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Abstract

The development of low-noise amplifiers in the last 15 years was key for the recent boom in quantum
information science. However, broadband amplifiers have yet to reach the quantum limit. Currently,
traveling wave parametric amplifiers (TWPAs) are the leading competitor for this task. The non-
linear transmission lines enabling amplification in TWPAs possess an intrinsically high inductance
per unit length, which has to be addressed either by impedance transformation or by additional
capacitance. In this thesis, we develop a fabrication process for tunnel-like vacuum-gap microstrip
transmission lines. The multi-step fabrication process relies on a layer of sacrificial resist as a place
holder for the vacuum gaps separating a central conductor from the tunnel-like ground plane above
it. The sacrificial resist is then removed through holes in the ground plane via plasma etching.
The resulting tunnel-like structures promise high capacitance per unit length because of the small
separation between the central conductor and ground plane while avoiding excessive dielectric loss

by having the dielectric removed from that gap.

To assess the microwave performance of the transmission lines created with this method, resonators
in two different designs, one in complete vacuum-gap microstrip and one in a CPW design with
air-bridges, are fabricated. These samples are measured in a dilution refrigerator. We report a low-
power internal quality factor of 1000 for the vacuum-gap microstrip and 20 000 for the bridged CPW
resonators. This places our newly developed design well within what is achieved by conventional
microstrip designs used in TWPAs. Given also the potential for improvement on various aspects,
this result is an excellent starting point for the development and construction of a vacuum-gap

microstrip TWPA.
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Chapter 1

Introduction

Thanks to decades of intensive research since the first conceptual ideas [1], quantum computers
are well on their way to becoming reality [2]. This becomes apparent in the rapid development
on multiple fronts and platforms, from the demonstration of quantum supremacy with a supercon-
ducting qubit chip [3] over promising new on-chip realizations of trapped-ion quantum computer

architectures [4] to the developments in quantum error correction [5] and quantum algorithms [6].

In the ongoing research effort, superconducting qubits are one of the most prominent platforms for
the development of quantum computers [7, 8]. The most distinctive advantages this approach offers
are, the possibility to design qubits and not have to rely on naturally occurring systems like ions
and the scalability potential promised by on-chip fabrication. Additionally, the superconductivity

of the used components offers high coherence times compared to typical gate speeds.

When realizing dispersive non-demolition readout of qubits, the signals carrying the extracted in-
formation consist only of a few photons at microwave frequencies. This means amplification near
the quantum limit is essential for single-shot measurements. Quantum-limited [9] amplifiers are

therefore an important building block for modern quantum science [10].

The first devices approaching the quantum limit were resonant parametric amplifiers [11-15]. Be-
cause of their resonant design, the amplification bandwidth is limited to a few tens of MHz, depend-
ing also on the gain that should be achieved [16]. In the last few years, the prospect of overcoming
this limitation has brought a lot of attention on a special form of the parametric amplifier. Due
to its non-resonant geometry, the traveling wave parametric amplifier (TWPA) is able to exceed
the bandwidths of resonant parametric amplifiers by orders of magnitude, opening up many new
applications [17]. By enabling frequency multiplexing for multi-qubit architectures or arrays of su-
perconducting detectors [18], TWPAs will be a game-changer for the fields of quantum research,
quantum computing, and astronomy. TWPAs have already been successfully implemented in a va-

riety of different designs [19-34], but are still limited by a number of issues, as will be discussed
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Figure 1.1: Schematic of parametric mixing in a nonlinear medium. For microwaves, the nonlinearity
is realized by a transmission line with current dependent inductance. By interaction through the
nonlinear medium, pump photons are converted to signal and idler photons providing amplification
of the signal. Depending on the order of the nonlinearity and the mode of operation this conversion
happens as a three-wave mixing or four-wave mixing process.

more thoroughly in chapter 2 and section 3.3.3.

The fundamental working principle of a TWPA relies on the nonlinearity of the propagation medium,
analogous to an optical parametric amplifier (OPA) [35, 36]. The nonlinearity of the medium allows
for the conversion of photons of a strong pump tone to signal and idler photons through a process
similar to stimulated emission. This interaction can occur as three-wave mixing (3WM) or four-
wave mixing (4WM). Depending on the order of the mixing process one (for 3SWM) or two (for
4WM) pump photons are destroyed to create a pair of signal and idler photons. Figure 1.1 shows
this principle and also the implementation of a nonlinear medium for microwave frequencies. The
nonlinearity of the transmission line serving as the mixing medium is provided by the dependence
of the inductance on the current through the line. This can be achieved either by using the intrinsic
nonlinear inductance of Josephson junctions (JJs) [37, 38] or by choosing a high kinetic inductance

material (see section 3.2.2) for the transmission line.

As the origin of the nonlinearity is the inductance, TWPA transmission lines have a significantly
increased inductance. This gives rise to the problem of matching the impedance of the nonlinear
transmission line of a TWPA to the usual 50 (see chapter 2). Therefore, in this thesis, we will
present a newly developed fabrication process, capable of producing high-capacitance vacuum-gap
transmission lines. The increased capacitance of these lines can be used to compensate for the

increased inductance.

This thesis is divided into 7 chapters. Chapter 2 starts with explaining the context of our newly
developed fabrication process, why it is useful, and how it can possibly be used to improve the
performance of TWPAs. In chapter 3 the theoretical basics of microwave technology, kinetic in-
ductance, and quantum-limited amplification are explained. Chapter 4 introduces a selection of
fabrication methods before going through the newly developed fabrication process for vacuum-gap

microstrips. It finishes by highlighting a number of challenges encountered during the development



of the process along with the ideas and methods that were used to overcome them. In chapter 6
we first present a thorough examination of the fabricated structures using scanning-electron and
atomic-force microscopy. Then the results of the measurements that were done on the fabricated
samples in a cryogenic environment are analyzed and discussed. The thesis is completed by a con-
clusion of the findings and an outlook on possible next steps and newly opened possibilities. Finally,

in the appendix, the reader can find the fabrication recipe in a more compact form.



Chapter 2

The TWPA Capacitance Challenge

The apparent advantages of TWPAs in terms of their bandwidth are also accompanied by a number
of challenges that have to be faced. The implementation as a transmission line instead of a resonator
calls for longer devices to achieve comparable amplification to resonant parametric amplifiers. Also

phase matching of the involved microwave tones becomes a concern (see 3.3.3).

In this chapter, we will deal with another problem resulting from the transmission line geometry
of TWPAs. We will motivate why traveling wave parametric amplifiers call for high capacitance
transmission lines, show different approaches in realizing them, and also talk about specific problems
arising with each solution. Then the vacuum-gap microstrip, that was developed in this thesis, will
be introduced as a way to achieve high capacitance in a transmission line while keeping the losses
as low as possible. Finally we discuss approaches similar to ours, that have already been made by

previous research.

2.1 Transmission Line Impedance Matching

To maximize the efficiency of traveling-wave parametric mixing processes and to keep the length
of the amplifying devices reasonable, the nonlinear inductance should be large compared to the
geometric inductance of the transmission line. The fabrication of nonlinear transmission lines us-
ing high kinetic inductance materials or metamaterials is the target of intensive research [39, 40].
However, the large additional inductance of those transmission lines leads to increased character-
istic impedance (Z = /L/C). If no countermeasures are taken, the increased impedance causes
unwanted reflections at the ends of the transmission line and thereby deteriorates the performance

of the amplifiers.

The first way to go about the higher characteristic impedance is to try to mitigate impedance
mismatch effects using impedance transformers [19-22]. However, this is hard to do over the large

bandwidths of TWPAs. The remaining reflections at the transformers often lead to ripples in the



gain spectrum of the TWPAs;, effectively limiting the gain that can be achieved [22]. Large gain,
however, is necessary to overcome the noise introduced by later amplification stages and other
components in the measurement setup. Another way is to counteract the large inductance and
match the device to the usual 502 of characteristic impedance by increasing the capacitance per

unit length.

Capacitance is required for many nano-electronic and nano-electric applications. If capacitances
are to be integrated on-chip, the usual way to do so is either by coplanar design or by implement-
ing a parallel-plate capacitor in a multi-layer process, deploying a dielectric layer in between two
metal plates. The same principles are applied in superconducting circuits used in circuit quantum

electrodynamics (cQED).

To increase the capacitance per unit length of the nonlinear transmission lines of TWPAs, different

approaches have been taken.

e The first attempts to increase the capacitance per unit length were to include lumped-element
capacitors [23-26], deploying dielectric thin-films. In contrast to the crystalline substrate
of a wafer, the amorphous structure of thin-film dielectrics leads to generally higher losses.
For many circuit QED applications, also including TWPAs, low losses are essential. While
resistance vanishes for superconductors, other sources of loss become dominant and in fact

dielectric losses are often the limiting factor for the noise performance of TWPAs [17].

e Implementing the TWPA in a classic microstrip geometry (see section 3.1.1) also increases
capacitance [27-31]. The base conductors are covered by a dielectric (Al,O5 for [28, 29],
amorphous Si for [27, 30, 31]), on which a ground plane is deposited. The capacitance of all
structures is greatly enhanced by the close ground plane, separated from the central conductor
only by the dielectric film thickness, typically a few tens of nanometers. However, as for
the lumped-element capacitors, the problem of high losses in amorphous thin-film dielectrics

remains.

e A method to avoid lossy dielectrics while still obtaining large capacitance is to implement
distributed interdigitated capacitors [32-34]. The large capacitance in those is not obtained
by close distance, like in the examples before, but by large area. By implementing structures
in an interdigitated geometry, as shown in fig. 2.1, sufficient capacitance can be obtained
despite the typical separations in the order of pm between the conducting track and the
ground plane. In contrast to the approaches using dielectric thin films, the electric fields
in this design are located either in the free space above the wafer or within the crystalline
dielectric (see section 3.1.1), leading to comparably low losses. Problems associated with
interdigitated capacitor designs are the possible appearance of parasitic resonances as well as

increased sensitivity to fabrication defects because of the large footprint.

To conclude, every approach offers advantages but also has its drawbacks, which ultimately limit



Figure 2.1: Implementation of a TWPA with interdigitated capacitors along the transmission line
in the work of Malnou et al. [32]. (a) and (b) Transmission line (false color red) is loaded with
interdigitated capacitors that generate capacitance between the line and the ground plane. Also
they are used for phase matching by dispersion engineering. (c) The complete TWPA with a length
of 33 cm fits on a 2cm by 2 cm chip in a spiral configuration.

the performance of TWPAs. The fabrication process developed in this thesis promises to achieve
the convenient and compact high capacitance of the microstrip approach with low dielectric loss.
We developed a method for creating vacuum-gap microstrips with high capacitance thanks to the
small (<100nm) separation between central conductor and ground plane and low dielectric loss.

The fabrication and characterization of such vacuum-gap microstrips is the heart of this thesis.

2.2 Vacuum-Gap Microstrips

To combat the problem of excessive dielectric loss in the microstrip design we developed a fabrication
process for a vacuum-gap microstrip, a design that replaces the dielectric layer of a microstrip with
a vacuum gap. The reasoning behind this is of course that the most direct way to prevent dielectric
losses is by removing the dielectric. The vacuum-gap microstrip lines are realized as free-standing
tunnels over a central conductor as illustrated in fig. 2.2. Here microstrip refers to the geometry of the
transmission line. Details on different geometries of transmission lines will be given in section 3.1.1.
To maximize capacitance, the height of the tunnel is kept as low as easily feasible with a resist as
a place holder. With that distance being in the range of 100 nm, it is clearly in the regime, where
the ground plane on top, i.e. the roof of the tunnel is much closer to the central conductor than the
sidewalls of the tunnel, which are a few nm away. Further information on the actual dimensions of

the sample and the realization of the tunnels is given in sections 4 and 5.

In addition to the application as a high capacitance transmission line, such supported tunnel struc-
tures are suited for a second application. Patterned into more narrow bridges instead of extended
tunnels they form air-bridges. Those can be used for ground plane connection where it is separated
for example by CPW lines. This prevents slot line modes, that otherwise have to be counteracted

by either on-chip wire bonds [34, 41] or other elaborate sample or sample holder designs [32].
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Figure 2.2: Schematic of the vacuum-gap microstrip. The idea is to fabricate a transmission line in
a narrow gap microstrip design and to remove the dielectric afterward. The ground plane is forming
a free-standing tunnel above the central conductor and is separated from it by a thin vacuum gap.

To conclude, we want to use supported tunnel-like structures to obtain large capacitance on the
whole length of a transmission line, while avoiding excessive loss caused by a dielectric thin film.
With that design, it is possible to compensate for a high-inductance central conductor and keep the
characteristic impedance at the conventional 50¢2. This makes our developed fabrication process
for a vacuum-gap microstrip transmission line a promising starting point for the construction of a

quantum-limited TWPA.

2.3 Existing Microstrip and Air-Bridge Designs

The idea of using supported structures to obtain high capacitance or to build air-bridges for improved
ground plane connection is not new. In a 2D environment like a wafer, the necessity often arises to
bridge appearing gaps by using the third dimension. Especially the need to avoid slot line modes
in CPW geometries has made air-bridges an important resource of micro- and nano-fabrication [42,

43].

To realize high capacitance for the use in resonators, lumped-element vacuum-gap capacitors have
already been implemented using a similar principle to what we will describe in this thesis [44,
45]. Similar to our process, a sacrificial layer separates the two electrodes of a large parallel-plate
capacitor during fabrication and is removed afterward. In these works, however, the sacrificial
layer is made from materials (Al in [44], Nb, Si or SiN, in [45]), the removal of which introduces
chemical incompatibilities with commonly used superconducting materials. The fabrication process
described in this work uses a resist, that can be removed by oxygen plasma etching, which preserves
the compatibility with both, aluminum and niobium as possible components for the base layer.

Moreover, to our knowledge, a similar design was not yet implemented as a transmission line.

For the use in a TWPA especially the losses of devices fabricated using our newly developed fabri-
cation process are relevant. Comparing it to the work of others that have already utilized microstrip
designs for the realization of TWPAs is interesting for assessing the potential offered by our ap-
proach. As figure of merit we use the loss tangent tand = & (see section 3.1.3). The numbers

given in table 2.1 are taken from works on TWPAs using a microstrip geometry to obtain sufficient

capacitance or from preceding papers specifically treating the used transmission lines. One has to



Table 2.1: Implementations of TWPAs using the microstrip design have encountered limitations
because of their dielectrics. The relevant figure of merit for the performance of a dielectric is the
loss tangent tand = .

Qi
publication ‘ dielectric ‘ loss tangent tand
Shan et al. [27],[46] 50 nm SiO, 5x107%
Ranadive et al. [29],[40] | 30nm Al,O3 | 4 x 1073 to 6.5 x 1073
Planat et al. [28],[40] | 28nm Al,O4 6.5 x 1073
Shu et al [31] 200nm aSi:H 3.6 x 107°

consider, that it is difficult to classify the origin of the losses, and also the loss properties of the
TWPAs are not guaranteed to be the same as for the test devices. However, the numbers give a
good impression of the state of the art of nonlinear, high capacitance transmission lines and their

limits.

The loss tangents achieved with thin-film dielectric microstrips in TWPAs so far, are in the range
from approximately 5 x 107 to 5 x 1073, resulting in quality factors of 200 to 2000. The only
exception we know of is the TWPA demonstration from Shu et al. from 2021. With a loss tangent
of tand = 3.6 x 107° or a quality factor of Q; = 2.8 x 10* it shows significantly less loss than

previous works.

To summarize, one can say, that the impedance matching of nonlinear transmission lines for use
in TWPASs remains challenging. The large inductance needed for an efficient mixing process calls
for additional capacitance to keep the characteristic impedance at the usual 50§2. The thin-film
dielectrics often used to achieve large capacitance introduce additional noise in TWPAs because
of their loss. This issue has been addressed with different approaches but is still far from being

completely resolved.

2.4 Potential

A simple estimate of the losses that can be expected from the vacuum-gap microstrip can be used
to demonstrate its potential. The low-power losses of a superconducting resonator without an
amorphous dielectric are dominated by two-level systems (TLS) on surfaces and interfaces [47]. The
numbers reported for the loss tangent of aluminum oxide, which we expect to cover the metal-to-
vacuum interfaces in our design range from 10~* to 2 x 10~3 [48] for different deposition methods.
Specifically for plasma oxidation Deng et al. report tand = 1.5 x 1072 to 2 x 1073 [49]. The surface
of the silicon substrate could also be relevant, as it might contain lossy amorphous oxides as a result
of the fabrication process. The loss tangents found for those range from tané = 1072 to 1072 [48].
Compared to these lossy dielectrics the loss tangent of the bulk silicon with tand < 10~7 [50] can

be neglected.

Without detailed analysis of the final surfaces and simulations of the electric field distribution, it is
difficult to estimate the participation ratios of the different dielectrics for our vacuum-gap microstrip

design. Based on the geometry, with a gap height of approximately 100 nm and an assumed oxide



layer thickness of a few nm, we anticipate the aluminum oxide to have a participation ratio in the
range of 1% to 10 % and to dominate over the silicon oxides. This results in an effective loss tangent
in the range of 10~* to 10~ that should be achievable in a best-case scenario. In terms of quality
factor this corresponds to 10* to 10°. Comparison with the losses of transmission lines used in
previous successful TWPA implementations (see table 2.1) the potential offered by the vacuum-gap

approach is evident.



Chapter 3

Basic Concepts and Theory

In this chapter, we will provide a few basic concepts necessary for later discussions and also introduce
the theoretical background used in our analysis. The first part of the chapter is treating basic
microwave theory, notably microwave transmission lines and resonators, and how to quantify their
performance. The second part focuses on introducing superconductivity and the central concept of
kinetic inductance. The final part of this chapter is dedicated to quantum-limited amplifiers, their

working principle and the distinction between resonant parametric amplifiers and TWPAs.

3.1 Microwave Technology Basics

For further understanding of the concepts presented in this thesis, it is necessary to introduce a few
ideas and calculations of microwave engineering theory. For a more rigorous and complete treatment

of the topic, the reader is referred to [51].

3.1.1 Transmission Lines

Transmission lines are a fundamental component of microwave technology. They enable the propa-
gation of signals between components and can, in the case of nonlinear transmission lines, be used

as an active component in the circuit.

Telegrapher’s Equation

To understand electromagnetic waves in a transmission line, it is useful to start with a lumped-
element model. We consider TEM waveguides that can be modeled by a series of lumped-element
unit cells. As shown in fig. 3.1 we need four different elements to account for the lines resistance R,
inductance L, capacitance C between the conductors and finally dielectric losses which is accounted
for with a shunt resistance G. This unit cell is repeated in z-direction to form the transmission line.
R,L,C, and G are the respective values per unit length and therefore each have to be multiplied

by the length Az of our short unit cell to give the value for the lumped-element circuit. The figure

10
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Figure 3.1: Lumped-element model of a transmission line. Image similar to [51]. For the lossless
model one assumes G = R = 0.

also defines the current I (z,t) and voltage f/(z, t) for the location z along the line and at the time

t. Applying Kirchhoff’s current and voltage law to the circuit in fig. 3.1 and taking the limit of
Az — 0 one obtains the telegrapher equations

7‘9‘75’0 = —Ri(z) — Lai(azt, 2 (3.1.1)
dI(z,t) B AV (z,1)
5 —Gu(z) - C

ot

(3.1.2)
Assuming sinusoidal time evolution of current and voltage (V(z,t) = V(2)e™* I(z,t) = I(2)e
these equations are reduced to

iwt)

& = (R WD), (3.1.3)
% — (G +iwC)V(2).

(3.1.4)

From solving the wave equations that follow after differentiating and inserting equations (3.1.3) and

(3.1.4) into one another one obtains the traveling wave solutions for voltage and current,

V(z)=Vte 7 4V e?

(3.1.5)
I(z)=T"e " 1 e*

(3.1.6)
that include waves traveling in the positive and negative z-direction. The complex propagation
constant -y is given by

7:a+i6:\/(R+iwL)~(G+iwC).

(3.1.7)
In the limit of a lossless line (R = G = 0), some relevant parameters of the transmission line simplify.
These are the propagation constant

v =1if=iwVLC, (3.1.8)
the wavelength
27
A= —,
B

(3.1.9)
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Figure 3.2: The two planar transmission line designs relevant for this thesis are the coplanar waveg-
uide (CPW) and the microstrip. Both designs feature a dielectric (gray), characterized by its electric
permittivity e and metal stripes (blue). The electric field distribution is indicated with red arrows.
(a) Coplanar waveguide. Gaps on each side separate the central conductor from the return conduc-
tors. (b) Microstrip. The conducting track and the ground plane are separated by a dielectric.

and the phase velocity
(3.1.10)

For later discussions, it is important to understand the meaning and properties of the characteristic

impedance Z. By definition it is given by the ratio between voltage and current of a forward traveling

+
7= ‘;_+ _ W/é (3.1.11)

For a transmission line with impedance Zj terminated with a load with impedance Z,, a mismatch

wave in the transmission line

in impedance results in the generation of reflected waves. One can show that the voltage amplitude

V= of the reflected wave is related to the voltage amplitude V* of the incident wave via

AR

Vvo=Vv"t.
Zr + 2y

=TVt (3.1.12)

where I' is referred to as the reflection coefficient. In terms of average power delivered to the load

we get
Ladl
A

Payy = (1—10P). (3.1.13)

Designs

Different designs are used for realizing planar microwave transmission lines. Because of their rele-
vance in this thesis, we will focus on two of them, namely the microstrip and the coplanar waveguide

(CPW). The two designs are represented in fig. 3.2.

A coplanar waveguide consists of a central conductor accompanied by a return conductor on each side
(in the same plane, therefore the name). The electric field is partly in the dielectric substrate and
partly in the space above it. The participation ratio of the dielectric, meaning the fraction of electric

field energy that is stored in it depends on the specific dimensions and the electric permittivity e.

12



For a lossy dielectric, the energy losses scale with the participation ratio. Because the crystalline
substrate of a wafer is a very clean dielectric, i.e. it has a low number of impurities and defects,
CPWs can achieve high quality factors (about 1 x 10° for low powers) if care is taken to obtain a
clean interface between metal and substrate [52]. In CPWs the capacitance that can be obtained is
limited because of the separation between the central conductor and the return conductors that is

usually in the order of a few pm.

The microstrip geometry relies on a single conducting track on top of a dielectric. The return
conductor is provided by a large ground plane on the other side of the dielectric. The dielectric
can be the substrate of a backside metalized wafer or a deposited thin film. In a microstrip the
electric field is almost entirely within the dielectric, making the loss properties of the dielectric
particularly important. Perfect crystalline dielectrics like silicon or sapphire wafers have proven to
enable low losses in this geometry, while deposited thin films tend to show higher loss. For realizing
high capacitance in this geometry, however, the case of very thin dielectric layers is most interesting.

These thin films can be engineered to be only a few nm thick.

3.1.2 Quarter-Wave Resonators

The resonators used in this work, to test and demonstrate the results of the developed fabrication
procedure, are %—resonators7 also called quarter-wave resonators. They consist of a transmission line
of length [ that is shorted to ground on one end and capacitively coupled to a feed line on the other

end.

Resonance Frequencies

The geometry of a quarter-wave resonator imposes boundary conditions on the electric field in the
line, namely a voltage node at the end of the resonator that is shorted to ground and a current node
on the opposite side, where the circuit is open. Oscillation modes that satisfy these conditions have
a voltage node at the short end of the resonator and a maximum in voltage amplitude at the open
end. A schematic of this is shown in fig. 3.3a. The frequency f; of the first mode that fulfills the

boundary conditions is given by
1 v

T uVIe Al

in a transmission line. We already derived this parameter

e (3.1.14)

1
vVLC

as phase velocity in eq. (3.1.10). Interpreting eq. (3.1.14) appears simple. The resonance frequency

Here we used the speed of light v =

is the inverse of the time it takes a traveling wave in this transmission line to travel four times the

length of the resonator. In other words, exactly a quarter of the wavelength of a traveling wave fits

inside the resonator. This justifies the name quarter-wave or %—resonator for this kind of device.
But the boundary conditions are also fulfilled by any frequency, that is an uneven multiple of the

basic resonance frequency f;. If we number them with the index 7, we can write

fi=(2i+1) f (3.1.15)
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Figure 3.3: The boundary conditions of a distributed quarter-wave resonator lead to a series of
resonant modes instead of the single mode of a lumped-element resonator. (a) Qualitative depiction
of the voltage distribution of the first three modes of a quarter-wave resonator capacitively coupled
to a feed line on the right and shorted to ground on the left. (b) Generic form of a Lorentzian
resonance dip in the transmission of a feed line that is coupled to a resonator. The form is given by
(3.1.16).

Fig. 3.3a shows the voltage distribution for the basic frequency f;, as well as for the higher modes

J1 and fo.

Transmission Spectrum

As already mentioned, the open end of the resonator is capacitively coupled to a feed line, enabling
interaction with the outside world. The coupled resonator appears in the transmission spectrum of
the feed line, as drawn in fig. 3.3b. For each resonance, the squared transmission parameter |S;|?

shows a Lorentzian dip [41]
D
1SofP =1 ———F———. (3.1.16)

1+ (2555L )2

OFWHM

The depth D and the full width at half maximum gy g are given by the losses of the resonator
and the strength of the coupling, as will be explained in sections 3.1.3 and 3.1.4. Equation (3.1.16)
only accounts for one resonance, but in a quarter-wave resonator of course each resonance adds such

a dip, resulting in the transmission spectrum of a quarter-wave resonator

D
S’ =1 — . (3.1.17)
T+ (2554
FW HM
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Lumped-Element Equivalent Circuit

A quarter-wave resonator is a distributed element, with its capacitance, inductance, and resistance
not at a single point, but spread out over its length. Nevertheless, it is convenient to consider its
equivalent lumped-element circuit [41, 51, 53]. We start from the input impedance of a transmission

line that is shorted at one end
1 — itanh ol cot 51

tanh al —icot 81’

T =2 (3.1.18)

with the characteristic impedance of the transmission line Z and the propagation constants as
introduced before and the length [ of the shorted line. Using eq. (3.1.8) and eq. (3.1.14) we can make
the connection between the propagation constant (3, the probing frequency w and the resonance
frequency wy

W Aw T

~
~

cot Bl = cotwlv LC' = cot

3.1.19
2wy wy 27 ( )

where the approximation is valid only around the resonance frequency (“Z** = Aw/w, < 1). Using

this and assuming small losses (al < 1), eq. (3.1.18) simplifies to

G2 — L (3.1.20)

’ - Aw T

Comparing this result to the input impedance of a parallel RLC circuit

1
Z = 3.1.21
RLC 1/Rle + 2iAwCle ’ ( )
one can identify the equivalent lumped-element circuit parameters
A
Rie = — 3.1.22
: al ( )
T l
o= = -C. 1.2
@) oZ 2 C (3.1.23)

Then, from the undamped resonance frequency of an RLC circuit (w, = ﬁ) we get the equiv-

alent lumped-element inductance

8l
L= L. (3.1.24)

The condition al < 1 can be understood as the requirement that the signal does not get attenuated
notably during propagation through the distributed resonator. The lumped-element circuit picture is
only valid around the resonance frequency, meaning that the shape of the resonance can be explained
locally, but at different frequencies the two devices still behave distinctively differently. This becomes
obvious considering that the lumped-element resonator has only one resonant frequency, while the

distributed resonator supports higher modes as well.

The resonators we want to treat are capacitively coupled to the feed line with an extra coupling

capacitor. This adds the coupling capacitance C., modifying the resonance frequency
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1
W= —— (3.1.25)

' V Llc (Clc + Cc) .
Formally, for this equation to be true, the condition C2w/?Z2/4 < 1 has to hold, however, this

condition is easily fulfilled for a characteristic impedance of 50 €2 at GHz frequencies.

3.1.3 Losses and Quality Factors

Although the derivations from above use the approximation of a lossless or low-loss transmission
line, losses are a significant property of a resonator. They can be quantified using the quality factor

Q defined as [51]

average energy stored
=w- , 3.1.26
@=w energy loss/second ( )

giving a measure of the resonators’ ability to preserve the energy stored in it at frequency w. The
losses arise from different sources like radiation, conduction, or, most relevant for this work, dielectric
loss. These internal losses give rise to the so-called internal quality factor Qin: characterizing the
dissipation of energy inside the resonator. Moreover, the coupling of the resonator to the outside
world allows energy to be exchanged and thereby opens another loss channel from the resonators’
point of view. This loss channel is characterized by the so-called coupling quality factor Q.. Together

with the internal quality factor @i, it combines to give the loaded Q or @

1_1 1
Ql Qint Qc.

(3.1.27)

Using the same principle, Qi itself can be separated into the different contributions as mentioned
above. Especially for the dielectric loss it is common to introduce the loss tangent tan dqje) = ﬁ
as the reciprocal of the dielectric quality factor Qgjel.

3.1.4 Circle Fit

The parameters of a resonator can be obtained from its transmission spectrum. We already in-
troduced the transmission parameter Sp; of a feed line coupled to a resonator in eq.(3.1.16) and
visualized it in fig. 3.3b. In terms of quality factors it can be expressed as

Q1

S. -1 @ 3.1.28
Zl(f) 1+2’L‘Q1% ( )

Methods used to fit this equation to the spectrum are referred to as circle fits because of the real
and imaginary part of the transmitted signal around the resonance forming a circle in the complex
plane. The method used for the analysis in this thesis was already implemented in other works of

the group [54]. To account for the influence of the environment, especially the measurement setup,
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Figure 3.4: Exemplary resonance measurements with circle fit used for analysis. The top row is
taken at low power, the bottom row at high power. from left to right: signal magnitude, phase
and normalized signal in the complex plane.

eq. (3.1.28) is extended to

Q1
Sor(f) = (ae®e 27Ty [ (1 — Qe 3.1.29
(= - 5ams) (31.29)
including factors for global attenuation and phase shift (ae’?), a phase shift linear in frequency
(e=2™/7) and the phase offset ¢g, capable of accounting for impedance mismatch before and after
the resonator. The fit parameters that were extracted from transmission data in this thesis are the

resonance frequency as well as the internal and coupling quality factors.

Fig. 3.4 shows exemplary measurements of a resonator coupled to a feed line with the corresponding
circle fit for two different signal powers. For both, the fit captures the resonant feature in the
center of the shown data, while failing to describe its surroundings. This is because of background
variation mainly caused by standing waves forming due to reflections along the feed line. Giving
a quantitative estimate for the errors of the fitting parameters is therefore challenging. The errors
that are presented as error bars later in the analysis do only represent the statistical uncertainty
of the fits. If, like from the top to the bottom row in fig. 3.4, the noise level of the measurement
is reduced, these statistical errors get smaller, while the uncertainty introduced by the background
variation remains. This has to be taken into consideration when interpreting the results presented

later in chapter 6.
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3.1.5 Average Photon Number

With knowledge of the quality factors of a resonator and the incident power, it is possible to calculate
the average photon number (ny,) in the resonator. Following the calculation from [55], we start by
considering the incident power P,,. on the feed line at the coupled resonator. It can be reflected as

Prest, transmitted as Piyans or absorbed by the resonator as Py
]Dinc — Irefl + Ptrans + Pabs == in<:|Sll|2 + P)inc|521|2 + F)abs- (3130)

Here we already plugged in the definition for reflected and transmitted power in terms of scattering

parameters. The scattering parameters of a resonator that shunts the feed line are given by [56]

Qe

So1 = m (3.1.31)
_ _Qint
S = 0.1 0 (3.1.32)

with the different quality factors as described above. This we can now use to express the absorbed

power in terms of the quality factors of the resonator

2 2
Pmbs: Ql

a Q Q RHC' (3.1.33)
cYint

The absorbed power can be attributed entirely to the internal losses of the resonator. These are
simply given by the amount of energy stored in the resonator E' = (npn)hw, and the internal loss

rate King

Pabs = <nph>hwr/ﬁ:int- (3134)

Using the definition of the internal quality factor stated in eq.(3.1.26), inserting E for the stored
energy and k; for the loss rate, we obtain

hw2

it B 3.1.35
Qint ( )

Pabs = <nph>

which in combination with eq. (3.1.34) yields the final expression for the average photon number

207

<nph> = Q heo? ]Dinc~ (3136)

It has to be noted, that this result does not account for feed line mismatch and other reflections in
the measurement line and can therefore be interpreted as an upper bound on the number of photons

in the resonator [55].
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3.2 Superconductivity and Kinetic Inductance

Superconductivity is an effect that occurs in some materials at very low temperatures. When below a
critical temperature T, these materials completely lose their electrical resistance and expel magnetic
fields. Superconductivity has many applications and notably offers an essential tool for building high
magnetic field applications, such as particle accelerators or magnetic resonance imaging (MRI), or

a promising candidate for lossless power transfer.

Another aspect of superconductivity is its importance in the field of quantum physics. Super-
conducting qubits are a promising platform for the implementation of a quantum computer and
superconducting detectors are state of the art in the field of microwave astronomy. In this section,
we will focus on the elements of superconductivity that are relevant for this thesis, namely the
Meissner effect and kinetic inductance. A detailed treatment of superconductivity, its phenomena,

and the different theories used to describe it can be found in [38].

3.2.1 Meissner Effect

The expelling of the magnetic field from the superconducting material is known as the Meissner
effect. The magnetic field decays exponentially from the surface of the superconductor to its inner

region on a length scale, referred to as the London penetration depth A. At zero temperature it is

me2
A=/ p——t (3.2.1)

where m is the electron mass, ¢ the speed of light, ns the superconducting electron density and e

given by

the elementary charge.

3.2.2 Kinetic Inductance

Kinetic inductance arises from the kinetic energy of the charge carriers in contrast to classic magnetic
inductance which comes from the energy stored in the magnetic field induced by the current [57,

58].

Intuitive Picture

To motivate kinetic inductance, one can picture a conductor with length [ and cross-section A
supporting a current I. The charge transport is done by charge carriers with mass m, charge ¢, and
assumed homogeneous number density n. A sketch of such a conductor is shown in fig. 3.5. We can

easily find the expressions relating the current to the average drift velocity v of the charge carriers.

I =vgnA<=v= (3.2.2)

qnA
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Figure 3.5: Sketch of charge transport in a wire. Charge carriers of charge ¢ and number density n
move with an average drift velocity v through a conductor of length [ and cross-section A.

If we assume, that all charge carriers are moving at the average drift velocity, this results in the

kinetic energy
2
m () >
gnA ml I
Eyin = ——— nAl= — - —. 2.
b 2 " nAq¢> 2 (3:2:3)

Comparison with the energy of an inductive element Ej;, = %L[ 2 then leads to the kinetic induc-

tance
mil

—. 24
DAL (3.2.4)

Lk:in =

While this approach is only an intuitive picture for where kinetic inductance comes from, it still gives

l

the correct proportionalities on the geometric factor % and on the material parameters .. For

ng
normal conductors, the reactive part of the characteristic impedance coming from kinetic inductance
vanishes compared to the resistive part up to THz frequencies [58]. For superconductors, however,

the resistance vanishes and therefore kinetic inductance can dominate.

Temperature Dependence

An important point for this thesis is the temperature dependence of the kinetic inductance. An
increase in temperature leads to both, a direct decrease in the number of charge carriers due to
thermal breaking of Cooper pairs and the formation of quasiparticles and secondly the increase of
the penetration depth A which again leads to a decrease in charge carrier density. The specific

dependencies can be worked out using the Mattis-Bardeen theory [59].

For this work, especially the dependence of the resonance frequency of a resonator on the temperature

T is important. An approximate formula can be found for the change in frequency df, = f,(T) —

£:(T =0) |53, 60]
5fr o« A A
T =0 2V2ker P (M) : (3.2.5)

Here « gives the kinetic inductance fraction of the resonator and A is the superconducting gap of
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the superconductor at zero temperature. Later in this thesis, we will use this formula to extract

information about the kinetic inductance fraction « from measurements at different temperatures.

Nonlinearity

For quantum physics and especially for the construction of quantum-limited parametric amplifiers
kinetic inductance is interesting because of its nonlinearity. Coming from a different direction
than our intuitive treatment before, namely using BCS theory one can show that the kinetic sheet
inductance L = L of a thin superconducting film is given by [61]

_ hRg

Lg=——. 2.
0="X (3.2.6)

Here, A denotes the superconducting gap at zero temperature and R is the normal state sheet
resistance. For thin-film circuits inductance and resistance are often given per square (shown with
the O in the subscript). This comes from the geometric scaling of these values. As they are
proportional to the length of a conductor and inversely proportional to its width, each square of

material, independent of its size has the same inductance or resistance.

The dependence of the kinetic inductance on the superconducting energy gap A gives rise to its
nonlinearity. This is because A depends on the supercurrent flowing through the conductor. The

kinetic energy of the charge carriers reduces the condensation energy of the superconductor [61].

The connection between kinetic inductance and normal state resistance, as given by eq. (3.2.6)
implies, that superconductors with large normal state resistance also have large kinetic inductance.
Disordered superconductors, such as granular aluminum (grAl) [62, 63| are therefore ideal candidates
for building high kinetic inductance nonlinear devices. Examples of such devices are parametric

amplifiers, as will be discussed in the next section.

3.3 Quantum-Limited Amplifiers

Quantum-limited parametric amplifiers have become essential in the fields of quantum information,
computing, and research and do also find diverse applications in building detectors for astronomy

or the search for dark matter.

Those devices offer significant amplification for low power signals while only adding noise close to
the quantum limit of amplification. Used as the first element of an amplification chain they are
able to reduce the noise level, previously limited by the performance of semiconductor amplifiers.
The higher noise of the following stages gets less relevant as the noise of an amplification chain is
determined only by its first stage if the gain of this first stage is sufficiently high [51]. However,
despite their fantastic potential and the many problems that have already been overcome, the
application of quantum-limited amplifiers is still limited by a few drawbacks. In the following, we

will give a brief overview of the basic principle of parametric amplification and then discuss the two
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fundamental designs for quantum-limited amplifiers and the connected limitations and challenges.

3.3.1 Parametric Amplification

Parametric amplification is based on the principle of wave-mixing, a process that occurs in nonlinear
media. The most prominent example of nonlinear mixing processes can probably be found in the
field of optics [35, 36]. Nonlinear optical fibers can be used for example to convert a laser beam to
a higher frequency, by combining two photons at a low frequency into one photon at double that
frequency. More generally speaking, energy can be exchanged between different modes of oscillation
by interaction through the nonlinear medium. This enables amplification, as energy can be converted
from a pump tone to a weak signal tone. Parametric amplification processes are classified into two
categories, three-wave mixing (3WM) and four-wave mixing (4WM), which differ by the number
of photons involved in the process. In 3WM amplification processes, a pump photon at frequency
fp is converted into two photons at lower frequency, labeled signal (fs) and idler (f;). For 4WM
processes, two photons of the pump are converted into signal and idler. The relations of energy

conservation that have to be fulfilled are

fo=Ffs+fi (3WM) (3.3.1)
2fp = fs+ fi (4AWM). (3.3.2)

However, this effect does not only occur at optical frequencies but can also become relevant in the
microwave regime. A more detailed description of this interaction process can for example be found

in [64].

The presence of a nonlinear medium is essential for mixing processes. Such a medium can be

engineered using the nonlinearity of kinetic inductance, that was explained before in section 3.2.2.

3.3.2 Resonant Parametric Amplifiers

The first microwave parametric amplifiers (paramps) were realized in a one-port resonant design,
where the signal enters a nonlinear resonator that is pumped by a strong microwave tone. The
signal gets amplified by conversion of pump to signal photons and then leaks out through the input
port. Using parametric amplifiers, near-quantum-limited noise performance could be achieved and
used for example to observe quantum jumps of a qubit in real-time [65]. While extremely useful
for many purposes, resonant paramps also exhibit significant weaknesses linked to their design as
resonators. The usability of such devices is fundamentally limited by the so-called gain-bandwidth
product, setting a limit to signal gain and bandwidth. Large values in both those quantities cannot

be achieved simultaneously [10].
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3.3.3 Traveling Wave Parametric Amplifiers

Many of the limitations of paramps, like the limited gain-bandwidth product, can be overcome
by traveling wave parametric amplifiers (TWPAs) [17]. Instead of a resonant design, TWPAs are
nonlinear transmission lines in which the signal is amplified while traveling through it, very similar to
fiber optical amplifiers [35]. Due to this geometry of TWPAs, they do not suffer from a fundamental

limitation on their gain-bandwidth product but impose new challenges.

To obtain sufficient gain across the device, a practice known as phase matching becomes important.
The amplification gain becomes maximal when the phase mismatch, i.e. the difference of the wave

vectors involved in the mixing process, vanishes.

kp=ks+ki (3WM) (3.3.3)

Uiy =ky+k;  (AWM) (3.3.4)

This ensures that the signal waves that are created over the whole transmission line remain in
phase and constructively interfere at the end of the amplifier. Because of the nonlinearity of the

transmission line this condition is not easy to fulfill over a wide bandwidth.

Typically, other mixing processes, such as the generation of higher harmonics of the pump tone,
dominate over the amplification of the small signal tone if no care is taken to suppress them. These
processes can lead to pump depletion [66]. The generation of higher harmonics can be suppressed by
introducing a bandgap into the dispersion relation of the transmission line. This technique known
as dispersion engineering can be realized by either introducing periodic loading patterns [19-22,
28, 30—-34] that create a photonic crystal preventing the propagation of specific frequencies, or by
including resonators along the transmission line [23, 24] leading to the same effect. The introduction
of nonlinear dispersion into the TWPA is also necessary to avoid the generation of shock waves in

the device, which otherwise would make significant gain impossible [67].

It is important to note that dispersion engineering can also be used to combat the problem of phase
matching. By again loading the transmission line with periodic structures the dispersion relation of

the line can be altered to ensure phase matching of pump, idler, and signal over wider bandwidths.

Another problem to be thought of is impedance matching. To obtain sufficient amplification in a
non-resonant design and on feasible length scales, large kinetic inductance is required. As already
discussed in chapter 2 different approaches were taken to either mitigate the negative effects of the
increased characteristic impedance or to compensate for the increased inductance by increasing the

capacitance accordingly. The second approach has the additional benefit of reducing the speed of

light v = \/270 in the transmission line even more and thereby increasing the effective interaction
length for the wave mixing. However, providing large additional capacitance typically comes at the
price of increased loss, due to the dielectrics used to realize it. As already discussed above, the

thin-film dielectrics, which are often used to achieve large capacitance, usually exhibit high losses
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compared to the thick crystalline wafer substrates. It is worth noting that this problem does not
apply in the same way to resonant paramps, as because of their resonant one-port design, impedance
matching is not an issue. Consequently, the kinetic inductance does not have to be compensated

with additional capacitance and no need for lossy dielectrics arises.

To conclude, the noise introduced by dielectric losses is one of the last remaining issues preventing
true quantum-limited TWPAs. So in order to achieve low-noise broadband amplification, finding
a method of constructing low-loss nonlinear transmission lines for TWPAs is a promising research

goal.
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Chapter 4

Fabrication

In the previous chapters, we motivated why transmission lines with high capacitance and low losses
would be a significant step forward in the development of microwave traveling wave parametric
amplifiers. Also, we have introduced the concept of a vacuum-gap microstrip that promises these
properties. In this chapter, we will explain in detail how the vacuum-gap microstrip can be realized
using nano-fabrication techniques. To do that, we will start with a general introduction to nano-
fabrication and give short explanations of the most common techniques used. After that, the
fabrication process developed during this master thesis will be discussed step by step. Subsequently,
challenges encountered during the development of said process will be highlighted together with the
strategies and measures that were used to overcome them. Finally, ideas on how to further improve

the current process will be given.

4.1 Basic Concepts of Fabrication

Micro- and nano-fabrication is a fundamental ingredient of modern technological society as nano-
fabricated chips are integrated into many devices of daily use. Fundamentally there are two ways
to do micro- or nano-fabrication. The "bottom-up" technique is characterized by starting from an
empty substrate and layer by layer building up the final structure, i.e. depositing material where
one wants them to be. Doing the opposite, namely depositing material on the whole surface and
then removing it where one does not want it to be, is referred to as the "top-down" technique. Both
techniques rely on different material deposition and lithography methods. Therefore, in this section,
we will introduce the most common ones with a focus on aspects that will be relevant later in the
thesis. A wider and much more detailed treatment of micro- and nano-fabrication technology can

be found in [68].
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4.1.1 Material Deposition

Material can be deposited on a wafer in a variety of different ways. In this work, we used sputter
deposition and electron-beam evaporation. Although there are other methods to deposit thin layers

of material on a substrate, we will focus here on these two.

In sputter deposition, a target is hit by high energetic ions (usually argon) leading to the ejection
of atoms from the target material which are then redeposited on the wafer. To generate these ions,
a DC- or RF-field is applied between the target and a counter-electrode in a low-pressure argon
atmosphere. In the resulting plasma, the positive argon ions are accelerated towards the target

where they transfer their momentum to the atoms of the target ejecting them from the surface.

The second method mentioned is to heat the target to temperatures where the material evaporates
from the target and then condensates on the substrate. To do that, often an electron beam is used

to heat the target locally.

A main difference between these two deposition methods is that evaporated atoms are intrinsically
hot as the material has to reach its temperature of evaporation. So when evaporated atoms deposit
on a surface, they form their lattice structure while still hot. When the layer cools down, the film
can exhibit considerable tensile stress due to thermal contraction (see also section 4.3.3). Sputtered
atoms are generally cooler during deposition but nevertheless, some stress in the deposited film

might appear.

A big advantage of sputter deposition is the much greater level of control that can be exerted on the
film properties by variation of the process parameters. Film properties can be modified by changing
parameters like bias voltage or argon pressure. Also, the substrate can be heated, affecting the
crystalline structure of some deposited materials. Coming back to the issue of tensile stress, it is
important for this work to note, that the strain of sputtered thin films can be controlled with the

pressure of the argon in the chamber (e.g. [69]).

Because of the high vacuum necessary for evaporation and the argon plasma needed for sputtering,
a defining difference between the two processes is also directionality. For evaporation, the material
deposits only in the direct line of sight from the target. For sputtering, due to the presence of the
argon plasma, deposition is generally more isotropic while also depending on the process parameters.

This becomes relevant for example for the shadow effect discussed in the following section on lift-off.

Other differences to be named are generally slower deposition speeds for sputtering and a much
narrower range of compatible materials for evaporation. While evaporation is mostly limited to
pure metals, sputtering is capable of depositing a wide range of materials, also including non-metals,

alloys, ceramics, and polymers.
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4.1.2 Lithography

In the context of micro- and nano-fabrication, lithography describes the process of transferring an
image or pattern to a polymer thin film called a resist. This resist is previously deposited as a
continuous layer on a substrate, such as a wafer. Different methods can be used to achieve this

pattern transfer.

In electron-beam lithography, a focused beam of electrons is used to pattern structures in an electron-
sensitive resist. Exposure to electrons changes the chemical properties of the resist depending on its
specific composition. One can distinguish between positive and negative resists. In positive resists,
the exposure leads to solubility in a chemical reactive. In negative resists, it leads to crosslinking of
the resist molecules resulting in the opposite effect. Negative resists lose their solubility where they
are exposed. The removal of the soluble parts of the resist film in the chemical reactant is referred

to as development.

Other methods of lithography are focused-ion-beam lithography and optical lithography. The latter
mainly uses light of the blue and ultraviolet parts of the electromagnetic spectrum to manipulate
the chemical properties of the resist. Instead of walking a localized beam across all the areas of the
wafer that should be exposed, optical lithography also offers the possibility to use fabricated masks

between the wafer and a light source to expose samples in a much shorter time.

Without regard to the method of their creation, thin films of patterned resist can be used to make
changes to the surface of a wafer, either by etching or by material deposition followed by lift-off.
Although the sketches from fig. 4.1 and fig. 4.2 both show a positive resist being used, both positive

and negative resists can be used for both processes.

4.1.3 Lift-Off

One method of using a resist mask to pattern structures on a wafer is lift-off. A layer of the
desired material is deposited on top of an already exposed and developed resist mask. At the mask
openings, the material can reach the surface of the wafer and deposit on it; in all areas covered by
resist, the material deposits on top of the resist film. After deposition, the wafer is dipped in a
solvent that dissolves the resist, only leaving metal on the areas that were not covered by the resist
mask. As shown in figs. 4.1a to 4.1c, the first step of a lift-off process is the deposition, exposure,
and development of the resist film on top of the substrate. This is followed by material deposition
before finally the resist film is dissolved in a solvent (usually Acetone or NMP), leaving a metal

layer formed according to the lithography pattern.

Important factors for successful lift-off are a directional material deposition method such as evap-
oration and an undercut in the resist profile. The problem with a resist profile that does not have
an undercut or even shows a sloped profile is depicted in fig. 4.1d. The metal that is deposited

on the wafer surface is connected to the metal deposited on the resist due to metal deposition on
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Figure 4.1: Schematic of a positive resist electron-beam lift-off process. (a) First the resist film is
exposed by a focused electron beam. (b) After the development of the resist (here a positive resist)
one can evaporate metal on the wafer. (c) Finally, the resist is removed using a solvent leaving only
the metal on the exposed areas on the wafer. A negative resist would leave metal everywhere except
the exposed areas. (d) A vertical or even sloped resist profile leads to a connection of the deposited
metal on the bottom of the trenches with the metal on top of the resist. (e) Undercut profiles can
be achieved using resist bi-layers. The resulting shadow effect prevents step coverage of the resist.

the sloped resist wall, making lift-off significantly harder or even impossible. A common way to
achieve an undercut is to use resist bi-layers as shown in fig. 4.1e. Usually, the layers are chosen
such that the lower layer is easier removed by the developer than the top layer. During development
part of the lower resist layer is washed away under the one on top. The resulting shadowing effect
makes coverage of the resist step by directional material deposition impossible, ensuring unhindered
removal of the material on top of the resist mask. Another way the shadowing effect can be used
is for example in the fabrication of Josephson junctions in the double angle evaporation or Dolan

bridge technique [70].

4.1.4 Etching

Being the standard technique for pattern transfer in the semiconductor industry, etching is an
important part of micro- and nano-fabrication. On top of a pre-deposited material, a resist mask
is created by lithography. After that, the whole wafer is dipped into a chemical solution (wet etch)
or exposed to a plasma (dry etch) which etches the underlying material. Where the material was
covered by the resist mask, it is protected, while where the etchant can access it, it is removed. A
distinctive difference between wet and dry etch is that wet etches are usually isotropic while dry

etching with plasma can be very directional.

Fig. 4.2 shows a sketch of a masked plasma-etch process of a metal layer with a positive protective
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Figure 4.2: Schematic of a positive resist masked plasma etching process using electron-beam lithog-
raphy. (a) A pre-deposited metal layer is coated by a resist that is then exposed by a focused
electron-beam. (b) After the development of the here positive resist the sample is exposed to a
plasma etch that removes the metal where it can access it. (c) Finally the protective resist is
removed by either a solvent or by a different plasma (usually O, ashing)

resist mask. First, the metal layer that is already in place is coated by a resist film. This resist (here
again a positive resist) is exposed by an electron beam (fig. 4.2a) and developed. The whole sample
is exposed to a plasma etch (fig. 4.2b) that removes the metal where it is not protected. The final

result, after removal of the protective resist, can be seen in fig. 4.2c.

4.2 Vacuum-Gap Microstrip Fabrication Process

The development of the new vacuum-gap microstrip fabrication process is the main achievement of
this work. The process of constructing a vacuum-gap microstrip can be separated into the five steps
shown in fig. 4.3: deposition of the base layer, patterning of the sacrificial resist as a place holder
for the tunnel, deposition of the ground plane on top of the sacrificial resist, etching of the ground

plane and finally removal of the sacrificial resist from the tunnels.

4.2.1 Base Layer

The main part of the fabrication starts with the patterning of the base layer. It is patterned in
aluminum using an MMA-PMMA bi-layer lift-off process. Like in all following layers we use electron-
beam lithography to pattern the resist. The wafer is then developed in a mixture of isopropanol
and water, rinsed in water and blow-dried with nitrogen. A 40nm layer of aluminum is deposited
via electron-beam evaporation and lifted off in an acetone bath under ultrasonication. The step is
completed with rinsing in isopropanol and again drying in N,. Fig.4.4 shows optical microscope
images of the finished layer. The white areas are aluminum, the gray background is the silicon

substrate.
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(e) Sacrificial resist removal

Figure 4.3: Basic sketch of the fundamental steps of the developed fabrication process. (a) The
base conductor layer is deposited. (b) Thin lines of sacrificial resist are patterned to act as a place
holder for the tunnels. (c¢) The ground plane is deposited on top of the sacrificial resist. (d) Holes
are etched into the ground plane so that the sacrificial resist becomes accessible. (e) The sacrificial
resist is removed from the tunnels with an oxygen plasma.
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Figure 4.4: Microscope images after the first fabrication step. The aluminum appears white, the
silicon substrate gray. (a) CPW resonator (extending to the right) coupled via a coplanar coupler to
a CPW feed line (vertical). (b) Vacuum-gap microstrip resonator (extending to the right) coupled
via a parallel-plate coupler (only foundations present at this step) to a CPW feed line (vertical).

4.2.2 Sacrificial Resist Layer

The next step is the patterning of the sacrificial resist to form the tunnels of the vacuum-gap mi-
crostrip resonators and the air-bridges. As the resist should stay only on the wafer where there
should be tunnels or bridges, we use a negative resist (ma-N 2401 supplied by micro resist technol-
ogy). The resist is deposited via spin coating at 4000 rpm to obtain a film thickness of approximately
80nm on flat surfaces. The patterning is again done using electron-beam lithography. Afterward,
the sample is developed in a diluted metasilicate-based developer, rinsed in water, and blow-dried
with nitrogen. The metasilicate developer is chosen because unlike other alternatives based on
TMAH it does not etch aluminum. Photographs of the sample after development are shown in
fig. 4.5. To ensure continuous metal coverage at the next step, we form a smoother inner profile of
the tunnels by overexposing the resist. By the proximity effect, the exposed lines become wider and
the flanks of the developed resist become sloped and rounded. The results are similar to the resist
profile in fig. 4.1d, but rather than being a problem, the continuity of the metal layer that will be
deposited in the next step is an essential requirement for the success of the fabrication. While more
clearly visible in the AFM analysis of the sample (see section 6.1.2), the sloped wings also appear

in the optical images as lighter blue shadows at the borders of the resist lines.

4.2.3 Ground Plane Deposition

The fabrication process continues with the deposition of the ground plane on top of the sacrificial
resist. The ground plane is made up of a triple layer of 10nm of aluminum as the lowest layer,
followed by 200 nm of niobium and terminated by 50 nm of aluminum. This tri-layer structure is
necessary to meet a series of requirements that the ground plane has to fulfill. These are etching
selectivity, the creation of a hard mask for etching, and protection against undesired oxides. The
detailed line of thinking on that issue is outlined in section 4.3.3. The niobium layer is deposited

using sputtering while the aluminum is evaporated. The three steps are done in the same machine
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Figure 4.5: Microscope images after the sacrificial resist deposition. Aluminum appears white, the
silicon substrate gray and the sacrificial resist black where it is on top of the silicon substrate. On
top of the aluminum, it is hardly visible. (a) CPW resonator (extending to the right) coupled via
a coplanar coupler to a CPW feed line (vertical). (b) Vacuum-gap microstrip resonator (extending
to the right) coupled via a parallel-plate coupler (only foundations present at this step) to a CPW
feed line (vertical).

(b)

without exposure to the atmosphere in between, avoiding the formation of oxides between them. To
ensure full coverage of the sacrificial resist by the innermost layer, the sample is rotated during the

deposition of the inner aluminum layer at an angle of 30°.

4.2.4 Hole Etching

To access and finally remove the sacrificial resist from beneath the ground plane, holes are patterned
and etched as access points to the tunnels. The structures patterned include the hole arrays on top
of the microstrip tunnels as well as larger patches to remove the ground plane on top of the CPW
lines, resonators, and coplanar couplers (see chapter 5). The couplers in parallel-plate geometry
are created by patterning a frame around them separating them from the ground plane. The hole
creation process is composed of multiple plasma etching steps shown in fig. 4.6. The first step is
to form the topmost aluminum layer into a hard mask using a positive protective resist. Then the
wafer is diced into individual chips before the etching is continued to protect the chips. The next
step is to etch through the niobium and then through the thin aluminum layer, before removing the

sacrificial resist with an oxygen plasma.

In the first etching step, we etch the aluminum layer with a BCl; plasma. For masking we use
the positive CSAR-62 resist from Allresist as it is able to withstand the BCl; plasma for long
enough to etch through the aluminum, creating a hard mask for the following etching step (see
fig. 4.6a). Optical microscope pictures are shown in fig. 4.7. The etching of the aluminum is
followed by a short CF, conversion step to avoid excessive post-etching corrosion of the aluminum
[71, 72]. Unfortunately, corrosion due to the presence of chlorine on the surface could not be entirely
avoided, as can be observed in fig. 4.8. The resist mask is then removed by oxygen plasma ashing,

leaving the aluminum layer as a hard mask for further processing.
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Figure 4.6: The four etching steps to create the access points to the resist through the ground plane
and remove the sacrificial resist. (a) BCl; plasma etching of the aluminum top layer of the ground
plane masked by a protective resist mask. (b) CF, plasma etching of the niobium layer. The upper
aluminum layer works as a mask for this process. (¢) Ar milling of the innermost aluminum layer.
(d) O, plasma etch of the sacrificial resist.

At this point, the wafer is diced using a laser cutter (see section 4.3.5) and from that point on the
three chips on the wafer can be treated separately. Dicing is done at this point in the fabrication
process to have the tunnels still filled with the sacrificial resist and covered by a continuous ground
plane. Firstly that makes it possible to protect the chip with a layer of protective resist from any
damage from particles generated by the dicing process. Secondly, the sacrificial resist inside the
tunnels protects them from collapse due to inevitable vibrations. The dicing is done in two steps
while for each step the wafer is glued to a copper support stencil to avoid shattering of the wafer

during dicing.

After the dicing, we continue the etching of the ground plane. Masked by the aluminum the niobium
layer of the ground plane is etched with a CF, plasma down to the last, only a few nm thick aluminum
layer (see fig. 4.6b). To protect the aluminum of the base layer, this last barrier is removed solely
by argon milling (see fig. 4.6¢) as experiments with BCls etching have shown extensive damage to

the underlying structures of the base layer.
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Figure 4.7: Microscope images of the sample after the etching of the outer aluminum layer of the
ground plane. The aluminum mask appears bright, the underlying niobium gray. Some etching
defects are visible at the edges of the aluminum. (a) Bridged CPW resonator (extending to the
right) coupled via a coplanar coupler to a bridged CPW feed line (vertical). (b) Vacuum-gap
microstrip resonator (extending to the right) coupled via a parallel-plate coupler to a bridged CPW
feed line (vertical).

4.2.5 Sacrificial Resist Removal

After the etching through the ground plane, the sacrificial resist is finally accessible through the
newly created holes on top of the tunnel lines, at the wire bonding connection pads, and at the
CPW feed lines and resonators. To remove the sacrificial resist from the vacuum-gap microstrips as
well as from the air-bridges across the CPW segments and the parallel-plate couplers, we use an O,
plasma (see fig. 4.6d). We choose a high pressure (10 Pa) for the oxygen plasma to make the etching
more isotropic. That way the plasma is able to reach into the tunnels. However, as the resist has to
be removed along the length of the tunnels and not as a thin film top-down, the etching time here
is much longer than in usual plasma etching applications. The sample is kept in the plasma for 6 h

or 12h respectively (see section 4.3.6).

The finished sample is shown in fig. 4.8. While some corrosion damage can be observed at the edges
of the created holes in the ground plane, the free-standing structures, i.e. the tunnels, bridges, and

parallel-plate couplers remain intact.

4.3 Challenges

This section will elaborate on the problems and challenges encountered during the development of
the described fabrication process as well as on the solutions and techniques deployed to overcome
them. The topics discussed were not included in the description of the fabrication process to keep it
concise. However, they will show the reasoning behind some decisions made during the development
of this fabrication process, that are well suited to give insight into cleanroom development issues
linked to such a complex process. Readers new to the topic might get an idea of what to expect,

while readers well familiar with cleanroom development might find ideas and inspiration to adapt
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Figure 4.8: Microscope images of the finished sample after the etching of the ground plane and the
sacrificial resist. Aluminum appears bright, the silicon substrate dark gray. Some etching defects
are visible at the edges of the aluminum and also on the ground plane. (a) Bridged CPW resonator
(extending to the right) coupled via a coplanar coupler to a bridged CPW feed line (vertical). (b)
Vacuum-gap microstrip resonator (extending to the right) coupled via a parallel-plate coupler to a
bridged CPW feed line (vertical).

for their own problems and challenges.

4.3.1 Alignment and Drift

An important issue for every multi-layer process is alignment
between the layers. A usual way to ensure this is to place refer-
ence marks on the wafer that can be utilized to correctly set the
coordinate system for every lithography step. The alignment
marks used for reference are crosses patterned in niobium with
an MMA-PMMA bi-layer lift-off process. They are patterned
on the wafer before the start of the vacuum-gap microstrip
fabrication process as described above. Niobium is chosen be-

cause of its good visibility in the scanning electron microscope

(SEM). Because of its high atomic mass and thereby inter-

Figure 4.9: Niobium crosses are

used for alignment between layers
remains visible in the SEM even through a few hundred nm of and for drift compensation

action cross-section with electrons compared to aluminum, it

deposited metal.

In addition to giving a point of reference between different lithography layers, the alignment marks
can also be used to correct for drifts of the e-beam writer during the exposure by periodically
checking their positions. In our case, thermal drifts were especially problematic, as the exposures
of all three main layers (central structures, sacrificial resist, holes in the ground plane) are taking
multiple hours. The measures taken against this issue were thermalization time before exposures
and more importantly the already mentioned automatic drift compensation. With these actions,
thermal drifts could be reduced to a few hundred nanometres largely independent of the exposure

times. As the layout of the chip was designed with sufficient overlaps and tolerances to cope with
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misalignment between layers of the order of approximately 1pm, this is enough to ensure reliable

results.

To obtain smooth and continuous lines for the central conductors of the resonators, the CPW
elements, and the sacrificial resist lines, all long lines were patterned in "Fixed Beam Moving Stage"
(FBMS) mode. In this mode, the electron-beam remains stationary while the stage, that the sample
is clamped on, moves. This is in contrast to the usual deflection patterning mode, in which the
whole area which should be written is divided into write fields. The e-beam writer then exposes
one write field after the other using deflection of the electron-beam for patterning within that field.
When one field is finished, the stage and thereby the sample is moved by one write field. This
sometimes leads to problems for structures that extend over one or more boundaries between write
fields and have therefore to be "stitched" together. The FBMS mode is a possibility to avoid those

stitching problems.

4.3.2 Sacrificial Resist Deployment

When the sacrificial resist lines were first patterned on top of the thin central conductor lines of
the tunnel resonators, they did not stick to the silicon after development. The use of an adhesion
promoter (AR 300-80 from Aliresist) was unsuccessful. Finally, to guarantee sufficient adhesion,
the previous fabrication step was modified to include parallel metal stripes on both sides of the
tunnel resonators. Fig.4.10 shows an optical dark field image of the sample after the development
of the sacrificial resist layer. For the vacuum-gap microstrip resonator (right part of the picture),
the resist overlaps with the metal stripes on both sides of the narrow central conductor. We note
that, although the central conductor with the two metal strips on each side looks similar to a CPW
at this step, the two stripes will have very little effect on the capacitance of the transmission line.
This is due to the much smaller separation of the central conductor from the ground plane above it,
compared to the distances to the metal stripes on each side. Nevertheless, care has to be taken to
ensure that the metal stripes included for resist adhesion are only partly covered by the resist lines.
Should they be covered entirely they would in the end be disconnected from the ground plane and

form resonators themselves.
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Figure 4.10: Optical dark field image after the deposition of the sacrificial resist. The image shows
the same area on the chip as fig4.5b. In this dark field image the aluminum structures show yellow
edges, while the resist exhibits light blue edges. One can easily observe the overlap of the resist line
with the underlying aluminum stripes and the characteristic smaller structures orthogonal to the
main resist line covering the resonator.

4.3.3 Ground Plane Deposition

The deposition of the ground plane is subject to a

number of requirements and restrictions to guaran- —_

. . 50 nm Al
tee successful further fabrication and advantageous -+
properties of the finished sample. We decide for a
triple-layer structure made up by 10 nm of aluminum 200 nm Nb
(deposited at 30° for improved step coverage), fol-
lowed by 200nm of niobium making up the main

= 10 nm Al

part of the ground plane, and finally terminated by
a 50nm layer of aluminum. The advantages offered Figure 4.11: Triple-layer structure of the

) ) ground plane.
by this design are:

e Selective etching of the 50 nm aluminum mask and the niobium layer is available, as CF, etches
niobium much faster than aluminum. This is the reason why the aluminum hard mask works

for the etching of the niobium layer.
e Superconductivity of all used materials ensures low dissipation in the ground plane

e The thin aluminum layer at the bottom of the structure acts as an etch stop for the CF, etch

that else could attack the silicon substrate.

e Reactions between the sacrificial resist and the sputtered niobium are avoided by the thin

evaporated aluminum layer.

e The presence of the thin aluminum film on the inside of the tunnels prevents the formation
of unwanted niobium oxides, suspected to be accountable for significant portions of losses in

microwave components [73-75].

e As a bonus the aluminum on top of the ground plane makes wire bonding to it easier, as
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parameters do only need to be optimized for one target material (connection pads and top of

ground plane both made of aluminum)

As listed above the thin bottom layer even serves a triple purpose. However, it comes with the
drawback that, once it is reached with the CF, etch, special care has to be taken to remove it.
Again deploying chlorine plasma would lead to more corrosion of the aluminum on top of the
ground plane, as, at this step of the process, the resist mask does not protect it anymore. Also, it
might pose a threat to the basic conductor layer that is protected only by the sacrificial resist at
this point. For these reasons, we decided to mill through the thin aluminum layer at the bottom of

the ground plane with an argon plasma that sputters the aluminum atoms by momentum transfer.

After this triple layer proved to be a viable solution to create holes in the ground plane, another
problem became apparent. The ground plane is mostly made up by niobium, that, at the point at
which the problem appeared, was still deposited by evaporation. Due to the high temperature of
the material during deposition (see 4.1.1), the resulting film showed strong tensile strain, repeatedly
destroying the constructed tunnels. To resolve this problem, a process to sputter niobium instead of
evaporating it was developed. Sputtering allows for a higher level of control over the film parameters.
A series of tests with niobium deposition on Kapton stripes resulted in a set of sputtering parameters
for which the deposited niobium film showed vanishing tension. Kapton is suited well for these tests

because of its flexibility that also shows low amounts of strain with curvature of the stripes.

4.3.4 Hole Etching

An essential part of the fabrication process developed is the creation of the holes in the ground plane
to access the sacrificial resist. As described above, the solution of choice is a multi-step dry etching

process.

To find working parameters and ensure reliable results under possibly slightly varying conditions, it
is favorable to have a method to determine the progress of the current etching step in situ without
having to take the sample out and examine it. The inductively coupled plasma (ICP) etching
apparatus used is equipped with a camera and a laser aimed at the sample from the top of the
chamber. The reflected intensity of the laser is measured, providing information about the surface
reflectivity and thereby about the material properties. This allows for example to observe the
change in the interference pattern of the laser reflected from a resist layer while the resist layer is
progressively etched away. But also when etching into metal, the laser reflection brightness carries
information about the material that is currently at the surface. For each etching step described in
section 4.2.4, we observe a characteristic brightness curve telling us when the next layer is reached.
As an example fig. 4.12 shows the curve that is observed when etching the topmost aluminum layer
with the BCl; plasma. While for most of the etching time the intensity of the reflected laser beam
does not change significantly, it decreases towards the end when the underlying niobium is reached.

At the lowest point, when the curve is almost flat again the etching is finished for the examined
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Figure 4.12: Laser reflection intensity measurement during BCl; plasma etching of the topmost
aluminum layer. The vertical dashed lines indicate the ignition and extinction of the plasma.

spot, nevertheless, the plasma is kept on for an overetch of here 15s.

4.3.5 Dicing

Dicing a wafer into individual chips is often a critical point in a fabrication process. To avoid
damage done to the sample during dicing, it is helpful to spin a layer of protective resist on top
of the wafer beforehand so that any particles that impact the surface of the chip can afterward be
easily removed. This, however, forces us to do the dicing before the completion of the hole etching
process. Any deposition of a liquid on top of the completely emptied tunnels poses the threat to

destroy them by capillary action.

Therefore, the etching of the ground plane is interrupted after the BCl; etch of the first aluminum
layer and the CF, conversion step. The wafer is covered by a layer of protective MMA resist. To
guarantee accurate chip dimensions we use a laser cutter for dicing. This is necessary to ensure tight
fitting into the PCB and to minimize the length of the wire bonds needed to connect the sample. As
those are badly matched in terms of impedance they would degrade the microwave properties of the
sample. The risk of breaking the chips while dicing is minimized by gluing (Crystalbond 555HMP)
the sample to a copper stencil with pre-cut gaps where the wafer is to be cut. The dicing is done
in two consecutive steps with different stencils to make cuts all around the individual chips. After
each dicing step, the wafer is removed from the copper stencil in warm water, as the glue used is
soluble in water and melting at a temperature of 66°. With that procedure, the individual chips can

be separated from each other and from the rest of the wafer.

What could however be concluded after the fabrication and characterization of the sample discussed
in this thesis, is that the process of removing the sample from the copper piece in hot water is
respousible for at least some of the observed defects at the surface of the ground plane (see fig. 4.8).
We suspect that the copper of the stencils and the Crystalbond glue in combination with the hot
water bath leads to additional corrosion of the outer aluminum layer of the ground plane, or that
the Crystalbond glue reacts with the protective resist and forms particles. Reactions of Crystalbond
with resist and the resulting formation of particles were also observed in [76]. We suspect that a

similar process might be responsible for the observed defects, however, no definitive conclusion on
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Figure 4.13: To obtain information about the status of the removal of the sacrificial resist from the
tunnels, dedicated test structures were fabricated and measured with an LC-meter. (a) Optical
microscope image of a capacitance measurement test structure. Aluminum appears bright, the
silicon substrate gray and the holes on top of the vacuum-gap microstrip line appear blue. The
microstrip extends far further to the right than is shown in this picture. (b) Sketch of a cut through
a vacuum-gap microstrip transmission line. The capacitance measured is the capacitance between
the central line and the ground plane. This capacitance is depending on the dielectric constant € of
the material in the tunnel.

this topic could be reached yet.

4.3.6 O2 Etching

For the success of the fabrication process, i.e. the significant reduction of the dielectric losses com-
pared to a conventional microstrip, it is essential to remove the sacrificial resist from the tunnel
cavities. However, it is hard to determine when all the resist is removed from the tunnels, as optical
or SEM examinations are not suited to give information whether the resist is already completely

removed.

One property that might provide insight in whether the O, etching of the resist is complete could
be the capacitance between the central line and the ground plane. As the resist possesses a relative
permittivity different from 1, we expect the capacitance to decrease when the resist is removed from
the tunnels. In one of the earlier test structures we tried to use this to get an estimate for the
time it takes the O, plasma to remove the resist completely. For this reason, room temperature
measurements were done on test structures that were a few mm long straight tunnels with connection
pads on both ends as shown in fig. 4.13a. The capacitance between the central conductor of the test
structures and the ground plane on top (see fig. 4.13b) can be measured by contacting the contact
pad with a small needle and the ground plane with another one. The two measurement needles were
connected to an LC-meter, able to test the capacitance between the two contacts via driving and

measuring RF-oscillations.

The capacitance between the central lines of the vacuum-gap microstrips and the ground plane was
measured repeatedly while after each measurement the sample chip was exposed to the O, plasma.

The time steps chosen were of 1h length. Naive expectations were that the capacitance between
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Figure 4.14: Mean capacitance change caused by one hour of additional O, etching. The x-axis is
showing the O, etching time up to the measurement point. Different colors correspond to to slightly
different tunnel designs.

the central lines and the ground plane would monotonously decrease while etching and converge to

a final value when all the resist is removed.

The measurement results, which are presented in fig. 4.14 show, that the processes involved are
more complicated than expected. The difference in capacitance gives us a mean rate of change for
the time the sample was etched. In the plot, this rate is then attributed to the mean point in time
between the two measurements. That means, that if a particular line was measured after 3h of O,
etching and then again after 4h, the corresponding difference would be plotted at 3.5h. Different

colors in the figure correspond to slightly different tunnel designs.

We observe almost random increases and decreases in capacitance without any apparent pattern.
The fact that the capacitance also sometimes increases when resist is removed, leads us to the
conclusion that when the resist is removed, stress in the ground plane is released, leading to the
tunnel roof moving closer to the central conductor. These measurements were taken at an early point
of the development of the vacuum-gap microstrip, where the ground plane was still deposited using
evaporation. Therefore, the information that we get from this measurement for the current sample
is limited. However, the fact that the capacitance is still changing after 3 h of Oy etching implies that
the resist at this point is not completely removed yet. Changes in both directions become smaller
after approximately 4 h, hinting that at that point in time the resist could be mostly removed from

the tunnels. The etching time of 6 h or 12h respectively is chosen with this information in mind.
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4.4 Room for Improvement

After discussing the fabrication details of the vacuum-gap microstrip resonators treated in this
thesis, it is worthwhile to point out in which aspects the current process can still be improved and

how current limitations on performance and characterization can be overcome.

An issue still remaining with the sample presented in this thesis are the defects on the outer surface
of the ground plane, as visible in fig. 4.8. As the copper stencil and the glue with which the sample
is glued on are one of the suspected causes for this problem, it will be worthwhile to experiment with
replacements for either or both of them. Also reducing the temperature during the dissolving of the

d™ glue and the detachment of the wafer from the support might help. The resolving

Crystalbon
of this issue could improve the transmission properties of the CPW feed line and maybe also the

performance of the vacuum-gap microstrip resonators.

Another path that is already being investigated is realizing the aluminum mask creation as a lift-off
process rather than as a resist masked etching process. This promises more accurate and clean hole
edges and more stable parameters working for both, large and small structures. To achieve this, one

has to optimize a bi-layer lift-off process with a sufficient undercut using a negative resist.

To optimize the Oy etching time for removal of the sacrificial resist, further investigations are re-
quired. Those could be done either by fabricating several samples, exposing them to different
amounts of O, etching time and comparing their internal quality factors or by going back to the
fabrication of dedicated test samples that can be analyzed with different techniques. What again
appears worthwhile are capacitance measurements using an LC-meter as the tensile strain that influ-
enced this analysis at an earlier stage has been reduced with changing the ground plane deposition
method to sputtering. Another option to put a boundary on the amount of sacrificial resist left
in the tunnels is X-ray photoelectron spectroscopy (XPS) in combination with simultaneous argon
beam milling. After breaking through the ground plane with the argon milling, the signal of the
carbon contained in the resist will allow conclusions to which degree the resist is removed from
the tunnels. To make this measurement meaningful, high areal densities of vacuum-gap microstrip
tunnels are required because of the comparably large argon beam size and the rather low sensitivity

of this method towards carbon.
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Chapter 5

Sample Design and Experimental

Setup

The purpose of the samples fabricated and analyzed in this thesis is to test and demonstrate the
performance of vacuum-gap microstrips and air-bridges fabricated with the newly developed fab-
rication process described before. Of most importance for the intended use of the vacuum-gap
microstrip, namely for the use in TWPASs, are its losses. To test the losses, resonators are built from

the transmission lines.

This chapter leads the reader through the design of the sample and the experimental apparatus used
to measure it at cryogenic temperatures. First, the design of the resonators will be presented by
explaining the implementation of vacuum-gap microstrip and bridged CPW transmission lines using
our fabrication process. Afterward, the coupling of these resonators to a feed line with different
capacitive coupler designs will be discussed. The mounting in a sample holder finally allows for

measurement in a dilution refrigerator, using standard microwave measurement techniques.

5.1 Transmission Line Design

Transmission lines are arguably the most basic component of microwave circuits. The fabrication
process that was described in the previous chapter enables us to design transmission lines in two
different geometries, vacuum-gap microstrips and bridged CPWs (see section 3.1.1). These two
geometries allow to access different impedances, which is very useful experimentally. Moreover, the
different geometries make it possible to investigate the origin of appearing losses, thanks to their
very different electrical field pattern. Those transmission line designs are used in the investigated

samples to form feed lines and distributed quarter wave resonators.
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5.1.1 Vacuum-Gap microstrip Transmission Line

The basic working principle of the vacuum-gap microstrip transmission lines is based on the thin
vacuum gap separating the central conductor from the ground plane above it. Due to the close
distance, the transmission line shows high capacitance per unit length. This distance is fixed by
the sacrificial resist thickness. To match the transmission line to the usual 502 of characteristic
impedance, we choose a central conductor design width of 150 nm, according to a 2.5D electro-
magnetic simulation tool. At the time of the design of the sample, the height of the tunnels was
estimated to 80 nm based on height measurements of the thickness of the resist on the unpatterned
surface of a wafer. Both those values can differ slightly because of the local patterning of the wafer.

Determining exact values is feasible only after finishing the sample (see section 6.1).

In terms of layer design, a vacuum-gap microstrip is made up by the central conductor and the
adhesion promoting metal stripes (see section 4.3.2) on the basic layer. It is continued with the
sacrificial resist lines on top of the conductors of the base layer. The last design layer contains the
holes that are placed in the ground plane to access the sacrificial resist. The drawing of these three
layers forming a vacuum-gap microstrip is shown in fig. 5.1a. The 150 nm wide central conductor
is placed in the 6 pm wide gap between the two broad metal stripes to ensure sufficient separation
for possible misalignment between the layers. The width of the sacrificial resist line is designed to
be 8 nm to entirely cover the gap and have some overlap with the adhesion promoting stripes at the
sides. Also, the overexposure of the resist lines, which was done to form smoother edge profiles of the
tunnels, leads to the resist line being around 2 pm wider than designed, increasing the overlap with
the adhesion promoting stripes. The continuous, wide sacrificial resist line is modified by periodic
smaller extensions on both sides. The holes, used to access the resist afterward, are placed on top of
these extensions, to have a sufficiently large distance between them and the central conductor. This
distance is needed to avoid any possible negative influence that the ground plane etching process or

the presence of the holes might have on the microwave performance of the transmission line.

5.1.2 Bridged CPW Transmission Line

As a side result, the fabrication process of the vacuum-gap microstrip can also be used to create air-
bridges. Those are often used for ground plane connection when the ground plane is interrupted by
gaps as they appear for example in CPW transmission lines. If proper connection between separated

parts of a ground plane is not ensured, parasitic slot line modes can appear [77].

Air-bridges can be produced manually by wire bonding between the different sections of the ground
plane 34, 41] or by means of micro-fabrication. When air-bridges are fabricated on chip, their height
and thereby their separation from the CPW central conductor is usually in the order of micro
meters [78-80]. For wire bonds, these distances are even larger. As the process of the vacuum-
gap microstrips was developed with a gap of approximately 80 nm to provide high capacitance,

the air-bridges that are created by this method are much closer to the central conductor of the
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Figure 5.1: On the investigated sample, transmission lines are realized in vacuum-gap microstrip
and bridged CPW design. The sketches show how the three design layers are combined to form
them. (a) Vacuum-gap microstrip. (b) Bridged coplanar waveguide.

CPW. Therefore, it is important to take their additional capacitance into account when designing

transmission lines.

To obtain a characteristic impedance of the transmission line of 50} we start by a classic CPW
with an impedance higher than 502 and then reduce it by including short tunnel segments acting
as air-bridges and effectively reducing the characteristic impedance of the line. Using Sonnet simu-
lation data of the bridged and unbridged segments and assuming simple linear combination of their
impedance values, we obtain the ideal fraction of the CPW that should be covered by air-bridges.
To avoid problems with the fabrication, we conservatively choose a width of 5 um for the bridges,

which results in a bridge interval of 55 pm.

Here it is worth mentioning, that the high capacitance bridge sections and lower capacitance un-
bridged CPW sections form a periodic pattern which could create nonlinear dispersion and even
stopbands for signals traveling along those lines. However, wavelengths comparable to the bridge
intervals are achieved only by signals with frequencies far above the intended measurement range
of approximately 4 GHz to 12 GHz. To achieve for example % = 55 pm, more than 500 GHz are

necessary.

Figure 5.1b shows a sketch of a bridged CPW. Again it is made out of the fabrication layers that were
already introduced before, namely the aluminum base layer, sacrificial resist layer, and ground plane
holes layer. Because of the lower capacitance that can be obtained in this geometry, the central
conductor of the CPW is much wider than the central conductor of the vacuum-gap microstrip,
resulting in reduced inductance. The gap between the central conductor and the ground plane is

3um on each side.

To cover the whole CPW, the width of the sacrificial resist line is chosen to be 10 pm. Because of
the overexposure increasing the width in the end, still sufficient overlap with the return conductors

to provide good adhesion is present. Although the overlap of the resist with the return conductors
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Figure 5.2: For weak coupling between the resonators and the feed line, coplanar capacitive couplers
are sufficient. Here a bridged CPW resonator (extending to the bottom) is coupled capacitively to a
bridged CPW feed line (horizontal) via a coplanar metal strip. For better visibility, the sketch from
(a) shows only the first two layers while (b) also includes the ground plane with the etched holes.

of the CPW is important for the adhesion of the resist, it is also essential that the resist does not
entirely cover them. In this case, the return conductors would not be well connected to the ground
plane that is deposited afterwards, potentially leading to parasitic modes, as the separated return

conductors act as resonators.

As the final layer, the design for the CPW transmission lines includes rectangular holes of 50 pm x
14 pm, where the ground plane is removed from the top of the CPW lines. In the 5pm long gaps
between the rectangular patches, the ground plane remains and forms bridges. When the sacrificial

resist is removed, the air-bridges are released as free-standing structures over the CPW.

5.2 Capacitive Couplers

To measure the resonators made from these transmission line designs, they need to be coupled to
a feed line, which is done with capacitive couplers. Different capacitances and thereby different
coupling quality factors were implemented, as the internal quality factor for the finished resonators
is yet to be determined. To obtain reliable results for the circle fit (see section 3.1.4), the coupling
quality factor Q. should be similar to the internal quality factor @);. We chose to implement cou-
plings, that result in the coupling quality factors Q. € [10,%,10%,10%,10°]. For the weak couplings,
i.e. low capacitances, it is sufficient to design coplanar coupling capacitors, but for achieving strong
coupling, coplanar couplers would become large and unpractical. Therefore, we use the newly ac-
quired method of building tunnels and bridges to design couplers in parallel-plate geometry. It is

worth noting, that both coupler designs can be applied to both resonator geometries.
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Figure 5.3: To achieve strong coupling between the resonators and the feed line, parallel-plate
couplers in a bridge design are used. Here a vacuum-gap microstrip resonator (extending to the
bottom) is coupled capacitively to a CPW feed line (horizontal) via an air-bridge. For better
visibility, the sketch from (a) shows only the first two layers while (b) also includes the ground
plane with the etched holes.

5.2.1 Coplanar Coupler

Figure 5.2 shows how coplanar couplers are implemented in our sample. The central conductor
of the resonator is terminated in a metal strip parallel to the feed line. By varying the length of
the strip, one can change the coupling capacitance between the resonator and the feed line. The
coplanar coupler is protected by a layer of sacrificial resist and opened up by a large rectangular
hole on top. Because of the resulting large gap in the ground plane, air-bridges are included directly

beside the coupling structure to reduce the parasitic inductance created by the hole.

5.2.2 Parallel-Plate Coupler

For obtaining strong coupling between the resonators and the feed line, large capacitance values are
needed. We therefore use the newly developed fabrication process to build vacuum-gap parallel-plate
couplers. Those couplers are designed like the bridges over the CPW feed line discussed above, but
in contrast to those are disconnected from the ground plane and connected to the central conductor

of a resonator.

Figure 5.3 shows a drawing of the three design layers a parallel-plate coupler consists of. The central
conductor of the resonator, be it a vacuum-gap microstrip or CPW resonator, is connected to a metal
pad beside the feed line. An air-bridge, as already described above, spans from that pad to a piece
of metal on the other side of the CPW. The hole in the ground plane, which is patterned around

the coupling bridge, separates the bridge and the connected pads from the ground plane around it.

The capacitance between the bridge and the central conductor of the feed line is dominating over
the parasitic capacitance between the metal pad and the feed line because of the small separation.

Like for the coplanar couplers the specific coupling strength can be designed by varying the length
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Figure 5.4: Schematic of the sample chip layout. Each feed line is terminated by connection pads and
contains 5 resonators in either vacuum-gap microstrip (dark green) or bridged CPW (light green)
design. These resonators are coupled to the feed lines using parallel-plate and coplanar couplers of
different coupling strengths.

of the structure, however, the necessary length is significantly smaller for a given capacitance. From
electromagnetic simulations a parallel-plate capacitor of 2 pm is approximately equivalent to a 90 pm
coplanar coupler. Both show a capacitance of approximately 1.4 fF. These numbers were obtained
by simulation for a frequency of 9 GHz, a central conductor width of 4 pm and an assumed tunnel
height of 80nm. As we will see later using scanning electron microscopy (SEM) and atomic force
microscopy (AFM), the dimensions of the finished sample differ slightly from this design, resulting

in even higher capacitance of the parallel-plate couplers.

5.3 Chip Layout

The dimensions of the designed chip are 2cm X 1 cm, allowing to easily fit 3 chips on a 2-inch wafer.
The basic chip layout is shown in fig. 5.4. Each of the chips contains two bridged CPW feed lines,
each coupled to 5 resonators in the two different transmission line geometries described above, i.e.
vacuum-gap microstrip and bridged CPW design. Each feed line is terminated on both ends by a
connection pad for wire bonding. In addition to the components shown in the figure, each chip also
contains test structures for different design parameters and a dedicated area for the laser reflection
measurement, used to determine the end of the etching processes. Those extra structures are placed

in the seemingly empty space on the right of the sample chip.
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5.4 Measurement Setup

The fabricated chips are integrated into a cryogenic measurement setup for characterization. In this
section, we will talk about the analyzed chips, show their mounting in a sample box and introduce

the cryogenic setup and the instrumentation that was used for the measurements.

5.4.1 Investigated Devices

Using the layout as presented before, three chips were fabricated on one wafer, two of which were
investigated in terms of their microwave properties. Two chips were necessary, because in the
first chip that was cooled down (Chip 2) only the feed line containing the vacuum-gap microstrip
resonators was intact, while the feed line containing the bridged CPW resonators was damaged.

Therefore, after the analysis of Chip 2 was completed Chip 1 of the same wafer was investigated.

The main part of the fabrication process for the two chips is identical, the only part where they
were treated separately is the etching of the ground plane that takes place after the wafer is diced
into the individual chips. The processing of the chips differs in the time that they were exposed to
O, plasma. Chip 2 was left in the Oy plasma for 6h, Chip 1 for 12h. Also, Chip 1 received a

short dip in TMAH before the Oy etching in order to remove some suspected aluminum residue.

What has to be noted for Chip 1 is that because of the TMAH dip a number of defects were observed
at the bridges and parallel-plate couplers. Those were observed to be partly lifted up, above their
designed position. Still, their loss properties should be very similar to a fully functional device,
making further analysis of the sample useful. However, the coupling capacitances are expected to

significantly differ from the design values.
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Figure 5.5: Photograph of the sample clamped to the copper sample box and wire bonded to a PCB.
The PCB conductors are soldered to SMA connectors on the outside of the box.

5.4.2 Sample Holder

To connect the chip to the measurement setup, it was installed in a copper box with a printed circuit
board (PCB). The chip is connected to the circuit board via wire bonding using 25 pm aluminum
wires. The wire bonds connect the central conductors of the PCB to the connection pads of the feed
lines and the ground plane of the PCB to the ground plane of the chip. Standard SMA connectors
soldered to the PCB then serve as the connection points to all further wiring. The copper sample
holder was designed using the Solidworks CAD software and fabricated in the house-intern workshop.
When designing the dimensions of the box, care was taken to place the electromagnetic resonances
of the box outside the desired working range of our measurement setup. An image of the sample
chip in the copper box is shown in fig. 5.5. The sample is clamped with four screws offering a simple
way of exchanging it. What is not shown in this figure is the copper lid that was used to close the

box.

50



5.4.3 Cryogenic Setup and Instrumentation

The sample holder is placed in a dilution refrigera-
tor from Ozxford Instruments. Figure 5.6 shows the
measurement setup in the context of the different
temperature stages of the refrigerator. The sample
box is mounted at the base plate at a temperature

of approximately 20 mK.

All microwave measurements presented in this the-
sis are taken with a vector network analyzer (VNA).
When measuring transmission, the VNA emits well-
defined frequencies through one of its ports and si-
multaneously measures the power incident on its sec-
ond port. By sweeping the emitted frequency one ob-
tains a transmission spectrum of the network in be-
tween the two ports. A modifiable digital step atten-
uator is placed after the VNA output, making large-
range power variation possible. Three fixed attenua-
tors at the different temperature stages of the fridge
attenuate the input signal, suppressing thermal noise
coming from the higher temperature stages. The
sample box is connected to an RF-switch on the in-
put as well as on the output side. This enables con-
secutive measurement of both feed lines through the

same input and output lines. On the output side of

VNA
OUT IN
1 1
digital RT
Attenuator Amplifier
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4 K
HEMT
ZO‘E Amplifier
T T T T 00mkT T
Tods)
B I T 1
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_ VG-microstrip design,
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Figure 5.6: Schematic of the measurement
setup. The output port of the VNA is con-
nected via a series of attenuators at decreas-
ing temperatures to the sample at 20 mK. A
switch enables the investigation of both feed
lines in one cool-down. On the output side
the VNA signal passes through circulators, is
amplified by a high electron mobility transis-
tor (HEMT) and a room temperature ampli-
fier, and is finally fed back to the second port
of the VNA.

the setup, the sample is isolated from the following amplifiers by a series of three circulators (only

one shown in the sketch). On the 4K stage the signal gets amplified by a high electron mobility

transistor (HEMT) followed by a room temperature amplifier before being fed back to the VNA. The

input attenuation amounts to approximately 60dB including also the loss introduced by elements

like filters and cables not explicitly shown in fig. 5.6.
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Chapter 6

Results and Discussion

This chapter is dedicated to the presentation and discussion of experimental results of two samples
fabricated during this master thesis. First, optical, scanning electron, and atomic force microscopy
will be used to infer properties of the surface structures as well as the vacuum-gap microstrip tunnels.
Special focus is put on the AFM analysis, as the images produced by its data offer insightful new
information about the properties of our sample, while at the same time giving an accessible and
intuitive way to look at it. Subsequently, microwave measurements in a dilution refrigerator will be
discussed, analyzed, and put into context. This includes the extraction of the quality factor of the
fabricated resonators as well as the power and temperature dependence, which makes it possible to

get an estimate for the kinetic inductance ratio (see section 3.2.2).

6.1 Imaging and Surface Analysis

Different methods were used to monitor the ongoing fabrication process as well as analyze the
finished sample afterward. Optical microscopy is the easiest way to monitor the sample during
fabrication. It was used to verify the correct patterning of the different layers and to spot problems
in any fabrication step as soon as they appear. Some of the optical images taken at the different
steps of the fabrication process are presented in chapter 4 along with the description of the process.
For a more thorough analysis of the finished sample, however, optical microscopy is not sufficient.
Therefore, we used scanning electron microscopy (SEM) to measure the final dimensions of the
patterned structure along with atomic force microscopy to obtain information about the vertical

dimensions of the sample.
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Figure 6.1: SEM image of the central conductor of a tunnel resonator. The green lines show that the
final width is about 100 nm larger than the designed width. Defects that are visible in this image
are the residue on the silicon substrate, the grainy structures along the tunnel edge, and the defect
in the aluminum sticking stripe on the right.

6.1.1 Scanning Electron Microscopy (SEM)

While taking more time and effort than optical examination, SEM imaging offers the advantage of
much better magnification. This can be used to measure the dimensions of the patterned structures

as well as to get more information on fabrication defects that may remain hidden in optic images.

Dimension Analysis

Fig. 6.1 shows an SEM image of the central conductor of a resonator entering a tunnel structure.
One can see that the narrow central line, designed to be 150 nm wide, is in reality wider than that.
This is due to the high dose that was necessary to expose these narrow structures. Electrons get
scattered from this high-dose area and also from the nearby large adhesion stripes (see section 4.3.2)
to adjacent areas and lead to exposure of those. This is known as proximity effect. Also, it has to
be mentioned, that creating such a narrow gap in a much thicker resist layer is challenging in its
own right. In this context, a relevant number is the aspect ratio between the height and width of a
patterned structure. In our case, the thickness of the resist layer is almost 1 pm, which would mean
an aspect ratio of approximately 6:1 for the designed 150 nm. Especially for very narrow features

(<1pm) these effects will have to be taken into account for future designs.
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Defects and Residue

In optical images, residue and defects that are smaller than the resolution of the microscope, ul-
timately given by the wavelength of the used light, remain invisible. SEM images can provide
information about the microscopic cleanness of the sample. When looking at fig. 6.1 and fig. 6.2,

three of the problems present in the current fabrication process become apparent.

First of all, the edges of the holes in the ground plane are not straight, but show indentations on
a length scale of a few nm because of corrosion of the aluminum mask used for the creation of the
holes (see section 4.3.5). The same effect is thought to be also responsible for the fine grains visible
along the edges. Those particles are problematic because they might lead to partial or complete
shorts of the transmission lines. Moreover, they can cause additional microwave loss because of their

sharp topology.

Secondly, where the sacrificial resist was removed from the surface, residue is covering the sample.
This residue is also visible on the AFM images from fig. 6.3 and fig. 6.4. We suspect that this
residue is formed while breaking the last aluminum layer on top of the resist by argon milling (see
section 4.3.4). During this step, the aluminum and the resist might react and form this residue,
which is removed neither by the argon milling nor by the O, etching of the sacrificial resist. We do
not expect this residue to affect the performance of the vacuum-gap microstrip resonators greatly,
as the resist in the tunnels is not exposed to argon milling and should therefore not exhibit this
behavior. The bridged CPW resonators, however, will be influenced more by this residue, as they

are covered by it over almost their entire length.

The third issue visible is the defect on the right metal strip in fig. 6.1. This is likely caused by
a particle or a small detached piece of resist covering that spot during metal deposition. In the
position it is appearing here, namely in the ground plane, a defect like that is not a big problem.

However, such defects can break a resonator or feed line, making the sample impossible to measure.

6.1.2 Atomic Force Microscopy (AFM)

To analyze the surface structure and extract further details on the final dimensions of our fabricated
sample, an atomic force microscope (AFM) was used. We want to thank the group of Univ.-Prof.
Dr. Martin Beyer and especially Simone Schirra for making this measurement possible. The AFM
measurement was performed after the creation of the holes and a short O, cleaning step, but before
the removal of the sacrificial resist from inside the tunnels. Two areas on the chip were imaged, a
long coplanar coupler of a bridged CPW resonator (see fig. 6.3) and a parallel-plate coupler of a
vacuum-gap microstrip resonator (see fig. 6.4). Optical microscope images of the same areas are

shown in fig. 4.5.

An accessible way to present the height data from the AFM measurements is via 3D images. In

those, the overall surface profile and also roughness and defects are very well visible. However, it is
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Figure 6.2: SEM image of a parallel-plate coupler. A vacuum-gap microstrip resonator (central
conductor and start of the tunnel visible in the bottom of the picture) is coupled via a parallel-plate
coupler to a CPW feed line (left to right).

important to note that the images presented show a largely exaggerated z-dimension of the samples.
This is necessary to show the relevant features but gives a wrong impression of the overall very flat
surface of the sample. The lateral dimensions of the discussed scans span up to 100 pm while the

maximal height difference observed is of the order of a few hundred nm.

In addition to the qualitative visualization, the AFM measurements were also used to quantitatively
determine the vertical dimensions of the structures and the thickness of the deposited materials.
The relative heights are obtained by direct comparison of height in neighboring regions. From
these measurements, we obtain a value of 50(5) nm for the thickness of the basic aluminum layer,
compared to the designed 40 nm. The ground plane has a thickness of 323(5) nm. This is also more
than the designed 260nm (10nm of Al + 200nm of Nb + 50nm of Al). These results suggest
imprecise calibration of the material deposition. The given uncertainties are estimated by repeating

the measurement at different locations and comparing the results.

As already mentioned in the process description, the sacrificial resist film has a thickness of approx-
imately 80 nm on flat surfaces. This value is obtained by ellipsometric measurements. However, the
local topology of the sample, i.e. the already deposited first layer does influence the resist thickness
locally. This effect can not be neglected as the thickness of the aluminum and the sacrificial resist
are comparable. Another factor that changes the thickness of the resist is the argon milling taking
place before the ground plane deposition. To extract information about the tunnel height, we take
an AFM measurement of a short section of a vacuum-gap microstrip resonator and extract the

height profile as shown in fig. 6.5.

By assuming constant thickness of the ground plane over the imaged area, the changes in height
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Figure 6.3: 3D representation of the AFM height data (z-axis and color) of a coplanar coupler. The
coplanar coupling strip (T-shaped structure in the center of the image) couples a bridged CPW
resonator (extending to the right) to the bridged CPW feed line (from the front to the back). Two
air-bridges connecting the ground plane segments separated by the CPW structures are visible in
the center and in the very back of the image. For reference, compare this image to the design sketch
from fig. 5.2, and to the optical microscope image from fig. 4.8a.
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Figure 6.4: 3D representation of the AFM height data (z-axis and color) of a parallel-plate coupler.
The coupling bridge (H-shaped structure in the center of the image) couples a vacuum-gap microstrip
resonator (extending to the right) to the bridged CPW feed line (from the front to the back). Four
holes in the ground plane used to access the sacrificial resist in the tunnel are visible in the right
part of the image. For reference, compare this image to the design sketch from fig. 5.3, the SEM
image from fig. 6.2, and the optical microscope image from fig. 4.8b.
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Figure 6.5: The AFM height data can be used to extract information about the form and dimensions
of the tunnels. The data analyzed here is a zoom on the vacuum-gap microstrip tunnel on the right
of fig. 6.4. (a) AFM height scan of a vacuum-gap microstrip tunnel. The height data is given by
the color. (b) AFM height data (green curve) across a vacuum-gap microstrip tunnel (data marked
in red in (a)). The individual height contributions of sacrificial resist and aluminum conductors are
shown in color.

at the surface of the ground plane can be attributed to the underlying layers, namely the metal

conductors and the sacrificial resist.

If one follows the height data from outside towards the center of the tunnel in fig. 6.5b, the first
increase can be attributed to the two metal strips on both sides of the central conductor. The
following smooth increase in height comes from the rounded profile of the sacrificial resist thanks to
the proximity effect (see section 4.2.2). After the smooth increase, the height profile rises sharply
again, indicating where the resist was directly exposed. A rapid drop in the height profile shows
the inner edge of the two metal strips. The resist thickness, however, takes its maximum value of
almost 100 nm here. This difference of approximately 20 nm with respect to the resist thickness on
unpatterned surfaces shows the influence, that the local structures have on resist deposited by spin
coating. The aluminum central conductor in the center of the tunnel leads to a renewed increase
in height. This rise, however, is smaller than the thickness of the aluminum layer, leading to an
effective thickness of the resist on top of the central conductor of approximately 50 nm to 60 nm.
This height is particularly relevant for the microwave properties of the transmission lines, as it

affects the capacitance.

The imaging analysis presented in this section enabled the visualization of the sample and also quan-
titative measurements of the dimensions of the fabricated structures. Especially useful was the AFM
measurement, as it also provided information about the inner profile of the vacuum-gap microstrip
tunnels. Also, defects and imperfections could be identified using the described imaging methods.
To assess the microwave performance of the fabricated transmission lines, however, measurements

at cryogenic temperatures are necessary.
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Figure 6.6: Uncalibrated VNA transmission spectrum of the feed line coupled to the vacuum-gap
microstrip resonators. The observed resonances are harmonics of the fundamental frequencies. The
inset shows a zoom on one of the resonances. The locations of all resonances that have been
analyzed are indicated by the red markers; the number above corresponds to the set they belong to
(see table 6.1).

6.2 Cryogenic Measurements

After finishing the fabrication process and mounting in a sample holder, the fabricated chips were
measured at cryogenic temperatures in a dilution refrigerator. The data discussed in the following is

obtained by VNA transmission measurements. For the detailed measurement setup see section 5.4.

6.2.1 Resonant Frequencies

To identify the individual resonances in the transmission spectrum of the feed lines, first, a broad-
band spectrum was taken. The spectrum for the vacuum-gap microstrip resonators (fig. 6.6) and the
bridged CPW resonators (fig. 6.7) are obtained from different sample chips in different cool-downs.
This was necessary because the feed line, coupled to the bridged CPW resonators, did not show
transmission (i.e. was broken or shorted) for the first cool-down and the same is true for the feed

line with the vacuum-gap microstrip resonators in the second cool-down.

Nevertheless, meaningful data could be obtained, capable of quantifying the performance and
thereby demonstrating the potential of the newly developed vacuum-gap microstrip transmission

lines and the air-bridges.
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Table 6.1: Resonance frequencies in GHz observed in the transmission of the feed line coupled to
the vacuum-gap microstrip resonators. The resonances have been grouped into sets according to
the fundamental frequency they stem from. The fundamental frequencies were not observed directly
but extracted from the observed ones via eq (6.2.1).

Sor Mode |, 1 i_9 ;=3 | fundamentali =0
set 1 4.42 7.30 10.28 1.47
set 2 4.90 8.15 11.42 1.63
single 3 3.60! 1.201
single 4 7.141 1.43!

Vacuum-Gap Microstrip Resonators

The transmission spectrum of the feed line coupled to the vacuum-gap microstrip resonators is
shown in fig. 6.6. The observed resonant dips in the spectrum are listed in table 6.1. However,
the appearing resonances outnumber the resonators and their spacing and positions do not match
the design values. What we observe are higher modes, indicating that the fundamental frequencies
of the fabricated resonators are significantly below the design values and thereby also outside our
measurement range (3.5 GHz to 12 GHz). We can conclude this from comparing the resonances and

grouping them according to their fundamental frequency.

In section 3.1.2 we introduced the quarter-wave resonator and noted, that in contrast to a lumped-
element realization, such distributed resonators support higher modes. Due to the boundary condi-

tions of a quarter-wave resonator, the frequencies of the higher modes are given by
fi=@2i+1)- f. (6.2.1)

Here fy = f; is the fundamental frequency and f; is the frequency of the i-th higher mode. From this
equation we obtain the relative factors between the frequencies of higher modes. So we expect for
example the second higher mode to differ from the first one by a factor of %, and the first from the
fundamental by a factor of 3. This is the key in identifying the observed resonances as higher modes
of a fundamental frequency. For example, one can see that resonance No 5 differs from resonance No
2 by a factor of approximately % From resonance No 5 to resonance No 7 it is a factor of % We find
that the majority of the observed resonances belong to two sets originating from two fundamental

frequencies at 1.47 GHz and 1.63 GHz as shown in table 6.1.

For the two remaining resonances at 3.6 GHz and 7.14 GHz we are not able to observe the set of
higher modes they are part of. That we do not see those other modes is likely due to under-
coupling. As the coupling observed for these two resonances is low (Q. ~ 5 x 10* to 3 x 10°),
the resonances are hard to observe as they are vanishing in the strong background variation. The
impact of the coupling even gets worse, as the internal quality factors Q;n; decrease with increasing
frequency leading to even bigger under-coupling. Finally, the coupling does depend on the frequency

as standing wave patterns and the resulting electric field distribution along the feed line affects the

1Mode number assignment and resulting fundamental frequency based on comparison with sets 1 and 2
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Table 6.2: Designed and observed resonant frequencies and coupling strengths of the bridged CPW
resonators. The errors given with the coupling quality factors (). are estimated from the variation
of the fitting results.

Resonator No 1 2 3 4 5
observed f; in GHz 4.86 5.30 5.68 6.06 6.57
designed f, in GHz 6 6.5 7 7.5 8

coupler type parallel-plate  parallel-plate parallel-plate coplanar coplanar

observed Q. 2.1(2) x 10*  2.7(2) x 10*  2.8(2) x 10*  2.1(3) x 105 8(1) x 105

designed Q. 103 104 10° 10° 108

coupling strengths of the resonators. These effects combined can easily lead to the resonant dips

vanishing.

Assuming that the two extra frequencies are indeed part of a set of higher modes, we can again ex-
tract the fundamental frequency. The second assumption we use is, that the fundamental frequency
will be similar to the ones already extracted from set 1 and set 2. With this we can identify the
most plausible order i of the resonances and calculate back to the fundamental frequencies from
there. We obtain 1.2 GHz and 1.43 GHz, which together with the basic frequencies from set 1 and
set 2 resemble four of the five designed frequencies, consistently shifted to approximately % of their

design value.

The reason why we observe such a large shift towards smaller frequencies is because of kinetic
inductance. While during designing the resonators kinetic inductance was not taken into account,
later considerations and simulations showed that it can not be neglected. To which degree kinetic
inductance influences the fabricated resonators becomes apparent, when the temperature dependence
of the resonators is examined in section 6.2.3. In addition to the kinetic inductance, part of the shift
in frequencies is also due to the increased capacitance because of the smaller height of the tunnels

(see section 6.1.2).

The fifth resonator, for which no resonances are observed is likely completely under-coupled. The
design predicts a coupling quality factor of Q. = 10° for the weakest coupled resonator which is

much higher than the quality factors observed and discussed in the next section.

All things considered, we were able to observe four of the designed five resonators on the chip.
Although the resonances are shifted below the measurement range by kinetic inductance, we could
still identify them by their higher modes. The absence of some of these higher modes and the entire
set of resonances stemming from the fifth resonator can likely be attributed to under-coupling of

the resonators and to the strong background variation, making the resonances hard to observe.

Bridged CPW Resonators

The spectrum of the feed line connected to the five resonators in bridged CPW design is shown in
fig. 6.7. In contrast to the data from the vacuum-gap microstrips, the feed line shows a higher level

of transmission. The difference of approximately 10 dB comes from either the on-chip feed line itself,
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Figure 6.7: Uncalibrated VNA transmission spectrum of the feed line coupled to the bridged CPW
resonators. The inset shows a zoom on one of the resonances. The locations of all resonances that
have been analyzed are indicated by the red markers.

which might show increased loss due to fabrication defects, or to a faulty connection between the

switch and the sample chip.

Also in contrast to the vacuum-gap microstrip resonators, all resonators realized in the bridged
CPW design can be observed. The resonance frequencies of the resonators are again obtained by
circle-fitting and presented in table 6.2. While they are collectively appearing at approximately
% of their designed frequency, the spacings between them remain unaltered and only scaled down
accordingly. From these observations we can conclude, that the air-bridges are not collapsed along
the length of the resonators, as this would lead to a short and thereby to a significantly shifted
resonant frequency. Small shifts of the resonators with respect to each other can be explained
with the different coupling strengths, which shift the resonant frequencies (see section 3.1.2) and by

parasitic capacitance between the couplers and the ground plane.

The collective shift to lower frequencies, which is observed for all resonators, can also partly be
attributed to coupling and parasitic capacitance of the coupling structures. Another factor that
plays a role here is again the height of the tunnel structures, which turns out to be less than the
estimated value used for the design of the resonators (see section 6.1.2). Here it is important to
remember, that, although the bridges only cover about 9% of the length of the CPW resonators,

they still account for a significant part of their overall capacitance.
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Figure 6.8: Internal quality factors of the vacuum-gap microstrip resonators as obtained by circle
fitting of the transmission data of the feed line. The lines between the points are a guide for the eye.
All resonances were analyzed for all input powers in the interval —50dBm to —10dBm in steps of
5dBm. Where points are missing with regard to this scheme, no reliable fits could be obtained. The
data is plotted over applied input power in (a) and over the number of photons in the resonator in
(b). The error bars represent the statistical uncertainties of the fits.

6.2.2 Q-Factor

To quantify the performance of the fabricated transmission lines we examine the internal quality
factor Qint that is connected to the loss tangent tand via Qi = ﬁ (see section 3.1.3). This
property is essential for the use in traveling wave parametric amplifiers, as the dielectric losses often

limit their noise performance [17].

The microwave properties of the resonators are extracted from the transmission data via circle
fitting (see sec. 3.1.4). The circle fit routine returns the resonance frequencies as well as the internal
(Qint) and coupling (Q.) quality factors. The statistical uncertainty of these values is used for the
error bars of the data presented in figures 6.8 and 6.9. The circle fitting was done for all observed
resonances and for different input powers. However, meaningful fits could not be obtained for
all resonances at all input powers. This is especially true for the under-coupled resonators which
become less prominent when the power is reduced. Those data points are not shown in the plots and
are excluded from further analysis. For the vacuum-gap microstrip resonance at 11.42 GHz reliable
fits could not be obtained for any of the input powers, because of the already mentioned strong

under-coupling and background variation.

Vacuum-Gap Microstrip Resonators

The quality factors for the resonators in vacuum-gap microstrip geometry are shown in fig. 6.8a. We
observe quality factors from 1000 for low powers up to 3000 to 5000 for the highest powers tested.
This increase is expected as a result of the saturation of two-level-systems (TLS) at the surfaces
and interfaces of the resonators [81]. The quality factors are likely limited by sacrificial resist, that

is still left inside the tunnels, or by defects on the inner side of the tunnel.
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Also, we can observe that the quality factors for higher frequencies tend to be lower than for lower
frequencies. This is likely linked to increased dielectric loss for higher frequencies. Also it could be

related to the higher frequencies corresponding to higher modes of the quarter-wave resonators.

In fig. 6.8b the same data with the x-axis converted from power to the average number of photons in
the resonators (see section 3.1.5) is presented. This assumes the aforementioned fridge attenuation
of 60dB. However, it is important to note that this attenuation is what is typically measured in
our fridge, but can change with the specific setup and also with frequency. Unfortunately, the
calibration of the attenuation is complicated in a dilution refrigerator like ours and was not done for
this cool-down. Any additional attenuation occurring before the resonators will decrease the actual
number of photons present in the resonators. So the numbers given on the x-axis of fig. 6.8b can be

taken as an upper bound for the number of photons in the resonators.

It is in fact very likely that we are facing extra attenuation before the vacuum-gap microstrip
resonators, not only because of the difference observed in the transmission but also because of the
measured quality factors. The two panels from fig. 6.8 shows increasing quality factors for increasing
power, but also a flattening of this trend for the lowest observed powers. This indicates that we are
in fact in the low-power regime, although from the calculations we could still have as many as 100

photons in the resonators.

With the observed internal quality factors for the vacuum-gap microstrip resonators, we have shown,
that this new fabrication technique can compete with established state-of-the-art microstrip designs
which use a dielectric. The obtained low-power internal quality factor Qin; ~ 1000 translates into
a loss tangent of tand = ﬁ ~ 1x1073. With that value, it places itself within the range of
quality factors of transmission lines that have already been successfully deployed in TWPAs (see
table 2.1 in chapter 2). With the shown performance and the perspective of further improvement
of this technique, the fabrication method is suitable for deployment in a TWPA and worth further

development and investigation.

Bridged CPW Resonators

For the bridged CPW resonators, we obtain higher quality factors, ranging from 20000 in the low
power regime up to 30000 to 60000 for higher powers, as shown in fig. 6.9. This agrees with what
was stated before, namely that the vacuum-gap microstrip transmission line resonators are limited

by the tunnel structure and any sacrificial resist residue left behind by the plasma etching.

Like for the vacuum-gap microstrip resonators, we also see decreasing quality factors for increasing
frequencies for the bridged CPW resonators. As before this might be because of the frequency
dependence of the dielectric loss limiting the performance of the resonators. Also, the coupling of
the resonators can play a role here. Part of the reduced internal quality factor for the resonators
No 4 and especially No 5 might be because of the under-coupling, leading to less reliable results of

the circle fits.
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Figure 6.9: Internal quality factors of the bridged CPW as obtained by circle fitting the transmission
spectrum of the feed line. The lines between the points are a guide for the eye. All resonances were
analyzed for all input powers in the interval —90dBm to —5dBm in steps of 5dBm. Where points
are missing with regard to this scheme, no reliable fits could be obtained. The data is plotted over
applied input power in (a) and over the number of photons in the resonator in (b). The error bars
represent the statistical uncertainties of the fits.

At input powers of —35dBm to —30dBm the quality factor starts to drop rapidly with increasing
power. Especially when looking at the photon-number representation in fig. 6.9b, this drop in quality
factor seems to occur at the same number of photons (=~ 10°) for all resonators. This effect is not

yet well understood and will require further investigation.

It is important to stress once more, that the data for the vacuum-gap microstrip and the bridged
CPW resonators were taken in different cool-downs. The transmission data shown in fig. 6.6 and
fig. 6.7 implies the presence of additional losses in the signal path of the vacuum-gap microstrip
resonators. Again, the numbers given for the photon number in the resonators can be seen as an
upper bound. The fact, that lower powers could be examined for the bridged CPW resonators is
likely due to the extra non-accounted-for loss in the vacuum-gap microstrip resonators, as well as
due to the fact that the CPW resonators show higher quality factors and therefore more pronounced

resonant dips.

Because of the higher quality factors of the bridged CPW resonators, the better fits of the resonances,
and the unambiguous identification of the resonators, we can have a closer look at the achieved
coupling. As already mentioned in section 5.4.1, the chip that was examined showed defects at
the parallel-plate couplers. Those were lifted up, above their design height, which should result in
weaker coupling. Like the internal quality factors, also the coupling quality factors were obtained by
circle fitting. In table 6.2 they are presented next to their design values. When the internal quality
factor of the resonators changes with applied power, also the coupling quality factors yielded by the
circle fit change. This is probably due to the changing ratio between Qi,; and Q., as the fitting
routine works best when the two quality factors are comparable and yields less reliable results for
strong under- or over-coupling. This variation of coupling quality factors for different powers was

used to estimate the uncertainties of the presented values. One can observe, that all three parallel-
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Figure 6.10: The resonant frequency of a resonator with kinetic inductance shifts to lower frequency
with increasing temperature. (a) Resonant dip in the feed line transmission spectrum for a vacuum-
gap microstrip resonator at different temperatures. (b) Relative shift in resonance frequency over
temperature. The data is fitted with equation (6.2.2) to extract the kinetic inductance ratio . The
error bars represent the statistical uncertainties of the fits.

plate couplers show similar coupling quality factors. This is likely due to the fact, that with the
parallel-plate part of the coupler much further away from the feed line than designed, the coupling
is dominated by the capacitance between the larger coplanar parts of the couplers. The influence
of this extra capacitance is also responsible for the smaller-than-designed coupling quality factor of

resonator No 3.

Because of their entirely coplanar design, the couplers of resonators No 4 and No 5 are closer to
their respective design values. However, as the coupling is very weak for them, the numerical value
has to be interpreted cautiously. Again, the argument is, that circle fitting yields the most reliable

results when Q;,; and Q). are comparable.

6.2.3 Temperature-Dependence and Kinetic Inductance

For the vacuum-gap microstrip resonators, also the dependence on temperature was investigated.
A change of the quality factor and of resonant frequency is expected as the temperature of the
aluminum increases and gets closer to its critical temperature leading to an increase in quasi-particles
in it. The frequency shift can be used to estimate the contribution of kinetic inductance to the total

inductance of the resonator (see sec. 3.2.2).

The temperature was swept up to 550 mK in steps of 50 mK. After a thermalization time of 30 min
after each warming up step, all eight observed resonances listed in table 6.1 were measured, using

moderate probing power of —20dBm at the input of the fridge.

The resulting transmission data is shown in fig. 6.10a. As before, the figure includes error bars
given by the circle fit errors. Starting from approximately 300 mK, the resonance feature is getting

shallower and shifts towards lower frequencies with increasing temperature.
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For the quantitative analysis of the temperature dependence, only the resonance at 7.3 GHz was
used, as for this one reliable results up to a temperature of 400 mK could be obtained. Because of
the strong coupling for this resonator and at this frequency in particular, the resonant dip in the
transmission spectrum remains visible when the internal quality factor decreases with increasing
temperature. For the other resonances, reliable fits were only possible for the lower temperatures,
where the change in resonance frequency is small compared to the change at higher temperatures.
In fig. 6.10b the decrease in resonance frequency is plotted over temperature. The data is fitted with
an approximation to the Mattis-Bardeen theory, as explained in section 3.2.2. The function used

relates the relative shift in frequency to the temperature T and the superconducting energy gap A

O fr .« TA A
LT=0)" 2VakT P (_kBT) : (6.2.2)

The values obtained by the fit are the kinetic inductance ratio a = 0.94(15) and a superconducting
gap of A = 219(6) peV. The given errors represent the statistical uncertainties of the fit. It is worth
noting, that of course @ > 1 would be unphysical and its fitting range was restricted to the interval
between 0 and 1. The result for A is consistent with what is usually observed for thin aluminum
films [82]. However, it has still to be interpreted cautiously, as the fit parameters are strongly
dependent on the last points of fig. 6.10b and thereby on the circle fits of the transmission data at
the highest temperatures, where the resonance dip is the least pronounced. These uncertainties are
not accounted for by the statistical errors given as error bars in the figure. This becomes obvious
when comparing the fit from fig. 6.10b to the data. Some of the data points differ from the fit by

significantly more than their statistical error bars.

In any case, however, the fit confirms the hypothesis, that the resonance frequencies of the vacuum-
gap microstrip resonators are shifted down because of the large amount of kinetic inductance present
in the central conductors. With the kinetic inductance fraction obtained from the fit, we would
expect the resonance frequencies of the resonators to be well below the designed values. In fact,
we expect a reduction by a factor of v/1 —a = i with respect to the design value, for which only
the geometric inductance was taken into account. This factor is obtained by considering the total

inductance L as the sum of geometric inductance Lgeom and kinetic inductance Lyiy,

L = Lycom + Liin (6.2.3)

& L = Lgeom +al (6.2.4)
L

& [ = —Eom 6.2.5

T (6.2.5)

and inserting this result into dependence of the resonant frequency of an LC-resonator on the

inductance L (see section 3.1.2)

1 V11—«
X —= = ——.
\/Z \/Lgeom

Coming back to the basic frequencies extrapolated from the higher modes of the resonators as listed

Jfr (6.2.6)
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in table 6.1, this factor can explain the observed shifts.

To further confirm our results, the data was also fitted with a slightly different routine, as used
and described in [83], yielding a kinetic inductance ratio of @ = 0.73(11) and a superconducting
gap of A = 209(5) neV with a qualitatively very similar fit. Again, the errors given are merely the
statistical fit errors, The conclusion we draw from the two results is that the kinetic inductance
of the narrow central conductors is important for the resonance frequency of our resonators. To
confidently give a specific value of a with reliable error bounds, however, the analyzed data is not

sufficient.

The cryogenic measurement has enabled quantitative analysis of the performance of the structures
fabricated in the vacuum-gap microstrip design. Although the fundamental resonances were outside
the measurement range because of the kinetic inductance of the central conductors, still four out of
five resonators could be identified thanks to their higher modes. With low-power quality factors of
around 1000, they can compete with thin-film dielectric microstrip transmission lines, as they are
already deployed in TWPAS. For the bridged CPW resonators fabricated with the same fabrication
process, we obtain higher low-power quality factors of approximately 20000. The temperature
dependence of the vacuum-gap microstrip resonators was used to extract the kinetic inductance

ratio and thereby confirm that the kinetic inductance is indeed the reason for the shift in frequency.
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Chapter 7

Conclusion and Outlook

The goal of this thesis was to develop a fabrication process for high-capacitance, low-loss transmission
lines. This we have achieved in an elaborate multi-layer fabrication process for a vacuum-gap tunnel-
like microstrip structure, which we call the vacuum-gap microstrip. This structure is built up by a
base layer, a layer of sacrificial resist as a placeholder, and a ground plane on top. Holes are patterned
and etched into the ground plane to access the sacrificial resist filling the tunnels. Through those
access points, the resist is removed with an isotropic O plasma etch, leaving the desired free-standing

vacuum-gap microstrip structure.

During the development of the fabrication process, a series of challenges had to be overcome. No-
tably, the evaporation of the ground plane introduced excessive strain, so a sputtering process had to
be adapted for the specific tools available to us. Also, the creation of the hard mask for the plasma
etching, as well as the plasma etching of the holes itself proved to be particularly complicated, due
to the non-planar relief of the tunnels and their fragility. Moreover, smaller issues like the align-
ment between layers, non-sufficient adhesion of the sacrificial resist, or accurate and reliable dicing
of the sample chips needed to be addressed. In the end, the fabrication process could be realized
with standard methods compatible with many materials commonly used in the superconducting
circuits community. It is also worth noting, that no high-temperature steps are necessary for the

construction of the vacuum-gap microstrips.

For testing the performance of the vacuum-gap microstrips and the air-bridges that can be realized
with the same process, quarter-wave resonators were fabricated and measured in a dilution refrig-
erator. The low-power quality factors of Qi,, = 1000 or the dielectric loss tangent of § = 1073
respectively, place our structures well within the performance range that state of the art microstrip
transmission lines, as they are already used for microwave TWPAS, are able to achieve. The limiting
factor of the performance of the vacuum-gap microstrip resonators is likely resist residue or defects

in the tunnel.
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With further improvement of the line design and the fabrication process, we expect to be able to
enhance the performance of the vacuum-gap microstrips. Especially modifications of the hole design
and the mask creation process needed for hole etching promise to achieve more thorough resist
removal and overall cleaner edges and surfaces. Closer investigation of the ground plane deposition

step and potential defects on the inner wall of the tunnels will also be worth the effort.

The intended use case for such high capacitance transmission lines with comparably low loss is the
deployment in traveling wave parametric amplifiers. There, high capacitance is needed to counteract
the high kinetic inductance necessary for efficient amplification. Low losses are essential to allow

for amplification near the quantum limit of added noise.

To realize the goal of a TWPA, however, still a number of different issues will have to be addressed.
For one thing, these will be the implementation of the mentioned improvements of the fabrication
process and the testing of its reproducibility. Further, we will continue by realizing the central
conductors of the resonators in granular aluminum. The optimization of a deposition process for
this high kinetic inductance material in our facility will be the next step towards building a quantum-

limited TWPA.

Apart from the use in a TWPA, the developed fabrication process or variations of it could also
be used in a number of different applications. The use as air-brides over coplanar structures has
already been demonstrated in this thesis. These bridges can be used to ensure good ground plane
connection or to realize strong capacitive couplings. In addition to that, they could be used to realize
on-chip lumped-element capacitors with a small footprint, or, together with a highly inductive central

conductor, to create slow-light transmission lines.
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Appendix A

Fabrication Recipe

Alignment Layer

wafer cleaning
resist spinning
baking

resist spinning

baking
e-beam lithography

development

rinse and dry
descum and gettering
niobium evaporation

lift off

rinse and dry
resist spinning
baking

resist spinning
baking

e-beam lithography

development

rinse and dry

descum and gettering
niobium evaporation
lift off

rinse and dry

5min in Acetone and 3min in isopropanol + ultrasonication
MMA at 4000 rpm for 100s

5min on 200 °C hot plate

PMMA at 2000 rpm for 100s

5min on 200 °C hot plate

dose: 300 nC/cm?, acceleration voltage: 30kV,

structure: pre-alignment crosses

105 in IPA /H,0 3:1

rinse in H,O and blow dry with Ny

2min Ar + O, descum, 2min Ti gettering

5nm Ti deposition + 100 nm Nb deposition at 0.5 nm/s
5min in NMP at 70 °C + 3 min in IPA at 70 °C with ultrasonica-
tion

rinse in IPA and blow dry with Ny

MMA at 4000 rpm for 100s

5min on 200 °C hot plate

PMMA at 2000 rpm for 100s

5min on 200 °C hot plate

dose: 300 1C/cm?, acceleration voltage: 30kV

structure: alignment layer

105s in IPA/H,0 3:1

rinse in Hy,O and blow dry with Ny

2min Ar + Oy descum, 2 min Ti gettering

5nm Ti deposition + 100nm Nb deposition at 0.5nm/s

5min in NMP at 70°C + 3min in IPA at 70 °C with ultrasonica-
tion

rinse in IPA and blow dry with Ny

Table A.1: Vacuum-gap microstrip fabrication process. Part 1
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resist spinning
baking
resist spinning
baking

e-beam lithography

development

rinse and dry
descum and gettering
niobium evaporation

lift off

rinse and dry

MMA at 4000 rpm for 100s
5min on 200 °C hot plate
PMMA at 2000 rpm for 100s
5min on 200 °C hot plate

dose: 800 nC/cm? for 150 nm lines 300 nC/cm? for the rest,
acceleration voltage: 30kV, structure: base layer

105s in IPA/H,0 3:1
rinse in H,O and blow dry with Ny
2min Ar + O, descum, 2min Ti gettering
5nm Ti deposition + 100nm Nb deposition at 0.5nm/s
5min in NMP at 70 °C + 3 min in IPA at 70 °C with ultrasonica-
tion
rinse in IPA and blow dry with Ny
Sacrificial Resist Layer

cleaning
resist spinning
baking

e-beam lithography

development
rinse and dry

argon milling
aluminum evaporation

niobium sputtering

aluminum evaporation

10min O, plasma cleaning
MaN 2401 from micro resist technology at 4000 rpm for 30s
1min on 90 °C hot plate

dose: 300 nC/cm?, acceleration voltage: 30kV
structure: sacrificial resist layer

18 s in maD-377/H,0 1:1
rinse in Hy,O and blow dry with Ny

2min, 400V, 80V, 20mA, 10sccm Ar milling

10nm Al evaporation at 0.1 nm/s and at 30° inclined planetary
rotation

200nm Nb sputter deposition at 0.175nm/s, 3 mTorr, 400 V and
1A

50nm Al evaporation at 0.1nm/s

Table A.2: Vacuum-gap microstrip fabrication process. Part 2
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resist spinning
baking

development

rinse and dry
chamber preparation

aluminum etching

CF, conversion
O, resist removal

resist spinning

baking

gluing to copper stencil
laser dicing

remove copper stencil
rinse and dry

glueing to copper stencil
laser dicing

remove copper stencil

rinse and dry

chamber preparation
niobium etching
niobium overetch

Ar milling

sacrificial resist removal

CSAR AR-P 6200.09 from Allresist at 2000 rpm for 100s

1min on 150 °C hot plate

75s in AR-P 600-546

rinse in IPA and blow dry with Ny

10 min O, plasma cleaning

134s BCl; Ar plasma etching until Nb layer is reached +15s
overetch

30s CF, plasma etching.

50 s O, plasma etching until resist mask is removed +60 s overetch

PMMA at 2000 rpm for 100s

1min on 100 °C hot plate

Crystalbond™ 555HMP

first dicing contour

dissolve glue in hot distilled water bath

rinse in Hy,O and blow dry with Ny

Crystalbond™ 555HMP

second dicing contour

dissolve glue in hot distilled water bath and remove individual
chips

rinse individual chips in H,O and blow dry with N,

10 min O, plasma cleaning

145s CF, plasma etching until Al layer is reached +15s overetch
20s CF, plasma etching.

3 x 15s Ar plasma milling until resist is reached +15s overetch
6h 10 Pa O, plasma etching

Table A.3: Vacuum-gap microstrip fabrication process. Part 3



