables the determination of the inductance per unit length, and
thus the sheet inductance. From there, the sheet resistance can also be calculated using
Eq. (1.54).

However, in this study, we did not use this method to determine 𝐿□ for the chip on which
these test resonators were fabricated. Instead, we followed the approach described in
Section 2.6, where the sheet inductance was extracted by fitting the measured resonance
frequencies of ring resonators with different lengths to simulated values. This method
was used consistently for all chips in the study.

Sapphire

(b) (a)

Nb + Al Ag grAl

(c)

20 µm 20 µm200 µm

Figure 2.13: Design of the Lumped-Element Test Resonators Proposed for Sheet Inductance Extrac-
tion. (a) False-color optical image showing three lumped-element test resonators patterned near the end of
the coplanar waveguide on the chip. Each resonator features a different meandered inductor length and is
placed within an individual rectangular enclosure to minimize crosstalk and interference. (b,c) Zoomed-in
optical image of two test resonators with a central meandered inductor and two square parallel-plate capaci-
tors. The inductor has identical width, pitch, and thickness to those used in the granular aluminum ring
resonators, ensuring comparable sheet inductance. The asymmetric placement of the capacitor plates in the
design achieves stronger capacitive coupling to the transmission line.

The internal quality factors of two of the test resonators were extracted as a function of
average photon number (see Fig. 2.14). In the single-photon regime, both resonators have
𝑄i ∼ 105, which is comparable to the performance observed in the ring resonators. This
result suggests that the more complex distributed geometry of the ring does not inherently
introduce extra loss relative to simpler lumped-element designs. The coupling quality
factors for these devices ranged from approximately 21 × 103 to 27 × 103. Given the strong
coupling, errors due to Fano interference were not included, as the errors diverge in some
areas at higher photon numbers.

It is worth mentioning again that these test resonators were fabricated and measured
only on one of the chips in the study and were not replicated across chips with different
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resistivity values. Accordingly, while the test resonator design is proposed as a useful
fallback strategy for parameter extraction in the absence of ring resonators with varying
lengths, all values of 𝐿□ reported in this thesis were derived from the ring-based method.

Figure 2.14: Internal Quality Factors of Test Resonators. This plot shows the intrinsic quality factor as a
function of average photon number for two lumped-element test resonators fabricated on the same chip as
the granular aluminum ring resonators. Both devices exhibit approximately 𝑄i ∼ 105 in the single-photon
regime, which is comparable to the values observed in the ring-based designs. The data corresponds to a grAl
film with resistivity 𝜌 = 1200 𝜇𝛺 · cm, and resonance frequencies of 7.97GHz and 8.30GHz, respectively.
Fano interference errors are not plotted for these strongly coupled resonators, because such errors become
too large and infinite in some high-photon-number regimes.

2.11 Qubit Design Based on Ring Superinductor

In this section, we explore how the ring resonators could be adapted to make a supercon-
ducting qubit. The idea is to cut a section of the ring to include a Josephson junction (JJ) as
a nonlinear element, as shown in Fig. 2.15(a). To reduce sensitivity to flux noise, the qubit
spectrum should be flattened with respect to flux, which can be achieved by adding a high
impedance component to the circuit. An example of a junction, fabricated via three-angle
shadow evaporation, is shown in Fig. 2.15(b).

One appealing aspect of the design is that the ring can serve as a superinductor but also as a
readout resonator. As described previously, the symmetric ring supports two fundamental
modes. Inserting the junction breaks the symmetry, one mode would be related to the
qubit (usually with a lower frequency due to added capacitance), and the other can be
used as the readout.

The coupling between the qubit and the readout mode comes from an intentional asym-
metry in the design, by making the left and right inductive segments of the ring have
slightly different lengths, this allows the readout mode to couple inductively to the qubit.
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Importantly, the amount of length difference between the segments directly determines the
coupling strength, enabling tunability without additional circuit elements. This mechanism
has a similar strategy to Ref. [134].

(a) (b)

500 nm

5 μm

Figure 2.15: Design for a Ring-Based Qubit. (a) Design of a ring superinductor with a nonlinear Josephson
junction added. The asymmetry between the left and right arms enables the inductive coupling to the
readout mode. (b) SEM image of the Josephson junction part with approximate dimensions of 350 nm ×
350 nm, fabricated using a three-angle shadow evaporation technique.

Summary

In this chapter, we present the design, fabrication, and characterization of compact, high-
impedance meandered ring resonators made from granular aluminum. We use a single-
step lift-off e-beam lithography process to fabricate the ring resonators. The resulting
devices operate in the microwave regime (4–8 GHz), exhibiting characteristic impedances
exceeding 100 kΩ, about 16 times the resistance quantum 𝑅Q, and kinetic inductances as
high as 4 µH.

We introduced a model to predict the impedance and frequency based on resistivity and
geometric parameters, within practical lithographic and material limits. The model’s
validity is tested by measured results from multiple devices, showing good agreement.

Depending on the grAl resistivity, we measure frequency noise spectral densities in the
range of 102 to 103 Hz/

√
Hz at 10Hz. The resonators have internal quality factors on the

order of 105 in the single-photon regime and self-Kerr nonlinearities in the tens of Hz,
making them suitable for quantum information processing.

Finally, we propose new design parameters to further increase the impedance and mention
here that impedance values above 0.5 M𝛺 could be achieved by reducing the effective
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dielectric constant through substrate modifications such as backside etching or full release
of the film from the substrate.
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3 DC-Tunable Granular Aluminum
Resonators

DC-tunable resonators based on high-kinetic-inductance materials enable frequency
tuning in superconducting quantum circuits, with applications in parametric ampli-
fication, phase shifting, tunable coupling, and two-level system (TLS) spectroscopy.
In this work, conducted in collaboration with the Swedish company, Low Noise
Factory (LNF) under the supervision of David Niepce and Sumedh Mahashabde,
the tunability of granular aluminum (grAl) resonators is investigated under direct
current (DC) biasing. Tunable fractal resonators from grAl are fabricated and char-
acterized, using a 3𝜆/4 tuning fork geometry with galvanic ground connections to
allow direct current injection. By applying a DC bias, in-situ frequency tunability
through the nonlinear kinetic inductance of grAl is achieved, observing tunabilities
between 2.85% and 4.54% before reaching the critical current. Noise spectral density
measurements show values between 100 and 300 Hz/

√
Hz at 10 Hz. The intrinsic

quality factor 𝑄i is measured to be on the order of 104 in the single-photon regime.

3.1 Introduction

Tuning the inductance in microwave superconducting resonators enables a wide range of
applications, for example, Parametric Amplifiers (PAs) [135–139] and Traveling Wave Para-
metric Amplifiers (TWPAs) [88, 111, 140–144], which achieve signal amplification through
parametric pumping of a nonlinear medium with current-dependent inductance. Other
applications include phase shifters (due to the phase dependence on inductance) [145–
147], two-level system (TLS) spectroscopy [148], magnetometry [149], and microwave
storage [150].

A widely used approach to achieve such tunability is through Josephson junction (JJ)
arrays and superconducting quantum interference devices (SQUIDs) [55, 147, 151–159].
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Josephson junctions, owing to their strong intrinsic nonlinearity [142, 160], can provide a
tunability range of up to approximately 50% [136]. However, Josephson junction-based
parametric amplifiers are limited by low saturation power [161] and restricted dynamic
range [162], primarily due to their relatively low critical current 𝐼c on the order of µA [160,
161, 163] and low critical temperature𝑇c [161, 164]. Additionally, their low critical magnetic
field 𝐵c [165] makes them unsuitable for applications that benefit from stronger magnetic
fields, such as electron spin resonance (ESR) [166, 167], resonator-spin ensemble coupling
[168] and spin qubits [169].

An alternative approach for implementing tunable resonators and parametric amplifiers is
the use of high kinetic inductance superconducting materials such as granular aluminum
(grAl), NbN, TiN, or NbTiN [88, 111, 137–140, 145, 146, 149, 160, 163, 170–173]. These
materials typically exhibit higher 𝐵c, 𝐼c, and 𝑇c compared to JJs, resulting in enhanced
saturation power and dynamic range [89, 160, 161, 163, 165] and enabling operation at
higher temperatures and magnetic fields. In general, the fabrication is simplified when
replacing Josephson junction arrays with traces of high kinetic inductance material. To
implement tunability across both Josephson junction-based systems and high kinetic
inductance materials, common control methods include applying a direct current (DC)
bias or an external magnetic field.

Knowing the advantages of using disordered superconductors in applications requiring
kinetic inductance tuning, we study the tunability of grAl, a particularly compelling choice
due to its high and tunable kinetic inductance, low microwave loss, and compatibility with
standard nanofabrication techniques. In the following, we will present a resonator design
and fabrication method for DC-tunable grAl resonators. Finally, the results of tuning
resonators composed of grAl with three different sheet inductances by a direct current are
presented.

3.2 DC Tunable Fractal Resonators Design

The device under study is a distributed 3𝜆/4 fractal resonator made entirely from granular
aluminum and is shown in Fig. 3.1(a). The design suitable for tunable operation under
direct current biasing is adapted from reference [174]. The resonator is patterned in a
tuning fork geometry. It consists of a central grAl strip of width𝑊 = 15 µm , patterned
from a 25 nm-thick evaporated film, separated from the grAl ground by a gap of 36 µm and
an interdigitated capacitor (see Fig. 3.1(d)). The whole compact design helps to minimize
the dipole moment, ensuring that coupling to parasitic resonances from the ground plane is
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(a)(b)

(c)

(d)

grAl Si
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10 μm

Figure 3.1: Design of DC-Tunable GrAl Fractal Resonators. (a) Optical image of a resonator with a 3𝜆/4
tuning fork geometry fabricated from granular aluminum (grAl). The resonator is capacitively coupled to a
microwave transmission line and includes galvanic ground connections at both voltage nodes to allow direct
current injection. (b) Zoom-in of the resonator’s U-turn section showing the path for the DC bias current,
which flows along the outer trace. This current modulates the kinetic inductance, enabling frequency
tunability, while the central portion primarily contributes to the capacitive response. (c) High-impedance
RF filters are placed between the resonator and ground to suppress RF leakage and preserve the internal
quality factor 𝑄i. (d) Capacitive coupling of the resonator to the transmission line is implemented using an
interdigitated structure in a coplanar waveguide (CPW) geometry.

reduced in the tuning range. DC biasing can thus be applied without degrading the internal
quality factor 𝑄i. The narrow strip width is also chosen to minimize flux trapping [168]:
below a threshold cooling field 𝐵th ≈ 𝛷0/𝑊 2, magnetic flux is expelled from the strip,
maintaining a clean superconducting state [175–177].

The resonator incorporates galvanic connections to a separate ground plane on either side
at the voltage nodes of the 3𝜆/4 resonator. The DC bias current then flows predominantly
through the outer trace of the resonator’s U-turn section (see Fig. 3.1(b)), corresponding to
the 𝜆/2 region between two voltage nodes. Along this current path, the kinetic inductance
is modulated by the bias current and thereby tunes the resonance frequency, while the
central part of the structure mainly contributes to the capacitive response. To prevent
signal leakage and avoid associated losses, the resonator is connected to ground through a
high-impedance filter, as shown in Fig. 3.1(c) that blocks RF signals but allows DC current
flow.
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3 DC-Tunable Granular Aluminum Resonators

For resonance characterization and tunability measurements, the resonator is capacitively
coupled to a transmission line using an interdigitated capacitor. The grAl ground plane in-
tegrates two functional regions: first, a fractalized structure similar to that of the resonator,
and second, a web-like mesh designed to pin vortices [168, 175].

3.3 Chip and Sample Box Design

(a) (b)grAl Si

434 232 1

DC 2

5 mm

DC 1

1

DC 1
DC 2

500 μm

5 mm

Figure 3.2: Chip and Sample Box for DC-Tunable Fractal Resonators. (a) Optical image of the chip
showing four DC-tunable fractal resonators made of granular aluminum on a high-resistivity silicon sub-
strate. Each resonator is designed with a different number of fractal sections to achieve distinct resonance
frequencies. DC is injected through aluminum wire bonds connected to the ground planes surrounding
each resonator. (b) Image of the sample box made from gold-plated oxygen-free high-conductivity (OFHC)
copper, providing good thermal conductivity. A printed circuit board (PCB) inside the box includes two
4-pin DC connectors. These connectors allow DC current to be injected into the chip’s ground plane via
wire bonds, enabling current injection into the resonators for frequency tuning.

Each chip consists of four grAl resonators fabricated on a high-resistivity silicon substrate
(Fig. 3.2(a)). By adjusting the number of fractalized sections, we design the resonators to
resonate at different frequencies within a target range suited to the experimental setup.
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3.4 Fabrication Process

The chip is mounted inside a sample box (see Fig. 3.2(b), the image is provided by LNF) made
of gold-plated oxygen-free high-conductivity (OFHC) copper, providing good thermal
anchoring and electromagnetic shielding. For DC biasing, the sample box integrates a
printed circuit board (PCB) with two 4-pin DC connectors, which interface with the chip’s
ground plane via aluminum wire bonds, allowing current biasing of the resonators.

This design provides a flexible platform for exploring the kinetic inductance nonlinearity
of grAl, enabling frequency tunability through current biasing. By adjusting the film
resistivity and geometry, the device performance, including tunability, characteristic
current 𝐼 ∗, and critical current, can be optimized for applications such as broadband phase
shifters and parametric amplifiers.

3.4 Fabrication Process

To deposit grAl, a 2-inch silicon wafer is transferred to a UHV Plassys e-beam evaporator
in the KIT cleanroom. After plasma cleaning with an Ar/O2 descum process, titanium
is first evaporated as a getter material to improve vacuum conditions, with the shutter
being closed to shield the sample during this step. A grAl film with 25 nm thickness is
then deposited at room temperature by e-beam evaporation of pure aluminum, while a
small oxygen flow is introduced into the chamber to control the aluminum oxidation and
tune the kinetic inductance.

Two fabrication approaches are explored, wet etching and lift-off. The wet-etched sample,
for which a grAl film with inductance per square of approximately 90 pH/□ was used,
suffered from rough edges and limited reproducibility. To address these issues, we shift
to a lift-off process for the remaining samples. Lift-off devices have smoother edges and
better-defined geometries. For these samples, we use grAl films with an inductance per
square of around 41 and 50 pH/□. Notably, the fabricated resonators have a linewidth of
1 µm.

3.5 Measurement Setup and Results

All measurements are done during an internship at LowNoise Factory (LNF) in Gothenburg.
The experiments are installed in a dilution refrigerator operating with a base temperature of
approximately 20mK. A vector network analyzer (VNA) generates the input signal, which
is transmitted to the device through cables attenuated at various cryogenic stages. The
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3 DC-Tunable Granular Aluminum Resonators

transmitted output passes through a high-pass filter, a low-pass filter, a circulator/isolator
for direction control, and two isolators before reaching a low-noise high electron mobility
transistor (HEMT) amplifier mounted at the 4 K stage. The amplified signal is then sent
to a room-temperature amplifier before returning to the VNA. For DC biasing, DC wires
are attached to the device via two 4-pin DC connectors mounted on the sample box. This
configuration allows independent control of the DC, connected externally to the current
supply.

To examine how the resonance frequency of the grAl tuning fork resonators change with
current, we measure 𝑆21 of the transmission line as a function of DC for three different
samples with inductance values of 41, 50, and 92 pH/□. The resonance frequency 𝑓0 shifts
to lower values with increasing current, and above certain 𝐼 values, the resonance vanishes,
indicating the transition out of the superconducting regime. We assume that this current
is the critical current 𝐼c.

3.6 Theoretical Modeling of Kinetic Inductance Versus Current

Using Ginzburg-Landau Theory

As a first step, to understand nonlinearity and theoretically investigate the behavior of
kinetic inductance 𝐿𝑘 as a function of current, we consider a model derived from Ginzburg-
Landau (GL) theory. Note that it is strictly only valid under the assumption that the
temperature 𝑇 is sufficiently near the critical temperature 𝑇c [28], which is not really the
case in the measurements presented in this chapter. Nevertheless, the derived expression
for 𝐿k(𝐼 ) still captures the functional dependence and turns out to fit experiments quite well.
The following equations are extracted from Ref. [178], providing an analytical framework
under the assumption of a thin-film geometry, where the thickness and width are both
smaller than the magnetic penetration depth 𝜆 and the coherence length 𝜉 , resulting in a
uniform supercurrent density in the wire.

The following expression for the supercurrent density 𝑗s can be derived from GL theory
by minimizing the free energy with respect to the supercurrent velocity [28, 178]

𝑗s = 2𝑒𝑛0

(
1 −

(
𝜉 (𝑇 )𝑚𝑣s

ℏ

)2
)
𝑣s, (3.1)

where 𝑛0 is the Cooper pair density at 𝐼 =𝑇 = 0, 𝜉 (𝑇 ) is the coherence length, 2𝑚 is the
Cooper pair mass, ℏ is the reduced Planck constant, and 𝑣𝑠 is the Cooper pairs velocity.
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From 𝑣s = ℏ𝑘/2𝑚 and 𝛾 = 𝑘𝑙 , where 𝑘 is the magnitude of the Cooper pair wave vector and
𝛾 is the total phase difference along the nanowire, the supercurrent 𝐼s can be expressed
as

𝐼s =
𝑒ℏ
𝑚

(
𝐴

𝑙

)
𝑛0

(
𝛾 − 𝜉2𝛾3

𝑙2

)
, (3.2)

where 𝐴 is the cross-sectional area, 𝑙 is the device length.

For low frequencies when the signal is slow enough for Cooper pairs and quasiparticles to
stay near equilibrium, we can use the second Josephson relation in the form 2𝑒𝑉 /ℏ = 𝑑𝛾/𝑑𝑡 ,
to relate the 𝛾 to 𝐿k using the relation 𝑉 = 𝐿k𝑑𝐼s/𝑑𝑡 and Eq. (3.2). The kinetic inductance
derived in this way is

𝐿k = 𝜇0𝜆
2
(
𝑙

𝐴

) (
1

1 − 3𝑘2𝜉2

)
, (3.3)

where

𝜆2(𝑇 ) = 𝑚

2𝜇0𝑛s(𝑇 )𝑒2 , (3.4)

with 𝑛s(𝑇 ) as the Cooper pair density at temperature 𝑇 . As derived in Ref. [28], the
following equation relates the bias current to 𝜉 and 𝑘

𝐼

𝐼c
=

3
√

3
2 (𝑘𝜉 − 𝑘3𝜉3). (3.5)

Eqs. (3.3) and (3.5) can be solved numerically to give 𝐿k as a function of 𝐼 . Assuming small
bias currents, 𝐼 ≪ 𝐼c, the normalized bias current is

𝐼

𝐼c
≈ 3

√
3

2 (𝜉𝑘). (3.6)

This expression can be directly substituted into the kinetic inductance expression. By
applying a Taylor expansion, we get

𝐿k(𝐼 )
𝐿k(0)

≈ 1 +
(
𝐼

1.5𝐼c

)2
+

(
𝐼

1.32𝐼c

)4
+ . . . , (3.7)
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where 𝐿k(0) is the zero-current kinetic inductance. This is similar to the result for 𝐿k in
Ref. [179].

The frequency shift 𝛥𝑓 of the resonator, assuming a high kinetic inductance ratio,

𝛥𝑓 (𝐼 ) ≈ 1
2𝜋

√︁
(𝐿g + 𝐿k(𝐼 ))𝐶

− 1
2𝜋

√︁
(𝐿g + 𝐿k(0))𝐶

≈ 1
2𝜋

√︁
𝐿k(𝐼 )𝐶

− 1
2𝜋

√︁
𝐿k(0)𝐶

(3.8)

can thus be modeled with the following equation

𝛥𝑓 (𝐼 ) ≈ 𝑓0
©­­«

1√︃
1 + 𝐼 2

(1.5𝐼c)2 + 𝐼 4

(1.32𝐼c)4

− 1
ª®®¬ . (3.9)

3.7 Theoretical Modeling of Kinetic Inductance Versus Current

Using Mattis–Bardeen–BCS

The previous approach relied on assumptions, particularly 𝑇 close to 𝑇c, which are not
fully valid under our measurement conditions. Therefore, we proceed with a more general
approach based on BCS theory. The following equations are taken from Ref. [180].

To start, according to Mattis–Bardeen theory [28] at low frequency (ℎ𝑓 ≪ 𝑘B𝑇c), the
normalized imaginary conductivity is given by

𝜎2
𝜎n

=
𝜋𝛥

ℎ𝑓
tanh

(
𝛥

2𝑘B𝑇

)
, (3.10)

where 𝜎2 is the imaginary conductivity, 𝜎n the normal-state conductivity, 𝛥 the supercon-
ducting energy gap, ℎ Planck’s constant, 𝑓 the frequency, 𝑘B Boltzmann’s constant, and 𝑇
the temperature [28].

Knowing that the imaginary part of the surface impedance is

ℑ(𝑍 ) = 1
𝜎2𝑡

= 𝜔𝐿□k , (3.11)

where 𝑡 is the thickness, we can write the kinetic inductance as

𝐿k =

(
𝑙

𝑤

)
𝑅□n ℎ

2𝜋2𝛥

1

tanh
(

𝛥
2𝑘B𝑇

) , (3.12)
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where 𝑙 and𝑤 are the length and width of the superconducting line, and 𝑅□n is the sheet
resistance.

The dependence of 𝛥 on bias current is complicated in general. In the zero temperature
limit we can deduce from Eq. (3.12) that [180]

𝐿k(𝐼 )
𝐿k(0)

=
𝛥00
𝛥
, (3.13)

where 𝛥00 is the energy gap at zero temperature and zero bias current. Additionally,
assuming that we are in the dirty limit, the energy gap and normalized current are expressed
as [180, 181]

𝛥 = 𝛥00𝑒
−𝜋𝜁 /4, (3.14)

𝐼

𝐼c
= 1.897𝑒−3𝜋𝜁 /8√︁𝜁 (

𝜋

2 − 2
3𝜁

)
, (3.15)

where

𝜁 =
𝐷𝑘2

2𝛥 , (3.16)

and 𝐷 is the diffusion coefficient.

Assuming 𝜁 ≪ 1 (valid at low currents), and performing a Taylor expansion of Eq. (3.15)
around 𝜁 = 0, we can invert the equation keeping only the leading order term

𝜁 ≈
(

𝐼

2.98 𝐼𝑐

)2
. (3.17)

Substituting Eq. (3.17) back into Eq. (3.14) and Eq. (3.13), and then again applying a Taylor
expansion, we can express the bias current-dependent kinetic inductance as

𝐿k(𝐼 )
𝐿k(0)

≈ 1 + 𝜋

4

(
𝐼

2.98𝐼c

)2
+ 𝜋2

32

(
𝐼

2.98𝐼c

)4
+ . . . . (3.18)

or

𝐿k(𝐼 )
𝐿k(0)

≈ 1 +
(

𝐼

3.36𝐼c

)2
+

(
𝐼

4𝐼c

)4
+ . . . . (3.19)
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Note that the coefficient of the critical current predicted here with BCS is more than double
the value predicted by GL. Although derived under the small-current approximation, the
general quadratic dependence on bias current reasonably fits reported experimental data
in the literature [111, 149, 161, 172, 174].

3.8 Theoretical Modeling of Kinetic Inductance Versus Current

Using a Josephson Junction Array Model

A simpler way to estimate how the kinetic inductance of granular aluminum depends on
current is to model the material as a one-dimensional array of Josephson junctions. This
approach, used in Ref. [106], assumes that grAl behaves like a chain of weakly coupled
superconducting grains, where each junction obeys the standard Josephson current-phase
relation

𝐼 = 𝐼𝑐 sin(𝜙). (3.20)

Here, 𝐼 is the current through the junction, 𝐼c is the critical current, and 𝜙 is the phase
difference across the junction. Taking the time derivative and comparing it to the second
Josephson equation 𝑑𝜙/𝑑𝑡 = 2𝜋/𝛷0𝑉 , where 𝑉 is the voltage across the junction, reveals
the nonlinear inductance 𝐿J of the Josephson Junction

𝑑𝐼

𝑑𝑡
= 𝐼c cos(𝜙)𝑑𝜙

𝑑𝑡
= 𝐼c cos(𝜙) 2𝜋

𝛷0
𝑉 =

1
𝐿J
𝑉 . (3.21)

The inductance of a single Josephson Junction is

𝐿J(𝐼 ) =
𝛷0

2𝜋𝐼c cos(𝜙) =
𝛷0

2𝜋𝐼c
1√︁

1 − sin2(𝜙)
=
𝛷0

2𝜋𝐼c
1√︁

1 − (𝐼/𝐼c)2
. (3.22)

Assuming the applied current is much smaller than the critical current (𝐼 ≪ 𝐼c), we can
apply a Taylor expansion to obtain

𝐿J(𝐼 )
𝐿J(0)

≈
𝐿J(𝐼 )
𝛷0

2𝜋𝐼c

= 1 +
(

𝐼
√

2 𝐼c

)2
+

(
𝐼

4
√︁

8/3 𝐼c

)4

+ . . . . (3.23)

This is the result for a single Josephson junction, but this approximates well also the
dynamics of a 1D array of junctions in the case of small bias currents. The simplified
equation of motion for such a 1D array was derived in reference [106],
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𝐼c
𝜋2

2
𝑎

𝑙
𝜙 (𝑡) + ℏ

4𝑒

(
𝑙

𝑎
𝐶0 +

𝜋2𝑎

𝑙
𝐶J

)
𝑑2𝜙

𝑑𝑡2 = 𝐼 , (3.24)

where here 𝐼c is the critical current of a single junction in the array, 𝑎 is superconducting
section length, 𝑙 is the total length of the junction array, 𝐶0 the capacitance of each island
between junctions to ground and 𝐶J the capacitance of a junction in the array. Comparing
this equation to the RCSJ Model in Eq. (1.23), one can deduce (assuming 𝑅 = 0 and
sin(𝜙) ≈ 𝜙) that the 1D junction array behaves similarly to a single junction but of reduced
effective critical current.

The result in Eq. (3.23) shows, to leading order, a quadratic dependence of kinetic inductance
on current, similar to the expressions derived using the Mattis–Bardeen–BCS theory in
Eq. (3.19) and GL theory in Eq. (3.7).

We can compare the three models by defining characteristic currents 𝐼 ∗ and 𝐼 ∗∗, that scale
with 𝐼c and determine nonlinearity, in a generalized fitting model

𝐿k(𝐼 )
𝐿k(0)

≈ 1 +
(
𝐼

𝐼 ∗

)2
+

(
𝐼

𝐼 ∗∗

)4
+ . . . (3.25)

leading to

𝛥𝑓 = 𝑓0
©­­«

1√︃
1 +

(
𝐼
𝐼 ∗
)2 +

(
𝐼
𝐼 ∗∗

)4 + · · ·
− 1

ª®®¬ . (3.26)

We use this model to fit the frequency shift versus current data (Fig. 3.3) and extract
𝐼 ∗ for each resonator (Fig. 3.4(a)), yielding 𝐼 ∗ values in the range 109.6 to 414.4 µA for
samples with different 𝐿k. Including the second-order term in the fit, the extracted ratio
𝐼 ∗∗/𝐼 ∗ ≈ 0.65 (see Fig. 3.4(b)). Additionally, we find the highest tunability of 4.54% (see
Fig. 3.4(c)) for a sample with 𝐿k = 41 pH/□.

As expected from the low-current assumption in deriving 𝐿k(𝐼 ), the model shows reduced
accuracy at higher currents. Including higher-order terms in 𝐿k improves the fit at larger
bias currents, consistent with findings in Refs. [138, 163, 182].
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(a)

(b)

(c)

Figure 3.3: Frequency Shift of DC-Biased GrAl Fractal Resonators. (a) Measured frequency shift 𝛥𝑓
as a function of applied DC current for fractal resonators with different kinetic inductance per square:
𝐿□k = 92 pH/□ (purple), 50 pH/□ (yellow), and 41 pH/□ (blue). The data are fitted with a nonlinear
kinetic inductance model including first-order (dashed lines) and second-order (solid lines) expansions. The
first-order model fits well at low currents but deviates at higher currents, consistent with the low-current
assumption. The second-order fit improves the agreement at higher currents by introducing an additional
fitting parameter.
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3.9 Noise Spectral Density

(c)(a) (b)

Figure 3.4: Nonlinearity Characterization of DC-Biased GrAl Fractal Resonators. (a) Extracted
characteristic current 𝐼 ∗ as a function of resonance frequency, obtained from fitting to the first-order model,
Eq. (3.26). We observe 𝐼 ∗ values ranging from 109.6 to 414.4 µA, with 𝐼 ∗ increasing as 𝐿□ decreases. However,
a more solid interpretation of the relationship between 𝐼 ∗ and 𝐿□ requires an additional dataset across
more devices. (b) Extracted 𝐼 ∗ (filled symbols) and 𝐼 ∗∗ (open symbols) as a function of resonance frequency
from the second-order model, with 𝐼 ∗ ranging from 119.1 to 457.6 µA and 𝐼 ∗∗ ranging from 79.9 to 331.3 µA
across the different 𝐿□. (c) Measured fractional frequency tunability 𝛥𝑓 /𝑓0 for each resonator. We observe
maximum tunability values up to 4.54%, with resonators having lower 𝐿□ exhibiting larger tunability and
higher critical currents. Although resonators with lower 𝐿□ achieve larger total tunability, devices with
higher 𝐿□ provide stronger tuning efficiency in the low-current regime.

3.9 Noise Spectral Density

We measured the noise spectral density 𝑆 (𝑓 ), in units of Hz/
√

Hz, for two DC-tunable
grAl fractal resonators with different inductance values, as shown in Fig. 3.5(a). The mea-
surements were obtained from time-domain traces of the resonator frequency, following
the method described in Ref. [125] to extract 𝑆 (𝑓 ).

The noise level at 10 Hz is found to be in the range of 100–300 Hz/
√

Hz, comparable to
the values observed for ring resonators in the second chapter of this thesis for the sample
with the lowest resistivity (𝜌 = 800 𝜇𝛺 · cm). At higher frequencies, the spectrum flattens,
corresponding to a white noise floor dominated by instrumental noise.

3.10 Quality Factor

The intrinsic quality factor 𝑄i of the resonators is measured as a function of the average
photon number 𝑛, as shown in Fig. 3.5(b). We tested four resonators with two different
kinetic inductance per square values and coupling strengths. The internal quality factors
are around 104 in the single-photon regime. This is about one order of magnitude lower
than typical values reported for grAl films [127]. We observe that𝑄i increases with photon
number, suggesting power-dependent loss mechanisms are involved. Overall, these results
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show that while added design complexity, such as additional DC bias lines, galvanic
connections to ground, DC-induced currents, and compact fractal geometries, slightly
reduces the quality factor, the resonators remain suitable for nonlinear quantum circuits
and parametric amplification.

(a)

(b)

Figure 3.5: Noise Performance and Quality Factor of DC-Tunable GrAl Fractal Resonators. (a)
Frequency noise spectral density 𝑆 (𝑓 ) as a function of Fourier frequency 𝑓 , extracted from time-domain
traces of the resonator frequency. The noise level at 10 Hz is measured between 100–300 Hz/

√
Hz. (b)

Intrinsic quality factor 𝑄i as a function of average photon number 𝑛 for resonators with 𝐿□ = 41 pH/□
(blue) and 𝐿□ = 50 pH/□ (yellow). The average photon number is calculated using 𝑛 = 2𝑄2

𝑙
𝑃cold/(𝑄𝑐ℏ𝜔2

0)
where 𝑃cold is the incident microwave power at the device. The error from Fano interference [128] for these
strongly coupled resonators is not plotted here because the Fano error becomes large and diverges at higher
photon numbers.

3.11 Design of 𝜆/4 Resonators to Find Sheet Inductance

This section explains how we extract the sheet inductance of the grAl film used in our
devices.
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3.11 Design of 𝜆/4 Resonators to Find Sheet Inductance

We use a chip that has six 𝜆/4 (quarter-wave) CPW resonators with different lengths. The
chip is fabricated on a silicon substrate and includes a grAl ground plane and a CPW
transmission line, as shown in Fig. 3.6(a,b).

By measuring the resonators, we extract the resonance frequency of each one. Since the
physical lengths of the resonators are different, each one resonates at a different frequency.
By comparing the measured frequencies to the known resonator lengths, we fit the data
to determine the effective inductance per square.

The 𝜆/4 resonators are fabricated on the same wafer as the main DC-tunable resonator
chips. This ensures that both chips have nearly identical grAl film properties, including
resistivity and sheet inductance.

The design and calculations used in this method were initially done by David Niepce and
are presented in Ref. [183].

(a) (b)

5 μm
5 μm

grAl Si

Figure 3.6: Images of the 𝜆/4 Resonators Chip Used for Sheet Inductance Extraction. (a) Image of
the chip showing multiple 𝜆/4 CPW resonators of varying lengths coupled to a common transmission line.
The chip is fabricated on a silicon substrate with a grAl ground plane. (b) Magnified view of one resonator,
showing the CPW geometry. These resonators are used to extract the inductance of the grAl film.

To further characterize the performance of the 𝜆/4 test resonators fabricated for sheet
inductance extraction, we measure both their noise spectral density and intrinsic quality
factor 𝑄i, and compare these to those of the DC-tunable 3𝜆/4 fractal resonators. While a
direct comparison is limited due to significant differences in geometry and design, both
devices share the same fabrication recipe, the same coplanar waveguide (CPW) architecture,
ground plane layout, and measurement setup. This allows for a qualitative insight into
how the added complexity in the tunable design may influence performance.
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At a frequency of 10 Hz, the 𝜆/4 resonators exhibit frequency noise spectral density values
in the range of 40–80 Hz/

√
Hz (as shown in Fig.3.7(a)). These values are lower than the

100–300 Hz/
√

Hz measured for the DC-tunable resonators. The precise reason for this
reduction in noise remains unclear. However, very likely it is the simpler design of the 𝜆/4
structures, which lack DC bias lines and additional wire bonds, all of which are required
to enable current injection in the tunable devices.

In terms of intrinsic quality factor, the 𝜆/4 resonators show 𝑄i values roughly 4 times
higher (around 4 × 104, see Fig.3.7(b)) than those of the DC-tunable counterparts (around
1× 104) in the single-photon regime. Again, this difference could be attributed to the added
design elements in the DC-tunable resonators, including more complex geometries, which
may introduce additional loss.

We can only hypothesize about the origins of these performance differences: the strong
variation in resonator geometry, coupling strength, DC bias circuitry, and mode confine-
ment could all contribute and hencemake it difficult to draw firm conclusions. Nevertheless,
these observations provide a useful benchmark, suggesting that the special design features
required for tunability do not drastically degrade resonator performance, but they result
in more noise and a lower quality factor.

Summary

In this work, carried out at Low Noise Factory, we study the tunability of DC-current-
biased fractal resonators made from granular aluminum. These resonators exploit the high
kinetic inductance and nonlinear properties of grAl to enable frequency tuning via DC
bias. We use the design from Ref. [174] and fabricate and test resonators with different
inductance-per-square values. The resonators follow a 3𝜆/4 tuning fork geometry with
galvanic ground connections to allow direct current injection.

We measure how the resonance frequency shifts with DC current. We achieve tunability
between 2.85% and 4.54% before reaching the critical current. We extract characteristic
currents 𝐼 ∗, obtained from the first-order nonlinear model, in the range 109.6 to 414.4 µA
for different resonators.

We also measure the noise spectral density 𝑆 (𝑓 ). The noise level at 10 Hz ranges from 100
to 300 Hz/

√
Hz, comparable to the noise measured in Chapter 2 for a ring resonator sample

with 𝜌 = 800 𝜇𝛺 · cm, and higher than the 40–80 Hz/
√

Hz achieved in 𝜆/4 resonators for
similar grAl films. We attribute this increased noise to the design modifications required
to enable DC injection into the resonator.
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(a)

(b)

Figure 3.7: Noise Performance and Quality Factor of 𝜆/4 Test Resonators. (a) Frequency noise spectral
density 𝑆 (𝑓 ) as a function of frequency 𝑓 , extracted from time-domain traces of the resonator frequency. The
noise level at 10 Hz is between 40–80 Hz/

√
Hz, which is lower than that observed in the DC-tunable resonators

(100–300 Hz/
√

Hz). These comparisons suggest that the simpler geometry of the 𝜆/4 resonators may help
to reduce noise and improve quality factor, although geometric differences prevent direct conclusions. (b)
Intrinsic quality factor 𝑄𝑖 as a function of average photon number 𝑛 for 𝜆/4 resonators fabricated with
𝐿□ = 41 pH/□ (blue) and 𝐿□ = 50 pH/□ (yellow), on the same wafer as the DC-tunable devices. The
𝑄i values are approximately 4 × 104 in the single-photon regime—roughly four times higher than those
measured for the DC-tunable resonators.

Finally, we characterize the intrinsic quality factor 𝑄i as a function of average photon
number. We observe 𝑄i ∼ 104 in the single-photon regime, about one order of magnitude
lower than typical values for grAl films. Even so, the quality factor remains sufficient for
applications requiring frequency tunability through DC, such as parametric amplification
and nonlinear quantum circuits.
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In this chapter, we summarize the main results of the thesis, which centers on
two experimental investigations leveraging the high kinetic inductance of granular
aluminum (grAl) for superconducting quantum circuits. The first project focused
on the development of compact meandered ring resonators with impedance values
exceeding 100 kΩ, achieved through a single-step lift-off e-beam lithography process.
The noise and quality factor characterization demonstrates their suitability for use in
high-impedance quantum hardware. In the second project, we studied DC-tunable
fractal resonators capable of in-situ modulation of resonance frequency via injected
direct current. Adapting a 3𝜆/4 tuning fork design, we achieved tunability of up to
4.54% before reaching the critical current. We used theoretical models to extract
characteristic currents and compared them with the observed nonlinear behavior.
Noise spectral density and internal quality factor of devices were characterized. The
results show that these devices are suitable for applications in three-wave mixing
amplifiers and broadband phase shifters.

High-Impedance Meandered Ring Resonators

We utilized the high kinetic inductance of grAl and a compact meandered ring design to
make superinductors with characteristic impedances exceeding 100 kΩ—about 16 times
the resistance quantum. The design strategy involved maximizing inductance while
minimizing self-capacitance. Fabrication was done in a single-step e-beam lithography and
lift-off process on sapphire substrates, with characterization performed using a coplanar
waveguide (CPW) reflection measurement setup. From finite element simulations and
measurements, we extracted inductance per square. We performed measurements across
grAl films with different resistivities ranging from 800 µΩ · cm to 2500 µΩ · cm, and for
the sample with 670 pH/□ we got total inductance values up to 4 µH, with the highest
achieved impedance reaching 127 kΩ. We proposed a compact scaling model showing that
impedance scales as 𝑍 ∝

√︁
𝑟in𝐿□/(𝑝𝑤), in agreement with our experimental data.
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The ring resonators exhibit internal quality factors 𝑄i ∼ 105 at the single-photon regime,
frequency noise spectral densities between 102 to 103 Hz/

√
Hz at 10Hz, and self-Kerr

nonlinearities on the order of tens of Hz. The compact design, high impedance, and low
dissipation make them highly suitable for use in superconducting circuits.

These properties open up several applications. The large impedance enables large zero-
point voltage fluctuations, which are applicable for coupling to systems such as spins
in quantum dots or molecular qubits. The large inductive reactance makes them useful
in circuits exploring coherent quantum phase slips, such as for observing dual Shapiro
steps. The ring design could also be adapted into noise-protected qubit designs. Finally, we
observed an unexpected positive frequency shift at low photon numbers in some devices.
This effect, possibly caused by interactions with strongly coupled two-level systems, is an
interesting direction for further study.

Direct Current Tunable GrAl Resonators

In the second part of this thesis, we introduced a modified resonator geometry based
on a 3𝜆/4 structure that allows direct current injection through the device. The tunable
resonators have a fractalized design, resembling a tuning fork, with connections to two
separated ground planes via galvanic contact. There, high impedance elements served
as filters to suppress RF leakage. The structure allows current biasing of the resonators
through wire bonds attached to the two ground planes. The resonators were characterized
in transmission via their coupling to a CPW feedline.

By using the current-tunable kinetic inductance of grAl, we achieved in-situ tuning of the
resonance frequency up to 4.54% with more than one hundred microamperes of direct
current. We compared different analytical models from the literature and used them to
fit the measured frequency shifts. The value of 𝐼 ∗ was extracted for several devices with
different inductance per square, ranging from approximately 41 pH/□ to 92 pH/□.

These tunable resonators exhibit internal quality factors around 𝑄i ∼ 104 at single-photon
regime with noise levels between 100 and 300 Hz/

√
Hz at 10Hz, indicating that their

performance is sufficient for applications requiring frequency tunability, such as phase
shifters and three-wave mixing parametric amplifiers.

Future improvements could include the implementation of transmission lines and coupling
elements from standard superconductors such as Nb or Al instead of grAl. This would
reduce the effect of current-induced resistivity changes in grAl and allow characterization
of power-dependent loss and nonlinearity at different currents. Additionally, exploring
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grAl fabricated via sputtering and using films with different resistivity ranges may offer
new insights into the tunability of kinetic inductance in grAl.
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Appendix

A Wet Etching Fabrication Process

The process of e-beam lithography followed by wet etching is tested as a first approach to
fabricate 100 nm resolution granular aluminum (grAl) structures. The etching recipe is
learned from Carlo Ciaccia and is based on techniques developed in the group of Christian
Schönenberger.

The process begins with the deposition of the grAl film. First, the substrate undergoes
plasma cleaning in an Ar/O2 environment (10 sccm/5 sccm) using a Kaufman ion source
with beam parameters of𝑈beam = 200 V and 𝐼beam = 10 mA. Titanium is then evaporated
at a rate of 0.2 nm/s for 2min, with the shutter closed, to work as a getter and improve
vacuum conditions. Subsequently, pure aluminum is evaporated at room temperature at a
rate of 1 nm/s under a dynamic oxygen atmosphere with pressure ranging from 10−5 to
10−4 mbar, forming the disordered granular aluminum film.

After deposition, the negative resist ma-N 2403 is spin-coated onto the grAl-coated sub-
strate. The resist is spun at 3000 rpm for 65 s with an acceleration of 1000 rpm/s, followed
by baking at 90 °C for 60 s. After e-beam exposure, the resist is developed in ma-D377 for
(10 ± 3) s. Patterning is done using a wet etching step. The sample is immersed in heated
Transene D etchant at 50 °C for a controlled time, followed by a stop bath in water at 50 °C
and rinsing in room-temperature water for 40 s.

SEM images of the resulting structures show that for 100 nm wide lines, the process
leads to rough edges (see Fig. A.1a and b). As a result, this method is not used for
fabricating the high-resolution grAl resonators discussed in Chapter 2. However, for larger
features—especially at the micrometer scale—the process gives smooth and well-defined
edges.
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Table A.1:Summary of Fabrication Parameters for the E-BeamLithography Followed byWet Etching
Process of GrAl. The process includes initial plasma cleaning, titanium gettering, aluminum evaporation
in a dynamic oxygen environment, and wet etching after e-beam lithography using negative resist.

Substrate and Film Deposition

Substrate C-plane sapphire (330 µm, double-
side polished)

Plasma Cleaning

Gas flow O2/Ar (10 sccm/5 sccm)

Beam parameters 𝑈beam = 200 V, 𝐼beam = 10 mA

Gettering

Ti evaporation rate 0.2 nm/s for 2min (shutter closed)

grAl Deposition

Al evaporation rate 1 nm/s

O2 pressure 10−5 to 10−4 mbar

Resist Coating and E-Beam Lithography

Resist ma-N 2403

Spin speed 3000 rpm for 65 s

Acceleration 1000 rpm/s

Bake 90 °C for 60 s

Development

Developer ma-D377 for (10 ± 3) s

Etching

Etchant Transene D

Etch temperature 50 °C

Stop bath Water at 50 °C (a few seconds)

Rinse Water at room temperature for 40 s
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(a) (b)

500 nm5 μm

Figure A.1: Etched GrAl Ring Resonators. SEM images of granular aluminum ring resonators fabricated
using the wet etching process described in Appendix A. (a) Overview of a full ring structure with a linewidth
of approximately 100 nm. (b) Zoomed-in view of a smaller segment showing the edge roughness from the
etching process, which is a limiting factor for applications requiring sub-100 nm precision.
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B Dry Etching Fabrication Process

We test a dry etching approach using inductively coupled plasma (ICP) and reactive
ion etching (RIE) to explore alternatives to lift-off lithography for fabricating 100 nm
resolution grAl structures. The resist coating and aluminum deposition steps follow the
same procedure described in Appendix A, using ma-N 2403 as the negative e-beam resist
and grAl deposition by e-beam evaporation.

The resist is developed in ma-D377 for approximately (10 ± 3) seconds, followed by a stop
bath in water and nitrogen blow-drying. Etching is performed in an ICP chamber using a
chlorine-based recipe (HR-Ar-Cl, Cl2/Ar = 20/1 sccm), which enables anisotropic etching
of the grAl film.

While the process successfully removes unmasked grAl and defines the pattern, we observe
the appearance of "fences"—residual edge build-ups—along the etched lines in several
structures (Fig. B.1(a)). These fences are likely caused by aluminum redeposition or the
formation of compounds involving aluminum, chlorine, and potentially resist material.
Although clean structures are occasionally observed—such as the example on the right in
Fig. B.1(b)—it remains unclear whether these results are from over-etching (which may
also remove resist and film underneath) or a fortunate suppression of fence formation. In
its current state, the presence of fences limits the reliability and reproducibility of this
method.

Further optimization is needed to improve the process. Potential strategies include:

• Regulating the substrate temperature during etching,

• Identifying the chemical origin of the fence material,

• Testing alternative masking materials,

• Finding post-etch cleaning steps that selectively remove fences without damaging
the grAl film.

Moreover, the resist itself is etched during the chlorine-based ICP process. This poses a
challenge in terms of aspect ratios: if the resist is too thin, it erodes quickly and fails to
adequately protect the grAl underneath. For instance, a 20 nm-thick grAl layer remains
unetched when covered by a 100 nm resist cap prior to resist removal.

We also test RIE using a fluorocarbon-based recipe (CF4/CHF3 = 30/20 sccm, 250W,
25mTorr chamber pressure), but it fails to etch the grAl while rapidly removing the
resist, leaving the metal layer largely intact.
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We hope that future studies will build on these results and develop a reproducible dry
etching process for high-resolution grAl nanostructures. Fingers crossed for the next
generation of students.

1 μm

198 nm

(a)

200 nm

2 μm

(b)

Figure B.1: SEM Images of GrAl Structures After ICP Dry Etching. (a) SEM image of a grAl line showing
visible fences along the edges. The exact origin of these features is not yet fully understood. The linewidth
measures approximately 200 nm, and irregular edge residues are clearly visible along both sidewalls. (b)
SEM image of a different structure, along with its magnified view, showing a clean grAl pattern with no
visible fence residues. However, such clean outcomes are not consistently reproducible.
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Table B.1: Summary of Fabrication Parameters for the ICP Dry Etching Process Applied to GrAl
Structures. The process shows promise but is currently limited by edge fences and etch-resist compatibility.

Resist Coating and Development

Resist ma-N 2403

Spin speed 3000 rpm for 65 s

Acceleration 1000 rpm/s

Bake 90 °C for 60 s

Developer ma-D377 for (10 ± 3) s

Stop bath Water, blow-dry with nitrogen

ICP Etching Process

Etch chemistry Cl2/Ar = 20/1 sccm (HR-Ar-Cl)

Chamber ICP system

Issue Fences along etched edges

Aspect ratio limitation 20 nmgrAl not etched under 100 nm
resist

Resist Removal

Solvent NEP (N-Ethyl-2-pyrrolidone)

Temperature 90 °C

Duration 2 hours

Alternative Etch Test (RIE)

Recipe CF4/CHF3 = 30/20 sccm, 250W,
25mTorr

Observation Resist removed, grAl remained
mostly intact
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