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SUMMARY

Superconducting microwave circuits provide a versatile platform for engineering controllable
quantum systems, with applications in quantum information processing, quantum sensing,
and microwave optomechanics. In this thesis, we investigate how key circuit elements can be
improved by engineering new interactions, enhancing microwave readout, and reducing dis-
sipation in superconducting resonators. We achieve this through the design, fabrication, and
cryogenic characterization of superconducting circuits, focusing on three themes: longitudi-
nal coupling, parametric amplification for microwave measurements, and reducing microwave
loss through surface processing.

In Chapter 1 we introduce superconducting microwave circuits and motivate the main research
directions of this thesis.

Chapter 2 describes the experimental workflow used throughout this thesis. Starting from
circuit design and electromagnetic simulation, we explain how the devices are realized in the
cleanroom, with particular attention to the practical details of the nanofabrication process.
We then describe chip packaging, and give an overview of the cryogenic measurement setup
used to characterize the devices.

Chapter 3 demonstrates how to implement an intrinsic longitudinal coupling between a trans-
mon qubit and a linear microwave resonator by using the circuit quantum electrodynamics
analog of radiation-pressure coupling. We discuss the experimental characterization of this
interaction and highlight its prospects for high-connectivity quantum hardware and for exper-
iments interfacing superconducting circuits with massive quantum systems.

Chapter 4 presents the design, fabrication, and characterization of a flux-tunable paramet-
ric amplifier based on the Superconducting Nonlinear Asymmetric Inductive eLement (SNAIL).
We describe the device design and wafer-scale fabrication, and characterize the amplifier re-
sponse across its tunable operating range. We investigate the gain—bandwidth trade-off and
quantify the dynamic range through gain-compression measurements.

Chapter 5 investigates microwave loss in tantalum superconducting coplanar-waveguide res-
onators. We study surface-related dielectric loss in the single-photon regime using devices
patterned from a single tantalum film with varying surface participation ratios. By comparing
different resonator geometries and post-fabrication surface treatments, we show that addi-
tional cleaning steps can significantly reduce loss and yield reproducible improvements in the
internal quality factor.

Finally, Chapter 6 concludes this thesis by summarizing the main findings and providing an
outlook for future research.
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2 1. INTRODUCTION

Superconducting microwave circuits have emerged as a leading experimental platform for re-
alizing and controlling quantum systems, with applications ranging from quantum sensing to
quantum information processing. The foundations of quantum mechanics were laid in the
early twentieth century, beginning with Planck’s introduction of energy quantization [1]. In
1925, Heisenberg's formulation of matrix mechanics marked the start of modern quantum
theory [2], which enabled quantitative descriptions of microscopic physical systems. Now,
more than a century later, these ideas enable engineered quantum systems in which quantum
behavior can be designed and tuned in controllable devices.

In superconducting quantum circuits, Josephson junctions provide a controllable nonlinearity
that shapes the energy spectrum and interactions of microwave modes. This enables a broad
range of devices, including superconducting qubits, quantum-limited parametric amplifiers,
frequency converters, and tunable couplers. In the case of a superconducting qubit, the cir-
cuit is engineered to behave as an artificial atom, with its two lowest energy states forming a
quantum bit (qubit). The first experimental demonstrations of superconducting qubits were
realized in the late 1990s through coherent control of a Cooper-pair box [3]. This work showed
that macroscopic superconducting circuits can exhibit coherent quantum dynamics and can
be coherently controlled. Soon after, alternative implementations were explored, including
the persistent-current (flux) qubit demonstrated here in Delft [4]. Together, these early exper-
iments established that coherent quantum behavior can be realized across multiple super-
conducting circuit architectures.

Building on this progress, strong coupling between a superconducting qubit and a microwave
resonator was achieved, enabling the coherent exchange of excitations between the two sys-
tems [5]. This result marked the start of circuit quantum electrodynamics (cQED), which adapts
key concepts from cavity QED to superconducting circuits [6-8]. In cavity QED, strong coupling
was experimentally identified through spectroscopic signatures such as vacuum Rabi split-
ting [9]. Demonstrating the same regime in superconducting circuits showed that engineered,
on-chip systems could support the same fundamental light-matter interactions, while offering
extensive control over system parameters.

The rapid development of superconducting circuit technology has since established cQED as
a platform for exploring quantum optics in the microwave domain and for building scalable
quantum processors [10-13]. Despite these successes, important conceptual and practical
challenges remain. One longstanding conceptual problem is the incompatibility of quantum
mechanics with general relativity. In quantum mechanics, time is treated as an external pa-
rameter that specifies the evolution of a system, whereas in general relativity, time is a dy-
namical component of spacetime that can depend on the gravitational field and differ be-
tween observers [14]. Motivated by this tension, our group investigates quantum behavior in
increasingly massive systems, leveraging techniques from optomechanics and circuit quantum
electrodynamics.

On the practical side, parasitic couplings complicate the design and control of multi-qubit
systems, motivating alternative coupling schemes such as longitudinal coupling. Beyond im-
proving quantum processors, longitudinal interactions can also be advantageous for optome-
chanical systems, where many protocols rely on strong coherent cavity drives and therefore
require interactions that remain robust at large intracavity photon numbers [15-21]. Further-
more, the performance of superconducting quantum devices is often limited by loss and de-
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coherence arising from coupling to the environment. In many cases, loss and decoherence
are dominated by dielectric two-level systems (TLS) hosted in amorphous surface and interfa-
cial layers, which can limit coherence times and resonator quality factors. Continued progress
therefore depends not only on improving circuit design, but also on advances in materials
processing and surface engineering.

This thesis addresses several of these challenges through the design, fabrication, and char-
acterization of superconducting microwave circuits. It focuses on three main themes: (i) en-
gineering an intrinsic longitudinal qubit-resonator interaction, (ii) parametric amplification,
and (iii) reducing loss in superconducting resonators. Together, these topics span key aspects
of superconducting circuits, from fundamental interactions to practical device improvements,
and contribute to the continued development of superconducting quantum hardware.

11. THESIS OUTLINE

This thesis is organized as follows.

- Chapter 2 describes the design, fabrication, and measurement methods used through-
out this thesis. It introduces the device design workflow based on electromagnetic
simulations and outlines the cleanroom processes used to fabricate superconducting
devices. The chapter also describes the device packaging and cryogenic measurement
setup.

- Chapter 3 reports the experimental realization of intrinsic longitudinal coupling be-
tween a transmon qubit and a linear microwave resonator. The device concept and op-
erating principle are introduced, and the emergence of longitudinal coupling from the
circuit design is explained. Spectroscopic and time-domain measurements are used to
activate and characterize a drive-induced Jaynes-Cummings interaction. The measure-
ments demonstrate a longitudinal coupling rate that exceeds the relevant decay rates
in the system, providing access to the strong coupling regime.

- Chapter 4 presents the design, wafer-scale fabrication, and experimental characteri-
zation of a parametric amplifier based on the Superconducting Nonlinear Asymmetric
Inductive eLement (SNAIL). We first investigate the linear (unpumped) properties of the
device, followed by the demonstration of parametric amplification over a wide flux-
tunable frequency range. The gain-bandwidth trade-off is examined, and the dynamic
range is characterized through gain-compression measurements.

- Chapter 5 focuses on a systematic study of microwave loss in tantalum coplanar waveg-
uide resonators. We investigate how variations in the surface participation ratio and
post-fabrication surface cleaning affect the internal quality factor in the single-photon
regime. By comparing devices with different surface participation ratios and surface
treatments, we identify the most effective cleaning procedures for reducing microwave
loss, and show that this allows us to reliably obtain internal quality factors exceeding
one million.

- Chapter 6 summarizes the main results of this thesis and outlines the outlook for future
research.
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DEVICE DESIGN, FABRICATION AND
MEASUREMENT SETUP

This chapter describes the design, fabrication, and measurement methods used throughout
this thesis. We outline the device design workflow based on electromagnetic simulations.
The fabrication section presents the cleanroom processes used to realize superconducting
devices, including thin-film deposition, electron-beam lithography, dry and wet etching, and
double-angle shadow evaporation for Josephson junctions. Josephson junction fabrication is
described for both Dolan-bridge and Manhattan junctions, along with the methods used for
room-temperature junction characterization. Finally, we describe the device packaging and
the cryogenic measurement setup. Together, this chapter aims to provide the practical details
and cleanroom process considerations that are required to reproducibly fabricate and measure
the devices presented in the following chapters.
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2. DEVICE DESIGN

The superconducting devices presented in this thesis are often the outcome of an iterative
design process that includes circuit design, electromagnetic simulation, nanofabrication, and

cryogenic characterization. Small changes in device dimensions, material properties and fabrication-

related imperfections can have a large impact on circuit parameters, so device design is often
not a single-shot process. Instead, multiple design and fabrication iterations may be required
to converge to desired resonance frequencies, coupling strengths, and loss characteristics.

The design process typically begins by specifying target circuit parameters, such as reso-
nance frequencies, external coupling rates, and anharmonicities. These specifications are
then mapped onto circuit elements, including capacitances and inductances, which in turn de-
termine the physical layout of the device. As an initial guide, circuit quantization and modeling
are useful tools for relating the target parameters to effective capacitances and inductances.
Software such as QUCAT can model superconducting circuits in a lumped-element description
and estimate quantities such as mode frequencies and anharmonicities [1]. Early in my PhD,
device layouts were generated using stCAD [2], a custom Python-to-GDS design tool developed
in our group, and simulated with SONNET. Later work made use of Quantum Metal [3] (formerly
Qiskit Metal) interfaced with ANSYS electromagnetic solvers, providing a rapid feedback loop
between layout design and electromagnetic simulation.

In a typical design workflow, the physical device layout is parametrically defined in Quan-
tum Metal. The layout is then simulated using ANSYS Q3D or HFSS to extract electromagnetic
properties such as resonance frequencies, coupling strengths, capacitances, and field dis-
tributions [4]. To ensure that the extracted parameters are reliable, the simulation setup is
iterated until key quantities are converged. The resulting electromagnetic solution can be in-
terpreted using either the lumped oscillator model (LOM) [5] or the energy participation ratio
(EPR) method to connect the simulated fields to an effective circuit description [6]. LOM is typ-
ically used for rapid, order-of-magnitude design iterations and for extracting effective lumped
parameters such as capacitances and inductances. The EPR method is used when more accu-
rate estimates of nonlinear circuit parameters, such as anharmonicities and dispersive shifts,
are required. Based on these extracted parameters, the circuit geometry is updated and the
design is re-simulated until the target specifications are met. Once a satisfactory design is
obtained, the layout is exported as a GDS file for fabrication.

For superconducting materials with a significant kinetic inductance contribution, such as NbTiN,
kinetic inductance must be included in the design and simulation process to obtain accurate
device parameters. When required, this is implemented using a modified fork of Quantum
Metal that includes kinetic inductance modeling capabilities [7]. For NbTiN devices, neglecting
kinetic inductance can for example lead to resonance frequencies that differ from measured
values by approximately 20%. In contrast, for devices fabricated from aluminum or tantalum,
the kinetic inductance contribution is much smaller and is therefore neglected in the design
stage. It should be noted that Josephson junctions are not included in these simulations. In-
stead, during design and simulation they are represented as linear inductive elements within
the circuit model. The physical junction layout is added at the final stage of the design process,
where a predefined junction layout is inserted into the GDS file used for fabrication.
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2.2. FABRICATION

This section describes the fabrication techniques used to produce the superconducting de-
vices presented throughout this thesis. Since the performance of superconducting quantum
circuits is highly sensitive to material quality, interfaces, and processing conditions, a clear
and detailed description of the fabrication flow is essential to ensure reproducibility and to
enable meaningful comparison between devices. The focus of this chapter is on the core fab-
rication steps that are common to all devices studied in this work, including substrate prepa-
ration, thin-film deposition, electron-beam lithography, etching, and shadow evaporation for
Josephson junctions. Rather than presenting device-specific recipes in full detail, we estab-
lish a consistent fabrication framework that is referenced and adapted in subsequent chapters
when needed. All devices presented in this work were fabricated at the Kavli Nanolab Delft [8].

2.241. FABRICATION OF LINEAR DEVICES
SUBSTRATES

The first step of the fabrication process is the selection of a suitable substrate material. Most
of the devices presented in this thesis are fabricated on ultrapure, intrinsic (100)-oriented
silicon wafers with a high resistivity (o > 2.0 x 10* Q - cm). In some cases, sapphire (AL,0;)
substrates are used. Sapphire is a transparent, highly insulating material that can create some
extra fabrication challenges, such as charging effects during lithography. However, its mechan-
ical hardness, chemical inertness, and lower dielectric loss compared to silicon can make it
useful for minimizing losses in superconducting quantum devices.

SUPERCONDUCTING THIN FILMS

The properties of superconducting thin films are strongly influenced by both the substrate and
the deposition technique, including specific process parameters. The substrate not only pro-
vides mechanical support but also plays a critical role in the nucleation and crystal orientation
of the superconducting film. Key factors such as surface roughness, chemical compatibility,
and lattice mismatch between the substrate and the superconducting film can significantly
impact the film quality. Common superconducting materials used in superconducting quan-
tum circuits include Nb, AL, TiN, NbTiN and Ta [9-11]. In this work, superconducting films were
deposited using two different physical vapor deposition (PVD) techniques.

The device described in chapter 3 used a 200 nm thick NbTiN film deposited on a 4-inch dou-
ble side polished (DSP) silicon wafer via sputter deposition. Prior to deposition, the silicon
wafer was cleaned using the RCA standard cleaning procedure. It was then transferred into the
LLS801 DC magnetron sputtering system, a refurbished and customized industry-grade Evatec
LLS801 system operated by the Space Research Organization Netherlands (SRON) [12]. During
deposition, a flow of nitrogen gas was introduced into the chamber, reacting with a 99.95 %
pure NbTi target to form a stoichiometric NbTiN film on the substrate.

The device described in chapter 5 used a 100 nm thick Tantalum film deposited on a 4-inch
double side polished (DSP) Sapphire wafer. Tantalum was used for its low microwave loss in
the a-phase, which has been associated with significant improvements in qubit coherence
times [13]. The tantalum-coated wafers used in this work were sourced from STARCryo.
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WAFER DICING AND CHIP PREPARATION

After thin-film deposition, some of the wafers were divided into individual chips for further
processing. For most devices presented in this thesis, including resonators and qubits, dicing
was performed directly after the superconducting film was deposited. In contrast, the SNAIL-
based parametric amplifiers described in Chapter 4 were fabricated entirely at the wafer scale,
and were only diced after all fabrication steps were completed.

Wafer dicing was performed using a Disco DAD 3220 automatic dicing system, shown in Fig. 2.1 a.
The final chip dimensions depend on the device type and PCB requirements. The wafers for
resonator and qubit devices were diced into square chips of 10 x 10 mm?Z, while wafers con-
taining SNAIL-based parametric amplifiers were diced into rectangular chips of 11 x 5 mm?2,
as shown in Fig. 2.1 b. Prior to dicing, a protective resist layer (either S1805 or PMMA) was
applied to the wafer surface to reduce particle contamination and mechanical damage during
cutting. For wafers that already contained Josephson junctions, special care was taken during
this step, as elevated baking temperatures can lead to small changes in junction parameters.
In these cases, the resist was baked at reduced temperatures or in a vacuum oven.

Silicon wafers were diced using resin-bonded diamond blades (typically NBC-ZB 1050 or Zo9-
SD2000) at a rotation speed of 30 000 RPM. Sapphire wafers required modified dicing condi-
tions due to their higher mechanical hardness. For these wafers, a different blade (VTo7-SD320-
VC100-75) was used together with a reduced rotation speed of approximately 15000 RPM. The
cut depth was also increased in incremental steps, starting with a shallow cut and followed by
successive deeper cuts with adjusted feed speeds. After dicing, individual chips were cleaned
to remove residual resist and particulates before further processing or packaging.

Figure 2.1: Wafer dicing into individual chips. (a) Photograph of the Disco DAD 3220 dicing system.
(b) A 2-inch wafer after dicing into individual 11 x 5 mm? chips.
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LITHOGRAPHY

Once a superconducting film has been deposited, the next step in the fabrication process is
to define the device geometry. Mask-based optical lithography is widely used in industrial
microfabrication due to its high throughput and reproducibility. However, for academic re-
search, where rapid design iterations and low-volume fabrication are often required, direct-
write lithography techniques are more suitable. In the Kavli Nanolab Delft, both a direct-write
optical laser writer and electron-beam lithography (EBL) systems are available. For the de-
vices presented in this thesis, electron-beam lithography was used exclusively as it provides
the highest resolution and reproducibility for superconducting quantum devices. An overview
of the electron-beam lithography system is shown in Fig. 2.2.

Figure 2.2: Electron-beam lithography system. (a) Raith EBPG 5200 electron-beam lithography system
used for device patterning at the Kavli Nanolab Delft. (b) A 10 X 10 mm? chip is mounted on the EBPG
sample holder using clamps to ensure electrical grounding during exposure. (c) Example GDS layout
file defining the lithographic pattern of a superconducting device. (d) Optical microscope image of the
same design on a chip after electron-beam exposure and resist development, demonstrating the pattern
transfer from the GDS layout to the chip.
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ELECTRON-BEAM LITHOGRAPHY (EBL)

Lithography was performed using a Raith EBPG 5200 or EBPG 5200+ electron-beam lithography
system. Fig. 2.3 shows a schematic process flow for transferring a pattern to the substrate via
etching. Before ebeam exposure, the substrate is spin-coated with an electron-beam resist,
such as Polymethyl Methacrylate (PMMA) or AR-P 6200.18 (CSAR 62), to form a uniform resist
layer. Of which the final thickness depends on the spin coating rotation speed and the resist
properties. The required resist thickness depends mainly on later processing steps. To obtain
the highest resolution, it is best to work with thin resist layers. However, a thicker resist layer
might be necessary when it is used as an etching mask. Following spin coating, the resist-
coated substrate is then soft-baked on a hot plate, which removes solvents to solidify the
liquid resist film.

During the EBL exposure, a focused electron beam is used to directly write patterns onto the
resist, which effectively modifies the solubility of the resist in the exposed areas. After expo-
sure, an optional post-exposure bake can be performed, to harden the resist in the case of
follow up etching steps. The samples can then be developed with an appropriate developer
for the specific resist. This removes the exposed resist in the case of positive tone resist, or
the unexposed area for negative tone resist. A resist mask is then formed that can be used for
further processing steps, such as reactive ion etching (RIE) or metal deposition and lift-off.

We note that special care should be taken when working with insulating substrates such as
sapphire. During electron-beam exposure, substrate charging can lead to beam deflection,
pattern distortion, and even potential damage the EBPG. To mitigate these effects, it is essen-
tial that the top of the sample surface is electrically conductive and connected to the EBPG
holder during exposure. Even when a metallic thin film is already present on an insulating
substrate, a thin conductive polymer layer such as AR-PC 5090 (Electra 92) is applied on top
of the resist stack to dissipate electrical charges during exposure and ensure stable exposure
conditions.
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Figure 2.3: Schematic electron-beam lithography (EBL) process flow for pattern transfer by etching. The
substrate is spin-coated with an electron-beam resist, followed by a soft bake on a hot plate to remove
the solvents. The pattern is written by e-beam exposure, and the resist is developed afterward to form
the lithographic mask. An optional post-exposure bake can be used to harden the resist prior to dry
etching. The pattern is then transferred into the underlying substrate by etching. Finally, the resist is

stripped.
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ETCHING

Etching is used to (selectively) remove material or transfer a lithographically defined pattern
onto the underlying substrate or thin film. The choice of etching technique is determined by
the required etch profile, feature size, surface roughness, and the sensitivity of the material
to different etching processes. A key distinction in etching processes is between isotropic and
anisotropic etching. In isotropic etching, material is removed equally in all directions, result-
ing in rounded profiles and an undercut will be formed under the resist mask. This can limit
the use in nanoscale device fabrication when the size of the undercut becomes comparable
to the desired feature size.

In contrast, anisotropic etching is highly directional, with material being removed primarily
perpendicular to the substrate surface. This enables the transfer of the exact mask dimensions
into the substrate. Vertical sidewalls are formed in the etching profile that directly represent
the lithographic pattern, which is important to obtain well-defined nanoscale devices. An
illustration of these two etching regimes is shown in Fig. 2.4.

Isotropic Anisotropic

Y i

Figure 2.4: Schematic illustration of ideal isotropic and anisotropic etching. In isotropic etching, the etch
rate is the same in all directions, producing an undercut beneath the resist mask. In anisotropic etching,
the etch is highly directional, yielding vertical sidewalls.

Etching techniques are broadly classified into two broad categories: wet etching and dry etch-
ing. In this work, dry etching was mainly used for the definition of device features, while wet
etching was used for substrate cleaning and oxide removal, as well as in some post dry etching
steps to improve surface quality.

DRY ETCHING

Dry etching is a material removal process without the use of liquid chemicals. Several tech-
niques fall into this category, including plasma etching, ion beam milling, and reactive gas
etching. These methods remove material through chemical reactions with reactive gasses,
physical etching by energetic particles, or through a combination of both.

Device patterning was performed using plasma-based Reactive lon Etching (RIE). The working
principle of RIE is illustrated in Fig. 2.5. In this process, the sample is placed on one of two
parallel electrodes inside a vacuum reaction chamber. After the chamber is pumped down
to a low base pressure, a controlled flow of process gas such as sulfur hexafluoride (SFg) or
Carbon tetrafluoride (CF,) is introduced into the chamber. Applying radio-frequency (RF) power
between the electrodes ionizes the gas and creates a plasma containing chemically reactive
radicals and energetic ions.

The reactive radicals diffuse to the substrate surface, where they react with the exposed ma-



2.2. FABRICATION 15

Gas

Pump

RF

Figure 2.5: Schematic illustration of the working principle of reactive ion etching (RIE). The sample is
placed on an electrode inside a vacuum chamber. Process gas is introduced and RF power is applied
between the parallel electrodes to generate a plasma. Reactive radicals reach the surface and form
volatile reaction products, which are removed by the vacuum pump. Simultaneously, ions are accelerated
toward the sample, making the etch more anisotropic.

terial to break chemical bonds and form volatile reaction products. These by-products desorb
from the surface and are continuously removed by the vacuum pump. Simultaneously, ions are
accelerated toward the sample surface by the electric field and contribute to physical sputter-
ing. By adjusting process parameters such as gas composition, chamber pressure, RF power,
and bias voltage, the relative contributions of chemical and physical etching can be tuned,
allowing control over the resulting etch profile.

For metal etching, endpoint detection is often used to determine when the target film has been
fully removed. In this work, endpoint detection is performed optically by monitoring changes
in the reflected signal from the wafer surface using a laser. Because the optical reflectivity of
the metallic film differs from that of the underlying substrate, a clear change in the reflected
signal indicates when the metal layer has been removed. Once the endpoint is reached, the
etch is typically continued for an additional 10 seconds to ensure complete removal of the
film across the entire sample. Longer over-etch times are avoided whenever possible, as both
silicon and, to a much lesser extent, sapphire substrates can be etched or damaged under
these conditions.

During the etching process, the photoresist mask is also gradually etched by the plasma. To
ensure accurate pattern transfer, a sufficiently thick resist layer must therefore be used to
withstand the full etch duration. After completion of the etch, a short in-situ oxygen plasma
clean is performed before breaking vacuum to remove fluorocarbon residues that may form on
the sample or chamber surfaces. Without this oxygen plasma step, an insulating residue was
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occasionally observed on top of NbTiN films, which can negatively affect subsequent process-
ing steps. While reactive ion etching provides precise control over the feature dimensions and
sidewall profiles, it is not always optimal for obtaining a smooth surface profile or when highly
selective material removal is desired. In these situations, wet etching can be used either as
an alternative to dry etching or as a complementary post-processing step, as discussed in the
next section.

WET ETCHING

Wet etching removes material through chemical reactions in a liquid etchant. The etching
rate is mainly determined by the concentration of the etchant, the bath temperature, and the
transport of reactants to and from the surface. Wet etching processes can be divided into
anisotropic and isotropic etching.

Anisotropic wet etching is achieved using selective chemical solutions that remove material
at different rates depending on crystallographic orientation. A well-known example is single-
crystal silicon, which can be etched in potassium hydroxide (KOH) or tetramethylammonium
hydroxide (TMAH), where the (100) crystal planes etch faster than other planes. This property
is widely exploited in the fabrication of micro-electromechanical systems (MEMS) [12].

In contrast, isotropic wet etching removes material at approximately the same rate in all direc-
tions, independent of the crystallographic orientation. While isotropic wet etching can be used
to define lithographic patterns, the inherent undercut can limit the use for high-resolution or
high-aspect-ratio nanoscale features. In this work, isotropic wet etching was therefore pri-
marily used for surface cleaning and surface preparation following lithography, as well as for
short etch steps after dry etching to improve surface quality. The wet-etching processes most
frequently used in this work include:

- RCA standard clean: A multi-step wet chemical cleaning process originally developed
by the Radio Corporation of America (RCA), used to remove organic residues, metal ions,
and native oxides from silicon wafers [15]. The RCA standard clean was applied prior
to the deposition of NbTiN films. In addition, the first step of the RCA clean (SC-1) was
occasionally used as a final cleaning step after dry etching NbTiN to obtain a smooth
surface with minimal contamination.

- Piranha solution (H,S04/H,0,): A strong oxidizing solution used to remove organic
residues from the sample surface.

- Hydrofluoric acid (HF): Used for oxide removal, for example to strip native silicon oxide
(Si0,) and to remove surface oxides on metal films, while etching the underlying silicon
much more slowly. In practice, a buffered oxide etch (BOE) was often used instead of
pure HF to obtain a slower, more controllable etch rate. Care must be taken to ensure
compatibility with previously deposited metals, as commonly used superconductors
such as aluminum are etched by HF.

By using a combination of the fabrication techniques described above, it is possible to fab-
ricate linear superconducting devices, such as the coplanar-waveguide resonators presented
in Chapter 5.
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2,2.2, FABRICATION OF NON-LINEAR DEVICES

Building upon the fabrication processes developed for linear devices, we now describe the
fabrication of nonlinear circuit elements based on Josephson junctions. These junctions pro-
vide the nonlinearity required for superconducting qubits and parametric amplifiers. In this
thesis, superconductor-insulator-superconductor (SIS) Josephson junctions of the Al-AlO,-Al
type are used, fabricated by double-angle shadow evaporation.

Two junction architectures are used: Manhattan-style junctions for qubits and Dolan-bridge
junctions for SNAIL-based parametric amplifiers. While the overall fabrication flow is similar
for both approaches, specific parameters such as resist thickness, electron-beam exposure
dose, and evaporation angles differ. In the following, we first describe the common fabrication
steps, followed by details specific to each junction architecture.

DOUBLE LAYER RESIST STACK

To define the Josephson junction area and to enable a reliable lift-off process, we use a bi-
layer MMA/PMMA resist stack. The bottom layer consists of MMA(8.5) MAA copolymer, while
the top layer is PMMA 950k. A schematic of the developed resist profile is shown in Fig. 2.6 (a).
The MMA copolymer layer has a higher sensitivity to electron-beam exposure than the PMMA
layer. After development, this difference in sensitivity results in an undercut resist profile,
which is essential for a clean lift-off after metal evaporation. For some junction designs, an
additional low-dose “ghost” exposure was applied in a narrow region surrounding the junction
area. This creates an enlarged undercut, as illustrated in Fig. 2.6 (b), which can improve the
lift-off process and reduce the risk of metal deposited on the resist sidewalls forming shorts
or residual fences during angled evaporation.

d

Figure 2.6: Double layer resist stack. (a-c) Schematic of the resist stack at different stages: (a) before
development, (b) after electron-beam exposure and development, and (c) after metal evaporation. The
undercut ensures that a clean lift-off process can be achieved. (d) Cross-section SEM of the resist stack
after angled metal evaporation. The large undercut was obtained by an additional low dose exposure
around the junction area.
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DOUBLE-ANGLE EVAPORATION AND LIFT-OFF

Josephson junctions were fabricated by double-angle evaporation in a Plassys MEB 550 electron-
beam evaporation system. Figure 2.7 shows the evaporation system used in this work, along
with a close-up view of a chip mounted on the angled sample holder during deposition. The
working principle of the evaporation system is illustrated schematically in Fig. 2.8. After load-
ing the sample into the evaporation chamber, the first aluminum layer was deposited at a
predefined angle relative to the substrate normal, forming the bottom electrode of the junc-
tion.

Figure 2.7: The Plassys electron-beam evaporation system used for Josephson junction fabrication. (a)
Photograph of the Plassys MEB 550 electron-beam evaporation system installed in the cleanroom. The
system features a rotatable, tilt-adjustable sample stage and supports in-situ oxidation. (b) Close-up
view of a 10 X 10 mm chip mounted on the sample holder inside the main evaporation chamber during
deposition. The sample is tilted relative to the substrate normal to enable angled shadow evaporation.

Following the first deposition, oxygen was introduced into the chamber to oxidize the alu-
minum surface and form the AlO, tunnel barrier. The oxidation pressure and duration were
chosen to set the desired junction resistance. After oxidation, a second aluminum layer was
deposited at a different angle to form the counter-electrode. The overlap between the two
aluminum layers defines the effective Josephson junction area. Depending on the junction ar-
chitecture, this second deposition is performed either from the opposite direction for Dolan-
bridge junctions or after a 90° rotation of the sample for Manhattan junctions. These ap-
proaches are discussed separately in the following sections.

When a Josephson junction requires a galvanic connection to a previously defined supercon-
ducting film, such as NbTiN or tantalum, the native oxide on the exposed metal must be re-
moved prior to aluminum deposition. Two different approaches were used to achieve this. In
the first approach, the sample was briefly dipped in a buffered oxide etchant (BOE) immedi-
ately before loading into the Plassys evaporation system. This removes the native oxide from
the exposed superconducting film, after which the sample is rapidly transferred into vacuum
to minimize reoxidation. Alternatively, in-situ argon ion milling was performed in the load-
lock of the Plassys to remove the oxide layer. While this method is effective in removing the
oxide, argon milling can also damage the exposed substrate surface, which may cause ad-
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Figure 2.8: Schematic illustration of the Plassys MEB 550 electron-beam evaporation system. The system
consists of a load-lock chamber for sample loading, unloading, and optional in-situ argon ion milling,
and a main deposition chamber. The sample is mounted on a tillable and rotatable holder. After transfer
into the main chamber, this allows for deposition at a controlled angle 8 relative to the substrate normal.
An electron beam locally heats the source material to generate a vapor flux, while a mechanical shutter
defines the start of deposition and enables precise thickness control.

ditional loss. To mitigate this, the milling could be performed at a large angle relative to the
substrate normal while rotating the sample, such that the junction area itself remained mostly
protected by the resist stack.

Following metal deposition, the unwanted metal and remaining resist were removed using a
lift-off process. Samples were typically immersed in acetone heated to 50 °C for several hours
to dissolve the resist. A pipette was then used to gently remove the detached metal film. Brief
sonication was also often applied afterwards to assist lift-off. Finally, the samples were rinsed
in isopropanol and dried with a nitrogen gun.

DOLAN BRIDGE JUNCTIONS

The Dolan-bridge technique, first introduced by Dolan in 1977 [16], is one of the two widely
used methods for fabricating Josephson junctions by shadow evaporation. In this approach, a
narrow resist bridge is defined by electron-beam lithography and suspended above the sub-
strate, allowing two angled metal evaporations to overlap only in a well-defined region.

Figure 2.9 illustrates the principle of Dolan-bridge shadow evaporation. The schematic shows
both the fabrication of a single Josephson junction as well as multiple junctions connected
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in series using multiple suspended bridges. After lithography and development, the first alu-
minum layer is deposited at an angle, forming the bottom electrode. This layer is then oxidized
in situ to create the tunnel barrier. A second aluminum layer is subsequently deposited from
the opposite angle, forming the top electrode. After lift-off, the overlap between the two metal
layers defines the Josephson junction area.

When fabricating multiple Josephson junctions in series using the Dolan-bridge technique, the
junction areas are set by different shadowing mechanisms for the outer and central junctions.
For the outer junctions, the overlap of the two angled evaporations is defined by shadowing
from the underside of each suspended resist bridge. In this case, the junction area depends
on the bridge width, resist thickness, and evaporation angle, which together determine the
extent of the shadow cast by the bridge during angled deposition.

In contrast, the central junction is defined by shadowing from the upper edges of two neigh-
boring resist bridges. Here, the overlap region is determined by the spacing between the
adjacent bridges, as the two angled evaporations overlap on the substrate between them,
without relying on shadowing from a suspended underside. As a result, the central junction
area is primarily set by the bridge separation and is less sensitive to the exact suspension
quality of the bridge.

Achieving uniform junction areas across all junctions therefore requires separate control over
these two mechanisms. In practice, the electron-beam exposure and development conditions
are first optimized to produce well-suspended bridges with the desired geometry, ensuring
reproducible outer junctions. The spacing between neighboring bridges is then adjusted to
tune the central junction area such that it matches the outer junctions.

Because the Dolan-bridge technique relies critically on the formation of a fully suspended
resist bridge with a well-controlled undercut, even small deviations in the lithography dose,
development conditions, or resist thickness can lead to fabrication failures. Imperfect sus-
pension, insufficient undercut, or mechanical instability of the bridge can compromise the
shadowing mechanism required for reliable junction definition.

These fabrication issues usually appear in characteristic repeatable patterns that can be iden-
tified in scanning electron microscope (SEM) images. As such, SEM inspection provides a pow-
erful diagnostic tool for assessing process failures and for guiding the optimization of lithog-
raphy and development parameters.

Figures 210 and 2.11 present examples of both successful and failed Dolan-bridge junctions
observed during fabrication. For each case, SEM images are shown alongside schematic cross
sections that illustrate the underlying resist profile responsible for the observed outcome.
Together, these examples illustrate common failures in Dolan-bridge shadow evaporation and
clarify how Dolan-bridge imperfections result in junction defects.
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Figure 2.9: Schematic illustration of shadow evaporation using the Dolan Bridge technique. (a-d) shows
the fabrication of a single Josephson junction, while (e-h) shows the fabrication of three junctions con-
nected in series. (a,e) After electron-beam lithography and development, the first metal layer is de-
posited at an angle, forming the bottom electrode. (b,f) The deposited metal is oxidized to form the
tunnel barrier, indicated in green. (c,g) A second metal layer is deposited from the opposite angle, form-
ing the top electrode with a controlled overlap area. (d,h) After lift-off, the overlap regions highlighted
by red boxes define the final Josephson junctions.
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b

Figure 2:10: Common success and failures in Dolan-bridge shadow evaporation. (a,b) Successful Joseph-
son junction formation using a fully suspended resist bridge with sufficient undercut. (c,d) A resist bridge
that is not suspended. During shadow evaporation, metal is deposited on the resist sidewalls, preventing
proper junction formation at the outer two locations. The central junction remains well defined because
it is formed by the top of the resist profiles and does not rely on shadowing from the underside of a
suspended bridge. (e,f) A partially broken or partially suspended resist bridge, leading to incomplete or
asymmetric junction formation. (g,h) Insufficient undercut at the ends of a large exposed region allows
metal to deposit onto the resist sidewalls during evaporation. This can be avoided by ensuring that there
is a sufficiently large resist undercut.
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Figure 211: Additional success and failures in Dolan-bridge lithography. (a,b) A well-defined and fully
suspended resist bridge with sufficient undercut, suitable for reliable shadow evaporation. (c,d) A miss-
ing resist bridge, either due to overexposure or mechanical failure during development. In this case,
junctions will not be formed. (e,f) Insufficient exposure at the ends of the bridge results in rounding of
the resist profile. This reduces the effective undercut and compromises shadowing during angled evapo-
ration. (g,h) Similar to panels (e,f), but asymmetric: one side of the bridge remains fully supported while
the opposite side exhibits rounding. (i,j) The bridge is not suspended at all, preventing the formation of
a tunnel junction and resulting in an open circuit connection.
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MANHATTAN JUNCTIONS

For qubit fabrication, we use Manhattan-style Josephson junctions instead of Dolan-bridge
junctions. This junction architecture was developed to improve fabrication robustness and
reproducibility [17] and has since been widely adopted in the fabrication of superconduct-
ing qubits [18]. Manhattan junctions are formed by the overlap of two orthogonal electrodes
deposited in successive angled evaporations with a 90 degree in-plane rotation between de-
positions, rather than by using a suspended resist bridge. As a result, the junction overlap
area is less sensitive to resist variations. In particular, it is not affected by small changes in
resist thickness. Furthermore, it does not rely on fragile suspended bridges, which often limits
Dolan-bridge junctions [19]. This can improve device-to-device uniformity, which is particu-
larly important for qubits, where small junction variations translate into shifts of the qubit
frequency and anharmonicity [20, 21].

Figure 2.12 illustrates the fabrication sequence for Manhattan-style junctions. After patterning
the MMA/PMMA resist stack, the first aluminum layer is deposited at an angle 8y, forming the
bottom electrode. This layer is then oxidized in situ to create the tunnel barrier. The sample
is then rotated by 90°, and a second aluminum layer is deposited at an angle 8,, forming the
top electrode. The Josephson junction is then defined by the overlap of the two deposited
metal layers.

o
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Figure 2.12: Schematic illustration of Manhattan-style Josephson junction fabrication by angled shadow
evaporation. (a) Resist pattern defining the junction electrodes prior to metal deposition. (b) First metal
evaporation at an angle 61, forming the bottom electrode. (c) In-situ oxidation of the first metal layer to
create the tunnel barrier. (d) Second metal evaporation at an angle 6,, performed after a 90° rotation
of the sample, forming the top electrode. The Josephson junction is defined by the overlap of the two
deposited metal layers.
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The smallest and largest junction sizes that can be fabricated in this way are determined by
the combination of the resist profile and the evaporation conditions. The resist thickness
and undercut must be sufficient so that the metal deposited on the resist sidewall does not
connect to the substrate, which can compromise lift-off and lead to shorts.
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To determine the maximum reliable resist opening for the present resist stack and evapora-
tion conditions, we inspect cleaved samples by cross-sectional SEM after evaporation. When
interpreting these cross sections, it is important to note that SEM imaging itself can modify
the resist profile.

Figure 2.13 shows that repeated imaging of the same region at increasing magnification can
lead to progressive rounding and deformation of the suspended MMA/PMMA resist stack due
to accumulated electron-beam exposure. Rounded resist features observed at high magni-
fication should therefore often be treated as an imaging-induced artifact rather than as an
issue with the resist profile.

Figure 213: Electron-beam-induced deformation of a double-layer resist stack during SEM imaging.
Cross-sectional SEM images of an MMA/PMMA resist stack after angled aluminum evaporation. Pan-
els (a,c,e) show cross-sectional images acquired at increasing magnification (12000X, 35000X, and
65000X), while panels (b,d,f) show cropped views of the regions indicated by red dashed boxes, dis-
played at a comparable scale. As the same region is imaged sequentially at increasing magnification,
the accumulated electron-beam exposure increases, leading to progressive rounding and deformation
of the suspended resist. Panels (g) and (h) are taken at the same magnification, with panel (h) recorded
after additional consecutive SEM images, illustrating the continued resist deformation due to repeated
electron-beam exposure.
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With this consideration in mind, Fig. 2.1z compares cross-sectional SEM images of Manhat-
tan junctions after angled aluminum evaporation for different junction widths. For a typical
junction width used in this work, which is typically around 100 nm, the metal defines well-
separated electrodes and lift-off remains clean. At 300 nm, near the upper end of reliable
fabrication for the present resist stack, additional metal on the resist sidewalls is visible, but
it does not connect to the substrate, such that lift-off is still successful. For very wide openings
(800 nm), shadowing becomes insufficient and metal can reach the substrate in unintended
regions, which may lead to electrical shorts after lift-off.

Figure 214: Cross-sectional SEM images of Manhattan junctions after metal evaporation for different
junction widths. Panels (a-c) show junction cross sections with nominal widths of (a) 100 nm, (b) 300 nm,
and (c) 800 nm, highlighting the effect of the resist opening width on the resulting metal profile and
sidewall coverage.

Based on these observations, we typically target junction widths between 50 nm and 250 nm.
The exact width limit is not universal and depends on the resist thickness and undercut,
the evaporation angles, and the total deposited metal thickness. Increasing the resist thick-
ness/undercut or adjusting the evaporation angle can extend the possible junction size range,
whereas thicker metal films generally reduce it.
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ROOM-TEMPERATURE JUNCTION PROBING

Probe junctions are included on each chip to characterize the normal-state resistance Ry
across a range of junction sizes. Figure 2.16 shows an optical image of a typical probe junction
array. These test structures enable rapid verification of junction quality and uniformity from
room-temperature measurements. The array format allows efficient comparison of multiple
junctions with different widths, providing a fast feedback loop during the fabrication process.
The measurement is performed using a two-point probe configuration. Two tungsten probe
needles are placed on the designated contact pads of a given test junction, and a small DC
current bias of I =10 nAis applied. The resulting voltage drop across the junction is measured,

Figure 2.15: Arrays of probe junctions. Optical image showing an array of probe junctions used for mea-
suring the normal state resistance. The Al junctions are located between two larger probe pads. For
devices fabricated on NbTiN or Ta base layers, additional Al probing pads are placed on top of the pads
to ensure reliable electrical contact with the probe needles.
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from which the normal-state resistance Ry = V//I can be obtained. Typical values of Ry lie
in the kQ range, depending on the junction area and the thickness of the oxide barrier.

To improve measurement accuracy, both open and shorted test pads are included in the lay-
out. The open pads allow verification that the etch process has fully removed the base metal
in regions intended to be isolated. The shorted pads, on the other hand, can be used to de-
termine the contact resistance associated with the probe-pad interface. By subtracting this
contact resistance, a more accurate estimate of the intrinsic junction resistance can be ob-
tained. For the highest precision measurement, a four-probe measurement configuration is
preferred. In this arrangement, separate pairs of contacts are used to source current and
to measure the voltage drop, effectively eliminating both contact and lead resistances. When
shorted junctions are then also patterned with the same geometry as the measured junctions,
this also accounts for the series resistance of the leads between the pads and the junction
area. As precise junction targeting was typically not our main priority, we primarily used fast
and simple two-probe measurements.

It is important to note that the probe station’s light source can influence the measured resis-
tance, especially when using silicon substrates. Illumination may generate charge carriers in
the substrate, thereby modifying the measured junction resistance. Consequently, the most
accurate measurements are obtained with the light source turned off. Furthermore, one should
take care not to switch the light on or off while the probe needles are touching the device. The
sudden change in illumination can briefly drive unwanted currents that may destroy the junc-
tions.

Estimating Josephson parameters from room-temperature measurements.

The normal-state resistance Ry obtained from these room-temperature tests provides a way
to estimate several low-temperature junction parameters, such as the critical current I, the
Josephson inductance L, and the Josephson energy E ;. These quantities are related through
the Ambegaokar-Baratoff relation [22], which describes the relation between the critical cur-
rent I and the normal-state resistance Ry for an ideal Josephson junction formed between
two identical superconductors:

(22)

IRy =
N T e 2ksT

xA(T) A(T)
tanh

where e is the elementary charge, A(T) is the superconducting energy gap at a temperature

T, and kg is Boltzmann’s constant. For temperatures much lower than the critical temperature

(T — 0), this expression simplifies to

A
IRy = ”—. (2.2)
2e

The Josephson inductance L, which characterizes the nonlinear current-phase relationship
of the junction, is given by

T 2nl,

Ly (2.3)
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where ®g = h/(2e) is the magnetic flux quantum. Substituting Eq. (2.2) into this relation
yields

_ PR

L, = A (2.4)

This result shows that, in the ideal case, the Josephson inductance scales linearly with the
normal-state resistance. In practice, deviations from the ideal Ambegaokar-Baratoff relation
are frequenctly observed. To account for these effects, an empirical correction factor « is
often introduced:

Ly~ a”—A (2.5)

where a typically ranges between 1.2 and 1.4 for Al/ALO, /Al Josephson junctions, providing
better agreement between the theoretical prediction and experimental measurements.

The Josephson energy E;, which represents the energy scale associated with tunneling Cooper
pairs, is related to the critical current by

_ ¢0Ic _ ThA

E - =
TT o T 4e?Ry

(2.6)

This expression shows that £, scales inversely with the normal-state resistance. When ex-
pressed in frequency units by divinding by Planck’s constant, the relation becomes

E__24 (27)
h  8e?Ry '
and may likewise be corrected empirically as
E 1 A
EsL (2.8)

h ~ a8e2aRy

Equations (2.5) and (2.8) provide a practical way to estimate the Josephson inductance and
Josephson energy from simple room-temperature resistance measurements. By evaluating
Ry for multiple junction sizes, we can predict how L; and E; scale with junction width, pro-
viding valuable design feedback prior to low-temperature characterization. In the following
analysis, we use a superconducting gap of Ay = 208 eV for aluminum-based junctions [23].

Figure 2.16 shows the extracted parameters for a series of Manhattan junctions and SQUIDs
with varying widths. Panel (a) shows the measured normal-state resistance Ry, which de-
creases with increasing junction width as expected from the larger effective area. Using the
relations derived above, panels (b) and (c) show the corresponding Josephson inductance L
and Josephson energy E,. L; and Ry have a linear dependence, while £ follows the inverse
trend. The data is fitted with a smooth polynomial to illustrate these scaling relations and to
facilitate parameter estimation for device designs.
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Figure 2.16: Measured Josephson junctions parameters as a function of junction width. (a) Room temper-
ature measurements of the normal-state resistance Ry for junctions fabricated with a range of widths.
(b) Josephson inductance L; and (c) Josephson energy £, calculated from Ry based on the Ambe-
gaokar-Baratoff relation with an empirical correction factor @ = 1.3 to account for non-idealities.
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2,2.3. DEVICE PACKAGING

After the chip fabrication is completed, the chips are integrated into a printed circuit board
(PCB) that provides a thermal connection to the rest of the cryogenic setup, and also the
electrical interface for the microwave signals. The PCB has a recessed pocket in which the
chip is placed. This pocket ensures that the top of the chip lies on the same height as the
PCB surface, which helps to keep the wire bond length as short as possible. The chip is glued
to the PCB using GE varnish (GE 7031). A small amount of varnish is applied to each corner of
the pocket before the chip is placed inside, where it is left to air dry for at least 30 minutes at
room temperature. This fixes the chip in place, which is important for wire bonding, and it also
acts as a thermal connection between the chip to the PCB. An overview of the PCB packaging
and wire-bonding scheme is shown in Fig. 2.17.

Wirebonding is performed using a West-Bond 4KE semi-automatic wire bonder. Aluminium
bonding wire is used, as it becomes superconducting at cryogenic temperatures and therefore
minimizes adding additional resistive losses in the signal path. Typically, two or three paralles
wirebonds are used to connect the on-chip launch pads to the corresponding signal traces on
the PCB. In addition, on chip wirebonds are used to suppress parasitic slotline modes, which
can lead to microwave crosstalk and reduced coherence. Finally, many grounding wirebonds
are added along the entire perimeter of the chip. This creates the ground connection between
the chip and the PCB. Furthermore, it also also helps with the thermalization of the chip during
the cooldown. We also transitioned to a new PCB design that incorporates Rosenberger spring-
loaded coax connectors. This approach replaced the previous method used in our group that
relied on soldered SMP connectors for every new board. The spring-loaded coax connector
simplifies the assembly process. Furthermore, this design change also allowed us to reduce
the size of the PCB and the rest of our sample packaging. Fig. 2.17 e shows the size comparison
between the previous PCB on the left (¢ 48 mm) and the new design on the right (® 30 mm).

Figure 2.18 shows how the PCB is integrated into a copper sample box for cryogenic measure-
ments. The PCB is positioned inside the sample box using three alignment holes that mate
with corresponding alignment pins in the copper package. This defines a well-controlled ori-
entation and ensures a reproducible position of the PCB to the sample box and the coaxial
connectors.

The sample box has a two-part copper lid. The first lid section is placed directly on top of the
PCB and is screwed into the bottom part of the box, forming a light-tight enclosure around the
device. This also defines the positions of the RF connector feedthroughs, which are directly
positioned above the corresponding connector traces on the PCB. The spring-loaded RF con-
nectors are then inserted through the corresponding holes in this first lid. A second copper lid
is mounted on top of the first lid to mechanically compress an external spring that surrounds
each connector. This external spring pushes the connector body downward onto the PCB, en-
suring a reliable electrical contact between the outer conductor of the connector and the PCB
ground pads. In addition, each connector contains an internal spring-loaded center pin, which
independently ensures that there is good electrical contact between the center conductor and
the corresponding signal pad on the PCB.
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After assembly, the sample box is mounted onto a cold finger, onto which up to two sam-
ple boxes can be installed simultaneously, as shown in Fig. 218 b. The cold finger provides
a mechanical and thermal connection between the sample box and the mixing chamber of
the dilution refrigerator. When required, a coil magnet can be mounted directly underneath
the sample box to enable the application of a local magnetic field at the device. To suppress
external magnetic flux noise, the cold finger and sample boxes are enclosed by an inner alu-
minum shield and an outer Cryoperm magnetic shield. Small openings in the shielding lids
allow the RF coaxial cables to exit the enclosure. The complete assembly is then mounted to
the underside of the mixing chamber plate.

Figure 2:17: Wirebonds and PCB packaging. (a) Chip mounted inside the recessed pocket of the PCB.
Excess GE varnish used to glue the chip at the four corners can be seen at the edge in yellow. Wirebonds
connect the on chip-launchpads to the the corresponding signal traces on the PCB. (b) Overview of the
same device showing the on-chip and grounding wirebonds. (c) Overview of the Entire PCB with the chip
mounted and wirebonded. (d) Photograph of the spring-loaded coax connector. When placed in the
sample box, the large spring presses the connector against the PCB, while the center conductor pin is
also spring-loaded internally. (e) Size comparison between the previous PCB design (left, @ 48 mm) and
the new PCB design (right, 30 mm).
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Figure 2418: Sample mounting and packaging. (a) PCB placed on the bottom part of the copper sample
box. Three alignment pins are used to accurately position the PCB within the package and ensure a
reproducible chip orientation relative to the package. (b) Two assembled sample boxes mounted onto
the cold finger, which is later screwed into the bottom plate of the dilution refrigerator mixing chamber.
Prior to mounting, the samples are enclosed in an aluminium shield and an outer Cryoperm magnetic
shield to reduce magnetic flux noise.

2.3. CRYOGENIC MEASUREMENT SETUP

To observe quantum mechanical behavior in superconducting circuits, the devices must be
operated at sufficiently low temperatures to suppress thermal excitations. This requires that
the thermal energy kg T is much smaller than the energy spacing of the system. For a circuit
with transition frequency w, this condition can be expressed as

ksT < hw. (2.9)

Superconducting microwave resonators and qubits typically operate at frequencies in the
range of a few gigahertz. For a circuit at 5 GHz, this corresponds to an equivalent temperature
of approximately 240 mK. To strongly suppress thermal excitations, the operating temperature
must therefore be well below this value. Such temperatures cannot be reached using conven-
tional cryogenic techniques such as cooling in a liquid helium bath. Immersion in liquid “He
cools a sample to 4.2 K, and pumping on the helium bath can further reduce the temperature
to approximately 1.2 K. These temperatures remain far above the relevant energy scales of
superconducting quantum circuits.
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Temperatures on the order of 10-25 mK are obtained using a 3He/*He dilution refrigerator [22].
In these systems, cooling relies on the process by which 3He atoms mix with “He at very low
temperatures. Below a critical temperature, a mixture of the two helium isotopes separates
into two distinct phases. A concentrated phase that is rich in 3He, and a dilute phase in which
a small fraction of 3He is dissolved in *He. These two phases coexist at the mixing chamber.

In a cryogen-free dilution refrigerator, the initial cooling to cryogenic temperatures is provided
by a pulse-tube cryocooler, which is a closed system that cools the system to approximately
4 K without the use of a liquid helium bath. Further cooling towards the millikelvin regime
is achieved through the successive cooling stages of the dilution refrigerator, with the lowest
temperatures reached at the mixing chamber. At this stage, when 3He atoms move from the
concentrated phase into the dilute phase, energy is required for the atoms to dissolve into
the dilute mixture. This energy is taken from the surrounding environment, which extracts
heat from the mixing chamber. As a result, the mixing chamber plate and the experiments
thermally anchored to it are cooled.

Continuous cooling is maintained by circulating 3He through the system. Pumping on the di-
lute phase at the still removes 3He atoms, which drives a steady flow of 3He across the phase
boundary at the mixing chamber. While the available cooling power at the mixing chamber
is limited, typically on the order of tens of microwatts, it is sufficient to maintain stable mil-
likelvin temperatures when heat loads are properly managed in the experiments [25].

The cryogenic measurements presented in this thesis were performed in a cryogen-free dilu-
tion refrigerator (BlueFors LD250) operating at millikelvin temperatures. A photograph of the
system is shown in Fig. 2.19. The samples are mounted at the bottom of the mixing chamber
plate. Microwave signals are routed between room temperature and the mixing chamber plate
using coaxial cables chosen for their low thermal conductivity and low signal loss. Stainless-
steel coaxial cables are used from room temperature down to the 4 K stage. Below 4 K, super-
conducting NbTi coaxial cables are used. To suppress thermal noise and to ensure proper ther-
malization of the microwave lines, cryogenic attenuators are distributed along the input lines
at multiple temperature stages. On the output lines, cryogenic microwave components such
as isolators and circulators are used to prevent noise generated at the higher-temperature
stages of the measurement chain from propagating back toward the device. High-electron-
mobility transistor (HEMT) amplifiers mounted at the 4 K stage typically provide the first stage
of amplification for the weak microwave signals before further amplification at room temper-
ature.

The precise wiring configuration, including the number and placement of attenuators, filters,
and amplifiers, depends on the specific experiment and device under investigation. Detailed
wiring diagrams and component values are therefore provided in the Supplementary Informa-
tion accompanying each research chapter.
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Figure 2:19: BlueFors LD250 dilution refrigerator. Photograph of the inside of a BlueFors LD250 dilu-
tion refrigerator, showing the cold finger (enclosed in magnetic shielding) mounted beneath the mixing-
chamber plate. The labeled temperature stages (4 K, 700 mK, 100 mK, and 25 mK) and the locations of
selected components of the microwave measurement chain are indicated, including the 4 K HEMT am-
plifier, isolators, filters, and a SNAIL parametric amplifier (SPA).
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STRONG INTRINSIC LONGITUDINAL
COUPLING IN CIRCUIT QUANTUM
ELECTRODYNAMICS

Radiation-pressure interactions between harmonic oscillators have enabled exquisite mea-
surement precision and control, made possible by using strong sideband drives, enhancing
the coupling rate while also linearizing the interaction. In this Letter, we demonstrate a strong
intrinsic longitudinal coupling, a circuit quantum electrodynamics analog of the radiation-
pressure interaction, between a transmon qubit and a linear microwave resonator. A red-
detuned sideband drive results in an on-demand Jaynes-Cummings interaction with a high
on-off ratio. We measure a longitudinal coupling rate an order of magnitude larger than all
decay rates, placing the device in the strong coupling regime. The intrinsic longitudinal in-
teraction demonstrated here will enable the development of high-connectivity quantum infor-
mation processing hardware and the exploration of the gravitational decoherence of quantum
objects.

This chapter has been published as Strong Intrinsic Longitudinal Coupling in Circuit Quantum Electrodynamics, C.A.
Potts, R.C. Dekker, S. Deve, E.W. Strijbis and G.A. Steele in Physical Review Letters, 134, 153603, (2025)
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3.1. INTRODUCTION

Radiation-pressure interactions arise when the frequency of a system is modulated by the
coordinate of a second system. Interactions of this type between harmonic oscillators have
provided the foundation for a wide range of groundbreaking experiments in the last several
decades. A canonical example is that of cavity optomechanics [1] but includes related fields
such as cavity magnomechanics [2-5], photon-pressure coupling [6-10], and the center of mass
motion of trapped ions [11, 12]. Such interactions have enabled scientific achievements such
as ground-state cooling of mechanical objects [13-15], the generation of deterministic me-
chanical entanglement [16], microwave-to-optical frequency conversion [17, 18], and quantum
non-demolition measurements [19, 20]. These demonstrations have relied on enhancing the
typically low coupling rate via strong sideband drive tones, linearizing the intrinsically non-
linear interaction.

In the context of superconducting qubits, the interaction analogous to radiation-pressure
known as "longitudinal coupling" has recently been proposed as a new paradigm for quan-
tum information processing [21, 22] with exciting potential applications for quantum proces-
sors [23, 24], and has been widely demonstrated in ion-trap hardware [11, 12, 25]. For example,
longitudinal coupling could allow for all-to-all qubit connectivity and pure quantum nonde-
molition qubit readout [26-28]. The application of coherent drives has enabled an effective
longitudinal coupling [29], which has been used to demonstrate efficient qubit readout [30, 311.
However, despite this interest, limited experimental progress on pure longitudinal coupling in
superconducting circuits has been made, with most experimental realizations suffering from
dominant parasitic transverse coupling spoiling the pure longitudinal nature [32].

In this Letter, we demonstrate an entirely hardware-realized pure longitudinal interaction be-
tween a superconducting qubit and a linear microwave resonator circuit. The device imple-
ments longitudinal coupling with negligible transverse coupling encoded directly in the circuit
design. The interaction between the qubit and the resonator is engineered by threading the
magnetic flux generated by the linear resonator through a superconducting quantum inter-
ference device (SQUID) [6, 7, 22], forming the inductance of the qubit. Using a sideband drive,
we induce an effective Jaynes-Cummings interaction in the strong coupling limit that can be
dynamically controlled with a high on-off ratio. Furthermore, the ac-Stark shift of the qubit
provides an absolute photon number calibration [33], allowing for the extraction of the longi-
tudinal coupling rate. We find a longitudinal coupling rate, go = 27 X 11.9 MHz, 2 orders of
magnitude larger than the largest dissipation rate of the system, placing our system deep in
the single-photon strong coupling regime [1].

The single-photon strong coupling regime has long been sought as it fully utilizes the inherent
nonlinearity of the radiation-pressure interaction [3z, 35]. Since linear interactions can only
perform bilinear operations on Gaussian states, single-photon strong coupling would allow
the dissipative engineering of states with Wigner negativity, such as described in the protocol
for the generation of Schrédinger cat states [36]. Moreover, the longitudinal interaction allows
a large number of photons to be driven into the linear resonator, unlike in conventional trans-
verse circuit quantum electrodynamics (cQED) [37]. Therefore, combining longitudinal cQED
with conventional optomechanics integrated within the linear resonator will enable the gen-
eration of mechanical Schrodinger cat states, via a double state swap procedure, to explore
gravity's effect on quantum mechanics [38].
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Figure 3.1: A superconducting quantum circuit with pure longitudinal coupling. (a) A rendering of the
superconducting device. (b) Schematic depiction of the longitudinal coupling mechanism. Zero-point
current in the linear resonator generates a magnetic flux that modulates the qubit frequency. (c) Qubit
two-tone spectroscopy as a function of the external magnetic flux. The qubit has a sweet spot frequency
of 10.2 GHz. The magnetic flux generated by currents in the linear resonator modulates the qubit fre-
quency, resulting in longitudinal coupling. Data near the readout resonator frequency of 7.6 GHz is
excluded due to the qubit resonator hybridization. (d) Schematic diagram of the device. The qubit 4 is
coupled via a longitudinal interaction to the linear resonator b and coupled capacitively to a CPW res-
onator €.

3.2. DEVICE DESIGN

The device consists of a modified transmon qubit coupled to two superconducting resonators,
all with frequencies in the gigahertz range. The device’s full circuit schematic can be seen in
Fig. 3.1. All circuits are fabricated from niobium titanium nitride [39]; the fabrication details
are outlined in supplementary information 3.7. A A/2 coplanar waveguide resonator (CPW)
labeled ¢ is capacitively coupled to the qubit and acts as a standard readout resonator for
qubit measurements and state preparation [37, 20]. It has a frequency w. = 27 X 7.612 GHz,
a qubit-photon coupling rate gac = 27 X 118 MHz, an internal and external coupling rate of
Kint,e = 27 X 72.8 kHz and Kext,c = 27 X 673.8 kHz.

The linear resonator labeled b consists of a large interdigitated capacitor shunted with a thin
inductor wire. The linear resonator has a resonance frequency wy, = 2 X 4.347 GHz, an in-
ternal and external coupling rate of Kint, = 27 X 28.0 kHz and kexp = 27 X 88.6 kHz and a
residual parasitic dipolar coupling to the qubit ga» = 27 X 1.4 MHz. The parasitic capacitive
coupling was minimized by careful qubit design and results in a critical photon number at the
qubit operational point of n = A2/4ga2b ~ 350000, where A is the qubit-linear resonator
detuning [37]. The reduced hybridization between the qubit and linear resonator is an es-
sential feature of the qubit design; the low coupling rate g,p, allows relatively large coherent
drives to be applied to the linear resonator. We observe a bare-to-dressed transition of the
linear resonator with a steady state drive [(b)|2 ~ 20000, which is approxiuately an order
of magnitude smaller than the critical photon number. However, we expect the number of
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drive photons to increase significantly even with moderate reductions of the parasitic dipolar
coupling [41]. These large coherent drives will be necessary if the linear resonator is replaced
with a cavity optomechanical device since large coherent tones are required for mechanical
state manipulation [14].

Finally, the qubit labeled 4 is a modified pocket-style transmon qubit with Manhattan-style
aluminum aluminum-oxide Josephson junctions [42]. As seen in Fig. 3.1, one of the capacitor
pads of the transmon is split and wrapped around the other, and the SQUID loop is extended
away from the capacitor pads. The SQUID loop is placed ~ 1 pm from the thin inductor wire
of the linear circuit. This design was implemented to reduce the electric dipole moment of
the qubit, minimizing the parasitic dipole coupling to the linear resonator, as discussed pre-
viously. We believe the parasitic coupling likely results from junction asymmetry resulting in
finite current through the linear inductor of the SQUID and charging of the surrounding ground
plane.

A coil mounted below the sample provides an external magnetic field that can tune the fre-
quency of the qubit; see Fig. 3.1(c). During this work, the qubit was operated at a frequency
wq(Pe) ~ 27 X 6.10 GHz, where d, is the static external magnetic flux thread through the
SQUID. The qubit can be driven via a direct XY drive line, which was designed to be weakly
coupled such that the Purcell limited linewidth kpy, is much less than the qubit linewidth y,.
Finally, we measured a T, limited linewidth y; = 2w X 677 kHz; qubit characterization is
described within the supplementary information. The chip is mounted on the baseplate of a
commercial dilution refrigerator operating with a base temperature of T ~ 15 mK. For details
about the measurement and setup, see supplementary information 3.7.

3.3. OPERATIONAL PRINCIPLE

We model the qubit as a Kerr oscillator with a large anharmonicity [37], the bare Hamiltonian
of the system can be written in the form,
N a P
Ho/h = wy(Pe)a’a+ E§T§T§5 +w,b'h. (31)
Here, a = —388 MHz is the qubit anharmonicity at the operation point, 4 and 6" are the
qubit and linear resonator annihilation (creation) operators, respectively.

Current flowing through the inductor wire of the linear resonator generates an oscillating mag-
netic flux through the SQUID loop, modulating the qubit’s frequency and inducing the coupling
between the qubit and linear resonator, see Figs. 3.1(b), (c). It can be shown, after some al-
gebraic manipulation and keeping only first-order terms (see the supplementary information)
that the interaction can be written in the simple form [43]

Hin/h = god (b +5"). (3.2)
Here, go is the longitudinal coupling rate and is given by
Odwq
d_¢¢zpf,

where dwq /AP is the qubit’s flux sensitivity at the operational point, and @ is the magnetic
flux thread through the SQUID loop generated by the zero-point current fluctuations of the

8o = (3:3)
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Figure 3.2: On-demand strong coupling by driving the longitudinal interaction. (a) Schematic diagram
of the relative frequencies of the qubit (red), the linear resonator (blue), and the sideband drive (red).
(b) Cavity-enhanced coupling rates extracted from the normal mode spectra at different sideband drive
powers. The coupling rates are plotted as a function of the square root sideband photon number. The
red points are data, and the blue dashed line is a linear fit to the data. The blue shaded area accounts
for uncertainty in the bare qubit frequency. The photon number was calibrated using the ac-Stark shift.
(c) The measured avoided level crossings of the linear resonator as a function of the sideband drive
frequency. Starting from the top left, the drive powers considered here were P, = 3.3,8.3,12.3,14.4
dBm, set at the source. The calibrated average number of sideband photons is printed in the top left of
each panel. The dashed line is a fit; see the supplementary information for details.

linear resonator. The zero-point flux can be estimated from the mutual inductance and the
zero-point fluctuations in the current given by Iy = +/hwp /2L, = 36.8 nA; with @y =
M I,¢. The mutual inductance can be estimated via the Biot-Savart law and gives M ~ 25.9
pH; therefore, we estimate the zero-point magnetic flux to have a value ®,pr = 461 udPy. We
have normalized the magnetic flux in units of @y = h/(2e). At the qubit operational point,
the flux sensitivity dwq/0P = 27 X 26.0 GHz/®y, thus we can estimate the longitudinal
coupling rate to have a value go =~ 27 X 12.0 MHz.

3.4. ON-DEMAND JAYNES-CUMMINGS

The on-demand drive-induced Jaynes-Cummings interaction was implemented using a side-
band drive tone tuned to the difference frequency between the two coupled oscillators; see
Fig. 3.2(a). In cavity optomechanics, the sideband drive is typically nearly resonant with the
optical cavity, as mechanical frequencies are 1-10 MHz for most electromechanical systems
[13, 15]. However, this device operates in a vastly different parameter regime. The sideband
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Figure 3.3: Observation of coherent swaps of photons up the on-demand Jaynes-Cummings ladder (a)
Rabi chevrons with a single excitation in the system. The normalized output signal is proportional to the
excited state probability of the qubit P|e>. (b) Line cut of resonant Rabi oscillations for the |1, g) <
|0, e) transition. A Rabi frequency g = 2 X2.76 MHz was used in the numerical simulation. The dashed
lines indicate the longitudinal sr-pulse duration ¢; = 90.5 ns. The dotted dashed lines indicate the Rabi
oscillation period, and the solid red line is a numerical simulation of the Rabi oscillations. (c) Line cut
of resonant Rabi oscillations for the |2, g) < |1, e) transition. An increased Rabi frequency gp = \/ﬁg
is observed. The dashed lines indicate the predicted second manifold longitudinal 7-pulse duration
tr2 = 90.5//2 ns. The dotted dashed lines indicate the Rabi oscillation period, and the solid red line
is a numerical simulation of the Rabi oscillations.

drive frequency is below both the qubit and linear resonator frequencies. We should empha-
size that we are driving single-photon sideband transitions and not the two-photon sideband
transitions used in conventional cQED [44].

We can linearize the Hamiltonian about the sideband drive tone with frequency wq = wq — wp
tuned near the red sideband applied via the XY drive line to the qubit. In a displaced frame
corotating with the drive, we can linearize by defining 4 = (4)+6& 4; doing so, we can define the
enhanced coupling rate as g = gol(4)|, and fiq = [(8))? is the average sideband steady-state
population of the qubit. The interaction Hamiltonian given in Eq. 3.2 can be written, taking the
two-level approximation of the transmon and applying the rotating wave approximation, as

7A{int/h =g(6- b + 5'+5), (3.4)

where & are the qubit raising and lowering operators. The linearization process results in an
on-demand drive-induced Jaynes-Cummings interaction created by the sideband drive; see
the supplementary information for a full derivation [43].

The interaction is experimentally investigated by sweeping a sideband drive near the red side-
band and probing the linear resonator with less than a single photon on average to remain
in the single-excitation manifold of the Jaynes-Cummings ladder [45]. We observe a series
of avoided level crossings with a correspondingly increasing coupling rate as a function of
increasing sideband power and a shift to lower frequencies, as shown in Fig. 3.2(c). We can
extract the cavity-enhanced coupling rate g from the avoided level crossings. However, we
require an absolute calibration of the photon number to determine the longitudinal coupling
rate. Conventionally, this is achieved by varying the temperature of the dilution refrigerator
and performing thermal calibration [13], or applying a known modulation and carefully mea-
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suring all loss and gain within the system [46, 47].

Instead, we can use the ac-Stark shift of the qubit for direct photon number calibration. As
we increase the sideband drive power, the qubit experiences an increasing ac-Stark shift. The
magnitude of the Stark shift is directly related to the average number of sideband photons
in the qubit. One must take care when interpreting the Stark shift, which is why we initially
modeled the qubit as a Kerr oscillator. Since the sideband drive is far detuned, the counter-
rotating terms, known as the Bloch-Siegert shift [33], and the qubit anharmonicity contribute
significantly. Considering the steady state of the Kerr oscillator and the ac-Stark shift, the
steady-state qubit population for each sideband power can be directly calculated.

The value of the longitudinal coupling rate can be determined by considering the cavity-
enhanced coupling rate as a function of the square root of the number of steady-state side-
band photons, as seen in Fig. 3.2(b). Importantly, the relationship is linear, suggesting our ap-
proximations are valid and hold even for steady-state populations below the single-photon
level, and the data has ay intercept of zero, which is expected since the cavity-enhanced cou-
pling should vanish for no sideband drive. The value of the longitudinal coupling rate can be
determined from the slope, giving a value of gg = 27 X 11.9 + 0.3 MHz, which is in excellent
agreement with our theoretical prediction and well within the single-photon strong coupling
regime.

3.5. RABI OSCILLATIONS

Finally, to demonstrate the coherent nature of the interaction, we measure vacuum Rabi oscil-
lations between the qubit and the linear resonator. The qubit is first prepared into its excited
state |e) using a 24 ns resonant -pulse. A square wave sideband pulse is applied near the
red sideband frequency for a variable time 7. Following the sideband pulse, the qubit state
is measured using the capacitively coupled CPW resonator. This protocol is repeated for vari-
ous sideband drive frequencies and pulse durations, resulting in the vacuum Rabi oscillations
shown in Fig. 3.3. We observe a typical Rabi “chevron” pattern with coherent exchanges be-
tween the qubit and the linear resonator. A line cut is fit using a numerical simulation of
the Rabi oscillations to confirm our linear model; see the supplementary information [43].
From the numerical simulation, we can extract the coupling rate g/27 = 2.76 + 0.03 MHz,
[8] resulting in a sideband m-pulse duration of ~ 91 ns; see Fig. 3.3(b). This is in excellent
agreement with the measured normal mode splitting at nominally the same sideband power,
g/2m = 2.81 + 0.08 MHz. Finally, we observe transitions to higher excited manifolds of the
Jaynes-Cummings ladder by preparing the linear oscillator in the Fock state |1) using a side-
band m-pulse and measuring the Rabi oscillations. We observe a Rabi frequency with a value
82 = \/ﬁg, as predicted by the Jaynes-Cummings model [48]; see Fig. 3.3(c).

3.6. OUTLOOK

This Letter presents a unique interface between a superconducting qubit and a linear mi-
crowave resonator. The interaction was confirmed by performing normal-mode spectroscopy
of the hybrid modes induced via a red sideband drive and observing coherent Rabi oscilla-
tions. The value of the longitudinal coupling rate was determined by calibrating the sideband
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drive using the ac-Stark shift. Our device is well within the single-photon strong coupling limit.

The innovative qubit design provides a new platform for testing theories demanding single-
photon strong coupling, such as dissipative Schrodinger cat state generation within the mi-
crowave resonator [36]. Moreover, the large critical photon number, n.iy ~ 350000, and
the ability to dynamically modulate the coupling should allow for future integration with op-
tomechanics experiments. In such an experiment, the cat state generated within the linear
resonator can be swapped into a mechanical oscillator using a strong optomechanical side-
band pulse, generating a macroscopic superposition allowing for exotic tests of gravitational
decoherence [38]. Such a swap to the mechanical resonator would not be possible using con-
ventional Jaynes-Cummings coupling due to the large driving requirements on the linear mi-
crowave cavity.

Moreover, this platform may also be used for interesting on-chip quantum optics experiments;
for example, at the top sweet spot to first order, the linear coupling should be suppressed, i.e.,
8o ~ 0; however, there will remain quadratic coupling of the form '7:{q/f7 = gqéTaA(E +bMH2.
Quadratic coupling has been long sought and was an initial driving force for the membrane in
the middle experiments [49]. By eliminating linear coupling, the quadratic coupling may allow
quantum non-demolition measurement of the photon number within the linear resonator.
This enables an on-chip cQED measurement of stochastic photon jumps as they decay from
the linear resonator [50, 51].

Finally, the longitudinal coupling can be explored as a unique architecture for quantum infor-
mation systems [21, 23, 24, 26]. Multiple qubits could be coupled to a single bus resonator, and
by applying appropriate sideband pulses, sideband drive-mediated qubit-qubit gates may be
possible. All qubits connected via the longitudinal interaction to a single bus resonator would
allow a fully superconducting implementation of efficient quantum computation architectures
currently studied using ion traps [52].
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3.7. SUPPLEMENTARY INFORMATION

3.7.1. MATERIALS AND METHODS

DEVICE FABRICATION

The device is fabricated on 10x10 mm 525 um thick high-resistivity silicon chips with 200 nm
of niobium titanium nitride (NbTiN). The NbTiN is deposited by the Dutch Institute for Space
Research (SRON) following the procedure described in Ref. [39]. The bulk of the circuitry is
fabricated by spinning a (positive) e-beam resist layer (AR-P 6200.18, 4000 rpm) and patterning
the CPW, linear resonator, qubit islands and feedlines using electron-beam lithography. After
development (Pentylacetate, O-xylene, IPA) and a post-exposure bake, the NbTiN is removed
using an SFg reactive ion etching step, followed by an in-situ oxygen plasma descum. After
stripping the resist, the Josephson junctions are fabricated by depositingan MMA/PMMA resist
bi-layer and patterning the junctions using electron-beam lithography. The resist is developed
using cold H,O0:IPA (1:3) and IPA. The chip is dipped in a buffered oxide etchant (BOE) for 1 min
prior to loading into the Plassys deposition system. The junctions are evaporated using a
double-angle deposition technique, forming a pair of Manhattan-style Josephson junctions.
After liftoff in NMP and wire bonding, the chips are loaded into the dilution refrigerator.

MEASUREMENT SETUP

All measurements were performed on the base plate of a dilution refrigerator operating at a
base temperature T ~ 15 mK. A complete schematic of the wiring within the fridge is shown in
Fig. 3.4. The A/2 CPW readout resonator is connected to its own feedline via a cryogenic circu-
lator and measured in reflection. The linear resonator is coupled in a notch-type geometry and
measured in transmission using a different output line. Both output lines are passed through
a pair of low-temperature isolators and via superconducting coaxial cables to a pair of HEMT
amplifiers and additional amplification at room temperature. The input lines connecting to
the A/2 CPW resonator, the qubit drive line, and the input line of the linear resonator all have
59 dB of cryogenic attenuation, with additional room-temperature attenuation. The device is
mounted in a light-tight copper box on a copper bracket within a superconducting aluminum
and Mu-metal magnetic shield. An external superconducting coil magnet is mounted under-
neath the copper sample boxand inside the magnetic shielding. Spectroscopic measurements
were performed using a four-port Keysight PNA for both the qubit and linear resonator, and
the time domain measurements were performed using a Quantum Machines OPX, Octave, and
Rohde & Schwarz SGS100A vector microwave generator.
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of components.
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Figure 3.5: Superconducting circuit. a, Optical micrograph image of the qubit. The scale bar on the zoom
is 15 um.

ZERO-POINT CURRENT FLUCTUATIONS

The linear RF circuit consists of a set of interdigitated capacitors (IDC) with a thin inductor
wire; see Fig. 3.5. The capacitance of the IDC can be estimated analytically following Ref. [54],

(& CiCy
=(N-3)—+2——=_ )
CIDC (N 3) 2 + C1 +CQ (35)
where K (k)
C: = 2e0€ei/ ——2, i=1,2. 6
i = 2€0€er K (k') i (3.6)

Here, K (k;) are the elliptic integrals of the first kind, / is the length of the IDC fingers, €. =
(er + 1)/2 is the effective permittivity where the permittivity of silicon is ¢, = 11.8, N is the
total number of fingers and

L (m a

ki = sin (Em), (37)
va(a+b)

k=20 (34)

ki = \J1- K2, (3.9)

where, a is the finger width, and b is the gap between fingers. The fabricated linear resonator
has N = 44, 2 = 10um, b = 6um, and / = 400um. Therefore, Eq. 3.6 estimates the
capacitance of the linear circuit as Cjpc = 1.26 pF, which is in excellent agreement with the
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Figure 3.6: The linear circuit response. a, The magnitude of the transmission response | S| of the linear
resonator. b, The complex transmission data S1 near the resonance frequency of the linear resonator. In
both plots, the circles are data; the line is a fit. The data plotted here has had its background subtracted.

Ansys capacitance simulation calculating a total capacitance of C, = 1.29 pF, suggesting
there is little stray capacitance from the remainder of the circuit. The measured resonance
frequency of the circuit is wp, = 27 X 4.347 GHz. Assuming the IDC capacitance is the only
capacitance in the circuit, we can determine the circuit inductance by

1
VL, Cy'

giving a total inductance of L, = 1.06 nH. Therefore, the current zero-point fluctuations
through the inductor of the linear circuit are given by

wp = (3.10)

hwb

2_Lb (3.11)

Izpf =
with the values calculated above, the zero-point current Ipr = 36.8 nA.

3.7.2. DEVICE CHARACTERIZATION

LINEAR CIRCUIT PARAMETER EXTRACTION

The linear microwave resonator is coupled to a transmission line in the ‘notch’ style geometry.
Thus, the data is fitted to the transmission response function

Kextele

(Kint + Kext) + 2i (w0 — wp) (312)

S (w) =1 -

Here, 6 accounts for any impedance mismatch, wy, is the resonance frequency, and «j,; and
Kext are the internal decay rate and the decay rate into the transmission line, respectively.
The fit of the measured transmission spectrum is shown in Fig. 3.6. We extract the parameters
wp = 27 X 4.347 GHz, Kijnt = 271 X 28.0 kHz, ket = 271 X 88.6 kHz, and k = 27 X 116.6 kHz.
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3.7.3. QUBIT CHARACTERIZATION

The initial characterization of the qubit was done using two-tone spectroscopy. A weak pump
tone was applied near the qubit frequency while simultaneously monitoring the frequency
of the readout CPW. This technique allows the determination of the qubit frequency and the
anharmonicity of the qubit. By sweeping the external magnetic field, we are able to map out
the qubit flux arc. We found a sweet spot frequency wq = 27 X 10.2 GHz and could tune the
qubit frequency below 500 MHz. Next, with the qubit at its operational point, by increasing
the qubit pump tone, we are able to measure the anharmonicity by driving the |1) — |2)
transition. We find an anharmonicity a = -2 X 388 MHz.

Next, the qubit was characterized by performing time domain measurements of its decay char-
acteristics. At the operational point, the qubit hasa 77 = 664 ns and a 7, = 235 ns. These
values are not state-of-the-art; however, they are not a result of the geometry since standard
Xmon-style qubits fabricated using the same process show similar values for the characteristic
decay rates. We have identified our most likely limiting factor to be our SFg etch step dam-
aging the silicon surface prior to our junction deposition. This is currently a work in progress,
and we aim to improve our coherence time with future devices. Secondly, we expect flux noise
to limit our T; this can be improved in future experiments by reducing the SQUID area and
optimizing the mutual inductance to maintain a large go. The current SQUID loop has an area
~ 360/,1m2, likely resulting in large amounts of flux noise. The SQUID loop size can be reduced
with device optimization, reducing flux noise.

3.7.4. QUBIT-RESONATOR COUPLING
PARASITIC COUPLING

As discussed in the main text, the qubit was designed to minimize dipole coupling between
the qubit and the linear resonator. The linear interaction of the form Hc/h = gab(&+13 +
fo 5T) results in the hybridization of the qubit with the linear resonator. Even in the dispersive
regime, where A > g,,, the weak hybridization results in a critical photon number, nir =
Az/(4g§b), in which the dispersive approximation breaks down [40]. Here, . are the qubit
raising and lowering operators, 6(") are the linear circuit annihilation (creation) operatorsand
A = |wq — wp| is the qubit detuning from the linear resonator.

Flux tuning the qubit to be approximately resonant with the linear resonator results in an
avoided level crossing, as shown in Fig. 3.7. The dipole coupling is given by the frequency
difference between the upper and lower normal modes when the qubit and linear circuit are
resonant. We extract a dipole coupling rate of g5, & 27X 1.4 MHz, several orders of magnitude
smaller than current state-of-the-art circuit quantum electrodynamics devices [20]. The qubit
operational point used in this work was detuned from the linear circuit by A = 1.75 GHz;
therefore, we estimate a critical photon number within the linear circuit of n.; ~ 350 000.

LONGITUDINAL COUPLING

Longitudinal coupling arises from a radiation-pressure-Llike interaction between the qubit and
linear resonator. This coupling modulates the qubit frequency due to the mutual inductive
coupling. We can consider the modulation of the qubit frequency by Taylor expanding about
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Figure 3.7: Avoided level crossing between the qubit and linear resonator a, Measured transmission
spectra | Sp1 |2 of the linear circuit as the qubit — shown by the grey dashed line — is swept through
the linear resonator’s frequency. Additional avoided crossings are observed as the qubit tunes to its
lower sweet spot; the origin of these additional splittings near a half flux quantum is currently being
investigated. b, Two-tone spectroscopy of the qubit fully hybridized with the linear resonator. We can
extract the linear coupling coefficient gap between the linear circuit and the qubit from the avoided
crossing.

a set flux point, given by

2w

aqazq P2 (b+ b+ (313)

Owq fopiy ]
wq(dD) = Wgq,0 + %q)zpf(b +b ) + 5

Where b(") is the creation (annihilation) operator for the linear circuit. Inserting Eq. 3.13 into
the Hamiltonian H = fiw 473, we arrive at

N Owq PN 1 0% A
_ T q 4.2 N2 JEN
7‘{/’:1— wq,o+%¢zpf(b+b )+§ P2 ¢pr(b+b ) +.--13'4. (314)
We can rewrite this in the form
H/h=wqod 4d+g0a 4(b+b") +g,a"4(b+ b2 +--- . (35)

Where we can recognize the second term as the longitudinal interaction we are interested in
and the third term as the quadratic longitudinal interaction.

COUPLING RATE ESTIMATION

The mutual inductive coupling between the inductor wire of the linear circuit and the SQUID
loop of the qubit quantifies the coupling between the linear circuit and the qubit. As shown
in Fig. 3.5, the SQUID loop of the qubit has a designed length / = 120um and width w = 3um,
givinganominal SQUID area of360,um2; however, the final dimensions were slightly larger due
to over-etching. The 1.0um wide inductor wire passes ~ 1.0um from the SQUID loop, with
measured geometric distances di ~ 1.8um and d; =~ 5.3um are the smallest and largest
distance between the inductor and the SQUID loop, respectively; see Fig. 3.5. The mutual
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Figure 3.8: On-demand Jaynes-Cummings Ladder a, Rabi chevrons with a single excitation in the system.
A Rabi frequency g = 2 X 2.73 MHz was measured. b, Rabi chevrons with two total excitations in the
system. The linear resonator is prepared into the Fock state |1) using a w-pulse. Following the state
preparation, the Rabi chevron was measured. An increased Rabi frequency g, = \/ig. The dashed lines
indicate the Rabi oscillation period, and the dotted dashed lines indicate two Rabi oscillation periods.

inductance can be calculated by integrating the magnetic flux generated by the inductor wire
through the SQUID loop and is given by

Hol [ d2
M="— — . k
o n (d1) (316)

Using this approximation, we find a mutual inductance M =~ 25.9 pH. Moreover, we can de-
termine the zero-point fluctuations of the magnetic flux using the zero-point current, giving
®pr = MLy = 461 udg where we have written the zero-point magnetic-flux fluctuations in
units of flux quanta ®¢ = h/(2e).

The longitudinal coupling rate is defined as

Odwy

" o0
The longitudinal coupling rate is the frequency shift of the qubit due to the zero-point fluctu-
ations of the magnetic flux generated by the linear circuit. The frequency responsivity of the
qubit can be determined by sweeping the external magnetic field at the operation frequency;
we find [Owq /9P| = 2 x 26.0 GHz/dg. Therefore, at the operation point, we estimate a
longitudinal coupling rate of go & 27 X 12.0 MHz, which is in excellent agreement with the
experimentally measured value.

&0 . (317)

QUADRATIC COUPLING

If we consider the second-order Taylor expansion of the coupling, we can define the quadratic
coupling between the qubit and linear resonator as

Hq/h=ged"4(b+ b2, (38)
Where the quadratic coupling rate is defined as,

3 l dzwq 2
T2 92 P

&q (319)
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Interestingly, the quadratic coupling is non-zero at the qubit sweet spot, where the linear
coupling is precisely equal to zero. From the flux arc, at the sweet spot and the qubit operation
point, we can estimate the quadratic coupling rate as g ® 2 X 5.5 kHz, and g4 ~ 27 X 14.0
kHz, respectively. Keeping only the non-rotating terms, this quadratic coupling results in a
cross-Kerr style coupling of the form,

Hq/h— xq 4b'b. (3.20)
Where the value of the cross-Kerr coupling is yq = 2g4 ~ 28.0 kHz.

It should be noted that the bare-to-dressed transition discussed in Section 3.7.4 is a result
of the breakdown of a dispersive approximation. The non-perturbative cross-Kerr resulting
from the quadratic interaction should not result in a critical photon number [27]. However,
the non-perturbative cross-Kerr coupling may play a role in qubit dephasing.

ON-DEMAND JAYNES-CUMMINGS

To confirm that the interaction is indeed described by the Jaynes-Cummings Hamiltonian, we
compared the single and two-excitation Rabi frequencies. The single excitation Rabi frequency
was measured as described in the main text. The data was fit using a numerical simulation
described below, where we excite the qubit into the state |1) using a resonant -pulse. To
determine the two-excitation Rabi frequency, we first initialize the linear resonator into the
Fock state |1) by performing a sideband & pulse. This was followed by a measurement of
the Rabi chevron, shown in Fig. 3.9(b). We observe a clear increase in the Rabi frequency as
predicted by the Jaynes-Cummings model; the Rabi frequency increases by a factor of approx-
imately square root two. We use our numerical simulation to determine the Rabi frequency
given by g = 27 X2.76 MHz, which is in good agreement with a fit of the line-cut to a decaying
sinusoidal function giving a value g = 27 X 2.73 MHz. We attribute any small discrepancy to
the fidelity of our initial preparation of the linear resonator Fock state. Due to losses within
the system, on average, the state of the linear resonator is likely a mixed state of |0) and |1),
reducing the ensemble-averaged Rabi frequency measured here. However, this measurement
does confirm that the interaction produces a Jaynes-Cummings ladder. With device optimiza-
tion, this will be explored in future work.

MASTER EQUATION SIMULATION

To model the dynamics of the drive-induced Jaynes-Cummings interaction, we simulate the
system using the Lindblad Master equation using the Python package Qutip [55]. The dynamics
are governed by the equation given by,

op i
ot h
where p is the system’s density matrix, ky, is the total decay rate of the linear microwave
resonator, and y; is the qubit relaxation rate. We do not consider dephasing here since single-
shot projections on the z-axis are insensitive to fast frequency fluctuations, and Tyecho in our
experiment is much greater than T; [56]. The system Hamiltonian derived below is given by,

[H(2), p] + ko L[b]p + 11 L[6-]p, (321)

. A e . . . .
(H(t)/h:—7q32+wbbfb+g(t)(a+b+a_bT)+ed(t)(a+e-'Aqf+a_e'Aqf). (3.22)
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Here, Aq = wg — wq is the drive detuning, g(t) is the time dependent coupling rate, and
€4(t) is a time dependent resonant qubit drive. The system is initially prepared in its ground
state, and the qubit is prepared with a sequence of resonant square wave m-pulses 24 ns in
duration and sideband m-swap pulses 91 ns in duration. The resultant time traces are plotted
in Fig. 3 in the main text and show excellent agreement with the experimental results.

3.7.5. LONGITUDINAL COUPLING THEORY
QUANTIZATION OF SUPERCONDUCTING QUBIT

As defined in Ref. [37], the Hamiltonian describing an LC oscillator is given by
N 1 N
H = 4Ecﬁ2 + EEL¢2' (3.23)

Here, Ec = €2/(2C), is the charging energy required to add each electron from the Cooper-
pair to the island and E, = (Po/27)2/L is the inductive energy, where &g = h/(2e) is the
magnetic flux quantum. The operator A = @/26 is the excess number of Cooper pairs on the
island, and ¢; is the gauge invariant phase across the inductor. Note that these form a pair of
canonically conjugate variables [@, A] = .

We can recast this Hamiltonian in the form,
H = hwq (874 +1/2), (3.24)

where 4(47) is the annihilation (creation) operator of a single excitation of the LC oscillator.
The resonance frequency is defined as wq = V8EcE|/H in anticipation of this circuit repre-
senting the transmon qubit. The charge and flux operators can be written in the form A =
ingp(4— 8") and @ = @ypr(4 + &7), where npe = (E1/(32Ec))* and dppr = (2Ec/EL)'™.

Replacing the inductor with a Josephson junction results in the modified Hamiltonian of the
form,
H = 4EcA% - E| cos (@), (3.25)

where Ec = ez/(QCz), Cs = Cs+(jisthetotal capacitance, including the shunt capacitance
and the self-capacitance of the Josephson junction, E; = I.®q /27 is the Josephson energy,
where I is the critical current of the junction. In the transmon limit (i.e. E; > E¢), the
fluctuations ofcﬁ are small; therefore, we can expand the potential term, giving

~Ecos (§) = 564~ 57 EF* +0(8°). (3.26)

The second term results in an anharmonic potential, with an anharmonicity given by a =

wi ™% — w3, For a transmon qubit & = —Eq, it is typically 100-300 MHz.

Keeping terms up to fourth order in creation and annihilation operators, the Hamiltonian can
be written in the form,

A a
H/h=w,a 5+ 55%755, (327)

which is the Hamiltonian for a Kerr oscillator. Rather than a single Josephson junction, a pair
of junctions are used as a SQUID loop to provide flux tunability to the transmon qubit. The
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effective Hamiltonian of such a flux-tunable transmon is given by
H = 4EA? - 2E)| cos (¢e)| cos . (3.28)

Here ¢, is the externally applied magnetic flux. We can define an effective Josephson energy
Ej(¢e) = 2E)| cos (¢e)|-

LONGITUDINAL HAMILTONIAN

Considering the linear resonator and the coherent drive tones, the total Hamiltonian of the
device is
H = 4EcA% — E (@) cos d + hwpb™b + H 4. (3.29)

Here, 5(b6) are the annihilation (creation) operators for the linear resonator. During opera-
tion, the external flux bias is fixed at a single value, and due to the mutual inductive coupling
between the linear circuit and the SQUID loop, the external flux is modulated by the linear
resonator. We can, therefore, write the Josephson energy in the form

. _ dE; do A
Ey(pe) = E; + d_%d_;Izpf(b +b"). (3.30)

Here, E, is the Josephson energy at the flux-bias point, I,pr = +/hwp /2Ly, where Ly, is the in-
ductance of the linear resonator. We can simplify this equation by defining a coupling constant
in the form _

_ dE) doe
" dee dI

Therefore, the Hamiltonian can be written as,

Izpf . (3.31)

H = 4EA? - E cosqg — hgo cosqS(E +b%) + hw,b'b +H,g. (3.32)

At this stage, we can expand the cosine of the gauge invariant flux using Eq. 3.26, giving
~ S 1 4 1T a0 ~ A P
H = 4EA% + /;'J(§<¢>2 - ﬂgb“) + h‘§°§¢2(b +6") + hwpbTh+ Hy.  (333)

Keeping only first-order terms in the interaction and using the definitions ¢ = Gopr (4 + 87)
and ¢ypr = (2EC/E,)1/4 we arrive at the Hamiltonian based on creation and annihilation
operators. The Hamiltonian can be written in the form,

- 172

~ B a PN 2E, A A ~

H/h=w,a 4+ 55*5*55 +w,b'b + %(?C) (4+8N2(b+ b6 +Hy/h  (334)
J

Where, we will define go = go(2Ec/L-=,)1/2. Moreover, the drive Hamiltonian can be written in

the form,

Hy = heq(de'“t + 5T ewat) (3:35)
Here, €4 = \/Pke/hwyq is the coherent drive strength. We can now transform the Hamiltonian

into a frame rotating at the drive frequency using the unitary transformation U = e/®@sé'at,
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where H oy = UHU" + ih(d([:[/dt)"LA{T, keeping only co-rotating terms we can express the
new Hamiltonian as

N [0 4 AL A A PN
ﬂ/h:—Aqsﬂ‘§+55T5T5§+wbb%+g05u(b+bT)+ed(§+5T). (3.36)

Here Aq = wq—wq. We can first study the steady-state classical dynamics of the Kerr oscillator.
The classical equation of motion is given by

%(@ = (ibg ~ ya/2)(8) — ia|(8)|*(8) — igo({b) + (B)")(8) ~ €q. (3.37)

The coupling to the linear resonator mode has the effect of modifying the Kerr nonlinearity as
described in [57], with an effective Kerr nonlinearity of

2g§wb
Aeff = A — ——— . (3.38)
wg + y§/4

Where yyp is the linewidth of the linear mode. Using the parameters from our device, the
correction to the Kerr nonlinearity is much less than the Kerr nonlinearity. Therefore, the
equation of motion can be written in the form,

%<5> = (ibq = ya/2)(8) — ial(8)1*(8) ~ €. (339)

In steady-state (i.e. (é) = 0), the cubic equation has one real root, but for a large enough
input drive, a bistable regime exists. The cubic equation has the form,

fig(—Aq + afig)? — €2 = 0. (3.40)

Here, we have defined A = [(8)|? the steady-state amplitude of the Kerr oscillator.

PHOTON NUMBER CALIBRATION

To calibrate the number of photons in the qubit due to the sideband drive tone, we use the
AC-Stark shift. The driving term applied on the red-sideband results in an AC-Stark shift of the
Kerr oscillator. Since the drive tone detuning is large (Aq = wq — wq = wp = 4.35 GHz), we
must consider the Bloch-Siegert shift due to the counter-rotating terms, which is described in
Ref. [33]. The AC-Stark shift considering the co- and counter-rotating terms is given by,

1 12 1
Swy= =€2a| —+ —=+—=|. .
“a 2€d“(Ag |Aq|% z2) G4

Where X = wq+wyq, a is the transmon anharmonicity and €4 = v/Pke/fiwg. We can re-arrange
this equation by writing it in the form,

) zawq(1 2 1 )“

+ + = (3.42)
A2 |AglZ %2

€, =
d a
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Therefore, we can calibrate the average photon number in the Kerr oscillator using the AC-
Stark shift. Combining Eq. 3.20 and Eq. 3.22, the average photon number can be found by
solving the cubic equation,

26w 2 1)
Ag(—Aq + afig)? - aq +IA 55 =0. (3.43)

The first real solution to this equation is the photon population of the Kerr-oscillator, (éTé) =
fiq. Note that treating the qubit as a two-level system at this step underestimates the sideband
population and, therefore, will overestimate go.

3.7.6. LINEARIZED COUPLING

At this point, to continue our analysis, we aim to linearize the theory about the sideband
drive applied to the qubit. From the AC-Stark shift calibration above, we found that for all
drive powers, the average occupancy |(4)|? is much less than a single photon on average.
Therefore, we will perform our analysis assuming a harmonic oscillator, making the two-level
approximation once we have arrived at a linearized theory.

SIDEBAND LINEARIZATION

If we begin with the Hamiltonian given by Eq. 3.34, rewriting it in the form,

a A A )
H/h = wed' 4+ 55*5 44+w, b’ b+g0( 21(8")24257441) (b+b")+(e; 86/ +e48Te790),

(3.44)
In the experimentally relevant situation where the sideband drive is always weak such that
[(8)|? < 1, we will drop the Kerr term as the Kerr oscillator is well approximated by a har-
monic oscillator in this weak driving regime. This results in the Hamiltonian

H/h=wsd" d+w,b'b+goa"a(b+b") + (6546 + eq5Te™/t). (3.45)

We can simultaneously transform into a frame rotating at the drive frequency and displaced
by the steady-state amplitude (4). This is equivalent to applying the unitary

DI = (8 8-(8)d" giwad'at (3.46)
The resulting Hamiltonian in the transformed frame is
H/h= D4 4+wpb"b+go((8)*a+(8)a")(b+b") +goa"a(b+b"). (3.47)

This transformation has separated the interaction into its linear and non-linear components.
In this way, we have only performed unitary transformations resulting in static shifts of the
qubit’s equilibrium frequency. Moreover, the last term in this Hamiltonian results in a non-
linear two-photon interaction, as described in Ref. [36]. This term can be dropped since it does
not affect the dynamics in the frame of our sideband drive. However, this term is crucial for
generating Schrodinger cat states via the non-linearity of the longitudinal interaction. We can
write our Hamiltonian in the simplified form,

Hih=-Dd 4+ w,b'b+g(a+5")(b+b. (3.48)
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We define the enhanced coupling rate as g = |(4)|go and have assumed it is real. Performing
the RWA and approximating the harmonic oscillator as a two-level system, we can write the
final Hamiltonian as,

. A o .
H/h= —7q62+wbbfb+g(3+b+av_b'). (3.49)

We arrive at the drive-induced Jaynes-Cummings Hamiltonian. Following standard quantum
optics techniques[58], one can derive the N excitation Rabi frequency given by 2gy = 2\/Ng.

NORMAL-MODE SPECTRUM

Considering the Hamiltonian given in Eq. 3.49, we can derive the eigenfrequencies to fit the
normal-mode spectra. If we consider the quantity N = 4"4 + 8,6_ which defines the total
number of excitations within the system, in the absence of decay. We notice that [7:(, N] =0,
thus is a conserved quantity of the system. Therefore, we can consider the block-diagonal
element of the Hamiltonian defined by the total number of excitations spanning the subspace
{lg, n),|e, n — 1)}. This block diagonal element can be written in the form,

H/h= (_Aqb T 8 \/ﬁ) . (3.50)

g\n nwy

Where Ay, = wy, + Ay, recalling that in the rotating frame Aq = wq — wq = —wy,; therefore,
this is the qubit-linear resonator detuning in the rotating frame. Following some algebra, it
can be shown that the energy eigenvalues of this block diagonal Hamiltonian have the form

[59], A "
b
En+ = nhwy — th + E,/Agb +4ng?, (3.51)

from which we can recover the n-quanta Rabi frequency 2g, = 2+/ng. If we consider the
lowest energy manifold of the Jaynes-Cummings ladder, we can determine the expected spec-
troscopic eigenfrequencies. For n = 1, we find the frequency spectrum given by,

A 1
Wy = wp — Tqb + 51/A§b +4g2. (3.52)

This can be written in the more enlightening form,

a)b—A 1 [
Wy = Tq + E Agb +4g2. (353)

Using Eq. 3.53, we can fit the experimental data to extract g as a function of sideband drive
power, as shown in the main text Fig. 2. Using the extracted value of g and the photon number
extracted from Eq. 3.3, we can determine the single-photon coupling rate go, as shown in the
main text. It is important to note that this solution only holds when the system is within the
lowest energy manifold of the Jaynes-Cummings ladder.
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FABRICATION AND CHARACTERIZATION OF
A SNAIL PARAMETRIC AMPLIFIER

Parametric amplifiers are widely used in superconducting quantum experiments to enable low-
noise microwave signal detection. In this work, we present the design, fabrication, and char-
acterization of flux-tunable parametric amplifiers based on the Superconducting Nonlinear
Asymmetric Inductive eLement (SNAIL). The devices consist of a resonator-based amplifier that
enables three-wave mixing while suppressing unwanted Kerr nonlinearities. Using wafer-scale
fabricated devices, we characterize the linear and nonlinear response of the amplifiers at mil-
likelvin temperatures. We demonstrate stable, high-gain parametric amplification over a wide
flux-tunable frequency range, investigate the gain-bandwidth trade-off, and characterize the
dynamic range through gain-compression measurements. The results provide an experimental
characterization of SNAIL-based parametric amplifiers across their tunable operating range.
Together, these measurements characterize the operating regime and performance limits of
the SNAIL-based parametric amplifiers realized in this work.
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4. INTRODUCTION

Parametric amplifiers have become an essential component in modern quantum microwave
experiments. Their ability to provide large gain with added noise near the quantum limit,
makes them well suited for detecting weak microwave signals near the single photon limit.
They are used in high-fidelity qubit readout [1-7], in microwave optomechanics [8, 9], for gen-
erating squeezed states [10-15], and in the search for axion dark matter [16-21]. Parametric
amplification was first introduced to the microwave domain in the 1960s, where early im-
plementations were realized using variable-capacitance (varactor) diodes [22]. These early
devices established the principle of parametric gain for microwave signals, but their perfor-
mance was limited by the dissipation and noise of the used semiconductor components. The
rise of superconducting circuits briefly revived the interest in parametric amplification in the
1980s, which resulted in the first Josephson junction based parametric amplifier demonstrated
by Yurke et al. [23]. This was the first demonstration of parametric gain and quantum squeez-
ing in a Josephson parametric amplifier (JPA). However, they did not become widely adopted
because of their small frequency tunability on the order of 1 MHz. Furthermore, at that time,
there were also not yet many applications that required near-quantum-limited noise perfor-
mance.

This changed with the rise of superconducting quantum information processing, where disper-
sive qubit readout brought the need for high-gain and low noise microwave amplification [24].
Conventionally used high-electron-mobility transistor (HEMT) amplifiers typically added 10-20
photons of noise per signal photon at 5 GHz [25], which limited the fidelity of qubit readout.
This interest from the quantum community resulted in the first practical widely tunable JPA
being developed [26]. Today, a wide variety of JPAs excist, current pumped JPAs (four-wave mix-
ing) [26-28] and flux pumped JPAs (three-wave mixing), which offered improved isolation by
operating the signal and pump tone at different frequencies [29, 30]. JPA’s capable of operat-
ing in large magnetic field [31, 32] and at frequencies above 20 GHz [33] are now also available.
Modern impedance-engineered amplifier designs can be complex to engineer, but also offer
large bandwidths [6, 34-36].

In parallel with these developments, the simpler resonator-based parametric amplifier archi-
tectures have remained highly relevant. A major advancement was the introduction of the Su-
perconducting Nonlinear Asymmetric Inductive eLement (SNAIL) [37-39]. The SNAIL provides a
tunable, asymmetric inductive nonlinearity that enables three-wave mixing while simultane-
ously suppressing unwanted Kerr (fourth-order) nonlinearities. This suppression significantly
improved the dynamic range that limited SQUID-based JPAs by minimizing pump-induced res-
onator shifts. Here, we report the wafer-scale fabrication and characterization of SNAIL-based
parametric amplifiers (SPAs) developed in our lab. Our aim is to realize devices with a flux-
tunable bandwidth exceeding 1 GHz, using multiple SPA designs that collectively span the 4-8
GHz frequency range. We present the gain and bandwidth performance across the full flux-
tunable operating window, and we highlight the achieved dynamic range. These devices are
intended for applications in high-fidelity qubit readout and in microwave optomechanical ex-
periments.
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4.2. DEVICE DESCRIPTION

The SPA consists of a A/2 microstrip resonator that is capacitively coupled to a feedline on
both ends, forming the signal and pump ports. Fig. 4.1 (a) shows an overview of the com-
plete chip. The central section of the resonator contains an array of 20 SNAILs, as shown in
the zoom in of Fig. z.1 (b). Each SNAIL is made up of a superconducting loop with three large
Josephson junctions and one smaller junction, providing a junction asymmetry ratio a. The
AL/ALO, /Al Josephson junctions were fabricated using the Dolan bridge double-angle evapo-
ration technique [40]. A detailed view of a single SNAIL is shown in Fig. 2.1 (c), where the junc-
tion areas are highlighted in red. The device is fabricated on a 325 um thick high-resistivity Si
substrate. The backside of the chip is coated with a 200 nm gold layer, which serves as the
non-superconducting ground plane for the microstrip geometry.

The microstrip resonator was designed to support an amplification bandwidth of approxi-
mately 20 MHz at 20 dB gain, which corresponds to a bare resonator linewidth on the order
of 200 MHz. In addition, it is necessary that internal dissipation remains small compared to
the external coupling rate, so that the amplifier performance is not limited by internal loss.
To assess the intrinsic losses of the microstrip resonator, we fabricated a test resonator with
a geometry identical to that of the SPA resonator, but without the signal line and with the
SNAIL chain replaced by a short. The measured total linewidth of this test resonator was
Ktot/2m = 14.4 MHz. Because the resonator is overcoupled, a precise separation of the ex-
ternal and internal decay rates is not highly accurate [41]. Nevertheless, fitting the response
yields values of keyi /2 ~ 10 MHz and ki, /27 ~ 4 MHz, indicating that internal losses are
small. A more precise quantification of the internal loss rate would require further dedicated
measurements, but these results indicate that internal dissipation is not expected to limit the
amplifier performance.

Fig. 2.1 (d) shows the chip mounted inside a gold-plated copper sample holder. The gold back-
plane of the chip is glued to the copper PCB using silver paste. The pump and signal port are
wire-bonded to two microwave launchers on the PCB that connect to SMA ports on the pack-
age. An external coil magnet is mounted on the back side of the copper box to apply a uniform
magnetic flux P to the SNAILS. The entire assembly is enclosed in a compact cryoperm shield.
The microwave package and magnetic shielding are based on a compact design introduced by
the Yale group [39].

The SPA was characterized mounted at the MXC plate of a Bluefors dilution refrigerator with a
base temperature of approximately 25 mK. Fig. 4.1 (e) illustrates a simplified schematic of how
the SPA is integrated into the measurement setup. The complete wiring diagram can be found
in Supplementary Information Fig. 4.9. The input signal is routed through a circulator into the
input port of the SPA. The amplified signal is reflected back to the circulator, which then routes
the signal to the rest of the output amplification chain. The pump signal is injected through
the separate pump port on the opposite side of the SPA packaging. Further details on the
fabrication process and the cryogenic measurement setup are provided in the Supplementary
Information.
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Figure 4.1: Device layout and packaging. (a) Optical image of the full SPA chip. The A/2 microstrip res-
onator is capacitively coupled to two independent feedlines, which serve as the signal and pump ports.
(b) Magnified view of the central section of the resonator containing an array of 20 SNAILs. (c) SEM im-
age of a single SNAIL. Each SNAIL consists of a superconducting loop containing three large Josephson
junctions and one smaller junction as highlighted in red. (d) Photograph of the SPA chip mounted in
the gold-plated copper package. The chip is wire-bonded to microwave launchers on the PCB that are
connected to SMA ports to interface with the cryogenic wiring. (e) A simplified schematic of the cryogenic
measurement setup.
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FREQUENCY TUNABLE NONLINEAR RESONATOR

To characterize the SPA, we first examine its linear response by measuring the reflection from
the signal port. The circulator directs the reflected signal to a separate output line, such that
the complex transmission coefficient Sp1 between input and output ports can be measured
with a vector network analyzer (VNA). Fig. 2.2 (a,b) show the measured phase and magnitude
of the reflected signal as a function of probe frequency and applied magnetic flux.

---- Flux = 0.30 ®/®o (b) ““f ---- Flux = 0.30 ®/®o 0.00 &
120 o 253
‘ ] -
60 ] -0.50 3
~ c
. > _
o g 2 07 2
©
c 9 —1.002
. o . o
—-60 8 [}
= -1.25%
w [
- -120 ~150 5
o
_ -1.75
-0.25  0.00 0.25 180 502050 025  0.00 0.25
(c) Flux (®/®¢) (d) Flux (®/®o)
180 ™
T 00
120} o
-0.2
5 60} 2
) 5 -0.4
0 or g
©
< -0.6
o -60f 2
S 08
-120 [
5
,139’ L L L . L o -10 . L . L .
.0 5.5 6.0 6.5 7.0 7.5 5.0 5.5 6.0 6.5 7.0 7.5
Frequency (GHz) Frequency (GHz)

Figure 4.2: Linear response of the SNAIL parametric amplifier as a function of flux. (a) Measured phase
response of the SPA as a function of the applied magnetic flux and probe frequency. The resonance
frequency shows a periodic modulation with flux. The dashed line indicates the flux bias point at
/Py = 0.30 where the line cut shown in panel (c) is taken. (b) Corresponding magnitude response
after background correction, which removed the contribution of the slowly varying background. (c) Line
cut of the phase response at a flux bias of ®/®dg = 0.30, showing that the phase of the reflected signal
shifts by approximately 180° as the probe frequency passes trough the resonance frequency. (d) Line
cut of the corrected magnitude response at the same flux bias point.

The magnetic flux through the SNAIL array is tuned by sending a current through the external
superconducting coil. Before plotting the magnitude data, a smooth background was sub-
tracted to remove slow frequency dependent variations in the cable and component trans-
mission. The background was obtained by averaging the off-resonant response over all flux
values, excluding a frequency window around the resonance at each flux point. The full
background-subtraction procedure is described in supplementary information 5.5.4. To in-
terpret the residual amplitude response, we can introduce the coupling efficiency np of the
unpumped resonator, that is described by
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Ktot

where kijnt and key are the internal and external coupling rates. In the ideal limit of a lossless
perfectly overcoupled resonator where i = keyt/kiot = 1, the on-resonance magnitude would
remain unity as the signal is fully reflected. The presence of a small amplitude dip in the
measured amplitude response shows that some energy is lost inside the resonator, indicating
that 7 < 1 and that non-negligible internal loss is present in the device. Panels .2 (c,d) show
line cuts of the phase and corrected magnitude responses at a flux bias of ®/dy = 0.30.
The phase of the reflected signal shifts by approximately 180°, characteristic of a resonant
reflection in the overcoupled limit (n > 0.5), while the corresponding magnitude trace exhibits
a small dip at the same frequency.

To quantify the resonance frequency and loss rates of the SPA as functions of applied flux, we
fit the measured complex data at each bias point using a single-port reflection model. Fig. 4.3
(a) shows the resonance frequency extracted from the fit as a function of magnetic flux ®/®g.

a 7.0F
(@ *  Wspal2M
__ 68} — fit
T
g 6.6
>6.41
O
c
v 6.2
>
o
@ 6.0}
L
5.8
5.6
(b)
.M o
200} e o,
N - »
I -o'u.n Boo®,
= 150} -, o 1
= X o o Keot/2M .
= s o tot oo
% Kext/2TT
'z 100} v Kint/2M
v
£
- 50}
"'vav""".""v TryyTVVTITIVIY . YVYvy W‘Wﬂ
—00.6 -0.4 -0.2 0.0 0.2 0.4 0.6
/0

Figure 4.3: Extracted resonance frequency and linewidth as a function of flux. (a) The resonance fre-
quency wspa oObtained from a fit to the complex reflection response as a function of the applied magnetic
flux ®/dg. The SPA exhibits a periodic modulation with flux and is tunable from 5.66 GHz to 6.97 GHz,
corresponding to a tunable range of approximately 1.3 GHz. (b) Corresponding linewidth extracted from
the same fit as a function of flux.
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The resonance frequency varies periodically with flux, consistent with the expected modula-
tion of the SNAIL inductance. The SPA is tunable from 5.66 GHz to 6.97 GHz, corresponding to
a tunable range of approximately 1.3 GHz. We also fit the extracted resonance frequencies to
the theoretical SPA model introduced in [38]. To fit our data to this model, we fix the number
of SNAILs to M = 20, and set the impedance of the microstrip geometry to the designed
value of Z, = 50 Q. From this we extract the device parameters, and find the inductance
of a single Large junction L; = 26.6 pH, @ = 0.10 and wp/2m = 10.1 GHz, which is the
fundamental frequency of a square microstrip resonator in the absence of the SNAIL array. A
detailed description of the fitting procedure is provided in Supplementary Information 4.5.6.

Fig. 4.3 (b) shows the extracted linewidths at each flux point. The fits indicate that the SPA is
overcoupled, with a coupling efficiency 7 = kext/Ktor = 0.9. The internal linewidth ;¢ is on
the order of 10-20 MHz, while the total linewidth is dominated by the external coupling. Small
fluctuations in the extracted k;,; are observed, which we suspect to arise primarily due to sys-
tematic uncertainties in the fit rather than intrinsic physical variations. These are likely caused
by impedance variations in the measurement chain. In particular, interference between differ-
ent paths due to cable reflections, to which the reflection geometry is particularly sensitive.
This can lead to an asymmetric Fano lineshape in the resonator response, which distorts the
extracted internal and external coupling rates [41]. The total linewidth k. is @ more reliable
quantity to interpret. We observe that the linewidth changes as a function of flux and reaches
a maximum value on the order of 200 MHz around zero flux. This is similar to other reported
SPA devices [39]. The small flux-dependent variations in k¢, on top of the background, for
example the feature around ®/dq ~ 0.32, are attributed to interactions of the SPA resonance
with impedance features in the measurement chain, such as frequency dependent variation
in the environmental impedance of the setup arising from cable resonances. This can also be
observed in the remaining distortions of the line shape in the corrected magnitude linecut of
Fig. 2.2 (d).

AMPLIFIER CHARACTERIZATION.

Having established the linear response properties of the SPA resonator, we now characterize
the performance as a three-wave mixing parametric amplifier. A strong microwave pump tone
is applied through the dedicated pump port, with the pump frequency set to w, = 2wspa. This
drives the system into the three-wave-mixing regime, in which the signal and idler sidebands
both appear at the resonator frequency wspa [14].

To quantify the amplifier gain, we measure the complex transmission coefficient Sy1 between
the signal input and output ports while varying the pump power at a fixed flux bias point. We
note the distinction between power gain and linear gain. Power gain refers to the ratio of
output to input power, and is often expressed in decibels. Linear gain, by contrast, describes
the ratio of output to input signal amplitude. While both quantify amplification, power gain is
more commonly used in the context of microwave amplifiers, as it directly corresponds to the
quantities measured in the experiment. The power gain G can be defined as

21
P: pump off
in S

2
pump on
Pout _ S

) (4.2)
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where P;, and P,,; are the input and output powers. The ratio compares the transmitted
power when the pump is on to that when it is off. In this way, the unpumped response is also
used as a reference to normalize the frequency-dependent background of the measurement
chain. The power gain in dB is then given by

n

P
GdB = 10[0g10 ( POUt) . (43)

Fig. 2.4 illustrates how the amplifier properties of the SPA scale at a fixed flux bias point when
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Figure 4.4 Gain, bandwidth, and gain-bandwidth product as a function of pump power at a fixed flux
point. (a) Measured gain of the SPA for several pump powers. The resonance frequency is fixed at
wspa/2m = 5.847 GHz, and the pump is applied at wp, = 2wspa. (b) Gain (blue circles) and the corre-
sponding 3 dB bandwidth (orange squares) extracted from Lorentzian fits to the gain curves. As the pump
power increases, the gain grows while the bandwidth decreases, illustrating the gain-bandwidth trade-
off. () The gain-bandwidth product (GBWP, green triangles) obtained from the fitted gain and bandwidth
values. The dashed line shows the previously measured resonator linewidth kot /27 = 165 MHz at this
flux point.
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the pump power is increased. Fig. 4.4 (a) shows the measured gain at a frequency of wspa /27 =
5.847 GHz with the pump applied at w, = 2wspa. A series of different pump powers are
plotted, where the pump power at the device is calibrated using the method described in
supplementary information 4.5.5. It can be observed that when the pump power increases, the
gain also increases while the bandwidth becomes narrower. To further quantify these changes,
we fit a Lorentzian to each individual gain trace. From these fits, we obtain the maximum gain
and the corresponding 3 dB bandwidth, which is defined as the full width at half maximum
(FWHM). Fig. 4.z (b) shows the small-signal gain and bandwidth as a function of pump power.
As the pump power increases, the gain rises while the bandwidth decreases, illustrating the
gain—-bandwidth trade-off. At this operating point, we obtain 20 dB of gain with a bandwidth
of 13.6 MHz, wich is similar to previously reported values for SPA’s [38, 39]. We note that only
the stable operating regime is ploted, at higher pump powers the SPA becomes unstable and
the gain rapidly collapses. The combined effect of these opposing trends is captured in Fig. 4.4
(c), where we plot the gain-bandwidth product (GBWP) that can be defined as

GBWP = VG - BW, (t4.ts)

where G is the measured power gain close to G5 = 20, and BW is the corresponding 3 dB
bandwith. We observe that the GBWP gradually increases as a function of pump power, since
the gain grows faster than the bandwidth decreases. For comparison, we also indicate the
resonator linewidth of kyt/2r = 165 MHz at this flux point. It can be seen that the GBWP
approaches, but remains slightly below /2. The GBWP is often expected to be approx-
imately constant and limited by the total resonator linewidth, such that GBWP ~ ki/27
[27, 42]. However, our data indicates a clear dependence on pump power. Recent studies
have shown that the GBWP does not necessarily remain constant across all pump powers,
wich could explain our observations [43, #4]. In principle, increasing the resonator linewidth
Ktot/27 can increase the achievable GBWP. However, reaching the same gain with a larger
linewidth requires a higher pump amplitude, which ultimately limits the maximum gain of the
amplifier.

Building on this understanding at a fixed flux point, we next examine how the SPA performance
varies over its tunable frequency range. Fig. 4.5 (a) shows the measured gain as a function of
frequency for a series of flux bias points spanning ®/®y ~ 0.16 to ®/Py ~ 0.46. Within
this range, the SPA produces at least 20 dB of gain from approximately 5.7 GHz to 6.8 GHz,
corresponding to a flux-tunable operational bandwidth of around 1.1 GHz. This tuning range
is roughly two orders of magnitude larger than the instantaneous bandwidth. Outside this
frequency range, the gain drops below 20 dB as the three-wave mixing nonlinearity g3 is re-
duced. Fig. 4.5 (b) shows the extracted 3 dB bandwidth, GBWP, and resonator linewidth as a
function of the SPA frequency. Across the tunable range, we obtain instantaneous bandwidths
between 7 and 27 MHz, from which the GBWP is calculated. These values are taken from the
first pump-power that provides at least 20 dB of gain at each flux point. We note that for this
data set, the pump power steps turned out to be relatively coarse at 0.5 dB steps in power.
This resulted in gain values between 20 and 26 dB, which can also be seen in the variation
in the maximum gain of the plotted traces in figure Fig. 4.5 (a). However, the associated gain
variations do not appear to be the dominant source of the observed fluctuation in the GBWP.
At lower operating frequencies, the GBWP lies slightly below the resonator linewidth ko /27,
whereas at higher frequencies it exceeds this value. The origin of this asymmetry is not yet
understood.
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Figure 4.5: Gain, bandwidth, and gain-bandwidth product as a function of the SPA frequency. (a) Mea-
sured gain of the SPA across its tunable operating frequency range for a set of flux bias points between
d/dy ~ 0.16 and P/Py ~ 0.46. Across this range, the device maintains more than 20 dB of gain
from roughly 5.7 to 6.8 GHz, corresponding to a tunability of about 1.1 GHz. Each trace corresponds to a
different flux bias, indicated by color. (b) Corresponding bandwidth and gain-bandwidth product. The
resonator linewidth kot/27 is included for reference.

GAIN COMPRESSION

Finally, we characterize the dynamic range of the SPA by measuring gain compression as a
function of the input signal power. This measurement indicates the maximum input power
that the amplifier can handle before its gain is reduced. Figure 4.6 shows the gain compression
at a SPA frequency of wspa/27 = 5.887 GHz. The pump frequency is set to w, = 2wspa and
the pump power is adjusted to achieve 20 dB of small-signal gain. The 1 dB compression point
P_14g, is defined as the input power at which the gain decreases by 1 dB from its nominal
value. For this operating point, we find P_14g = —118 dBm. Where the signal power at the
SPA input is calibrated using the method described in supplementary information z.5.5.

Gain compression can be explained by two main mechanisms [38]. The first mechanics be-
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Figure 4.6: Gain compression measurement. (a) Gain as a function of the signal frequency for three
different input signal powers. Markers denote experimental data and solid lines are Lorentzian fits. The
SPA resonance frequency is wspa/27m = 5.887 GHz. (b) The 1 dB compression point P_1q4g is identified
as the input power at which the gain is reduced by 1 dB relative to the small-signal gain.

hind gain compression is the Kerr-inducted frequency shift. At high input powers, the large
population of signal photons in the resonator will induce a kerr-shift because of the residual
self-kerr nonlinearity. When this frequency shift becomes comparable to the SPA linewidth,
the pump no longer satisfies the pump condition w, = 2wsp 4 required for three-wave mixing,
and the gain is reduced. The second mechanism behind gain compression is pump depletion.
During amplification, pump photons are converted into amplified signal photons. When the
input power is small compared to the pump, the effect on the pump amplitude is negligible,
and the pump can be considered stiff. However, as the input signal increases and the out-
put power approaches the pump power, a significant fraction of pump photons are converted
into amplified signal photons. This breakdown of the stiff-pump approximation leads to pump
depletion, reducing the pump amplitude and thus lowering the achievable gain [45].

Analytical estimates for the 1 dB compression power associated with these mechanisms are
obtained following the method in Ref. [38]. In the stiff-pump approximation, Kerr-induced gain
compression is expected when the nonlinear frequency shift becomes comparable to the SPA
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linewidth, yielding

Stark K G—5/4 h
_ ~ T WspaK . (4.5)
148 |gal 0

Similarly, gain compression due to pump depletion is estimated as

K —
~ —— Gy hwspak. (4.6)

g32/wspA

pump
—1dB

Using the nonlinear coefficients g3 and g, extracted from the flux-dependent resonance fre-
quency fit described in Supplementary Information 4.5.6, together with £ /27 = 136 MHz and

Go = 20 dB, we estimate P3%'k ~ —122 dBm and P°|" ~ —118 dBm.

These estimates should be regarded as indicative scales rather than sharp bounds, as they rely
on indirect extraction of the nonlinear coefficients. The experimentally observed compression
point P_14s & —118 dBm lies between these two scales, indicating that both Kerr-induced
detuning and pump depletion may contribute to gain compression at this operating point. We
note that a more direct experimental extraction of the nonlinear coefficients, for example via
pump-power-dependent gain measurements for g3 and driven Stark-shift measurements for
84, would provide a more precise determination of the relative contributions of these two
mechanisms.
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4.4. CONCLUSION

We presented the design, fabrication, and experimental characterization of a flux-tunable
SNAIL-based parametric amplifier (SPA). The devices are based on a A/2 microstrip resonator
incorporating an array of 20 SNAILs, providing a controllable three-wave-mixing nonlinear-
ity while suppressing unwanted Kerr effects. All devices were fabricated using a reproducible
wafer-scale process and characterized at millikelvin temperatures.

The SPA resonator was first characterized in its linear, unpumped regime. The resonance fre-
quency exhibits a periodic flux dependence and is tunable from approximately 5.7 GHz to
7.0 GHz, corresponding to a total tuning range of about 1.3 GHz. Over this range, the total
resonator linewidth varies with flux and reaches values on the order of ki /271 ~ 200 MHz
near zero flux. Independent measurements on a test resonator confirm that internal dissipa-
tion is small compared to the external coupling rate.

When operated as a parametric amplifier, the SPA provides stable gain exceeding 20 dB over
an effective operating range from roughly 5.7 GHz to 6.8 GHz, corresponding to a flux-tunable
operational bandwidth of approximately 1.1 GHz. At a fixed flux bias point, we observe in-
stantaneous bandwidths between 7 and 27 MHz at 20 dB gain, consistent with the expected

gain—-bandwidth trade-off. The gain-bandwidth product approaches the total resonator linewidth,

in agreement with expectations for resonator-based parametric amplifiers. The dynamic range
of the SPA was characterized through gain-compression measurements. At 20 dB of small-
signal gain, a 1 dB compression point of P_145 ~ —118 dBm is obtained at the device input.

The wafer-scale fabrication and performance demonstrated here provide a robust platform
for integrating SPAs into complex quantum measurement systems. Continued improvements
in dynamic range and bandwidth will directly benefit high-fidelity qubit readout, multiplexed
measurement architectures, and broadband microwave optomechanical experiments.
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4.5. SUPPLEMENTARY INFORMATION

4.51. SPA DESIGN

The SPA devices were designed to fill a 2-inch Silicon wafer hosting 22 individual SPA chips. The
wafer design aims to span a broad tunable frequency range between 3 and 10 GHz. Each chip
contains a A/2 microstrip resonator with a chain of SNAILs providing the flux-tunable nonlin-
earity. In addition to the amplifier chips, the wafer included two test resonators to characterize
the internal quality factor of the superconducting microstrip geometry. Furthermore, arrays
of test junctions were located at all four corners of the wafer. Each SPA contains an array of
M SNAILs connected in series, giving a total inductance of

LTV(®) = MLy (®), (@.7)

where Ls(®) is the flux-dependent inductance of a single SNAIL. Every SNAIL consists of one
small junction with inductance L,/a and three large junctions with inductance L. At the
design stage, we use the relation between the SNAIL inductance at the sweet spot, and the
inductance of single junctions estimated from room-temperature resistance measurements
using the Ambegaokar-Baratoff relation [46]. Fig 4.7 shows how the effective inductance of a
SNAIL can be simplified at the sweet spot. Starting from the full circuit, which consists of two
arms in parallel, the inductance is reduced to an equivalent inductance that is given by

1 1 a

- = 4 .8
L®=0) 3L, Ly (48)

where « is the ratio between the inductance of the large junction L, and the small junction
L,/a. The sweet spot inductance of the full SNAIL array can then be related to the large
junctions inductance by

Ly
o+

LD =0)=MLy(P=0)=M (4.9)

1
3

The SNAIL array is embedded in a A/2 microstrip resonator with bare resonance frequency
wo and characteristic impedance Z,. The microstrip geometry uses a non-superconducting

LJ LJ LJ

67 (67

X 411N 28
L,(®=0)
~ = = -

Figure 4.7: Schematic representation of the SNAIL and its equivalent inductive models at the sweet spot.
The SNAIL consists of one small junction with inductance L ; /a and three large junctions with inductance
L. This configuration can be approximated by an equivalent circuit at the sweet spot.

VAN
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groundplane on the back of the chip. This avoids flux focusing effects allowing for homoge-
neous flux biasing of all SNAILs by an external superconducting coil. This flux bias controls
the nonlinear inductance of the SNAIL array, tuning both the resonance frequency and the
nonlinearities. For the fundamental mode 4, the SPA can be described by

(}{;PA/h = wsppd' 4 + g3(a+ 8"’ + g4(4+ éT)4, (410)

where wspy is the flux-dependent SPA frequency, g3 is the cubic coupling (three-wave mixing)
set by the SNAIL asymmetry a and the flux bias. g4 the quartic (Kerr) nonlinearity. The pa-
rameters (wspa, 3, g4) depend on the device design parameters (L, a, M, wo, Z,) and on
the applied external flux &.

Fig. 4.8 (a) shows the final wafer layout containing 22 SPA chips. Panel 4.8 (b) highlights the
specific chip characterized in this work. This device corresponds to one of the mid-range
frequency designs, intended for operation around 6-7 GHz. Its target design parameters are
L;=60pH, a =0.09, M =20, wg =27 - 13 GHz, and Z, = 50 Q.
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Figure 4.8: SPA wafer layout. (a) Design for fabricating 22 SPA chips over a large frequency range on a
2-inch silicon wafer. (b) Zoom in of a single SPA chip, highlighting the device characterized in this chapter.
The A/2 microstrip resonator is strongly coupled to the signal port at the bottom and weakly coupled to
the pump port at the top.
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4.5.2, FABRICATION

Here, we provide an overview of the fabrication process used to realize the SPAs. Additional
information on individual fabrication steps and processes can be found in the general fabri-
cation section of Chapter 2.2.

The fabrication starts from a 2-inch double side polished (DSP) high-resistivity silicon wafer.
To protect the wafer surface during initial metal deposition, one side is coated with a layer
of PMMA A6 spun at 1000 RPM and baked at 180 °C for 5 minutes. The wafer is then loaded
into an AJA electron-beam evaporator for deposition of the ground plane required for the
microstrip geometry. A 5 nm titanium adhesion layer is first evaporated at a rate of 1 A/s,
followed by 200 nm of gold deposited at 2 A/s. After metal deposition, the protective resist
layer is stripped in hot acetone (50 °C), followed by rinsing in isopropanol (IPA) and a brief
(0,) plasma descum to remove residual organic contamination.

For the Josephson junction fabrication, a multilayer electron-beam resist stack is prepared to
enable a clear undercut for shadow evaporation. First, a layer of MMA (8.5) MAA EL13 is spun
at 3000 RPM and baked at 180 °C for 3 minutes, followed by a second layer of the same resist
spun at 3500 RPM and baked under identical conditions. A top layer of PMMA A4 (950k) is then
spun at 1000 RPM and baked at 180 °C for 15 minutes. This results in a resist stack consisting
of approximately 1.5 ym of MMA and 300 nm of PMMA. The pattern, shown in Fig. 4.8 (a), is
written using a Raith EBPG-5200 electron-beam lithography system. To accommodate the dif-
ferent feature sizes present in the wafer design, the pattern is subdivided into five exposure
regions corresponding to the bulk structures and the large and small Josephson junctions.
Each junction region is supplemented with a low-dose “ghost” exposure to create a large con-
trolled undercut in the MMA layer during development. The exposed resist is developed in a
chilled (7 °C) H,0:IPA (1:3) solution for 2 minutes, followed by a 15 second rinse in IPA.

After development, the wafer undergoes a short oxygen plasma clean (30 seconds at 200 sccm
0,, 100 W) to remove any residual resist. The wafer is then transferred to a Plassys electron-
beam evaporator for double-angle aluminium evaporation. The first aluminium layer, 30 nm
thick, is evaporated at a rate of 0.2 nm/s at an angle of 35°. The wafer is subsequently oxidized
in situ at a pressure of 5 mbar for 5 minutes to form the tunnel barrier. After a 180° rotation
of the sample, a second aluminium layer of 100 nm thickness is evaporated at the same rate
and angle to form the Josephson junctions.

Liftoff is performed by immersing the wafer in a hot acetone bath (50 °C) for several hours.
Remaining metal flakes are gently removed using a pipette, followed by medium-power soni-
cation for 2 minutes. The wafer is then rinsed in IPA and dried with nitrogen. Following liftoff,
test junctions are characterized at room temperature to verify junction resistance and con-
firm that the devices meet the design specifications. To protect the wafer during dicing, a
layer of PMMA A6 is spun at 1000 RPM and baked at 100 °C for 1 minute. The wafer is then
diced into individual chips of size 11 mm x 5 mm. After dicing, the protective resist is stripped
in hot acetone (50 °C) for 30 seconds, followed by an IPA rinse and nitrogen drying. A final
oxygen plasma descum (3 minutes at 200 sccm 0,, 100 W) is performed to remove residual
contamination, after which the SPA chips are ready for packaging and measurement.
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4.5.3. MEASUREMENT SETUP

The experiments were carried out with the SPA mounted on the base plate of a Bluefors dilu-
tion refrigerator operating at base temperature (T = 25 mK). A schematic of the wiring within
the fridge is shown in Fig. 4.9. The signal input line has 40 dB of room-temperature attenuation
and 53 dB of cryogenic attenuation. The input signal then passes through a 4-8 GHz circulator
(LNF-CIC4_8A) before reaching the signal port of the SPA where it is reflected. The reflected sig-
nal returns to the circulater and passes through an infrared filter, Low-pass filter (ZLSS-11G-5+)
and two isolators before being further amplfied by a high electron mobility transistor (HEMT)
amplfier (Low Noise Factory LNF-LNCs4_8C) and a room temperature amplfier (Narda-MITEQ).
The pump port of the SPA is connected to a separate pump line that has 33 dB of cryogenic

a b Microwave
@ @ @ _CD VNA generator

300K

1
P
50K _I]ads L]3dB gmdg

2

P
43dB

—

3K {"Izow [ ]20d8
- L
C
L 39dB ]
1 |:| Attenuator Low pass filter
700mK | o8 [ods
; {J LJ @ Isolator EcO| Infrared Filter
[ ] @ Circulator A Amplifier
100 mK {"de5 [ iods
. L]
D
208 [ ]ods
15 mK ~|:—|
| L]

m
B
OHEHID

SPA

Cu housing @

Magnetic shield

Figure 4.9: Schematic of the measurement setup. (a) Wiring diagram inside the dilution refrigerator. (b)
Room temperature setup for VNA measurements. (c) Overview of components.
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attenuation and no extra room temperature attenuation. The pump tone is generated by a
Keysight E8257D signal generator. A superconducting NbTi coil positioned at the back of the
PCB within the Mu-metal magnetic shielding box of the SPA packaging applies the magnetic
flux to the SNAILs. The coil is connected to the DC-loom which connects to the current source
(Stanford RS CS580) at room temperature. Microwave measurement are performed using a
keysgight N5222A PNA network analyzer.

4.5.4. MAGNITUDE BACKGROUND CORRECTION

The raw magnitude data of the linear reflection measurement is shown in Fig. 4.10 (a). Slow
variations in the background can be observed in the line trace prior to the background correc-
tion that is shown in Fig. 4.2 (b), which are expected to originate from frequency dependent
attenuation in the microwave components and cabling. To isolate the response of the SPA, we
applied the following background substraction procedure.

(a) (b)
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Figure 4.10: Background subtraction of the reflection magnitude. (a) Raw magnitude response of the SPA
as a function of probe frequency and applied magnetic flux. This dataset corresponds to the measure-
ment shown in Fig. 4.2(b) before background correction. The dashed line indicates the flux bias point at
& /dg = 0.30, where the line cut shown in panel (b) is taken. (b) Magnitude trace at ®/®qg = 0.30. The
red dashed line represents the averaged background obtained by averaging the off-resonant regions of
all flux traces. (c) Corrected magnitude response after subtraction of the averaged background. This
processed data is used to produce the main-text result in Fig. .2(d).

For each flux bias point, the complex trace Sp; was fitted to determine the resonance fre-
quency wspa/27. A frequency window of +0.5 GHz centered around wspa /27 was excluded to
remove the resonance from the background estimation. This frequency window was chosen to
be more than 5 times the resonance linewidth. The remaining parts of the off-resonant traces
were added together and averaged to obtain a smooth, flux independent background function
B(w). Finally, this averaged background was subtracted from each individual trace according
to

1S57"" (w, )| = |S21 (w, )| - B(w), (&)
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where |S5P"" (w, ®)| denotes the corrected magnitude shown in Fig. 4.2 (a). This procedure
effectively removed broadband transmission variations while preserving the resonance am-
plitude response of the SPA. Fig. 4.2 (b) shows a magnitude response trace at a single flux
point 0.30 ®/®dy. In the original magnitude trace, there is no clear resonant feature. But the
difference becomes apparent when we also plot the average background determined using all
other flux points.

As can be seen in Fig. 4.2 (c), the resulting corrected data exhibits a flat baseline and now
clearly shows the residual magnitude feature associated with the resonant reflection. We
note that this correction is still not perfect, as can be seen in the feature that is left around 6.
GHz. The reason for this is that the applied correction only accounts for frequency dependent
attenuation of the signal path. It does not account for interference between different signal
paths [41]. Eliminating these effects would require a more elaborate short-open-load (SOL)
calibration, which characterizes both the amplitude and phase errors.

4.5.5. INPUT POWER CALIBRATION

To estimate the input power at both the pump and signal ports, we calibrate the attenuation
of the input lines and include the specified attenuation of additional attenuators in the setup.
The line attenuation was measured at a base temperature of T = 25 mK by connecting two
input lines at the mixing chamber stage with a short coaxial cable and measuring the round-
trip transmission. Figure 4.11 shows the resulting transmission data obtained for all input lines
in the dilution refrigerator. From a polynomial fit to the measured round-trip transmission, we
determine the frequency-dependent attenuation of a single line by dividing the round-trip
value by two. This approach accounts for the attenuation of all components in the signal
path, including the room-temperature cables that connect to the measurement instruments.
The estimated attenuation may be slightly overestimated due to the additional loss introduced
by the short cable used to connect the two input lines at the MXC stage. The estimated power
at the device is calculated by subtracting the total attenuation from the source power

Piev(w) = Psrc(w) — Aline () — Aatt, (4:12)

where Py (w) is the generator output power, Ay is the measured frequency-dependent line
attenuation, and A,y is the fixed attenuation from additional attenuators.

4.5.6. FIT PROCEDURE

To extract the SPA parameters from the measured resonance frequency w as a function of flux,
we use a two-step fitting approach based on the theoretical model described in Ref. [39]. The
resonance frequency of the SPA can be described as

27,
MLs(®)

TT Wspa
= wspptan | = , (413)
2 wo

where Z, is the characteristic impedance of the microstrip geometry, M is the number of
SNAILs, Ls(®) is the flux-dependent inductance of a single SNAIL, and wy is the fundamental
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Figure 4a1: Estimation of the frequency-dependent input line attenuation Transmission of two con-
nected input lines measured at T = 25 mK. The plotted data shows the frequency-dependent at-
tenuation for all input lines, along with a polynomial fit to obtain the average attenuation at a certain
frequency. The single line attenuation is obtained by dividing the obtained round-trip value from the fit
by two.

frequency of a square microstrip resonator of the same size without the SNAIL array. This
equation is solved numerically by evaluating the cost function

TT Wspa 2Z,
(414)

f(w) = wspa tan (Ew_o - m,
over a fine frequency grid that determines the points where the cost function is minimized.
We fix the number of SNAILs to M = 20 and set the impedance to Z, = 50 Q for our
microstrip geometry. The fitting route determines the design parameters (L, a, wp) and two
linear coefficients a and b that are used to map the applied current to the external flux via
@ = al + b. We first perform a global search using a differential evolution method, followed
by local refinements using a least squares method. This approach provides a frequency fit
across the entire flux range.

After determining the design parameters from the frequency fit, we evaluate the nonlinear
response of the SNAIL array following Ref. [39]. The dimensionless SNAIL potential,

(pext_(p), (4‘15)

U(p) =—-acosp —3 COS(T
is expanded around its flux-dependent minimum ¢g in terms of small phase fluctuations §¢ =

@ — (o, such that

n(P
Ulpo+60) =) ¢ ,(7' ) (5¢)", (4.16)
n>2 ’
with
cn(®) = dU—(:M , ¢ =0 (417)
00" lp=g,
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The quadratic coefficient ¢, determines the linearized SNAIL inductancevia Ls = L /¢y, while
the higher-order coefficients ¢3 and c4 set the cubic and quartic nonlinearities, respectively.
Using these coefficients and the fitted resonance frequency wsp, (P), the effective three- and
four-wave mixing strengths g3 and g, are given by

2 [ n @ 312
spa
4Z,c3 | Z, cos (Ew_o) (418)
8=\ 5 , :
SM2Ly N Zo | g@m 4 gin (ﬁ“:;ga)

spa
wo

2
.2 Wspa wspaM L
. 1 Wspa SiN (ﬂ—wo ) z, C% 3+5( 77, )
8= o L Rt —
12 2z c ML, \2
2 7 Wspa Wspa . Wspa Q 2 Wspa s
coM tan(z—wo ) [n 2, T Sin (zr—wo )] 1+3 27,

(4:29)

Here g, denotes the effective quartic nonlinearity after a renormalization by the cubic inter-
action given by
2
. _ 583
Bs =84~ (4.20)

a

The observable self-Kerr coefficient is given by K = 12g,.
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IMPACT OF SURFACE CLEANING ON LOSS
IN TANTALUM COPLANAR WAVEGUIDE
RESONATORS

Energy dissipation in superconducting microwave circuits limits coherence times and remains
a key challenge for superconducting quantum devices. In this work, we study loss mechanisms
in a-phase tantalum coplanar-waveguide (CPW) resonators, focusing on surface-related di-
electric loss in the single-photon regime. Using resonators fabricated from a single tantalum
film with systematically varied surface participation ratios, we investigate the combined ef-
fects of resonator geometry and post-fabrication surface treatments. Microwave transmission
measurements at millikelvin temperatures show that additional surface cleaning, particularly
a combined piranha and buffered oxide etch, significantly reduces loss and enables repro-
ducible single-photon internal quality factors exceeding one million. These results highlight
the importance of surface engineering for achieving low-loss tantalum superconducting cir-
cuits.
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51. INTRODUCTION

Energy loss in superconducting microwave circuits remains one of the primary obstacles to
achieving long coherence times in quantum devices. Dissipation limits the performance of su-
perconducting resonators and qubits by constraining coherence times, measurement fidelity,
and overall device quality. Understanding and mitigating loss mechanisms in superconduct-
ing circuits is therefore a key challenge in the development of scalable and high-coherence
quantum hardware [1-3].

Superconducting coplanar-waveguide (CPW) resonators are widely used as test structures for
investigating loss mechanisms in superconducting circuits [4-9]. Compared to qubits, CPW
resonators are simple to fabricate and characterize, enabling rapid design iterations and the
systematic exploration of material and geometric parameters. In addition, resonators can
be measured from the single-photon regime up to high photon numbers, allowing power-
dependent loss mechanisms to be disentangled [10, 11]. While resonators do not capture
additional loss channels associated with Josephson junctions, they provide a controlled and
versatile platform for isolating linear dissipation mechanisms that are also relevant to super-
conducting qubits.

At millikelvin temperatures and in the single-photon regime, loss in superconducting res-
onators is commonly attributed to two-level systems (TLS) residing in amorphous dielectric
materials [1, 2, 4]. These TLS are believed to originate primarily from thin dielectric layers
at material interfaces, including the metal-substrate (MS), substrate-air (SA), and metal-air
(MA) interfaces [12-14]. The contribution of these interfaces to the total loss depends on the
fraction of the electric field energy stored near each interface. As a result, the geometry of
a CPW resonator enables control of loss through the surface participation ratio (SPR), which
quantifies the fraction of electric field energy stored in lossy surface regions [15-17].

Recently, tantalum has emerged as a promising superconducting material for high-coherence
quantum devices [18-20]. Superconducting qubits fabricated from tantalum have demon-
strated exceptionally long coherence times, motivating increased interest in this material sys-
tem. These improvements have been attributed to the chemical stability of tantalum and the
formation of a thin, robust native oxide, which may host fewer lossy TLS compared to other
commonly used materials such as aluminum [21-23]. Recent work has demonstrated that the
careful engineering of resonator geometry and surface treatments can significantly reduce
dielectric loss and enable internal quality factors exceeding one million in planar supercon-
ducting resonators [2z, 25].

In this chapter, we present a systematic study of loss in tantalum CPW resonators. Using de-
vices fabricated from a single tantalum film, we investigate how resonator geometry and post-
fabrication cleaning processes affect the internal quality factor in the single-photon regime.
By comparing resonators with different surface participation ratios and surface treatments,
we identify fabrication strategies that enable internal quality factors to exceed one million in
the single-photon regime.
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5.2. DEVICE DESIGN AND FABRICATION

To systematically investigate how post-fabrication cleaning processes can reduce dielectric
losses in superconducting resonators, we design a chip containing twelve quarter-wavelength
(A/4) coplanar waveguide (CPW) resonators capacitively coupled to a common feedline. This
provides a controlled platform in which resonator loss can be compared across different de-
vices geometries and surface treatments. An overview of the full chip layout is shown in
Fig. 5.1 (a). Each resonator is shorted to ground at one end and open at the other, where it cou-
ples capacitively to the central feedline, as illustrated in the zoom-in shown in Fig. 5.1 (b). The
resonators are designed to span a frequency range between 5.0 and 7.2 GHz, with an average
frequency spacing of approximately 200 MHz. This spacing is chosen to ensure that individual
resonances are well separated and can be reliably identified in transmission measurements.

To disentangle the influence of geometry, coupling strength, and surface loss mechanisms, the
twelve resonators are fabricated with two distinct target coupling rates and three different
surface participation ratios (SPRs). The coupling rates are alternated across the frequency-
ordered resonators, such that each measured resonance can be uniquely mapped back to its
corresponding design. The presence of undercoupled resonators is important for a reliable
extraction of the internal quality factor Q;. Overcoupled resonators are prone to large uncer-
tainties in Q; due to Fano interference [26], which leads to systematic errors in the extraction
of internal losses in these hanger-type transmission measurements. The three SPR designs
are realized by varying the CPW center conductor width w and gap width g, as summarized

1mm 200 um

Figure 5.1: Overview of the full chip layout. (a) Twelve quarter-wavelength (A/4) coplanar-waveguide
resonators are coupled to a main feedline. The resonators are designed with three different surface
participation ratios and two different target coupling rates. The large exposed square in the center of
the chip is used for end-point detection of the etching process. (b) The zoom-in of a single resonator
shows how the resonators are captivity coupled to the main feedline.
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in Sl Table 5.1. By modifying these dimensions, the fraction of the electric field energy stored
in lossy surface layers, such as the metal-substrate (MS), substrate-air (SA), and metal-air
(MA) interfaces is systematically controlled. This enables a comparison of resonator loss as a
function of surface participation while keeping all other device parameters fixed.

All devices presented in this chapter were fabricated on 4-inch double-side polished (DSP)
C-plane sapphire (Al,05) wafers with a thickness of 430 um. The superconducting film con-
sists of 100 nm of a-phase tantalum deposited by STAR Cryoelectronics. The wafer was diced
into 10 mm x 10 mm chips, which we use to fabricate the devices measured in this work. To
eliminate variations originating from differences in film deposition, all resonators were fabri-
cated from this same wafer. Patterning of the resonators was performed using electron-beam
lithography followed by metal etching in a Sentech Etchlab 200 reactive-ion etching (RIE) sys-
tem using CF,. Endpoint detection was performed on a large exposed region in the center of
the chip to determine when the tantalum film had been fully etched away, after which the
etch was continued for an additional 10 seconds to ensure that the film was completely re-
moved across the entire chip. CF, based etching selectively removes tantalum while leaving
the sapphire substrate mostly unaffected. After etching, the resist was stripped and the chip
was cleaned using an 0, plasma descum. This process defines the reference fabrication flow
used for all devices in this chapter. Further fabrication details are provided in Supplemen-
tary Information 5.5.2. In total, seven chips were measured, corresponding to 83 individual
resonators with varying geometries and surface treatments.

5.21. POST-FABRICATION SURFACE TREATMENTS

Following the reference fabrication process described above, additional post-fabrication clean-
ing steps were applied to evaluate how different fabrication treatments impact resonator per-

formance, with the goal of minimizing loss in tantalum CPW resonators. These treatments

were chosen to target different classes of surface contamination, including native oxides and

organic residues that are expected to contribute to dielectric loss.

These treatments were selected based on fabrication and surface-cleaning approaches used
in prior studies of tantalum superconducting resonators and qubits, where similar processes
have been shown to reduce dielectric loss [18, 20].

Four distinct processing conditions were studied:

- Reference process: No additional cleaning beyond resist stripping and an O, plasma
descum, serving as a baseline fabrication process.

- Buffered oxide etch (BOE): Immersion in a 7:1 buffered HF solution for 20 minutes to
remove native surface oxides.

- Piranhaclean: A 20 minute piranha clean (H,S04:H,05) to remove organic contaminants
and resist residues.

- Combined piranha and BOE: Sequential piranha and BOE cleaning, each applied for
20 minutes, to remove both organic residues and native oxides.
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After the cleaning steps, the chips were rinsed in water, dried with nitrogen, and packaged. Be-
cause all devices originate from the same wafer and undergo identical fabrication steps prior
to the cleaning step, observed variations in resonator performance are therefore primarily at-
tributed to differences in surface treatment. We fabricated and measured 7 chips with a total
of 83 observed resonators with varying geometries and cleaning procedures. For each cleaning
condition, the cleaning procedure was applied simultaneously to two chips at the same time
to assess the chip-to-chip variability and verify the reproducibility of the observed resonator
performance. The BOE cleaning condition was only evaluated using a single chip.

5.3. MICROWAVE CHARACTERIZATION AND LOSS EXTRACTION

The loss properties of the resonators were characterized by measuring the complex trans-
mission coefficient S,1 of the common feedline using a vector network analyzer (VNA). All
measurements were performed in a Bluefors dilution refrigerator operating at a base temper-
ature of approximately 15 mK. The wiring diagram of the setup can be found in Supplementary
Information Fig. 5:10. Each chip contains twelve unique A/4 CPW resonators coupled to the
same feedline, allowing all resonators on the chip to be probed simultaneously under identi-
cal experimental conditions.

Figure 5.2 shows an example of the measured transmission response for a single resonator.
Panels (a) and (b) display the magnitude and phase of Sy as a function of frequency, while
panel (c) shows the corresponding trajectory in the complex plane. In the raw transmission
data, the resonant response is superimposed on a slowly varying background in both am-
plitude and phase. This background originates from frequency-dependent attenuation and
phase shifts in the microwave components and cabling of the measurement chain. To remove
this effect, we performed a complex background correction. The correction removes linear
frequency-dependent variations in the real and imaginary components of Sy, and was ap-
plied seperately for each different measurement configuration. A detailed description of this
procedure is provided in Supplementary Information 5.5..

Each resonance was then fitted at each probe power using a hanger-type resonator model. A
large variety of models have been developed to describe microwave resonator transmission
measurements [11, 26-29]. Here, we adopt the model introduced in Ref. [29]. From these fits,
we extract the resonance frequency wg/2x, the internal quality factor Q;, and the coupling
quality factor Q.. The complex transmission coefficient is modeled as

Qrot +2i Qo
Qc wo

1+ 2/ Qot (”’;Z’°)

So(w) = aj e/ @ @07 11 —

(5)

where wq is the resonance frequency, Q. and Qq,; are the coupling and total quality factors,
a is an asymmetry parameter that accounts for Fano-type interference in the measurement
chain, for example arising from parallel signal paths or reflections caused by impedance mis-
matches. The complex prefactor A;,, captures an overall amplitude and phase ?ﬁ“set, 1While1T

accounts for a the electrical delay. The internal quality factor is obtained from o= Ow O
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The applied microwave drive power is converted to an average resonator photon number {n)
using the fitted resonance parameters and the calibrated input-line attenuation. Details of
this photon-number calibration procedure are given in Appendix 5.5.6. This enables a direct
comparison of resonator properties as a function of photon number across different devices
and cleaning processes. The data shown in Fig. 5.2 correspond to a drive power yielding an
average photon number (n) ~ 1, placing it in in the single-photon regime. At this power, the
extracted internal quality factor is Q; = (1.18 + 0.04) x 10°. This demonstrates that we can
obtain single-photon internal quality factors exceeding one million for resonators with low
surface participation ratios fabricated using the combined Piranha and BOE cleaning process.

In the remainder of our analysis, we restrict ourselves to undercoupled resonators (Q; < Q.).
Only including undercoupled resonators provides a more robust metric for comparing the
resonator Q; between the different geometries and surface cleaning procedures.
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Figure 5.2: Single-photon resonator response with an internal quality factor exceeding one million. (a)
Magnitude of the transmission response | Sp1| of a linear microwave resonator with low surface partic-
ipation ratio fabricated using a Piranha + BOE cleaning process. (b) Phase of the complex transmission
S»1 near resonance. (c) Complex Syq data in the 1Q plane. In (a) and (b), the horizontal axis is the fre-
quency shift Af relative to the resonance frequency wg /2 = 5.169 GHz. Circles denote measured data
and solid lines show fits to the data. All data shown have their background corrected. The trace shown
corresponds to a drive power yielding an average photon number (n) =~ 1, for which the internal quality
factoris Q; = (1.18 £0.04) x 108, demonstrating single-photon operation with internal quality factors
exceeding one million.
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PHOTON-NUMBER DEPENDENCE OF RESONATOR LOSS

To further investigate the loss mechanisms in the resonators, we study the dependence of the
resonance frequency and quality factors as a function of the average photon number. Fig. 5.3
(a) and (b) show the power dependence of the resonance frequency and quality factors for a
resonator with high surface participation ratio fabricated using the reference process without
additional cleaning. At low photon numbers, the resonance frequency remains approximately
constant. However, a downward shift of the resonance frequency is observed at high powers.
This frequency shift is accompanied by a reduction of Q; and is consistent with microwave-
induced heating and the generation of nonequilibrium quasiparticles at these elevated drive
powers [30]. The extracted coupling quality factor Q. remains constant over the entire power
range. This is expected as it is set by the fixed capacitive coupling to the feedline. In contrast,
the internal quality factor Q; exhibits a clear dependence on photon number. At the lowest
driver powers ({(n) < 1), it saturates to a constant value, indicating a regime in which the
dominant two-level systems (TLS) remain unsaturated. As the photon number is increased,
Q; rises due to the progressive saturation of TLS in the dielectric interfaces. At sufficiently
high photon numbers, the internal quality factor eventually degrades again, consistent with
the onset of additional non-TLS loss mechanisms, such as quasiparticle-related dissipation
associated with heating.

Figure 5.3 (c) compares the internal quality factor as a function of photon number for litho-
graphically identical resonators with different post-fabrication cleaning processes. All devices
show a broadly similar power dependence, with an increase in Q; as the photon number is
increased, consistent with the progressive saturation of two-level systems (TLS). However, the
absolute value of Q; at a given photon number depends on the applied cleaning process,
indicating that surface treatment has a direct impact on resonator loss. Notably, for some
resonators, the lowest accessible photon numbers do not reveal a well-defined saturation
plateau. As a result, a full quantitative fit to a TLS loss model is not possible for all devices,
since the unsaturated TLS regime is not always observed within the available power range.
To enable a consistent comparison across different resonator geometries and surface treat-
ments, we therefore use the internal quality factor measured near the single-photon level as a
comparison metric. Although this value does not necessarily correspond to a fully TLS-limited
regime, this quantity can be reliably extracted for all measured devices and is directly relevant
for typical operating conditions in circuit QED experiments.

The black crosses in Fig. 5.3 (c) indicate the internal quality factor evaluated at ({(n) < 1).
From this, we observe that resonators subjected to additional post-fabrication cleaning steps
exhibit systematically higher single-photon internal quality factors compared to devices fab-
ricated using the reference process. To quantify this trend and disentangle the effects of sur-
face treatment from those of resonator geometry, we next compare the single-photon internal
quality factors across all measured devices as a function of surface participation ratio and
cleaning procedure.
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Figure 5.3: Extracted resonator properties as a function of photon number. (a) Frequency shift Af as
a function of the average photon number {n) for a high surface participation ratio resonator without
additional cleaning. The shift is shown relative to the resonance frequency wg /27 = 5.605 GHz. (b) In-
ternal (Q;) and external (Q.) quality factors extracted from the same resonator as a function of photon
number. The external quality factor is approximately constant while the internal quality factor increases
with photon number. (c) Internal quality factor Q; versus photon number for lithographically identical
resonators fabricated using different cleaning processes. Black crosses indicate the single-photon inter-
nal quality factors. These values are used for the comparison of cleaning methods in subsequent figures.
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SURFACE PARTICIPATION DEPENDENCE AND THE EFFECT OF CLEANING

Fig. 5. summarizes the single-photon internal quality factors extracted from all the under-
coupled resonators measured across seven different chips, grouped by surface participation
ratio (SPR) and post-fabrication cleaning procedure. A clear dependence on the surface par-
ticipation ratio is observed for all different cleaning conditions. Resonators with higher SPR
systematically show lower internal quality factors, consistent with an increased sensitivity to
surface-related dielectric losses. This behavior supports the interpretation that surface losses
dominate the dissipation in these devices and validates the use of SPR as a control parameter
to investigate surface loss effects.

Within each SPR group, the impact of post-fabrication cleaning can be clearly observed. High-
SPR resonators, which are the most sensitive to surface loss, show the clearest improvement
with additional cleaning steps. Applying an additional cleaning step, either a 20-minute Pi-
ranha clean or 20-minute buffered oxide etching (BOE), improves the single-photon internal
quality factor relative to the reference process. Among the individual treatments, BOE yields a
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Figure 5.4: Internal quality factor as a function of surface participation ratio and cleaning process.
Single-photon internal quality factors Q; extracted at {(n) < 1 are shown for resonators with low, in-
termediate, and high surface participation ratios. Only undercoupled resonators satisfying Q; < Q¢
are included. The results are summarized using box plots that capture the distribution of single-photon
Q; values across all chips for each geometry and cleaning procedure. Boxes indicate the interquartile
range (25th-75th percentile), with the median shown as a horizontal line. Whiskers extend to 1.5 times
the interquartile range and outliers are not shown. Resonators with high surface participation ratio are
most sensitive to surface-related losses and therefore provide the clearest comparison between differ-
ent cleaning methods. For low surface participation ratio devices, the combined Piranha + BOE cleaning
process reproducibly yields internal quality factors exceeding 108.
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larger improvements compared to Piranha. However, the highest single-photon internal qual-
ity factors are achieved when a Piranha clean is followed by BOE, demonstrating the benefit
of combining both processes.

For low-SPR resonators, the dependence on cleaning is less pronounced, consistent with a
reduced contribution of surface-related losses. Nevertheless, a systematic upward shift of
the Q; distribution is still observed. In particular, the combined Piranha + BOE process re-
producibly yields single-photon internal quality factors that exceed 106, demonstrating that
post-fabrication surface cleaning can play an important role in reducing loss in tantalum su-
perconducting resonators.

5.4. CONCLUSION AND OUTLOOK

In this chapter, we investigated loss mechanisms in tantalum coplanar-waveguide resonators,
with a particular focus on the role of post-fabrication surface treatments. By fabricating all de-
vices from a single tantalum film and systematically varying both resonator geometry and the
surface cleaning procedure, we were able to directly compare resonator performance under
well-controlled conditions.

We find that post-fabrication surface cleaning has a clear and reproducible impact on the in-
ternal quality factor in the single-photon regime. Resonators subjected to additional cleaning
steps consistently exhibit higher Q; values compared to devices fabricated using the refer-
ence process. Among the treatments studied, the combination of a Piranha clean followed by
buffered oxide etching yields the largest improvement, enabling single-photon internal qual-
ity factors exceeding 10° for low surface participation ratio resonators. These results indicate
that surface contamination and native oxides at dielectric interfaces indeed play a significant
role in limiting the coherence of the resonator in tantalum-based devices.
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5.5. SUPPLEMENTARY INFORMATION

5.51. DEVICE DESIGN

The chip layout contains two microwave launch pads connected by a coplanar waveguide
(CPW) feedline. The feedline has a center-conductor width w = 20 pm and gap width g =
12 um, corresponding to a characteristic impedance of approximately 50 Q. Twelve quarter-
wavelength CPW resonators are capacitively coupled to the feedline along its length. The sur-
face participation ratio is tuned through the resonator geometry by varying the CPW center-
conductor and gap dimensions. Each chip includes three SPR classes (low, mid, and high),
implemented through different resonator geometries. Larger CPW dimensions reduce the
electric-field concentration near lossy surface and interface layers, while smaller dimensions
increase it. Figure 5.10(a) shows a schematic cross section of the CPW geometry, highlight-
ing the metal-substrate (MS), substrate-air (SA), and metal-air (MA) interfaces. Increasing the
CPW dimensions produces a more distributed electric-field profile, with a larger fraction of the
energy stored in the bulk substrate and vacuum.
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Figure 5.5: Surface participation ratio in a CPW resonator. Schematic cross section of a CPW resonator
illustrating how the surface participation ratio depends on device dimensions. The gap g is varied to tune
the electric-field distribution, while the trace width w is adjusted to keep the characteristic impedance
approximately 50 Q. As g increases, a smaller fraction of the electric-field energy resides in dissipative
surface and interface layers.

Table 5.1 summarizes the full set of design parameters for the twelve resonators on a single
chip. Each resonator is assigned an on-chip label corresponding to its identifier in the GDS
layout. This labeling differs from the ordering used in the measurement data, which is sorted
by increasing resonance frequency. The table therefore enables direct comparisons between
resonators with different surface participation ratios and coupling strengths. In support of
open science, the resonator chip GDS layout is publicly available on Zenodo [31], facilitating
reproducibility and reuse.
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Table 5.1: Design parameters for the twelve quarter-wavelength CPW resonators on a single chip. The
on-chip label refers to the resonator index in the GDS layout and differs from the ordering used in the
measurement data, which is sorted by increasing resonance frequency. The resonators span three sur-
face participation ratio (SPR) classes and two target external coupling rates, with target frequencies
between 5.0 and 7.2 GHz. These specifications are implemented by varying the CPW dimensions and the
feedline coupling geometry. At the coupling point, the edge-to-edge spacing between the feedline gap
and the resonator end gap is fixed at 5 pm for all resonators, while the coupling strength is tuned by
varying the resonator end-gap length.

. F Track i h
On chip label SPR Qe target req target rac| Gap  Coupling gap lengtl

(GHz) (um)  (um) (um)
low low 5 40 24 50
low high 5.2 40 24 110
7 mid low 5.4 20 12 20
10 mid high 5.6 20 12 70
high low 5.8 10 6 2
high high 6 10 6 35
8 low low 6.2 40 24 65
1 low high 6.4 40 24 125
3 mid low 6.6 20 12 30
6 mid high 6.8 20 12 75
9 high low 7 10 6 2.5
12 high high 7.2 10 6 45

5.5.2. DEVICE FABRICATION

This section provides additional details of the fabrication process used for the tantalum CPW
resonators presented in the main text. General fabrication procedures are described in Sec-
tion 2.2. The devices were fabricated on 4-inch, double-side polished (DSP), c-plane sapphire
(Al,05) wafers with a thickness of 430 pm. A 100 nm-thick a-phase tantalum film was de-
posited by STAR Cryoelectronics. Prior to fabrication, the wafer was diced into 10 mm X 10 mm
chips.

The fabrication process begins with the removal of dicing resist by soaking the chips in ace-
tone, followed by rinsing in isopropanol (IPA) and a brief oxygen plasma descum to remove
residual organic contamination. Electron-beam lithography was used to define the resonator
patterns. AR-P 6200.18 electron-beam resist was spin-coated at 4000 rpm and baked at 160 °C
for 2 minutes, yielding a resist thickness of approximately 800 nm. A conductive layer of Elec-
tra 92 was then spin-coated at 4000 rpm and baked at 90 °C for 2 minutes to mitigate charging
during electron-beam exposure on the insulating sapphire substrate.

The resonator patterns, shown in Fig. 5.1(a), were written using a Raith EBPG-5200 electron-
beam lithography system. After exposure, the Electra 92 layer was removed by immersion in
deionized water with mild sonication for 2 minutes. The resist was developed in pentyl acetate
for 60 seconds, followed by 5 seconds in o-xylene and 60 seconds in IPA, after which the chip
was dried with a nitrogen gun. A post-exposure bake at 130 °C for 2 minutes was performed
to improve the etch resistance of the resist.
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Pattern transfer was carried out using reactive-ion etching (RIE) in a Sentech Etchlab 200 sys-
tem. After pumping to base pressure, an oxygen plasma descum (30 s at 50 sccm 0,, 100 W
RF power) was performed to remove residual resist. The tantalum film was then etched us-
ing a CF,-based process (20 sccm CF,, 10 pbar chamber pressure, 50 W RF power). Endpoint
detection was performed on a large exposed tantalum region near the center of the chip to
determine when the film had been fully removed, after which the etch was continued for an
additional 10 seconds to ensure complete removal of the film across the chip. Under these
conditions, the etch time for a 100 nm-thick tantalum film was approximately 120 seconds.
Following the etch, an additional in-situ oxygen plasma descum (30 s at 50 sccm O,, 100 W)
was performed prior to venting the chamber.

After etching, the remaining resist was stripped in a hot dimethylformamide (DMF) bath main-
tained at 88 °C for at least 1 hour. The chips were then sonicated in DMF for 5 minutes at
high power, followed by sonication in IPA for an additional 5 minutes. A final oxygen plasma
descum was performed to remove residual organic contamination. This sequence defines the
reference fabrication flow used for all devices in this chapter.

POST-FABRICATION CLEANING PROCEDURES

For the Piranha clean, chips were immersed for 20 minutes in a 2:1 mixture of H,S0,:H,0, to
remove organic residues. The chips were then rinsed sequentially in three separate baths of
water and dried with nitrogen. For the buffered oxide etch (BOE), chips were immersed for
20 minutes in a 1:7 buffered HF solution to remove native surface oxides. After etching, the
chips were triple-rinsed in water and dried with nitrogen.

After fabrication and cleaning, the chips were mounted on printed circuit boards (PCBs), glued
in place using GE varnish, and wirebonded for microwave measurements. Multiple wirebonds
were placed between the chip ground plane and the PCB ground to ensure robust grounding.
In addition, on-chip wirebonds were placed across the feedline and resonators to suppress
slotline modes and maintain a well-defined ground reference. A photograph of a mounted
device is shown in Fig. 5.6.



104 5. IMPACT OF SURFACE CLEANING ON LOSS IN TANTALUM COPLANAR WAVEGUIDE RESONATORS

e

Figure 5.6: Photograph of a fabricated 10 mm X 10 mm tantalum resonator chip mounted on a printed
circuit board (PCB) for microwave characterization. The chip is glued onto the PCB using GE varnish and
electrically connected via aluminum wirebonds.

5.5.3. MEASUREMENT SETUP

The experiments were performed with the devices mounted on the base plate of a Bluefors
dilution refrigerator operating at a base temperature of approximately 25 mK. A schematic
of the cryogenic wiring is shown in Fig. 510. The signal input line has 53 dB of cryogenic
attenuation, along with additional room-temperature attenuation that was adjusted during
the experiments. The twelve linear resonators are coupled to a central feedline in a notch-type
geometry, which connects to separate input and output lines. After passing through the chip,
the transmitted signal is routed through a Low-pass filter (ZLSS-11G-S+) and a dual junction
isolator (LNF-ISISC4_8a) before being amplfied by a high electron mobility transistor (HEMT)
amplfier (LNF-LNC4_8C) at the 4k stage, followed by a room temperature amplfier (Narda-
MITEQ).
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Figure 5.7: Schematic of the measurement setup. (a) Wiring diagram inside the dilution refrigerator. (b)
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5.5.4. BACKGROUND CORRECTION OF COMPLEX TRANSMISSION DATA

To remove slow frequency-dependent amplitude and phase variations originating from the mi-
crowave measurement chain, we applied a complex background correction to the raw trans-
mission data Sy1. To access a larger power range than available from the VNA output, the
measurements were performed in multiple sets with different room-temperature attenuation
settings. The background of the transmission data was therefore corrected independently for
each attenuation configuration.

For a given attenuation configuration, the complex transmission data were first averaged over
all applied input powers to improve the signal-to-noise ratio of the background estimate. Two
frequency windows far detuned from the resonance were then selected at the low- and high-
frequency edges of the sweep, which was centered around the resonance frequency. These off-
resonant regions were assumed to represent the background response of the measurement
chain.

The background transmission was modeled by fitting the real and imaginary parts separately
with first-order polynomials, yielding a complex-valued background model given by

S;%(w) = (8re w + bre) + i (@im @ + bim) - (52)

The measured transmission data were then normalized by this fitted background according to

_ S21(w, P)

S8 (w, P) = . (5.3)
5% (w)

This procedure removed slow frequency-dependent amplitude and phase variations while
preserving the resonant response of the device. Applying the correction separately for each
attenuation configuration ensured that attenuation-dependent changes in the measurement
chain were removed. All transmission data presented in this chapter were background-corrected
in this manner prior to fitting.

5.5.5. INPUT POWER CALIBRATION

To estimate the power at the device input, we calibrate the attenuation of the input lines
and include the specified attenuation of additional cryogenic attenuators in the setup. The
line attenuation is measured at a base temperature of 7 = 25 mK by connecting two input
lines at the mixing chamber stage with a short coaxial cable and measuring the round-trip
transmission. Figure 5.8 shows the resulting transmission data for all input lines in the dilution
refrigerator. A polynomial fit to the measured round-trip transmission is used to obtain the
average frequency-dependent attenuation, and the attenuation of a single line is estimated
by dividing the round-trip value by two. This procedure captures the loss of the full signal
path, including room-temperature cables and connectors.

The estimated power at the device input is then obtained by subtracting the estimated total
attenuation from the source power,

Piev(w) = Psc(@) — Ajine (@) — Aatts (5.4)
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where Py (w) is the generator output power, Ajj,e (w) is the measured frequency-dependent
attenuation of a single input line, and A,y is the fixed attenuation from additional attenuators.
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Figure 5.8: Estimation of the frequency-dependent input-line attenuation. Round-trip transmission of
two connected input lines measured at T = 25 mK. The data show the frequency-dependent attenuation
obtained for measurements of all input lines, together with a polynomial fit used to extract the average
attenuation. The attenuation of a single line is estimated by dividing the fitted round-trip attenuation
by two.

5.5.6. PHOTON NUMBER CALIBRATION

The average photon number in the resonator was estimated from the applied microwave
power using the steady-state response of a driven hanger-type resonator. For resonant driv-
ing, the average photon number is given by [7, 32]

2 Zo Q2

"=z e,

P, (5.5)

where wg is the resonance frequency, Zy is the characteristic impedance of the feedline, Z, is
the characteristic impedance of the resonator, P is the microwave power at the device input,
and Q. and Q. are the total and coupling quality factors, respectively. Both impedances
were taken to be Zy = Z, = 50 Q, consistent with the CPW design and measurement envi-
ronment. This calibration enabled the extracted resonance frequency and quality factors to
be compared as functions of photon number. We note that this calibration provides an esti-
mate of the average photon number and should be interpreted as an upper bound, because
uncertainties in the total line attenuation and additional microwave losses between room
temperature and the device are difficult to quantify precisely.
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5.5.7. SINGLE-PHOTON Q,‘ EXCEEDING ONE MILLION

Fig. 5.9 shows the power dependence of one of the low surface participation ratio resonator for
which an internal quality factor exceeding 10° was obtained, as shown in Fig. 5.2 in the main
text. The extracted resonance frequencies and quality factors are plotted as a function of
the average photon number. In the single-photon regime, the internal quality factor saturated
above 10° as the photon number was reduced. The step-like change observed in both the res-
onance frequency and internal quality factor coincided with a change in the room-temperature
attenuation and was attributed to changes in impedance matching and interference conditions
in the measurement chain.
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Figure 5.9: Extracted resonator properties as a function of photon number for a high-Q; resonator. (a)
Resonance frequency shift Af as a function of the average photon number (n) for the low surface
participation ratio resonator shown in Fig. 5.2, fabricated using the Piranha + BOE cleaning process. The
frequency shift is shown relative to the resonance frequency wg /27 = 5.169 GHz. (b) Internal (Q;) and
external (Q.) quality factors extracted from fits to the complex transmission response as a function of
photon number. The black cross marks the single-photon operating point corresponding to the fit shown
in Fig. 5.2.

5.5.8. FULL DATA OVERVIEW

Figure 5.10 provides a complete overview of the measured resonance frequencies and quality
factors for all resonators characterized in this work. Each resonator index refers to a specific
resonator geometry, and shows data for devices subjected to different post-fabrication clean-
ing procedures. The resonators are ordered by increasing resonance frequency to facilitate
comparison across the full frequency range.

For each resonator, the extracted quality factors are shown over the full range of measured
photon numbers. Black crosses mark the single-photon internal quality factors obtained for
under-coupled resonators, which form the basis of the cleaning-process comparison pre-
sented in the main text. The full data set illustrates the consistency of the surface-participation
dependence and the reproducible improvement obtained with additional cleaning steps.
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Figure 5.10: Overview of all measured resonator frequencies and quality factors. Measured resonance
frequencies and quality factors are shown versus resonator index, ordered by increasing resonance fre-
quency. The data includes all measured input powers. Black crosses mark single-photon internal quality
factors extracted for the under-coupled resonators and used for the comparison presented in the main
text.
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6.1. CONCLUSION

In this thesis, we explored how superconducting microwave circuits can be improved by en-
gineering interactions, implementing parametric amplification, and by reducing microwave
loss. After an introduction of the used nanafabrication methods, we addressed several of the
important practical details that go into fabricating superconducting circuits in the cleanroom.

In Chapter 3, we demonstrated how to engineer an intrinsic longitudinal interaction between a
superconducting qubit and a linear microwave resonator. In contrast to effective longitudinal
coupling schemes that rely on external drives, the interaction is directly encoded in the circuit
design. Using a sideband drive, we demonstrated a dynamically controllable effective Jaynes-
Cummings interaction in the strong-coupling limit with a high on-off ratio. By using the qubits
ac-Stark shift as an absolute photon-number calibration, we extracted a longitudinal coupling
rate that exceeded the largest dissipation rate in the system by approximately two orders of
magnitude, which placed the system in the single-photon strong-coupling regime.

Chapter « presented the design, wafer-scale fabrication, and experimental characterization
of a SNAIL-based parametric amplifier. We established its flux-tunable linear response and
demonstrated stable parametric gain in the pumped regime, together with a characterization
of the gain-bandwidth trade-off and the dynamic range. By combining details of the device de-
sign with the fabrication process and quantitative measurements, this chapter demonstrates
how to obtain a parametric amplifier that can be directly integrated into microwave measure-
ment chains for high-fidelity qubit readout and optomechanical experiments.

Finally, Chapter 5 addressed how to reduce dissipation in superconducting resonators. Us-
ing resonators fabricated from a single tantalum film, we compared single-photon internal
quality factors across many devices as a function of resonator geometry and post-fabrication
cleaning processes. We observed that additional post-fabrication cleaning produces a clear
and reproducible improvement in the single-photon internal quality factor. In particular, a
combined Piranha clean followed by buffered oxide etching yields the largest improvement,
enabling reproducible single-photon internal quality factors exceeding one million for low
surface participation ratio resonators. These results reinforce that surface-related dielectric
loss is a major contributor to dissipation in superconducting circuits, and that targeted surface
treatments can provide noticeable improvements in device quality factors without requiring
changes to the underlying film.

6.2. OUTLOOK
The results of this thesis suggest several directions for future work.

The demonstrated intrinsic longitudinal coupling provides a possible route to coupling schemes
that differ from conventional transverse coupling. A possible next step is to extend the ar-
chitecture to multi-qubit devices, in which several qubits are coupled to a common linear
resonator. In such a setting, frequency-selective sideband drives could be used to activate
interactions only for chosen qubit-resonator sidebands, making it possible to selectively me-
diate qubit-qubit interactions. This approach may offer a path to on-demand couplings with
reduced residual (static) ZZ interactions [1].
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Another promising direction is to couple optomechanical systems to the linear resonator that
mediates the longitudinal interaction. One of the key advantages of longitudinal coupling is
its compatibility with large intracavity photon numbers. This is particularly relevant for op-
tomechanics, where many protocols require strong coherent drives to enhance the radiation-
pressure coupling, and to cool the mechanical mode to its ground state [2]. Coupling a qubit
to an optomechanical cavity has been proposed for the preparation of mechanical quantum
states [3-6]. However, in many of these implementations, the cavity inherits some Kerr non-
linearity. This makes the strong drive regime difficult to reach without introducing unwanted
nonlinear effects. Coupling a qubit longitudinally may offer a route to access these strong-
drive regimes. This could provide a platform for the generation and control of macroscopic
superposition states. Supporting the experimental investigation of decoherence mechanics
related to gravity [7-9].

The demonstrated SNAIL parametric amplifier is directly suitable for integration into many
different quantum measurement systems. Future experiments would benefit from an increase
in the instantaneous bandwidth, and in an improved dynamic range (higher P_14g). A promis-
ing route to broader bandwidths is impedance engineering: by embedding the amplifier in
an impedance-matching network, the gain profile can be flattened and extended beyond the
bandwidth set by a single resonant mode [10, 11].

Finally, as superconducting circuits continue to improve and scale in complexity, material qual-
ity and surface-related two-level-system (TLS) loss are likely to become increasingly impor-
tant [12, 13]. Within currently available material platforms, new strategies such as encapsu-
lating superconducting films, have been proposed to suppress the formation of lossy surface
oxides, which are now understood to be one of the dominant sources of TLS loss [14]. How-
ever, long-term progress will likely require advances beyond incremental process optimiza-
tion. New material stacks and advanced interface-engineering techniques may be essential
as device performance needs to improve further, and systems scale to larger architectures [15,
16]. Such advances would reduce physical error rates in superconducting quantum proces-
sors, easing the requirements for fault-tolerant quantum computation using quantum error
correction [17, 18]. Overall, improvements in materials quality are likely to be a key enabling
factor for the next generation of superconducting quantum hardware.



116

6. CONCLUSION AND OUTLOOK

BIBLIOGRAPHY

[1]

[2]

[3]

(4]

[5]

(6]

[7]

(8]

[o]

[10]

[11]

[12]

[13]

[14]

P. Mundada, G. Zhang, T. Hazard, and A. Houck. “Suppression of qubit crosstalk in a tun-
able coupling superconducting circuit”. In: Physical Review Applied 12.5 (2019), 054023.
Link.

J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. Allman, K. Cicak, A. ). Sirois, ). D. Whittaker,
K. W. Lehnert, and R. W. Simmonds. “Sideband cooling of micromechanical motion to
the quantum ground state”. In: Nature 475.7356 (2011), 359-363. Link.

V. Bergholm, W. Wieczorek, T. Schulte-Herbriiggen, and M. Keyl. “Optimal control of hy-
brid optomechanical systems for generating non-classical states of mechanical mo-
tion”. In: Quantum Science and Technology 4.3 (2019), 034001. Link.

M. Kounalakis, Y. M. Blanter, and G. A. Steele. “Synthesizing multi-phonon quantum su-
perposition states using flux-mediated three-body interactions with superconducting
qubits”. In: npj Quantum Information 5.1 (2019), 100. Link.

M. Kounalakis, Y. M. Blanter, and G. A. Steele. “Flux-mediated optomechanics with a
transmon qubit in the single-photon ultrastrong-coupling regime”. In: Physical Review
Research 2.2 (2020), 023335. Link.

B. D. Hauer, J. Combes, and J. D. Teufel. “Nonlinear Sideband Cooling to a Cat State of
Motion”. In: Phys. Rev. Lett. 130 (21 2023), 213604. Link.

W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester. “Towards quantum superposi-
tions of a mirror”. In: Physical Review Letters 91.13 (2003), 130401. Link.

M. Bahrami, M. Paternostro, A. Bassi, and H. Ulbricht. “Proposal for a noninterferometric
test of collapse models in optomechanical systems”. In: Physical Review Letters 112.21
(2014), 210404, Link.

M. F. Gely and G. A. Steele. “Superconducting electro-mechanics to test Diosi-Penrose
effects of general relativity in massive superpositions”. In: AVS Quantum Science 3.3
(2021), 035601. ISSN: 2639-0213. Link.

J. Grebel, A. Bienfait, E. Dumur, H.-S. Chang, M.-H. Chou, C. Conner, G. Peairs, R. Povey,
Y. Zhong, and A. Cleland. “Flux-pumped impedance-engineered broadband Josephson
parametric amplifier”. In: Applied Physics Letters 118.14 (2021). Link.

V. Joshi, S. Hazra, A. Ding, A. Miano, W. Dai, G. Umasankar, A. Kottandavida, G. Liu, L.
Frunzio, and M. Devoret. “Lumped-element broadband SNAIL parametric amplifier with
on-chip pump filter for multiplexed readout”. In: Physical Review Applied 24.4 (2025),
044003. Link.

W. D. Oliver and P. B. Welander. “Materials in superconducting quantum bits". In: MRS
Bulletin 38.10 (2013), 816-825. Link.

M. P. Bland, F. Bahrami, J. G. Martinez, P. H. Prestegaard, B. M. Smitham, A. Joshi, E. Hedrick,
S. Kumar, A. Yang, A. C. Pakpour-Tabrizi, et al. “Millisecond lifetimes and coherence times
in 2D transmon qubits”. In: Nature (2025), 1-6. Link.

R. D. Chang, N. Shumiya, R. A. McLellan, Y. Zhang, M. P. Bland, F. Bahrami, J. Mun, C. Zhou,

K. Kisslinger, G. Cheng, et al. “Eliminating surface oxides of superconducting circuits
with noble metal encapsulation”. In: Physical review letters 134.9 (2025), 097001. Link.


https://doi.org/10.1103/PhysRevApplied.12.054023
https://www.nature.com/articles/nature10261
https://iopscience.iop.org/article/10.1088/2058-9565/ab1682
https://doi.org/10.1038/s41534-019-0219-y
https://doi.org/10.1103/PhysRevResearch.2.023335
https://link.aps.org/doi/10.1103/PhysRevLett.130.213604
https://doi.org/10.1103/PhysRevLett.91.130401
https://doi.org/10.1103/PhysRevLett.112.210404
https://doi.org/10.1116/5.0050988
https://doi.org/10.1063/5.0035945
https://doi.org/10.1103/5l86-pw21
https://doi.org/10.1557/mrs.2013.229
https://doi.org/10.1038/s41586-025-09687-4
https://doi.org/10.1103/PhysRevLett.134.097001

BIBLIOGRAPHY 117

[15]

[16]

[17]

[18]

C. E. Murray. “Material matters in superconducting qubits”. In: Materials Science and
Engineering: R: Reports 146 (2021), 100646. Link.

N. P. De Leon, K. M. Itoh, D. Kim, K. K. Mehta, T. E. Northup, H. Paik, B. Palmer, N. Samarth,

S. Sangtawesin, and D. W. Steuerman. “Materials challenges and opportunities for quan-
tum computing hardware”. In: Science 372.6539 (2021), eabb2823. Link.

Y.-Y. Jiang, C. Deng, H. Fan, B.-Y. Li, L. Sun, X.-S. Tan, W. Wang, G.-M. Xue, F. Yan, H.-F.
Yu, et al. “Advancements in superconducting quantum computing”. In: National Science
Review 12.8 (2025), nwaf246. Link.

“Quantum error correction below the surface code threshold”. In: Nature 638.8052 (2025),
920-926. Link.


https://doi.org/10.1016/j.mser.2021.100646
https://www.science.org/doi/10.1126/science.abb2823
https://doi.org/10.1093/nsr/nwaf246
https://doi.org/10.1038/s41586-024-08449-y




ACKNOWLEDGEMENTS

First, | would like to thank Gary for giving me the opportunity to pursue my PhD in your group.
Over the past few years, we experienced many ups and downs, but you consistently remained
optimistic about what we could achieve. Despite your busy schedule, you were also always
willing to make time for a quick chat. Your guidance and support, combined with your seem-
ingly endless stream of ideas, made this entire experience possible. | also greatly appreciated
the freedom you gave me to explore my own interests in the different projects | worked on.
Along the way, | learned a great deal about physics and beyond.

Sercan, it has been a great pleasure to work with you over the years. From your master’s
project, to our time in team qubit, and later our collaboration on photon pressure. | have
learned a lot from you and truly enjoyed working together. You always took the time to discuss
questions and ideas whenever they came up, which | greatly appreciated. I also really enjoyed
our trips to Anaheim and Vienna, and | wish you all the best with the completion of your PhD.

Jean-Paul, although we both spent more than four years in the group, we only started working
together after | had finished the draft of my thesis. I always appreciated your enthusiasm and
the positive energy that you bring to the group. You have a talent for asking questions about
things that | clearly knew nothing about, but somehow I always left feeling | had managed to
help. Working together on the CIELO project during the last few months was a lot of fun!

Marius, your seemingly endless knowledge of cQED continues to surprise me every time we
talk. It has been great to have you join the team. | also want to thank you for introducing me to
the SPA project. Although the fabrication turned out to be more challenging than we originally
anticipated, | am very happy with how things finally turned out and that the amplifiers are now
actively being used in the group.

Jasper, you truly helped make the group a more enjoyable place. | always appreciated our
chats, whether they were work-related or, more often, about things beyond work, which were
a welcome break during busy days. Your organizational skills were a great asset to the group,
and | really enjoyed our collaboration on the design and fabrication of the qubit reference
chip.

Matteo, it was great to have you join the group after your master’s project. You have made
some very nice progress with the fabrication of the drums, and it was always a lot of fun to
have you around. I am confident that you will succeed in coupling a drum to a qubit!

Clinton, your broad knowledge across many areas of physics is truly impressive. You played
an important role in pushing several projects forward within the group. Good luck with setting
up your group in Calgary.

Jacob, thank you for helping me get started when I first joined the group. Your hard work and
deep knowledge of the cQED literature were truly impressive.

119



120 6. CONCLUSION AND OUTLOOK

Sarah, you always brought a fun and relaxed atmosphere to the group. Even though we did not
work together much, I really enjoyed our conversations, which made the everyday struggles
feel more manageable.

Tommy, you clearly left a positive impact on team mechanics. Your positive attitude was al-
ways highly motivating, and | am sure that great results lie ahead.

Jels, you are the next generation of the SteeleLab! It has been great to have you in the group
and | am convinced that you will obtain great results for the mechanics team.

Hugo, it has been very nice to follow your progress with the SPA’s. | think you did a great job,
and wish you the best with finishing your thesis.

Marijn, Chelsea, Zhongyu, Erik, Loek, Maureen, Leon, Solal, Johanna, Niek, Wouter, Hans, Ste-
fanos, Gopika, Chandan, Ines, Byoung-moo, Sarwan and Adrian, thank you for all your help
over the years and for making the SteeleLab a fun and enjoyable place to work.

Christian, thank you for being my co-promotor. Your objective input to our projects was always
very insightful.

Richard, | had a lot of fun working together on the fabrication of your chips. Although things
took more time than we had probably anticipated, | am sure you will obtain some nice results
soon!

I would like to thank my BEP and MEP students Maél, Matteo and Pepijn, whom | had the
pleasure to supervise over the last few years. Supervising you was a very enjoyable experience,
during which I also learned a lot along the way.

David Thoen, thank you for always being willing to share your fabrication tips and suggestions.
I also really appreciated the opportunity to visit the SRON cleanroom facilities in Leiden with
you.

Lizzy, thank you for all your administrative support during the last few years. You somehow
made the Basware experience almost enjoyable.

Siddharth, thank you for helping me out numerous times over the years! It was always fun to
catch up and hear how your work was progressing. | really appreciate how approachable you
were and that | could always ask you for help or advice.

Jana, it was always nice to discuss how you approached things in the cleanroom. We both
know the challenges in obtaining good results there, and | really appreciated that we could
help each other along the way. | wish you the best with the rest of your PhD.

Amber, | always enjoyed catching up over the past few years. We started at the same time, and
our defenses are only a week apart! It was always fun comparing whether the grass is greener
in Delft or in Leiden. Good luck with the final preparations.

Marc, Bas, Charles, Brian, Marinus, Ewan, Anja, Hozanna, Esther, Arnold, Lodi, Marco, Marco,
Ron, Roald, Eugene, and Pauline, thank you for all your help and support in the Kavli Nanolab
over the past five years. You all made the cleanroom a great place to work.

Ronald, Nico and Tim, | always enjoyed walking into the mechanical workshop, where you
were always welcoming and ready to help. From my early days during my BEP, when | needed



BIBLIOGRAPHY 121

countless strips of copper, to the iterative process of designing our new microwave boxes
during my PhD, I always appreciated your support, expertise, and craftsmanship.

Olaf and Jason, thank you for your continued support over the years. Since my BEP, your doors
have always been open to me, and | always appreciated hearing your perspectives and advice.

Raymond, and the rest of the electronics team, your deep understanding of the measurement
electronics has been invaluable over the years.

Nick and Greg, thank you for introducing me to the amazing world of nanofabrication dur-
ing my master’s project. Your guidance not only shaped that experience, but also laid the
foundation for the work that followed throughout my PhD.

Matvey, Anand, Sean, Kishore, Figen and the many other users of the Kavli Nanolab cleanroom,
thank you for your valuable tips, helpful suggestions, and for sharing your expertise over the
years. Santiago, thank you for organizing the SCJournalclub.

Furthermore, | want to thank everyone else in the Quantum Nanoscience department for mak-
ing QN such a nice place to work.

Stefanie, Krijn, Alex, Dana, Winfried, Rivka en Tim, bedankt voor de vele borrels en de gezel-
ligheid. Samen hebben we heel wat barre winters doorstaan!

Nina, Sep, Koen (Walewijn), Florian, Silvan, Koen (Koenraadt), Matthijs, Siem, Sarah, Maarten,
Pepijn, Annertiet, Anne, Arent, Wietske, Tim, Roemer, Stephan, Oxana, Hidde, Sasha, Rens,
Alies, Laura, Jurjen, Jelte, Micha, Alexander, Dimitri, Judith, Luna, Justin, Tristan, Mark, Sven,
Fu-Cui, Onno, Thomas, Cas, bedankt voor de geweldige tijd die ik met jullie in Delft heb mogen
beleven. Ik kijk met veel plezier terug op alle activiteiten, borrels, weekenden weg, reiinies en
de vele gezellige momenten samen.

Bas, Sabine, Manon, Maxim, Roxanne, Bastiaan, Danette en Kedem, met jullie verveelt het
nooit! Ik heb enorm genoten van alle etentjes, weekendjes weg en de vele gezellige momenten.

Melitza, Cas, Iris, Maxime, David, Redmer, Yves, Katja Helena, bedankt voor alle gezelligheid
tijdens mijn jaren in Delft.

Ik wil mijn familie en schoonfamilie bedanken voor de gezelligheid en support de afgelopen
jaren. Daarnaast wil ik mijn ouders bedanken, jullie hebben mij altijd op elke mogelijk manier
gesteund. Jullie deur stond altijd voor me open en zonder jullie hulp had ik hier niet gestaan.
Mam, het was altijd fijn om bij jullie langs te komen voor een kop koffie en even een moment
van rust. Pap, je was er altijd voor me en daar ben ik je eeuwig dankbaar voor. Jou tijdens dit
traject verliezen heeft mijn wereld volledig op zijn kop gezet. Nu ik dit project eindelijk heb
afgerond, ga ik er alles aan doen om jouw project "Juist" af te maken.

Koen, jouw steun, geduld en vertrouwen hebben de afgelopen jaren voor mij zoveel mooier
gemaakt. Of ik nu na weken proberen nog steeds niets voor elkaar kreeg, of juist vrolijk
thuiskwam omdat iets eindelijk was gelukt, jij was er altijd voor me. Ik ben ontzettend dankbaar
dat ik dit traject met jou aan mijn zijde heb mogen doorlopen.

Delft

06.05.2026






24-01-1996

EDUCATION

20082012
2012-2014

2014-2015

20152019

2019-2021

2021-2026

CURRICULUM VITE

Robin Christian DEKKER

Born in Spijkenisse, The Netherlands.

Penta Bahiirim, Brielle
Penta Jacob van Liesveldt, Hellevoetsluis

Bachelor of Science in Applied Physics
The Hague University of Applied Sciences, Delft

Bachelor of Science in Applied Physics

Delft University of Technology, Delft

Thesis: Copper annealing: Optimising heat conductivity at ultra
low temperatures for cryogenic applications.

Supervisors:  Dr. 0. W. B. Benningshof and Dr. ir. M. Veldhorst

Master of Science in Applied Physics

Delft University of Technology, Delft

Thesis: Non-local conductance measurements in semiconductor-
superconductor hybrid nanowire devices.

Supervisor:  Prof. dr. ir. L. P. Kouwenhoven

PhD in Applied Physics
Delft University of Technology, Delft

Thesis: Engineering Strong Intrinsic Longitudinal Coupling in Circuit
Quantum Electrodynamics
Promotors: Prof. dr. G. A. Steele and Dr. C. Andersen

123






LIST OF CONTRIBUTIONS

Journal Publications

4. B. Ann, S.-). Choi, H.C. Park, S. Deve, R.C. Dekker, G.A. Steele, J. Ku, S.-B. Shim, and J. Suh, "Evi-
dence for unexpectedly low quasiparticle generation rates across Josephson junctions of driven
superconducting qubits", arXiv:2511.22930, (2025).

3. C.A. Potts, R.C. Dekker, S. Deve, E.W. Strijbis and G.A. Steele, "Strong Intrinsic Longitudinal Cou-
pling in Circuit Quantum Electrodynamics", Physical Review Letters, 134, 153603, (2025).

2. N.van Loo, G.P. Mazur, T. Dvir, G. Wang, R.C. Dekker, ).-Y. Wang, M. Lemang, C. Sfiligoj, A. Bordin, D.
van Driel, G. Badawy, S. Gazibegovic, E.P.A.M. Bakkers and L.P. Kouwenhoven, "Electrostatic control
of the proximity effect in the bulk of semiconductorsuperconductor hybrids", Nature Commununi-
cations 14, 3325, (2023).

1. G.P. Mazur, N. van Loo, J.-Y. Wang, T. Dvir, G. Wang, A. Khindanov, S. Korneychuk, F. Borsoi, R.C.
Dekker, G. Badawy, P. Vinke, S. Gazibegovic, E.P.A.M. Bakkers, M. Quintero-Pérez, S. Heedt and L.P.
Kouwenhoven, "Spin-mixing enhanced proximity effect in aluminum-based superconductorsemi-
conductor hybrids", Advanced Materials, 34, 2202034, (2022).

Supervised student projects

+ Matteo Arfini, "Microfabrication of a Superconducting Electromechanical Device Aimed at Enhanc-
ing the Mechanical Coherence of Drumhead Resonators", MEP Thesis, (Dec. 2022 - Sep. 2023).

- Pepijn Habing, "A numerical analysis of photon pressure coupling in cQED", BEP Thesis,
(Apr. 2022 - Jul. 2022).

+ Maél Demarets, "Driving-induced interactions in multi-nodes networks Towards reconfigurable
networks of microwave qubits and photons", MEP Thesis, (Feb. 2022 - Aug. 2022).

125


https://arxiv.org/abs/2511.22930
https://doi.org/10.1103/PhysRevLett.134.153603
https://doi.org/10.1038/s41467-023-39044-w
https://doi.org/10.1038/s41467-023-39044-w
https://doi.org/10.1002/adma.202202034







