B universitat
Innsbruck

Fabrication and Characterization of
Free-Standing Airbridges

MASTER THESIS
by
Deniz Egem Molavali
submitted to the Faculty of Mathematics, Computer Science,

and Physics of the University of Innsbruck in partial fullfillment of
the requirements for the degree of

Master of Science (MSc)

Innsbruck, August 2025

carried out at the Institute of Experimental Physics
under the supervision of

UNIV.-PROF. DR. GERHARD KIRCHMAIR






Abstract

Grounding is crucial in coplanar superconducting circuit architectures, since chip complexity
and scalability increase, asymmetries and discontinuities in the ground plane arise. These irreg-
ularities excite parasitic slotline modes, which can be coupled to qubits or other resonant modes
and degrade circuit performance. Wirebonds are one of the most frequently used crossovers for
grounding—also in Quanten Nano Zentrum Tirol (QNZT) — however, due to their size, they
introduce large inductive losses and are not practical for large-scale chips.

The small structure of airbridges causes lower inductive losses and is compatible with scalable
superconducting devices because the density of airbridges can be increased simply by modifying
the fabrication design. In this project, airbridges are fabricated for the first time in the QNZT
using a single-step grayscale electron beam lithography technique, inspired by the work of Janzen
et al. [1]. To optimize the grayscale electron beam lithography process, special techniques are
employed, such as delayed development [2] and 3D proximity effect correction (PEC) [3]. In
addition, pure Methyl Isobutyl Ketone (MIBK) is used as the developer. The lower contrast
characteristic of the positive resist is achieved by pure MIBK and delayed development, so that
this technique increases the precision of the resist height after development. A high temperature
reflow process is avoided, which can alter the characteristics of Josephson junctions. In addition,
PEC is employed to increase the precision of the lithographic process, which is essential in low
acceleration voltage Electron Beam Lithography(EBL). Eventually, we achieved a smooth arc-
shaped airbridge mask with over 99% yield for airbridges ranging from 45 pm to 65 pum and
over 80% yield for 85 pum airbridges. These structures also demonstrated durability against
dicing, ultrasonication and N2 blow-drying. Finally, two chips with CPW resonators grounded
by airbridges are characterized at cryogenic temperatures.
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Chapter 1: Introduction

CHAPTER

Introduction

Over the past hundred years, fundamental research into quantum phenomena has opened new
pathways toward potential quantum technologies. In 1982, Richard Feynman proposed the idea
of a quantum computer [4]. Since then, quantum computers have been studied on various plat-
forms, such as trapped ions, superconducting qubits, and photonic devices [5-7]. Over the last
decade, significant progress has been made towards building functional quantum computers and
in 2019, quantum advantage was demonstrated by Arute et al. [8]. Looking forward, the goal is
to increase scalability, develop robust quantum error correction [9, 10], and advance quantum
algorithms [11, 12], ultimately leading to efficient quantum computers capable of solving com-
plex problems.

Due to their high design flexibility and high coherence time, superconducting qubits are con-
sidered one of the most promising platforms for quantum computers [13, 14]. Since the first
demonstration of a superconducting qubit in 1999 [6], more than twenty years have passed, and
we are now in the Noisy Intermediate-Scale Quantum (NISQ) era [15], where it is possible to
control systems with over 50 qubits [16]. Superconducting qubits offer several advantages over
other platforms, such as trapped ions and optical systems. These include high designability
through fabrication and layout, relatively easy coupling of multiple qubits via inductive or ca-
pacitive interactions, and operation using commercially available microwave control devices.

Coplanar waveguide (CPW) resonators play a significant role in circuit quantum electrody-
namics (cQED) due to their ability to store single photons and couple coherently to two-level
systems [17]. Moreover, CPW resonators are widely used for coherent single-qubit control [17],
dispersive qubit readout [18], and coupling of multiple qubits [19]. CPW resonators are easily
designable up to frequencies of 10 GHz and beyond, and can exhibit large internal quality factors
of the order of 10° to 108 [20-23]. During this thesis, CPW resonators of varying lengths were
designed and fabricated with both half-wavelength and quarter-wavelength geometries, and their
properties were characterized using the So; transmission spectrum.



Ideally, the ground plane should have equal potential on both sides of the CPW line. However,
as the scale and complexity of superconducting chips increase, asymmetries and discontinuities
in the ground plane can lead to parasitic slotline modes. These unwanted modes can be coupled
to qubits or resonators and become sources of radiation loss and decoherence [24, 25]. To sup-
press these modes, the ground plane potential must be equalized. This is achieved using metallic
crossovers such as wirebonds [26], dielectric bridges and airbridges [1, 27-35]. Wirebonds are
often used to connect the ground plane because they do not require additional fabrication steps
and are easy to apply. However, they are not practical for larger-scale chips. In addition,
wirebonds have a much higher inductance than airbridges due to their relatively large size and
their impedance of approximately 40 () makes them inefficient as crossovers in superconducting
chips [29]. Dielectric bridges, on the other hand, are metallic crossovers supported by a dielec-
tric layer, unlike airbridges. However, they are also less effective due to the additional shunt
capacitance introduced by the dielectric medium, which can be a source of dielectric loss.

Airbridges are the most promising method for crossing the ground plane due to their low loss, on
the order of 10~ per airbridge at the single photon level [1, 29, 31]. However, the fabrication of
airbridges may introduce additional loss to the circuit and potentially alter the characteristics of
Josephson junctions due to the high temperatures typically used in many airbridge fabrication
processes. In this thesis, Aluminum airbridges were fabricated for the first time at the QNZT
using a single-step grayscale lithography technique, performed at relatively low temperatures.
The fabricated airbridges demonstrated over 99% yield for lengths up to 65 pm.

This thesis is structured as follows. Chapter 2 presents the theoretical background of microwave
technology, transmission lines and microwave resonators. Design considerations and fabrication
details for the CPW resonators are provided in Chapter 3. Chapter 4 reviews the literature
on the current airbridge designs and introduces the fundamentals of nanofabrication, with a
particular focus on techniques used for airbridge fabrication at the QNZT, such as grayscale e-
beam lithography, proximity effect correction and delayed development. The mechanical stability
of the fabricated airbridges is also evaluated and SEM images are included. Chapter 5 presents
the microwave measurements of the fabricated devices. Finally, Chapter 6 offers conclusions and
outlines possible directions for future experiments. A detailed fabrication recipe is provided in
the appendix.
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CHAPTER

Theory

In this chapter, we will discuss the theorotical background of selected topics related in this
thesis. First, the physics of transmission lines is discussed. Additionally, microwave resonators
more spesifically transmission line resonators are given. Key parameters for understanding the
properties of microwave resonators, such as the scattering matrix and quality factors, are also
covered.

2.1 Superconductivity

Superconductivity is a quantum phenomenon in which certain materials exhibit zero electrical
resistance and perfect diamagnetism when they are cooled below a critical temperature (7).
Heike Kamerlingh Onnes first noted this unusual behavior in 1911. Bardeen, Cooper and Schri-
effer developed what is now known as the BCS theory, which was the first sufficient theory of
the superconductivity phenomenon [36, 37]. BCS theory describes that electron pairs —Cooper
pairs— cause an indirect attractive interaction mediated by lattice vibrations (phonons) in a
superconductor. These pairs enable electrical current to flow without energy loss by means of
collective action. A Cooper pair forms a condensate in a new many-body ground state that
exhibits bosonic characteristics and possesses a lower energy than the Fermi energy of a single
electron. The energy difference between the Fermi energy of a single electron and the ground
state energy of the Cooper pair is referred to as the superconducting gap. In addition to its
fundamental scientific interest, superconductivity also drives advanced technologies and research
areas such as quantum computing with superconducting qubits and circuit quantum electrody-
namics (cQED)[6, 8].

2.1.1 Supercurrent

The supercurrent is the result of the movement of electron pairs, which they flow without energy
loss, in contrast to individual electrons that experience resistive losses [38]. The current-carrying



Section 2.1: Superconductivity

capacity of a superconductor is limited by the electron pair-breaking mechanism. As the num-
ber of electron pairs decreases, the superconducting state eventually collapses. Near the critical
temperature T, the critical current density can be estimated using Ginzburg-Landau theory.
However, since the experiments in this study are performed well below 7., more advanced the-
oretical models are required, as the Ginzburg-Landau approach is no longer valid [39]. A more
appropriate solution was introduced by Kupriyanov and Lukichev, who numerically solved the
Eilenberger equations for current-carrying states [40].

When the width of the sample exceeds the penetration depth, the current distribution becomes
non-uniform. The penetration depth is described as the distance from the surface of a su-
perconductor where the magnetic field drops 1/e of the magnetic field at the surface of the
superconductor. In the context of thin films, the bulk penetration depth A is modified to A2 /d,
where d is the thickness of the film, this applies when the penetration depth is greater than the
thickness of the film. In dirty superconductors where the coherence length &y is greater than
the mean free path, A is further modified as

A=Az (0)1/ 2 (2.1)

where A7 (0) is the London penetration depth at zero kelvin, &y is the BCS coherence length,
which represents the size of a Cooper pair and defines the distance over which the superconduct-
ing order parameter returns to its bulk value. and [ is the mean free path for elastic scattering.
The thin film used for air bridges in this work has a width of 10 um and a thickness of 370 nm.
The critical current density for a similar thick aluminum film in the dirty limit has been reported
as j.(0) = 299GA/m? [39]. Using this as a reference, the supercurrent can be estimated. The
current density for a dirty superconductor is given by

g [, T\
Je = 902 ll_ <Tc> ] (2.2)

where T'= 17mK and 7, = 1.2K. The resulting current density is approximately j. ~ 1.06 x
10 A/ m? and the critical current is given by

Io=j. A (2.3)

where A is the cross-sectional area of the film. The estimated critical current for the air bridge
is approximately 0.392 A, which is quite high and exceeds the measurable range in the current
cryogenic setup without increasing the temperature of the stage.
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2.2 Coplanar Waveguides

Waveguides are structures that are widely used for transmitting data in the form of electro-
magnetic waves, such as optical fibers, coaxial cables and coplanar waveguides (CPW). CPW
is a planar structure on a chip that consists of three parts: center conductor, slotline gaps and
ground planes as indicated in Fig. 2.1. Since all the features are 2D, it can be easily fabricated
using photolithography or EBL. Coplanar waveguides are widely used in superconducting cir-
cuits to realize microwave control lines and resonators.

To understand microwave measurements and device development process, we will look a bit

deeper into transmission line theory and equivalent circuit model, the lumped element descrip-
tion of a resonator, CPW resonators as well as S-parameters.

(a)

_p‘ . . - Mag=" 311X EHT =10.00 kv Signal A = SE2 Gun Vacuum = 1.50e-03 mbar
nVa u 20 pm WD = 16.1 mm Apertture Size = 60.00 pm Systern Vacuum = 2.63e-06 mbar

(a) Illustration of CPW geometry. In dark blue is the substrate and light blue
areas show the metallic thin film. The t represents the film thickness, s is the
slotline gap and w is the width of the central conductor. (b) SEM image of the
fabricated CPW transmission line. One can see the bond pad and an airbridge.
The dark shadow is an imaging artifact.

2.2.1 Transmission line

High frequency radio waves can be transmitted either with unbounded media like radio broad-
cast or guided structures such as waveguides. Transmission lines are one of the most common
waveguides that are used to transmit electrical signals from one point to another. This and the
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following derivations of transmission line theory are adapted from the book by Pozar [41].

RAZ LAZ

=1 L L
| i

AZ

Lumped element equivalent circuit of CPW. R represents the series resistance,
L is the self inductance of two conductors, C is the shunt capacitance and G is
the shunt conductance per unit length. The figure is remade from [41].

Figure 2.2 shows the equivalent circuit of a transmission line. Here L denotes the self-inductance
of the two conductors, C' is the shunt capacitance, R is the series resistance due to finite conduc-
tivity and G is the shunt conductance representing dielectric loss in the material between the
conductors. All parameters are defined per unit length AZ. Kirchhoff’s voltage law is applied
to analyze wave propagation along the transmission line

i(z,t)

v(z,t) — RAZi(z,t) — LAZ 5

—w(z+AZ,t) =0. (2.4)

Additionally, Kirchhoff’s current law is applied to the transmission line, resulting in

0v(z+ AZ,t)

i(z,t) —GAZv(z+ AZ,t) —CAZ y

—i(z+AZ,t)=0. (2.5)

By dividing both equations by AZ and taking the limit as AZ — 0, one obtains the following
differential equation, known as the Telegrapher’s equations [41]

(%ézz’t) — _Ri(z,t) — Laig’ t (2.6)
0i(z,t) ov(z,t)
5, —Gu(z,t) - C T (2.7)

To obtain the wave equations for I(z) and V(z), the two coupled differential equations can be
solved.
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2 z
d ng ) _ Y2V (z) =0, (2.8)
dz(j) —42I(z) = 0. (2.9)

Where v =a+j8=+/(R+ jwL)(G + jwC) is the complex propagation constant. The solution
of this second order differential equation is

V(z)=V,fe 4+ Ve, (2.10)
I(z) =L e 7"+ 1, &7 (2.11)

The exponential term indicates the wave propagation in the £z direction. The characteristic
impedance Zj is defined as the ratio of voltage to current, given by

|

R+ jwL R+ jwL
_ — 7= - , 2.12
[ P ~ \ G +jwC (2.12)

The voltage can be expressed again in the time domain

v(z,t) = |V,|cos (wt —Bz+ ¢+) e Y4V, Cos(wt + Bz + gb*)eaz. (2.13)

So far, this discussion has considered a lossy medium, but in many cases, losses in the trans-
mission line can be neglected. For a lossless transmission line, the attenuation constant is o =0
and the phase constant is § = wv LC. In this case, the characteristic impedance is

Zo = \F (2.14)

The wavelength and phase velocity for a lossless transmission line can be expressed as

Q

[\)

T 2

A:§ZWM’ (2.15)
w 1
%ZE:\/T?' (2.16)
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2.2.1.1 Terminated lossless Transmission Line

In many cases, the transmission line is terminated with a load impedance or short circuit. In
these situations, the power reflected by the load depends on the load impedance Z,, as illus-
trated in Fig. 2.3(a).

@ V(2)(2) o
Z, Z,
--- O
: g*
(b) o V(2),l(2) o
Z, Z,=0
--- O
| z,>

(a) Terminated lossless transmission line a load with impedance Zy. (b) Trans-
mission line with shorted end. The figure is reproduced from [41].

When a transmission line is terminated with an impedance load Zj, the current and voltage
must satisfy this boundary condition. To achieve this, the reflected wave must have a specific
amplitude. The total voltage can be expressed as the sum of the incident and reflected waves

V(z) =V, e 3% 4 v edP?) (2.17)
Vb e Vo

I(z) = —2-e~9P7 _ 20 P2, 2.1

(2) 70 € 70 € (2.18)

The load impedance can be determined at the boundary where the load and the transmission
line meet, specifically at z=0

V() Vir+V,
I100)  Vor =V,

Zy, = Z. (2.19)
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To find the reflection coefficient I', this equation can be solved for V,~,

Z, -7,
v =2k Dy

— 2.20

The ratio between the amplitude and phase of the reflected wave and the incident wave is de-
scribed with the reflection coefficient

B Vv, B 21, — 2y
VS Zo+Zo

(2.21)

When I' =0, it means that all the power is transmitted with no reflection. This situation occurs
when loads are matched Z; = Zy. On the other hand, when I' = 1, indicating that the entire
wave is reflected, which indicates a mismatch of the impedances. The input impedance at the

beginning of the transmission line, such as at z = —[, is given by
Z5, + jZytan Bl
Tin = Zo 2L Y . (2.22)
Zo+ jZ tan 5l

Moreover, when the transmission line is terminated with a short circuit such that Z; =0 as
illustrated in Fig2.3(b), the incident wave is fully reflected back and the reflection coefficient
is ' = —1. In this case, the incident and reflected waves are in superposition, as described in
Eq. 2.18. The input impedance varies along the length of the transmission line with a period
of half a wavelength, which shows the presence of these standing waves. Therefore, the input
impedance at the z = —[ is expressed as

Zin :jZotan(,Bl). (2.23)

The input impedance oscillates between +j00 and —joo.

2.2.2 S-parameter

The scattering matrix (S-matrix) provides information on the transmitted and reflected power
within a circuit network. Additionally, it is possible to convert the S-matrix into the impedance
matrix Z, which offers a complete picture of the circuit behavior. The following section is
adapted from the book by Pozar [42]. For a two-port network, the S-matrix is given as:

Vit (S Sie V1+
(5)-(e 2
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When port j is excited by a voltage Vj+, the scattering parameter S;; is defined by

V-
Sii= —1-. 2.25
7 (2.25)

All other ports are terminated in their characteristic impedance to prevent reflections. Hence,

o for ¢ # j the procedure yields the transmission coefficient S;;,
o for i = j it yields the reflection coefficient S;;.

For a lossless network, the scattering matrix S is unitary and its entries are purely imaginary.
If the network is also reciprocal, as is typical for structures composed solely of linear, nonmag-
netized materials, S is symmetric, i.e., S;; = Sj;. Therefore, a reciprocal two-port device can be
fully characterized by two independent elements, such as S1; and S21. The remaining elements
Soo and Sis are determined by symmetry and unitarity. For a signal on resonance, there will
be no transmission in an ideal lossless resonator due to destructive interference of input and
reflected waves. In addition, there will be no attenuation off-resonance without any impedance
mismatching.

To study microwave resonators, notch or reflection configurations are commonly used. In the
notch configuration, as illustrated in Fig. 2.4, a two-port setup is used in which the resonator is
capacitively coupled to the transmission line. The transmitted signal is measured and referred
to as Se21. In the reflection configuration, the same transmission line is used for both input and
output: the signal travels to the resonator, reflects back and is measured as Sy;1.

All measurements conducted in this thesis were performed using the notch configuration as shown
in Fig.2.4. In the notch configuration, Z; and Zs represent the impedances of the feedline and
the coupling element, respectively, while Z3 corresponds to the impedance of the resonator.
The resonator can be modeled as an RLC circuit, where the resistance R represents a loss
channel. These losses are generally categorized as external and internal. For a more comprehen-
sive explanation, including alternative configurations, the thesis by D.Zopfl [43] is recommended.

2.2.3 Quality Factors

In this section, we discuss the Q-factors to understand the experimental data presented in the
results. The Q-factor is proportional to the photon lifetime of a resonator. As the Q-factor
increases, the photon lifetime also increases. The quality factor describes the general losses per
cycle relative to the energy stored in a resonator [44, 45]. The quality factor of a resonant circuit
is defined as

average energy stored in resonator Wr

Q=2r (2.26)

energy dissipated per cycle - Aw,
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Model of a resonator coupled to a transmission line in a notch configuration.
The Z; and Z5 represent the impedance of the transmission line, and Z3 is the
resonator.

Here, Aw;, is related to the damping of the system that corresponds to the full width half maxi-
mum (FWHM) and w, is the resonance frequency. The quality factor is a dimensionless number
that includes information about the energy loss at the resonator. Moreover, the total quality
factor () can be written in two terms, internal and external (also known as coupling quality
factor "Q.") as below,

1 1 1
@ = @—I-@ (2.27)

The coupling quality factor Q). is a complex quantity that accounts for both coupling losses and
the phase shift due to impedance mismatch [44]. Since it describes energy losses to the external
circuitry, (). can be tuned through the geometry of the circuit. On the other hand, the internal
quality factor (); arises from dissipative losses related to intrinsic properties of the resonator,
such as material choice and fabrication-induced imperfections. Moreover, the relation between
Q; and . defines three different coupling regimes, as summarized in Table 2.1.

Qe ~ Q; | critically coupled
Q. > Q; | under-coupled
Q. < Q; | over-coupled

1ELRYAE Coupling regimes based on the relationship between ). and Q;.

In the under-coupled regime, most of the losses originate from the internal dissipation of the
resonator. In contrast, in the over-coupled regime, energy loss is due to radiation into the
waveguide. In the critical coupling regime, the internal and external loss channels contribute
approximately equally.
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Finally, the transmission coefficient So; can be written in terms of coupling and total quality
factor [43]

So1=1— M. (2.28)

1+ 2iQu 2

w.

These quality factors can be extracted from the transmission measurement using the circle fit
routine. Details on the circle fit routine can be found in [43, 46].

2.2.4 Microwave Resonators

Standing waves can exist in a microwave resonator as a result of energy oscillating between the
inductive and capacitive elements of the circuit. Alternatively, properties of standing waves,
such as wavelength, can be described in terms of the length of the resonator and the boundary
conditions of the resonator. For example, a coplanar waveguide (CPW) resonator with two
open ends corresponds to a A\/2 resonator, while one with a single open end corresponds to a
A/4 resonator, where )\ is the wavelength at the resonance frequency.

Before explaining the CPW architecture in detail, we first consider a basic harmonic oscilla-
tor—the LC circuit—as illustrated in Fig. 2.5.

Circuit schematic of an LC circuit. L and C are the inductance and capacitance,
respectively.

Like in the classical pendulum, the electrical energy will oscillate between kinetic energy and

potential energy

T —

%cb?, (2.29)
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U=—. (2.30)

Here, T' and U represent the energies stored in the capacitor and inductor, respectively. The
magnetic flux is given by ® = LI. From equations 2.29 and 2.30, the Lagrangian can be written
as

L=T-U=—-®?>- — (2.31)

The Euler-Lagrange equation can be derived from the Lagrangian.

CP + % =0 (2.32)

where the angular frequency is given by w = \/%70 as follows from the differential equation.

2.2.5 \/2 Transmission Line Resonator with Two Open Ends

A CPW resonator with two open ends has a fundamental resonance at A\/2 [41]. The design
details and coupling parameters will be discussed in more detail in the next chapter. The CPW
resonator is capacitively coupled to the feedline, as illustrated in Fig. 2.6 and its resonance fre-
quency appears in the transmission or reflection spectrum as a Lorentzian peak. Depending on
the geometry of the CPW and the properties of the material, the resonance frequency is given by

fo= - (2.33)

Here, [ is the length of the resonator and e.q is the effective permittivity of the CPW, which
also determines the phase velocity. This phase velocity can alternatively be expressed in terms
of inductance L and capacitance C, as discussed previously. In general, the total inductance L
is the sum of the geometric inductance (temperature-independent) and the kinetic inductance
(temperature-dependent), which arises due to the inertia of moving Cooper pairs [22].

Voltage and current are distributed along the transmission line resonator, and the input impedance
is given below [41]
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A \/2 transmission line resonator of length I, with both ends open, is coupled
to a feedline.

7 _ 1 +itanfltanhal 20
0 anhal +itan Bl ol +if-(w—wo)

(2.34)

The « is the attenuation constant, 8 is the propogation constant and Zj is the characteristic
impedance. The approximation is valid for w around the resonance frequency and small loss,
such as tanhal ~ al.
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CHAPTER

Coplanar Waveguide Resonator

In this chapter, we will primarily discuss the design considerations of the CPW geometry, res-
onator coupling and the fabrication method for CPW using photolithography. The purpose of
the simulation is to determine the resonance frequencies and coupling quality factors, which
are used to decide on specific parameters such as the coupling length and the gap between the
transmission line and the resonator. All simulations were performed using Ansys HFSS [47].

97 nm

0 nm

3Tl Atomic force microscopy (AFM) image of a fabricated CPW section.
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3.1 Design and Simulations

The width of the center trace and the gaps are chosen so that it is a matched 500 transmission
line on a sapphire substrate, as shown in Fig. 3.1, to ensure impedance matching with coaxial
cables. After deciding on the geometry of the CPW specifically, the resonators are capacitively

(a)HFSS simulation layout with the resonator coupled to the feedline with two
ports with 769um coupling length. (b) Coupling between the resonator and the
feedline with 40um coupling gap.

coupled to the lossless transmission line as shown in Fig. 3.2. Two parameters can be adjusted
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to tune the coupling between the CPW resonator and the transmission line. The first is the
coupling length, which refers to the part of the resonator that runs parallel to the feedline, as
indicated by the red bar in Fig. 3.2(a). The second is the coupling gap, which is the distance
between the center traces of the transmission line and resonator as seen in Fig. 3.2(b). These
parameters are varied in the simulation to find the optimal values. In the simulation, the res-
onator is modeled as being coupled to a two-port transmission line, as shown in Fig. 3.2(a), to
obtain the transmission spectrum So;. To extract Q factors and resonant frequencies, the circle
fitting routine is applied to S3; data.

i g 1on

== = = §

T mm

RIR=14.4

AIR-1 chip outline of the AIR-1 with various lengths of A/2 resonator coupled
capacitively to the transmission line.

Before fabricating airbridges on CPWs, the first step is to design the chip that includes res-
onators with different lengths and consequently different resonance frequencies. This chip is
called AIR-1, as shown in Figure 3.3. The design contains a transmission line and five A\/2
resonators with lengths of 6, 8, 10, 12 and 16 mm, each with a 30 um coupling gap and corre-
sponding coupling lengths of 759, 756, 751, 749 and 655 um, respectively. The main purpose of
the ATR-1 chip is to determine the effective speed of light of a CPW on a sapphire substrate,
which is useful for future design iterations.

To investigate the effect of the coupling between the resonator and the transmission line, the
coupling length was kept constant while the gap was varied, as shown in Table 3.1 (first four
rows). An increase in the coupling gap leads to a higher Q., which indicates weaker coupling.
Moreover, an increase in coupling length leads to a reduction in total capacitance, which in turn

slightly decreases the frequency, as given by f = 27r\}E' The remaining rows correspond to

simulations of A\/2 and A\/4 resonators with different lengths. As expected, the frequencies of
the \/2 resonators are approximately twice those of the A/4 resonators.

From AIR-1, the effective speed of light can be obtained by fitting the resonance frequencies of
resonators with different lengths to the inverse relation v = %ft. The extracted effective speed of
light from the fit is 0.407 ¢. With this value, future resonators can be designed more precisely, so
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A/2 or A\/4 | Resonator length (mm) | Gap (center to center) (um) | Coupling length (um) | Frequency (GHz) Q¢
A2 8 10 754 7.828 310
/2 8 20 754 .77 2132
A/2 8 25 754 7.76 4047
A2 8 30 754 7.73 6869
A2 8 40 754 7.71 16186
A/2 3 40 530 20.23 5042
A4 3 40 530 10.15 10431
A2 4 40 769 15.23 4537
A/4 4 40 769 7.46 9090
A/2 5 40 610 11.88 12567
A4 5 40 610 6.09 18403
A/2 6 40 759 10.24 9949
A4 6 40 759 5.12 17173
A2 8 40 752 7.78 14393
A4 8 40 752 3.90 25364

dE1E I Simulated parameters for A\/2 and \/4 resonators.

that their frequencies are determined by their lengths. More details on microwave measurements
for next-generation chips will be discussed in Chapter 5.

After realizing that the 40 um gap resulted in too much coupling in AIR-2 and AIR-3. This
issue should be addressed in future designs by decreasing either the coupling length or further
increasing the coupling gap. This solution may lead to an observable increase in ). and result
in weaker coupling, which is important for accurately extracting the internal loss of the res-
onator [48]. Additionally, increasing the length of the resonator also affects the coupling quality
factor, since the ratio of coupling capacitance to total resonator capacitance decreases as the
resonator length increases.

3.2 Fabrication of the Coplanar Waveguides

This section outlines the fundamental fabrication steps required to produce high-quality copla-
nar waveguides on sapphire substrates. The process includes substrate cleaning and preparation,
NbTa thin film deposition, photolithographic pattern transfer and final etching and resist re-
moval. Together, these steps define well-controlled ground planes and transmission lines that
provide the basis for the superconducting circuits.

NbTa Deposition on The Substrate

Sapphire is used as the substrate for the corresponding devices, as it offers high resistivity and
minimal dielectric losses, all of which make it highly suitable for superconducting circuit appli-
cations [49]. The sapphire wafers used in this work have a thickness of 330 pum. First, before
starting the coating process, the substrate is cleaned with acetone at 50°C using 130 kHz son-
ication, followed by sonnicating in isopropanol alcohol(IPA) for 5 minutes and drying with a
nitrogen gun.

Hydrofluoric acid (HF), specifically a 2% aqueous solution, is used to clean the substrate be-
fore coating it with resist, which is known to improve the coherence time of superconducting
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(a-f)Fabrication steps of the CPW: The first image shows the bare wafer, followed
by NbTa sputtering, resist coating, photolithography for the CPW mask, wet
etching, and finally, resist stripping. (g) Scanning electron microscope image at
a tilted angle of the CPW resonator with airbridges.

qubits [50]. After HF treatment, the substrate is rinsed in a DI water bath and then blown dried
with a N9 gun.

After the wafer is cleaned, the NbTa thin film for CPW layout is deposited as soon as possible.
As illustrated in Fig. 3.4(b), a 100 nm layer of Niobium (Nb) and a 5 nm layer of Tantalum (Ta)
are sputtered using the AJA ATC-1800 sputtering system. The Ta layer serves as a capping
layer to prevent the formation of niobium oxide on the surface, which is known to introduce
significant microwave loss [50].

Patern Transfer of The Circuit Layout

Now that the ground plane has been deposited and the wafer is ready for patterning. First, the
substrate was cleaned with hot acetone using sonication to remove any potential residue that
could degrade the resist coating. Then, it is rinsed in IPA and dried with nitrogen (N3).

For photolithographic patterning, the wafer is coated in AZ-1518 photoresist with a resist spin-
ner at 2000 rpm and baked at 90°C for 1 minute on a hot plate (in Fig. 3.4(c)). Since photoresist
is sensitive to UV light, special precautions are necessary. It must be handled only in a filtered
environment within the cleanroom, commonly referred to as the "yellow room". The door of the
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room should remain closed while the resist is open or undeveloped.

After preparation, the wafer was placed on the stage and ready for exposure. The resist is pat-
terned using photolithography, with exposure at a 405 nm wavelength and a dose of 187 mJ/ cm?.

After the exposure is completed, the photoresist remains sensitive to daylight, so the door should
be kept closed. A mixture of AZ-developer and deionized (DI) water is prepared in a 1:1 ratio,
and the entire wafer is immersed in this developer solution for 90 seconds while being gently
shaken to ensure more homogenous development (in Fig. 3.4(d)). During development, the wafer
was gently moved to ensure uniform development across the surface.

AZ-developer is a strong base and can be hazardous to the eyes. Therefore, protective goggles
are necessary during this step. The development process is stopped by immersing the wafer
in DI water for 30 seconds, followed by an additional rinse in fresh DI water to remove any
remaining residues. Finally, the wafer is dried with nitrogen (N32) and the structure is inspected
under a microscope to verify that the exposure was successful before proceeding to the hard
bake step. The wafer is then hard-baked at 140°C for 1 minute on a hot plate.

Etching and Resist Removal

The wafer is now ready for etching. It is etched with a Ta-111 etchant for 8 seconds, then rinsed
with DI water and dried with No. During the etching process, the metal is removed only from
the areas not covered by the resist, while the regions protected by the resist remain intact (in
Fig. 3.4(e)). This process defines the ground plane of the structure.

The remaining resist is removed by soaking the wafer in acetone for about 2 hours, followed by
rinsing with IPA and drying with Ny (in Fig. 3.4(f)). Finally, the circuit layout is complete and
ready for the next steps, such as Josephson junction fabrication and airbridges.
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CHAPTER

Airbridges

This section will address the fabrication process of airbridges and different methods used in
the literature for airbridge fabrication. Additionally, the yield of the fabricated devices in this
thesis will be discussed later in this section. Moreover, a full recipe for airbridges is given in the
Appendix. All fabrication processes described in this thesis are conducted at the QNZT at the
University of Innsbruck.

Airbridges have been fabricated using various methods for decades, including photolithography
and electron beam lithography (EBL), specifically grayscale EBL (G-EBL). In general, airbridges
can be fabricated from different materials and the main considerations are mechanical stability,
good electrical contact and low-loss characteristics.

4.1 Overview of Airbridge Fabrication Methods

In this section, we provide an overview of airbridge-related literature, highlighting key prop-
erties and specialized fabrication techniques. For a more detailed explanation of each process,
the original papers are recommended, as referenced in Table 4.1. The table summarizes the
fabrication details of each method. The second column lists the lithography techniques used,
followed by the number of lithography steps required, where using fewer steps is generally more
favorable. The fourth column describes the deposition techniques used for the airbridge layer,
specifying the materials, whether a milling step is included and the thickness of the deposited
layer. The “Temperature” column indicates the highest temperature involved during fabrication,
where lower values are preferable. Finally, the table includes the maximum achieved airbridge
length and the corresponding yield(if reported).
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Author Lithography Lithography Steps Material Temperature Length
Type (Thickness of the metal film) (°C) (pm)
Abuwasib et al. [28] | Photolithography Three-step Al,no argon mill, 2pm 250 30-40
Janzen et al. [1] G-EBL Single-step lit., selective reflow | Al,argon mill, 450nm 180 36
Sun et al. [27] Gray-photolithography | Single-step, no reflow Al,argon mill, 500nm 95 200
Chen et al. [29] Photolithography Two-step, reflow Al,argon mill, 300nm 150 40
Girgis et al. [33] G-EBL Single-step, no reflow Au,no mill, 200-350nm 200 12
Jin et al. [30] EBL Single-step, no reflow Au,no mill, 110-130nm 150 5
Tao et al. [31] Photolithography Two-step, no reflow Nb,argon mill, 700nm 200 70
Stavenga et al. [34] G-EBL Two-step, reflow NbTiN,no mill, 200nm 150 -
Bu et al. [35] Photolithography Two-step, reflow Ta,argon mill, 400nm 140 60
Bolgar et al. [32] Photolithography Two-step, no reflow Al,argon mill, 420/840nm 115 500(75%)

1B Airbridge Fabrication Methods from Selected Studies.

4.1.1 Al Airbridges

One of the widest airbridges was fabricated by Abuwasib et al. [28], with widths of 300-500 pm
and heights of 8.5 and 15 ym. This method avoids local ground equalization via wirebonds, but
comes at the cost of introducing large shunt capacitance and increased reflection at the bridge
connection. The fabrication process began with spinning a layer of PMGI SF15 photoresist,
which defines the height of the airbridge, followed by a layer of S1813 as the imaging layer. The
stacked photoresist was then exposed by using a mask aligner with broadband UV light. After
development, a positive profile was formed to serve as the support layer of the bridge. Next, the
resist stack was soft-baked before development at 160°C, a relatively low temperature was cho-
sen to produce an undercut profile. This temperature also increases the solubility of the resist.
The imaging layer was then removed by a second UV exposure (8 s) and a short development
step, since the MF319 developer can attack the Al CPW layer. To achieve the desired arched
shape of the bridge profile, the photoresist mask was reflowed by heating it to 250°C, which
softens the resist and smooths its surface. For a clean lift-off process, the lift-off layer must be
at least 2 um thicker than the support layer, as a 2 um-thick Al layer will later be used for the
airbridges. For the 8.5 um and 15 pm airbridges, at least 10.5 ym and 17 pym of negative-tone
photoresist (SU-8 2035) were used. The unexposed resist served as the sacrificial layer for lift-off.
Afterwards, a 2 um Al layer was evaporated using an e-beam evaporation system at a 0° angle.
Finally, the sample was subjected to lift-off to remove the unwanted resist and excess Al. At
this stage, rinsing with IPA was recommended over DI water due to its lower surface tension,
which helps to avoid bridge collapse during drying.

Another method of fabricating airbridges involves etching Al strips instead of using the standard
lift-off process [29]. First, a 3 um-thick layer of positive-tone photoresist (Megaposit SPR-220-3)
was spin-coated, defining the height of the airbridge. The resist was then exposed to define the
boundaries of the airbridges and reflowed at 140°C to create the arc shape of the mask. This was
followed by aluminum deposition using e-beam evaporation, in which a 300 nm-thick Al layer
was deposited after an argon ion milling step to remove the native aluminum oxide layer. A
second layer of photoresist was coated as a protective layer for the wet etching process. The un-
exposed area of this second resist layer defines the width of the airbridge, while excess aluminum
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was etched away using Transene Aluminum Etchant Type A for 5 minutes. At this stage, the
ground plane around the bridge pads was not protected by photoresist. After etching, all resist
layers were stripped to release the airbridges. Since the argon ion milling leaves significant resist
residue, an O2 plasma cleaning at 150°C was performed before stripping the resist. Using this
process, airbridges up to 50 um were successfully fabricated. Additionally, the authors tested
coating a two-layer resist stack on the fabricated airbridges to fabricate Josephson junctions.
Air bridges with lengths up to 40 pm were reported to withstand this process without damage.
However, it was also reported that airbridges fabricated by this method did not survive sonica-
tion.

The mechanical strength of airbridges can also be improved by modifying their geometry. Bol-
gar et al. [32] reported achieving a 100% yield for airbridges up to 170 pm in length. This
was accomplished by introducing a stiffener, an elevated section running along the center of
the airbridge. Instead of using a conventional flat strip, this design added structural support,
improving the mechanical stability of longer airbridges. This method does not require grayscale
lithography or resist reflow. In crush tests, airbridges with stiffeners were found to be durable
to nitrogen (N2) blow pressures up to 4.0 atm in impulse mode, which is significantly higher
than what airbridges without stiffeners can withstand.

4.1.2 Other materials

Niobium airbridge

Airbridges can also be fabricated using different materials. Nb is a promising option due to its
higher critical temperature, larger superconducting gap, lower thermal quasiparticle loss, high
mechanical stability and resistance to aggressive cleaning processes such as HF [51]. Because of
these advantages, Nb is considered a suitable material for airbridges. However, the fabrication
process differs slightly due to the higher deposition temperature of Nb and the need to avoid
resist residues. As reported by Tao et al. [31], aluminum (Al) was used as the sacrificial layer in
this process. In the fabrication steps for Nb airbridges, a bilayer photoresist stack of LOR 5B
and S1813 was coated onto a wafer that had been wet-etched using buffered oxide etch (BOE).
Standard photolithography was used to define the bridge pattern. A 2 ym undercut was targeted
to ensure a clean lift-off. For improved mechanical strength, a 300 nm sacrificial Al layer was
deposited using an e-beam evaporator at three different angles: 45°, 90° and 135°. Lift-off was
performed in an NMP bath at 80°C. Next, Ar ion milling was used to improve ohmic contact,
followed by the deposition of a 700 nm Nb layer using magnetron sputtering. Photoresist was
then coated and patterned again to serve as an etch mask. The masked wafer was etched using
a CF4 plasma and the photoresist was removed using NMP. The sacrificial Al layer was etched
away to release the Nb airbridge. Using this process, they reported achieving losses per bridge
of the order of 107 at the single-photon level [31].

Tantalum airbridge

Ta is also widely used in superconducting circuits due to its high coherence times and re-
sistance to alkali and acids. To take advantage of these properties, stable Ta airbridges for
high-performance superconducting circuits were realized by Bu et al. [35]. Similarly to the fab-
rication process of the Nb airbridge, an Al sacrificial layer was used, but in a much thinner
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form, approximately 25 nm. After defining the mask and performing a reflow step to achieve a
smooth profile, another resist stack was coated to define the bridge structure. The Al layer was
then etched away and a 400 nm Ta layer was deposited using magnetron sputtering after Ar ion
milling to improve contact quality. Before the final lift-off, a Transene Aluminum Etchant Type
A bath was used to remove any remaining Al residue and release the airbridges. Like Nb, Ta
airbridges have been reported to exhibit loss per bridge on the order of 10~ at the single-photon
level, indicating that both materials offer a lower loss than Al airbridges.

4.2 Fundementals of Nanofabrication

Nanofabrication is a widely used technique for creating micro- and nanoscale structures across
various fields of research. In this section, we introduce the fundamental concepts of micro- and
nanofabrication methods.

4.2.1 Grayscale Electron Beam Lithography

Lithography is the process of writing two-dimensional or three-dimensional patterns by energy
deposition using photon or electron sources on light- or electron-sensitive materials. Light-based
lithography is called photolithography, while electron-based lithography is referred to as electron
beam lithography (EBL). There are also other types of lithography, such as extreme ultraviolet
(EUV) lithography, focused ion beam lithography and neutral atomic beam lithography. For
more details, the reader is referred to Refs. [52, 53]. Current lithography techniques enable pat-
terning at scales ranging from nanometers to micrometers. The process begins with imprinting
a layout on the surface, typically using a resist and chemically modifying the structure.

Resists are typically organic compound-based materials that are used to create masks through
energy deposition by photons or electrons. Resists are categorized as either positive-tone or
negative-tone. In positive-tone resists, exposure modifies the chemical composition of the resist
and makes it soluble in the developer solution [54]. After development, the areas exposed by
photons or electrons are removed and the remaining resist defines the final pattern. In negative-
tone resists, the exposed regions will be polymerized, making them more difficult to remove,
while the unexposed regions are dissolved throughout the development process. Either type
is useful in various fabrication techniques, but all the fabrication processes in this thesis are
conducted using positive-tone resists.

Electron Beam Lithography (EBL) systems have been in use since the 1960s and are considered
one of the milestones in micro- and nano-fabrication. One of the advantages of EBL is that,
unlike photolithography, it is not limited significantly by diffraction effects [55]. However, EBL is
limited by proximity effects due to backscattered electrons [56], especially in systems operating
at lower acceleration voltages, which limits the resolution of the patterns. Current algorithms for
proximity correction can effectively suppress this effect, as we will discuss in more detail later.
We use EBL to achieve smaller and more precise features. Additionally, the system is limited by
the writing field and the resolution of the EBL system. In particular, the resolution is limited by
Coulomb interactions between electrons and resist molecules, secondary electrons, and electrons
scattered by the substrate. At the QNZT, we use a 30kV Raith e-line plus lithography system.
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(a)(b) Illustrations of binary lithography and grayscale lithography results after
development. (c) Representative dose map for grayscale lithography, higher dose
is responsible for lower height after development. (d) The first airbridge without
using the proximity effect correction and reflow of the sacrificial resist mask.

Having a three-dimensional structure in nano- and micro-fabrication is essential for state-of-the-
art optical and electromechanical devices such as microlenses, MEMS and airbridges [1, 57, 58].
3D maskless lithography has paved the way for higher-performance, higher-yield devices with
fewer processing steps.

The technique known as grayscale lithography enables the creation of smooth 3D shapes for
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(a) Contrast curves for different development conditions. (b) The dose map used
in design was generated from 50 x 60 rectangular area exposed with different EBL
doses.

structures such as photonic circuit mirrors by varying the dose across the mask using either
photolithography or electron-beam lithography (EBL). In particular, grayscale EBL aims to
create masks with varying heights after development, as illustrated in Fig. 4.1(b). This process
is usually followed by reflowing the exposed resist — in other words, melting it at a specific
temperature — to achieve a smooth 3D surface. In conventional lithography, which is essen-
tially a binary process (developed to the bottom or unexposed) as illustrated in Fig .4.1(a), a
single dose is used to produce a sharp mask after development. Airbridges can be fabricated
using either grayscale lithography or binary lithography. Binary lithography often exhibits lower
strength and yield due to its rigid structure, or it requires a high temperature to reflow the resist
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in order to achieve an arched shape. However, the higher temperatures required for reflowing
can adversely affect the performance of superconducting circuits by altering the resistance of
Josephson junctions [34].

The variation in height is controlled by both the exposure dose, which refers to the number
of electrons per unit area and the development parameters, which include development time,
temperature, and the type of developer used. In EBL, the system can be programmed to ex-
pose columns with varying exposure times, which changes the exposure dose. Before creating
the final layout, one needs to know which dose corresponds to which height, so a dose test is
first performed by exposing, for example, 50x50 pm boxes with different doses as illustrated
in Fig 4.1(c). Since all of the boxes are on the same wafer, they are developed under identical
conditions, so each box corresponds to a different depth in the resist as shown in Fig.4.2(b).
After development, a profilometer or AFM can be used to measure the resulting depths of each
box, and a contrast curve can be obtained by plotting the remaining resist thickness versus the
corresponding dose, as shown in Fig. 4.2(a).

In conclusion from the dose tests, the cold development method using a Water:IPA mixture of
1:3, which is available in the QNZT, is very precise for binary lithography because cooling slows
down the development reaction. However, it is not commonly used in grayscale lithography.
Although this method resulted in relatively low contrast in our process, the resulting mask was
not stable and showed slight variations across different fabrication runs and the reason for this
remains unknown. Here, contrast refers to how sharply the resist changes from unexposed to
fully developed within the linear region of the contrast curve during processing [30]. In addition,
various developer solutions with different development times were tested, as shown in Fig. 4.2(a)
and Table 4.2. For example, mixtures of MIBK and IPA with different ratios and development
durations were investigated. It is clear that longer development times increase the contrast and
decrease the dose at which the resist is fully developed. In addition to achieving low contrast,
increasing the range between the highest and lowest doses also provides higher precision. This
change in range can be observed for 60 s and 180 s development in MIBK:IPA 1:3; longer de-
velopment times result in a decrease of the peak dose by more than 50 uC/ cm?. Moreover,
development in HoO:ITPA 1:3 mixture for 30 s was tested at both cold and room temperatures.
It is clearly seen that colder development decreases the contrast and provides good results for
grayscale EBL applications. Since there was only one cold developer available in the QNZT,
we could not test cold development for the other developer solutions. However, the best result
with the highest stability was found to be using pure MIBK at room temperature, which was
reported to be highly compatible with grayscale lithography process [2].

These dose tests were then used to design the layout of the 3D structures, providing complete
control over the arrangement in the X, Y and Z directions. Subsequently, an arched shape can
be created by employing resist with varying heights, resulting in step- or ladder-like structures as
can be seen in Fig 4.1(b,d). Achieving a low-contrast dose curve is crucial because it minimizes
the impact of proximity effects and the resolution limitations inherent in EBL. Furthermore,
methods such as proximity correction, post-exposure bake and delayed development are em-
ployed to improve precision and yield. These methods will be discussed in more detail in the
following sections.
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4.2.2 Proximity Effect Correction

The precision of EBL has been mainly limited by the proximity effect, which can generally be
excited by back or forward-scattered electrons [59] and beam blur. These limitations prevent one
to obtain the mask intended by design after the exposure. On the other hand, these proximity
effects can be corrected by the use of a commercial software such as BEAMER [60].
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(a) PSF function of 30keV e-beam into ARP 672-11 for different depths in the
resist as a function of radius that affected area from the e-beam. (b) Proximity
effect corrected airbridge design. (c, d) Atomic Force Microscopy images without
and with proximity effect correction, respectively. Without correction, pedestals
are poorly exposed with residual resist (green circle in ¢) and the first two steps
are overexposed unintentionally (blue circle in d).
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As electrons travel through the material stack, some are reflected from the substrate back into
the resist—a process known as backscattering of the electron beam—which causes energy depo-
sition at distances farther from the original beam position, depending on the scattering angle.
Depending on the scenario, the backscattered energy distribution as a function of distance can
be modeled using one or more Gaussian functions. The shape of this distribution is significantly
influenced by the electron beam energy and the properties of the material stack, particularly
the substrate. At higher energies, such as 100 kV, long-range backscattering becomes simpler
and is often well described by a single Gaussian function.

On the other hand, the electron beam is also affected by elastic collisions with resist molecules,
known as forward scattering. This effect becomes more significant as the resist thickness in-
creases and the kinetic energy of the electrons decreases. Since we use more than 3 pm of resist
for the airbridge mask and a 30 keV electron beam lithography system, forward scattering is
particularly important in our process. The energy of the electrons in the deeper regions of the
resist is significantly reduced, even directly at the beam position, as shown in Fig. 4.3(a), and
the area of impact becomes wider around the beam position (as indicated by the radius). As a
result, when the electron beam exposes one spot, it also partially affects nearby spots, especially
in the deeper parts of the resist. This process increases the applied electron dose. This effect is
considerably compensated by the proximity effect correction, but it is still present.

The Point Spread Function (PSF), which shows how energy is scattered as a function of distance
r from a single point of exposure, is often used to explain the proximity effect. This function is
used to describe how energy is propagated. PSF may be derived by Monte Carlo (MC) simula-
tions performed by the TRACER software or through experimental exposure and analysis of test
patterns. For the purpose of incorporating the PSF into the correction process, the BEAMER
is able to collaborate directly with the TRACER.

Moreover, binary PEC is unlikely to be sufficient for 3D layouts; thus, simulations are performed
for different resist stack heights, requiring multiple PSFs due to the thicker resist used in 3D
masks. The distributions of energy density in the PMMA resist stack at a single point are shown
in Fig. 4.3(a). These distributions were simulated using the TRACER software to determine
the corrected dose in the layout. This was done using the BEAMER software, which divides
large areas into small trapezoids and calculates the effective dose needed to achieve the desired
geometry. The revised air-bridge design in Fig. 4.3(b) shows that achieving the desired shape
for the sacrificial mask requires a non-uniform dose distribution. Specifically, the edges of the
pedestals need a higher dose to produce steep edges, while the dose should decrease toward the
center of the exposed areas to minimize overexposure.

Steep edges are essential for facilitating lift-off, since the unexposed resist at the edges (as seen
in the green circle in Fig. 4.3(c)) will also be covered during metal deposition. The goal of
applying PEC is to make these edges as close to 90° as possible, as can be seen in Fig. 4.3(d),
so that metal deposition is minimized at the edges during the evaporation process. The much
thinner Al at the edges can then be easily etched away, breaking the connection between the
Al metal on top of the sacrificial mask and the fully exposed bottom layer, which increases the
yield of the air bridges. Since the 3D PEC still operates with some imperfections, it overdoses
the first two levels (highlighted by the blue circle in Fig. 4.3(d)), resulting in airbridges that are
about 10 pum shorter than designed. Therefore, the airbridges should always be designed slightly
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longer than required. Note that the AFM images of the airbridge masks (in Fig 4.3(c,d)) are not
from the design shown in Fig. 4.3(b), since the AFM can scan only up to 50 x 50 um in a single
scan, while the airbridges used are much larger. Therefore, the straight part of the airbridges
was minimized in order to fit within the AFM scan area.

4.2.3 Development

In this section, we will discuss in more detail the special development techniques used in this
thesis, which are called delayed development and post-exposure bake (PEB). In most binary
lithography processes, high contrast is desirable—unlike in grayscale EBL (g-EBL), where flat-
ter dose-response curves are preferred to better control resist height and minimize errors in both
exposure and development. To achieve this, different development temperatures, developers, and
durations were tested in this thesis, as mentioned in the previous section and shown in Table 4.2.

Development time and exposure dose work together to produce accurate and reliable masks.
Since EBL is also limited by the minimum usable dose, which is determined by the shortest
exposure time of the system, selecting appropriate development parameters is essential for ob-
taining a low-contrast dose map. Increasing the electron beam dose generally shortens the
required development time. However, establishing a repeatable process is essential before final-
izing the development time, as the minimum development time is constrained by reproducibility.

Developer Development time | Temperature PEB or delay Contrast
Water:IPA 1:3 60s 6°C X 4.91
MIBK:IPA 1:1 60s 22°C X 4.72
MIBK:IPA 1:3 60s 22°C X 7.3
MIBK:IPA 1:3 180s 22°C X 12.6
MIBK:IPA 3:1 180s 22°C X 4.46
Water:IPA 1:3 30s 6°C X 5.22
Water:IPA 1:3 30s 22°C X 5.5

Pure MIBK 30s 22°C Hot plate for 10min at 60°C 3.78
Pure MIBK 20s 22°C Hot plate for 10min at 60°C 4.11
Pure MIBK 20s 22°C 72h delay 5.03
Water:IPA 1:3 30s 6°C Hot plate for 10min at 60°C 6.57

1k 298 The table corresponds to different conditions of development.

An alternative approach to obtaining a wider dose map involves delaying the development pro-
cess after exposure under room temperature conditions, as shown by Mortelsman et.al. [2]. In
summary, they reported a clear relationship between delay time and the resulting resist depth
after development, as shown on the left in Fig. 4.4. They simply exposed the resist to vari-
ous doses ranging from 40 xC/cm? to 260 uC/cm?, kept it at room temperature for different
durations, developed the samples identically, and measured the resulting resist depth. Regions
exposed to higher doses (260 uC/cm?) are more affected by the delay time, while regions near
the surface, which correspond to lower doses (40 uC'/ cm2), are less affected. This helps achieve
a wider dose map, which means that increasing the dose range between unexposed and fully
exposed areas results in higher precision. In the most affected regions, it has been reported that
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the resist depth decreases by approximately 1 um at a dose of 260 uC/cm?, while at the lowest
dose of 40 xC/cm?, there is almost no observable difference in the resulting resist depth after
180 hours [2]. The observed behavior follows an exponential decay, which can be modeled by an
exponential relaxation function

_tEp—to
T

d(tpp) = (do — dss)e + dss, (4.1)

where d(tgp) is the amount of resist removed after development at a given delay time, 7 is
the time constant, and dpand dgss are extracted from the exponential fit. To ensure fabrication
stability, the flat region in the curve is used as a reference in this thesis, since the resists are
identical to those in the reference work [2]. For our process, approximately 72 hours is sufficient
for the same E-beam resist (ARP-672.11). Immediate development after exposure is challenging,
as some exposure processes can take up to six hours. Consequently, the first and last exposed
areas are affected differently due to the extended time gap. During recipe development, there
were also issues with uniformity across the wafer: some masks appeared overexposed, while
others appeared underexposed. At first, we suspected a focusing issue with the E-beam and
began using the autofocus function on the Raith E-line Plus system, but this did not resolve
the problem. The effect of the delay between exposure and development provides a plausible
explanation for the observed instability in long exposure sessions. Implementing a 72-hour delay
effectively resolved both the non-uniform development across the wafer and the overexposure
problem.

The fundamental process relates to the relaxation of broken PMMA chains. The electron beam
breaks chemical bonds, increasing solubility. Over time, at room temperature, these broken
connections experience relaxation or partial recombination, therefore reducing the solubility of
previously exposed areas. This results in an increase in the maximum dose threshold before full
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development occurs. Similarly, heating can be used to accelerate this relaxation process—using
a hot plate or oven—instead of relying on passive room-temperature aging, as shown on the
right in Fig. 4.4, which refers to post-exposure bake. In that experiment, they sliced two cir-

Resist masks after development under various post-exposure conditions: (a)
45°C for 20 minutes on a hot plate; (b) 55°C for 10 minutes on a hot plate; (c)
60°C for 2 hours in an oven; (d) 70°C for 10 minutes on a hot plate; and (e)
development delayed by 72 hours after exposure.

cular structures like pie charts, exposing each segment (from 1 to 7) to a different dose. Then
the two samples were baked under different conditions: one at 45,°C for 5 minutes and the
other at 60,°C for 10 minutes, then both were developed under identical conditions. The re-
sults show that the sample baked at the higher temperature still has remaining resist in segment
6, while the sample baked at the lower temperature is fully developed at the same exposure dose.
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The delayed development method worked very well for the masks shown in Fig.4.5(e), with the
obvious drawback that it required a waiting time of 72 hours. Thermal treatment was explored
to reduce processing time. Increasing the temperature enhances tolerance to higher doses and
broadens the usable dose range, similar to the effect of delaying development at room tempera-
ture [2]. However, this approach is limited by the thermal stress applied to the resist.

A treatment at 70°C on a hot plate for 10 minutes increases the dose threshold significantly
(up to 420 xC/cm?), but when applied to smaller features such as airbridges, it causes cracks
in the resist, as shown in Fig. 4.5(d) and also observed in (b) and (c¢). The oven provided a
more uniform temperature distribution than hot plate. However, the treatment at 60°C for 2
hours improved the dose threshold similarly with the 70°C on a hot plate, although cracks were
still observed. The best overall condition was found to be baking at 45°C for 20 minutes on
the hot plate. This approach extended the dose range without introducing cracks, as shown in
Fig 4.5(a). With this method, the fabrication process became more reliable and significantly
faster.

4.2.4 Metal Deposition

The circuit layers require metal thin film deposition, which is achieved through either sputter-
ing or evaporation, both of which are physical vapor deposition (PVD) techniques. Most PVD
processes involve the synthesis of vapor from the source, targeting the substrate, and finally,
condensation onto the substrate [61]. The process is carried out in a vacuum chamber to avoid
impurities in the thin film.

The Plassys MEB550S e-beam evaporation device is often used in the QNZT for the deposi-
tion of metallic thin films. A high energy electron beam focuses on the source material (Al,
Ti, Nb) and causes the evaporation of its atoms. These evaporated atoms then hit the colder
sample holder and condense onto the substrate. This process is conducted under high vacuum
conditions (< 107% mBar), which typically requires at least one hour of pumping to achieve this
pressure before starting the evaporation.

The evaporation rate is measured using a quartz crystal oscillator. The rate is also significantly
influenced by the material’s boiling point and can be regulated by modifying the power of the
electron beam. The shutter between the source and the substrate stays closed until a consistent
evaporation rate is achieved. E-beam evaporation provides both a high deposition rate (50-500
nm/min) and high-quality films.

4.3 Airbridge Fabrication

Many fabrication techniques have been developed to achieve airbridges with sufficient length
and width using various materials. Specifically, airbridges are designed for superconducting cir-
cuits, including qubits and must be compatible with all aspects of these systems. For example,
they must be fabricated at the lowest possible temperatures [34], since they are often added
after all other layers of the superconducting circuit are complete. Different materials offer var-
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ious advantages and disadvantages, such as mechanical durability, high coherence, low loss, or
ease of fabrication. In this section, different fabrication methods will be discussed in more detail.

This thesis has devoted considerable attention to E-beam lithography using a notably thick
single layer in grayscale lithography with low-acceleration voltage E-beam lithography (EBL),
a practice that is uncommon in most grayscale lithography applications. To accomplish this,
additional steps and adjustments are incorporated into the fabrication process, such as post-
exposure bake, delayed development and proximity effect correction, as discussed in the previous
section.

4.3.1 Sacrificial Layer of Airbridges

After fabricating all other layers on wafers, such as CPWs and Josephson junctions, we start
fabricating the airbridge layer. Before the wafer is coated by E-beam resist for the airbridge
mask, the wafer should be cleaned with hot acetone for 5 min at 50°C in an ultrasonic bath,
then rinsed by Isopropanol Alcohol (IPA) and dried with nitrogen blow. Then, the wafer is
mounted on the spinner and does not move while the spinner is running due to the vacuum
being activated. In addition, cleaning the surface with a nitrogen gun is recommended after the
vacuum is activated to avoid particles on the wafer, which can disturb the spinning procedure by
altering the flow direction of the resist. Then, 2.5 ml PMMA resist "ARP 672.11" is dispensed
onto the wafer by a pipette. At this point, it is essential to prevent the introduction of air
bubbles from the pipette as these could negatively impact the coating. It is recommended to
refrain from using the entire resist in the pipette to avoid the discharge of air onto the wafer.
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The spinning process begins at 500 rpm for 5 seconds to approximately distribute the resist,
facilitating the creation of a more uniform and reliable resist coating for particularly thick resists.
Subsequently, the rotational velocity is elevated to 1250 rpm for a duration of 60 seconds with
100 rpm per second acceleration to achieve a film thickness of about 3.2 pm. The wafer is then
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placed on a hot plate for soft baking at 150°C for 3 minutes to eliminate the remaining
solvent. Thickness control is essential prior to starting the exposure process, since variations in
thickness may result in alterations to the dose necessary for grayscale lithography.

There are two common methods for measuring resist thickness, one can use a profilometer or an
ellipsometer (Horiba SmartSE). Thickness can be measured right after coating using an ellip-
someter with the Cauchy coefficients provided by the manufacturer [62], or it can be determined
after exposing some layouts using a profilometer through a scan of the height difference between
exposed and nonexposed areas.

To ensure a reliable film thickness, it is measured by the ellipsometer every time after the resist
coating. As shown in Fig. 4.6, the mean thickness for 15 different spinning events at 1250 rpm
is 3.256 um, with a homogeneity of approximately 1.37%.

The resist coated wafer is mounted to the E-line Plus to expose the airbridge mask in a single
lithographic step. In the current system, 30 keV acceleration voltage, 30um aperture and high
current mode are set. In addition, the auto focus mode is activated to stay on focus all over
the wafer. The arch profile of the airbridge is created by varying the doses depending on the
contrast curve (Pure MIBK for 20 s with PEB or delay) as seen in Fig. 4.2(a). The created
mask is processed for proximity correction to have the final design of the bridge mask as seen
in Fig. 4.3(b).

After exposure has been done, the wafer is rested for 72-hours at room temperature or baked on
a hotplate at 45°C for 20-minutes. The wafer is developed in pure MIBK for 20 seconds at room
temperature and then stopped in IPA and dried with a nitrogen blow.In the case of using the
PEB method, it is recommended to allow the wafer to cool for a few minutes, as this may improve
reproducibility. The revealed mask is checked under the optical microscope before continuing to
the next step, as shown in Fig4.5(a). The fabricated mask has a well-defined stepped structure
that resembles a ladder, with multiple levels formed due to dose variations during exposure.
This profile clearly illustrates how different exposure doses create height differences in the resist,
as indicated in Fig. 4.7(c). Then, the wafer is softbaked for reflowing the resist to smoothening
the steps on a hot plate at 130°C for 1 minute as indicated in Fig. 4.7(d).

4.3.2 Metallic Layer of Airbridges

After a sacrificial layer of the airbridges is done, we start depositing the metal layer on top
of the mask as indicated in Fig. 4.7(¢). Aluminum is deposited using an e-beam evaporator.
Prior to the evaporation of the metal, it is essential to etch away the native oxide layer on the
surface to ensure a reliable galvanic connection between the airbridge pedestal and ground layer.
This is achieved by accelerating argon ions with a potential and bombarding the substrate to
mill the target, a process known as mechanical dry etching. During Ar™ milling, the following
parameters are used: beam voltage 400 V, accelerator voltage 80 V, beam current 22 mA and
ion gun discharge 40 V.

Additionally, a Ti gettering step helps to improve the vacuum environment, as Ti is known to
absorb oxygen, nitrogen, carbon dioxide, air, water vapor, hydrogen and methane [63]. A 24 nm
Ti layer is evaporated at 0.2 nm/s while the sample is protected by the shutter, followed by a
450 nm Al layer evaporated at 1 nm/s, while the sample holder rotates at 5 rpm in a planetary
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motion to improve film homogeneity.

After deposition of Al on the resist mask, the Al coats the entire surface unevenly depending
on the angle of the surface. Since the sidewalls are nearly parallel to the evaporation direction,
significantly less Al is deposited on the sidewalls, as indicated in Fig. 4.7(e) and (f), which are
before and after the wet etching, respectively. During isotropic etching, which proceeds uni-
formly in all directions, the thinner sidewall regions of the Al structure are etched away much
faster than the rest of the layer. As a result, the connection of the Al layers between the top of
the resist and the pedestals is eventually severed. This disconnection enables easier lift-off and
improves fabrication yield. An etching time of 3 minutes at 23°C in Transene Al Etchant Type
A is typically sufficient for good lift-off results. The etching is stopped by placing the wafer in
water, followed by drying with a nitrogen (N2) gun. However, the actual etching time strongly
depends on the oxide layer present on the Al surface, since the etchant first removes the oxide
layer before attacking the underlying aluminum.

4.3.3 Lift-off the Excess Al Layer

As the last step, the fabricated device needs to be released by removing the resist without caus-
ing damage. The resist structure can be dissolved in specific chemicals such as acetone, NMP,
or dedicated solutions. However, a method that allows the metal structure to remain on top of
the substrate while removing the resist is called lift-off. After being diced into chip-sized pieces,
the sample was left in AR 600-71 at 70°C for at least 2 hours to perform the lift-off process.
Finally, the fabrication process is finished and airbridges appeared as shown in Fig. 4.7(h).

Usually, a protective layer is coated on the wafer for the dicing step to protect the wafer from
particles. However, the airbridges are not durable enough to withstand the spin coating process.
In this case, the order of the fabrication steps is switched so that the Al layer is not lifted off
and remains as a protective layer until the chip is diced into the desired shape.

4.4 Mechanical stability

The first consideration after fabricating airbridges is mechanical stability. Airbridges may be
damaged during the fabrication process, whether from lift-off, sonication, or Ny blow, they can
be fully ripped off or collapsed. The ripped-off airbridges might redeposit on the circuit again
and degrade the circuit, or even short the line. In addition, airbridges can collapse due to their
own weight or external force, again resulting in circuit degradation or short circuit, as can be
seen in Figure 4.10.

The yield of airbridges is quite important, as there can be several hundred airbridges on a single
chip, and even a 99% yield can result in a few failed airbridges, potentially degrading or short-
ing the circuit. For different requirements, different sizes of airbridges have been developed, as
shown in Figure 4.8(b).

Before deciding on the final length and width, yield tests were conducted. To estimate the
approximate yield of the structures, airbridges with different lengths—25, 32, 45, 55, 65, 75 and
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86 um—and widths of 10 and 15 um were fabricated on the same wafer. For each design, 108 air-
bridges were fabricated and inspected using SEM. Finally, the airbridges that remained standing
after fabrication are counted to determine the approximate yield, as shown in Fig. 4.8(a). How-
ever, an airbridge is counted as successful only if it stands alone with any sidewalls or residual
metal.

-p‘ . . [ | Mag= 380 EHT =30.00 kv Signal A= SE2 Gun Vacuum = 1.31e-09 mbar
BV - | 20 prn WO = 9.9 mm Aperture Size = 60.00 pm System Vacuum = 1.14e-05 mbar

|5 B The shortest airbridges often exhibit residual aluminum on the sides, which is
considered a failure in the yield test.

The shortest airbridges, 25 and 32 um, show very low yield even though they are all standing.
This is because the sidewalls cannot be fully disconnected during the etching step, and the
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remaining metal can be redeposited onto the circuit, as shown in Figure 4.9. Therefore, they
are counted as failed. This problem could potentially be mitigated by extending the aluminum
etching time.

For longer bridges—45, 55 and 65 um—the yield is perfect within the same fabrication run. The
65 pm length and 10 pm width are later chosen for the Nb resonator on the sapphire substrate,
as can be seen in Fig. 4.7(h). However, when the size increases to 75 and 85 pm, the yield
decreases. This is because the weight of the aluminum strip increases and the structure may
become unable to support its own weight, as shown in Fig. 4.10(a—c).

In contrast to most other works, sonication is not destructive in this process. However, to avoid
reducing the yield in mass fabrication, it is generally not recommended, since hot lift-off and
acetone/IPA baths already give good results in cleaning the chips. For additional cleaning, O2
plasma etching can be used in case organic materials remain on the substrate. No blow-drying
is also not destructive, but gentle use is recommended at this stage, as IPA can easily dry with
low power from the No gun.

However, spin-coating resist on fabricated airbridges is completely destructive for the airbridges
with the current design. This is critical in the ideal case where Josephson junctions are fabri-
cated as the final step to avoid contamination or hot plate application on the junctions, which
could increase their resistance. To address this issue, alternative designs, such as airbridges with
stiffeners, thicker airbridges, or even Nb airbridges, can provide improved stability.
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CHAPTER

Results

In this chapter, microwave measurements of the fabricated devices will be discussed. In total,
three chips were measured. The first, AIR-1, contains only A/2 resonators, which were used
to extract the effective speed of light on the corresponding chip and to improve the design for
the next generation. The second chip, AIR-2, contains A/4 resonators and a transmission line.
Lastly, AIR-3 includes grounded resonators with different numbers of airbridges, as well as bare
resonators used for comparison.

The Oxford Instruments Triton refrigerator is used to perform cryogenic temperature experi-
ments at around 17 mK, which ensures that Al and Nb thin films remain in their superconducting
state and that thermal excitations are suppressed. The sample box, which contains the sapphire
chip, is mounted on the base plate of the dilution refrigerator and is connected to the input lines
via SMA ports. Incoming microwave signals are attenuated to reduce thermal and electrical
noise before passing through the transmission line and interacting with the resonators. The
transmitted signals are analyzed using a Vector Network Analyzer (VNA) by measuring the So;
transmission spectrum. Before reaching the VNA, the signal is amplified by a High Electron
Mobility Transistor (HEMT) amplifier at the 4 K stage and again at room temperature.

5.1 Resonator Characterization

The signal passing through the transmission line interacts with the resonators while the fre-
quency is swept by the VNA. At the resonance frequency, a dip is observed in Sz; due to
destructive interference between the incoming signal and the signal reflected by the resonator.
The dip in magnitude |S21| at 3.771 GHz can be seen in Figure 5.1(a). The power applied by
the VNA is reduced using a digital attenuator to allow the resonators to be measured at the
single-photon level. The transmitted signal is then analyzed using a circle fit routine [43, 46] to
extract resonator properties such as @) factors and resonance frequency.
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The resonance frequency of the resonators depends on their length and the medium. The
length of the resonators corresponds to either half or a quarter of the wavelength, depending
on the boundary conditions: two open ends correspond to a A/2 resonator, while one open
end and one shorted end correspond to a A/4 resonator. In Figure 5.2(a), the AIR-2 chip
contains five resonators of various lengths, which are capacitively coupled to a transmission
line. Their corresponding resonant frequencies are shown in Figure 5.2(c). The resonators
are initially designed with two open ends, but one end is connected to the ground using a
single airbridge (shorted), as shown in Fig 5.3(b). This electrical connection transforms the
resonator into a A/4 type. The \/2 resonators in AIR-1, whose resonant frequencies are shown
in Fig. 5.2(b). They were also redesigned in AIR-2 to be half of their original length. Without
the airbridge connection, the resonant frequencies in AIR-2 would be expected to be twice those
in AIR-1. However, the results show that the frequencies remain nearly the same. The slight
difference observed is attributed to variations in different couplings of resonators, which affect
the total capacitance, consequently, the resonant frequency. In addition, the simulation data and
measured resonant frequencies match well, except at a resonator length of 3 mm, as shown in
Fig. 5.2(c). This resonator was excluded from the fit since the frequency deviation is unexpected
and may be due to fabrication errors. From the fit, the values of €. for AIR-1 and AIR-2 were
found to be 6.03 and 6.39, respectively, with corresponding phase velocities of 0.407 ¢ and 0.396 ¢
where the c is speed of light.

5.1.1 Quality factors

(a) A\/4 resonators by connecting the center conductor and ground plane by one
airbridge. (b) Detailed picture of dashed orange circle at (a).

After the transmitted signal is collected by the VNA, the complex value of S; is recorded at
different VNA power levels, which can be converted to the number of photons stored in the
resonator. To perform low-power measurements around the single-photon level without being
limited by the signal-to-noise ratio, the measurement is averaged multiple times.

In AIR-2, the internal quality factor is found to be approximately 6 x 10° at the single-photon
level as can be seen in Fig.5.4. From this, it can be concluded that the airbridge electrical
connection between the pedestals and the Nb ground layer is quite efficient, so that the internal
quality factor is not significantly degraded.
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In the AIR-3 chip, two transmission lines were fabricated. One line contains five resonators
originally designed as A/4, with 200 MHz frequency spacing to allow clear distinction in the
So1 spectrum and each resonator is grounded using a different number of airbridges. Due to
proximity effect considerations, the airbridges were placed with a minimum spacing of 80 um,
which corresponds to approximately 10% of the total resonator length. The other line includes
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identical resonators without any airbridge grounding, which serve as test resonators. As shown
in Figure 5.5, the internal quality factor Qi at the single-photon level for AIR-3 is observed to
be similar to that of AIR-2, indicating that airbridge connections do not introduce significant
additional inductive loss. Furthermore, no correlation has been observed between iyt and the
number of airbridges, as seen in Figure 5.5(b).

However, the resonators on both chips operate in the overcoupled regime, with coupling quality
factors Q. around 1-2 x 10° for all resonators. This means that the total loss is dominated by
external loss rather than by the internal properties of the resonators. The overcoupling regime
also prevents precise determination of internal losses due to Fano interference [48]. Ideally, the
resonators should be weakly coupled in order to efficiently quantify the loss contribution from
each airbridge which will be considered in future designs.

To assess the mechanical stability against environmental vibrations, such as those of the pulse
tube, measurements on AIR-2 were repeated with the pulse tube on and off. No differences in
quality factor were detected.

5.2 Effect of Airbridges on Resonators

In contrast to crossovers supported by dielectrics, airbridges introduce less shunt capacitance to
the resonator. However, since this additional capacitance is not negligible, it can be quantified
using a parallel capacitance model. Specifically, the capacitance introduced by the airbridges
contributes as a parallel component to the total capacitance of the resonator.

To measure the frequency shift caused by the airbridges, as shown in Fig. 5.6(a), resonators
with varying numbers of airbridges were fabricated and coupled to the first transmission line.
Each resonator is distinguished by a 200 MHz frequency spacing in the S2; measurement. On
the second transmission line, we fabricated an identical geometry to the first one, but without
any airbridges, to serve as a control resonator. Increasing the capacitance results in a decrease
in the resonance frequency of the resonators grounded by airbridges. The frequency shift due to
the airbridges is given by

1 1
Af = re — Jairbri = B '
J = Joare = Jairbridged = o~ 5 A A T oy

Here, L and C are the total inductance and capacitance of the bare resonators, and A(LC,,) is the
change in the LC' product due to the airbridges. However, airbridges also introduce additional
current paths, which effectively reduce the inductance. This reduction in inductance can par-
tially compensate for the increase in capacitance [29]. Nonetheless, the inductive contribution of
airbridges is difficult to quantify precisely, as edge effects play a significant role. The geometry
and shape of the airbridges strongly influence their inductive impact. These factors make it
challenging to extract the capacitance contribution of a single airbridge from the measurements,
and therefore we determine only the total change in the LC product. The total change in LC
can be expressed as

(5.1)
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1 1

A(LC) = (Lc)a1rbr1dged (Lc)bare - (QWfairbridged)Q (27beare)2 . (52)
From the measured resonant frequencies, we can obtain the ratio of the total change in inductance
and capacitance due to airbridges, given by A(LC)/LC, as shown in percentage in Fig. 5.6(b).
Since the change in L is quite small, we can model the effect of airbridges using a parallel
capacitance model. First, we will quantify the inductance and capacitance per unit length. In
addition, the participation of the airbridges is not uniform along the CPW resonator because
the standing-wave voltage varies with position. Therefore, we replace the bridge count n with
an effective number nqg. For airbridges evenly spaced along a A/4 CPW, the effective count is

1 r¢
neff:ng/o Sin2(2;> dz:g.
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The resonant frequency of the airbridged resonator can be written as

1 1
fairbridged = : (53)

2nvLC /14 %neff‘

Here, 0C is the capacitance introduced by an airbridge and n is the number of the airbridge.
It can be estimated as 6C' = %, where A is the area of the center conductor covered by the
airbridge (20 pm x 10 pum), and d is the height of the bridge, which is about 3.2 pm. Based on
this model, the expected added capacitance per airbridge is approximately 0.553 fF. However,
since the capacitance added by the airbridges is quite small compared to the total capacitance
of the resonator, we can expand the frequency expression using a Taylor expansion, such as

\/11? ~1-— %e 4+ .... The resonant frequency of the airbridged resonator is given by

1 1/76C
fairbridged ~ m {1 - ) (C’) neff:| ) (5-4)

The frequency difference between the airbridged and bare resonators, as shown in equation 5.1,
can be rewritten as

16C
Af = fbare ) iﬁneff-

Now we can express the total capacitance of the bare resonator in terms of known values and
the capacitance per unit length is given[22]

(5.5)

_ léoneff Jbare
R v (5.6)
2
o =2 (5.7)

l

From these expressions, we can calculate C' and L from our measured values. Accordingly, the
inductance per unit length and the total inductance are calculated as follows:

1

L= .
8L/l
L="%. (5.9)

For the 5 mm resonator, which has a resonance frequency of 6.07 GHz without airbridges and
6.04 GHz with 18 airbridges, the capacitance and inductance of the bare resonator are found
to be 0.469 pF and 1.465 nH, respectively. In addition, the inductance and capacitance per
unit length are 361.4 nH/m and 187.6 pF/m, respectively. Using the online simulator [64], the
expected L and C' values for a 5 mm resonator are obtained as 1.57 nH and 0.43 pF, respectively.
To apply the parallel capacitance model, we assume that L is not affected by the airbridges and
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use the inductance of the 5 mm resonator as a reference. Under this assumption, A(LC') becomes

A(LC) = LAC. (5.10)

Moreover, LAC/LC'is plotted in Fig. 5.6(b). Since the extracted LC change from the measure-
ment matches well with the model, this approach works for small added capacitances. For a
much higher number of airbridges, where the added capacitance becomes more significant, one
can use the second-order term of the Taylor expansion rather than equation 5.4.

5.3 Through Line
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(a) Sg1 transmission spectrum of CPW transmission line that is reconnected by
an airbridge. The transmission line is disconnected intentionally and reconnected
by an airbridge.

In some cases, when chip complexity increases, the CPW lines may need to cross each other, re-
quiring the center trace to be temporarily disconnected. The airbridges enable the reconnection
of two separated CPW sections, as shown in Figure 5.7(b) and one such transmission line with
three intentional disconnections was fabricated on AIR-2. These gaps were bridged using air-
bridges. The RF signal was transmitted through the line and the S2; transmission spectrum was
measured, as shown in Figure 5.7(a). In the transmission spectrum, no significant attenuation
and excess ripples are observed, indicating that airbridges provide effective crossover connections.
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Additionally, this test was repeated by applying a DC current of 560 pA to the transmission line.
No noticeable change was observed in the transmission spectrum, confirming that the airbridges
are mechanically and electrically robust enough to support efficient signal transmission without
significant reflection, even under DC bias conditions.
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CHAPTER

Conclusion and Outlook

In conclusion, Al airbridges were fabricated for the first time at QNZT during this thesis.
Grayscale lithography using 30 keV EBL was improved through 3D proximity effect correction
for single-step exposure. Delayed development or a post-exposure bake (PEB) was integrated
into the fabrication process. Both delayed development and PEB helped to homogenize the
development results, since the time between exposure and development plays an important role,
especially in large-scale fabrication, where there is a time gap between the first and last exposed
airbridge masks. Additionally, this process increases the usable dose range while improving
control over the resist height, which is highly desirable in grayscale EBL. The process was suc-
cessfully adapted for use on both Si and sapphire wafers.

The first consideration for airbridges was whether they could stand without a supportive layer
at sufficient lengths. For the longest bridge, 85 um, a yield of over 80% was achieved, while
bridge lengths up to 65 pum showed a yield of over 99%. However, the yield may vary depending
on the use of higher-power N9 blow or additional ultrasonic baths. In general, bridges survived
N drying when applied gently after lift-off and were durable enough to withstand sonication if
full power is avoided. However, they were not stable against resist spin-coating over the bridges.
Ideally, the yield for longer bridges could be improved by modifying the design in the future.
The currently achieved length of 65 um is highly compatible with the present geometries of the
CPW line.

Argon ion milling was employed in the process to improve the electrical connection between the
airbridges and the ground plane. The efficiency of this contact was demonstrated by intention-
ally disconnecting a through-line and reconnecting it with a single airbridge, which resulted in
no observable difference in the transmission spectrum. In addition, one end of a CPW resonator
(initially designed with two open ends) was shorted by an airbridge and a corresponding fre-
quency conversion was observed. An aluminum layer with a thickness of 450 nm was used for
the airbridges and deposited using planetary evaporation. However, triangular evaporation has



also been proposed for greater mechanical stability, although it introduces design complexity
and angle dependency [31].

CPW resonators were also designed and fabricated with airbridges. The fabricated airbridged
resonators were measured in a cryogenic environment and the internal quality factors Qiny were
found to be around 5 x 10°, which is slightly lower than current values reported in the liter-
ature [23] at the single-photon level. However, these internal quality factors are not entirely
reliable, as the resonators are overcoupled. Due to being in an overcoupled regime, the loss per
airbridge cannot be accurately determined, since external losses dominate over internal losses.
In future design, the resonator design will be modified to operate in the undercoupled regime,
allowing the loss per airbridge to be properly quantified.

In the next steps, the single-step airbridge fabrication process will be adapted to different ma-
terials such as Nb and Ta. Both Nb and Ta have higher critical temperatures and greater
durability in the thin-film form, which can enhance the mechanical stability of airbridges, es-
pecially for longer bridges. In addition, this increased stability may enable resist spinning over
airbridges, which is an important capability, as airbridges are currently fabricated as the final
step in superconducting qubit chips. This ordering is required because the airbridge process may
alter the characteristics of the Josephson junctions. Some attempts have been made to fabricate
airbridges with Nb in the current fabrication method, but the high temperature required for
Nb evaporation has made it difficult to deposit the same thickness as with Al. This issue could
potentially be addressed by evaporating a protective Al layer on top of the resist, which would
help prevent thermal stress and burn both the thin film and the resist mask.
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APPENDIX

Fabrication Recipe

Fabrication steps

Details

Wafer cleaning

5 min in hot acetone and 5 min in isopropanol with ultrasonication

Resist spinning

PMMA in 11% anisole at 500 rpm for 5 s and 1250 rpm for 60 s

Baking 3 min on a 150 °C hot plate
Resist spinning FElectra at 2000 rpm for 100 s
Baking 2 min on a 90 °C hot plate

E-beam lithography

Gradient exposure dose from 60 nC/cm? to 275 nC/cm? at 30 kV acceleration
voltage

Post-exposure bake or delay

72 h delay between exposure and development, or 20 min on a 45 °C hot plate

Etching Electra

H5O for 60 s

Development

20 s in MIBK at 22°C

Rinse and dry

30 s in IPA and blow dry with Ny

Reflow the resist

1 min on a 130°C hot plate

Ton milling and gettering

1 min Ar milling (400 V beam, 80 V acceleration, 22 mA beam current, 40
V discharge) and 2 min Ti gettering at 0.2 nm/s (chamber pressure < 1077
mbar)

Al evaporation

450 nm Al deposition at 1 nm/s

Al etching

Transene Al Etchant Type A for 180 s

Dicing and lift-off

Dicing with laser dicer and lift-off in AR672.11 at 65°C for at least 2 h

Rinse and dry

Rinse in IPA and gently blow dry with Ny

1R Fabrication recipe of Al airbridges.

Chapter A: Fabrication Recipe
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