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Abstract

Superconducting microwave resonators based on coplanar waveguides (CPWs), which allow for on-chip im-
plementation, have a wide variety of uses, from the coupling of qubits to the detection of photons from inter-
stellar clouds. With the integration of a bias circuitry, the already versatile resonator will become even more
so. However, applying a DC voltage or current bias to the resonator without significantly degrading its quality
factor Q is no trivial task.

One of the first superconducting microwave resonators with the ability to allow for the application of a
DC bias, made use of symmetry points. In order to not rely on those symmetry points, our group came up
with a different design that used a shunted capacitor instead. However, this design needs a more extensive
and in particular more complicated fabrication process. As the groups focus is now completely away from
the original design, we go back in this thesis, to honestly evaluate such a resonator by applying a bias to its
center.

We present a design with the cavity length [ to be a full wavelength (I = 1) terminated on both ends to
ground, fed in by a capacitively coupled AC-feedline at 1/4 and a DC-bias line at its center (1/2). After the
first fabrication trial we were unable to successfully judge the performance of the microwave resonator as
it suffered from bad internal loss, leading to a low internal Q ~ 300 at 4 K. The only thing that this showed
us, is that its design is perhaps not as straightforward. On the other hand, interesting results specific to the
design were obtained from QUCS simulations (using a combination of lumped and distributed elements).
These simulations showed that the quality of the resonator is highly sensitive to the position of its galvanically
connected bias line, with respect to the center of the cavity (voltage node). Where Qj,; drops down to 10%
of its maximum for < 0.1 mm (= //320) away from the center. Furthermore, we saw that asymmetry in the
ports causes the maximum Qj,; (voltage node) to be off-center by 9 um, and that adding an extra feedline
in symmetry to the existing one puts it back on-center. Demonstrating the voltage node susceptibility to
asymmetries of the cavity mode.

Despite the unpromising signs the results show, suggestions have been put forward about better isolation
of the bias line that have the potential to still make the design attractive. While these isolations still baring
the traits of a faster and less complex fabrication.
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Introduction

From going back and forth on a swing to the precise ticking of your watch, resonators play an important role
in everyday life. For a swing it is the transfer of potential to kinetic energy that allows it to resonate, whereas
for the watch it is the interchange between the electric field and the deformation of the quartz. Generally
speaking, a resonator is a device that oscillates energy back and forth from one form to another at a well de-
fined frequency. Resonators play also a very important role in microwave engineering, which finds its origin
in 1873 with James Clerk Maxwell’s idea that light was a form of electromagnetic energy. But it was not un-
til the invention of radar during World War II that the field of microwave engineering got serious attention.
Thirty years earlier in 1911, the Dutch scientist Heike Kamerlingh Onnes discovered the phenomenon that for
certain materials caused the DC electrical resistance to vanish, the AC losses to get extremely small and any
external static magnetic fields to be expelled, and called it superconductivity. The use of superconductivity in
microwave circuits has led to low loss (high-Q) resonators [1]. It is in these superconducting microwave res-
onators based on coplanar waveguides (CPWs), to allow for on chip implementation by means of lithography,
that we are interested in this thesis. And in particular, one that is DC accessible.

Nowadays, superconducting CPW microwave resonator(/cavities) are subject of intense study and are
used for a wide variety of applications. At cryogenic temperatures of the order of millikelvin and operating
frequencies of > GHz these resonators are firmly in their ground state. Enabling them to provide thermal
isolation to embedded system and facilitating non-destructive readout at microwave frequencies. This makes
them perfect candidates for the integration of quantum systems such as qubits [2-4] and to function as a
quantum bus [5, 6]. For the same reason they play a key-role in the study of interaction between matter and
light in circuit quantum electrodynamics (QED) [7, 8]. Furthermore, their superconducting nature makes it
possible to change their kinetic inductance, which in turn changes the resonance frequency. In combination
with having quality factors on the orders of a million, they are able to detect photons [9, 10] and the motion
of nanomechanical resonators (NRs) [11]. And are even able to cool the NRs down by up-conversion of the
microwave photons [12]. Although this is already an impressive array of uses, allowing for the introduction of
a DC-bias will add another function to the resonator, making it even more versatile. With the additional DC
access the resonance of the cavity can now be tuned in a controllable manner to couple/decouple qubits [13],
or uncontrollably to detect currents via kinetic inductance or vice versa [14]. Besides, it could form a bridge
between the already mentioned microwave based circuit QED and DC quantum transport [15], where in the
Cooper pair transistor it facilitates the injection of photons in a Josephson laser [16].

In spite of greatly expanding the spectrum of uses, applying a DC bias to the resonator without signifi-
cantly degrading its quality factor Q is no straightforward task [17-21]. The reason being that while gaining
DC access to the cavity, it also forms an potential path for the signal of the cavity to escape by. One of the first
ones that successfully made it possible to introduce a DC bias to the superconducting microwave resonator
with no significant drop in its Q were Chen et al. [17]. In order to leave the cavity mode undisturbed, they
made use of symmetry points to apply the bias. If the bias line is perfectly placed at one of the voltage nodes,
it will lead to zero leakage of the resonator on resonance due to its voltage being zero there. While this seems
attractive, improper boundary conditions, asymmetry in the design or anything else that effects the voltage
node will lead to the resonator decaying in greater or lesser extent into the DC line. To achieve DC access
without relying on those symmetry points our group came up with a different way to integrate the bias cir-
cuitry [18]. Replacing the dedicated bias lines by shunting one of the two ends of the resonator by a capacitor.
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As this solved the issues concerning the sensitivity of the symmetry points, our group focus was completely
on the latter design. But it comes at a price. In order to fabricate the device, a more extensive and in particular
amore complicated process is needed. This raises the question if the price is worth the pain. And that is what
we will try to answer. In this thesis we go back to the original design to honestly evaluate such a resonator by
applying a bias to its center.

To evaluate a superconducting microwave resonator with DC access through a symmetry point at the
center of the cavity, which is actually summarized in one sentence in the the title of the thesis, we will de-
sign, fabricate, simulate and measure the device. To elaborate on that, in the Theory chapter 2 the design
is schematically shown and discussed. Further necessary theoretical background is found there too, most
importantly how the Q is obtained and extracted from the fit-functions we use for almost all of the results
(Theory subsection 2.5.1). For the physical implementation of the design Fabrication Process & Techniques
chapter 3 will take you through the required steps to make the resonator on a 1x1 cm chip by means of e-beam
lithography. In Experimental Methods chapter 4 the dilution fridge 4 K measurements of the fabricated device
is explained as well as how the various types of QUCS and Sonnet simulations are set-up. The Results chapter
5 shows QUCS simulations on the initial design and influences of symmetry of its ports, Sonnet simulations
on microwave equivalent lumped elements of the design, and the outcome of the cryogenic measurements
of the physical device. Ending it all of with the Conclusion 6, where the results are reflected and a prospect
for its future is given.



Theory and Background

In this thesis we consider a superconducting microwave resonator with the ability to apply a DC bias current
or voltage to its center, a symmetry point. This idea is certainly not new, and therefore it seems appropriate
to go back to where it al begun. Giving a solid background on what was once state-of-the-art by showing the
working principles of a microwave resonator and how a symmetry point allows for the application of a DC
bias. But not only that, in addition it is useful to understand what makes the idea of our group, with the use
of a shunt capacitor, different. From the background we dive into the theory of RLC-circuits, which seem
to be not so different in operation than microwave resonators. When we go one step deeper, we arrive at
transmission line theory. Bridging the gap from basic circuit theory to the more realistic picture of waves. As
we stepped away from lumped elements with uniquely defined currents and voltages, we also need to change
to the more appropriate microwave network analysis. This all puts us in the position to fully understand the
used figure of merit, the quality factor Q, and the used described fits to determine its value in practice. To end
it all of, we will show how the waves speed is affected in a typically composed resonator’s medium.

2.1. DC biased superconducting CPW microwave resonators

There exists a wide range of superconducting microwave resonators. . One way is to make use of a coplanar
waveguide (CPW) a type of transmission line (TL) (see section 2.3). What makes a CPW different to an ordi-
nary TL, is that the conductors are planar with one central conductor and two grounded outer conductors. In
this section, we discuss three different superconducting CPW microwave resonators with the ability to inject
a DC bias. These resonators have a large variety of applications, including current detection by means of a
changing cavity resonance used for cameras [22], coupling to superconducting qubits [7] or to quantum dots
[23], as persistent current traps for ultra-cold atoms [24], and many more [13-16].

We begin the section with the resonator that was one of the first ones to report such a DC biased supercon-
ducting microwave resonator, the Dual-Port resonator (DP). This resonator makes use of symmetry points to
allow for a DC bias. It matches the two bias lines to the mode of the cavity to form perfect microwave mirrors.
However, if the mode is not perfectly matched the resonator is in greater or lesser extent free to decay into
the DC lines. A couple of years later our group came up with a different way of introducing a DC signal to the
cavity. They got rid off the dedicated bias lines in the Side-Port resonator (SP) by introducing the DC signal on
one of the two sides of the resonator by means of a shunted capacitor. As this tackled the problems occurring
in the DP our group focus was completely on the SP. But it comes at a price. In order to fabricate the device, a
more extensive and in particular a more complicated process is needed. This raises the question if the price
is worth the pain. That is what the Center-Port resonator (CP), used in the Thesis, will try to answer. It makes
use of the same working principle as the DP by applying the bias to the center of the cavity. And with the CP
we will conclude the section.

2.1.1. Dual-Port resonator

In 2011 Chen et al. [17] were among the first to publish a superconducting microwave cavity capable of
applying a DC voltage or current to the cavity. We will refer to their resonator as the Dual-Port, the DP, because
of the two bias lines. An illustration of the DP is shown at the top of Figure 2.1 and at the bottom the physical
realization is shown.
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(a)
A2
Port 1 Cm Cout Port 2

—h/d— A2 /A

Figure 2.1: (a) Schematic illustration of the DP for the case where a full wave fits the cavity (I = 1). At port 1 the cavity is fed and at port 2
it is being measured. Both port 1 and 2 are coupled by gap capacitors forming high impedance points (voltage antinodes, current
nodes). And again a high impedance point occurs a half wavelength further at the center of the cavity, indicated by a black dot. In

between those high impedance points, low impedance points (voltage nodes, current antinodes) exist (red dots). These are the points
where the DC lines are connected to in order to allow for the application of a DC bias without disturbing the cavity resonance. (b) An
optical microscope image of the niobium DP on a silicon substrate is shown. Here the 8-finger gap capacitor is displayed in the inset on
the left and on the right inset the spiral inductor of 3 turns is shown. (Figure from Chen et al. [17])

From the figure you can see that the DP is made out of three branches. The main branch, running from
port 1 to port 2, is the resonator. A transmission line of one full wavelength ! = A at resonance. The other two
branches form the two (dual) DC bias lines, allowing for the application of a DC bias to the main line.

The signal enters the main line / = A from port 1, the feedline. In order to feed the resonator, an AC
sinusoidal source is capacitively connected by Ci,. Where the capacitor acts as a frequency dependent mi-
crowave mirror, allowing more or less of the signal to pass through. On the other side of the cavity the signal
is measured with Cyy; = Cjip, having the same frequency dependent transparency. Operating very similar to
the Fabry-Pérot interferometer where instead of capacitors optical mirrors are used. Like the Fabry-Pérot in-
terferometer most of the signal is transmitted from one side to the other at resonance. In fact, if there is no
loss in between the mirrors or in the case of the DP there is no loss both on the cavity and out of the DC lines,
then all of the signal is transmitted and none is reflected. What happens at resonance is that the propagating
waves interfere constructively on the cavity, forming standing waves. And this is what allows for the transmis-
sion of the waves from port 1 to port 2. On the other hand, off-resonant is where most, or all, of the signal is
reflected back. Here the waves interfere destructively. Therefore around resonance a peak in the transmission
parameter (here S»1) will be observed, or a dip in the reflection parameter (here Si;).

To understand how the standing waves that will form on the resonator look like, we take a look at either
end of main line. At both ends the resonator is terminated by gap capacitors. As these capacitors are close to
being an open circuit they form current nodes (I = 0) and voltage antinodes (V max). This puts a restriction
on the waves that are allowed to exist on the line. Only multiples of half a wavelength (1/2).

However, only certain modes will allow for the application of a DC bias. This has to do with the impedance
match of the DC port to those particular modes. Based on the relation between the impedances, more or less
of the wave is reflected. For the reflection, I, viewed from the mode to the port, it holds:
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_ Zmode — Zport @.1)
Zmode + Zport

where Zode and Zporr are the mode and port impedance, respectively. What makes the full wave mode (2nd
mode) so special is that for this mode the voltage nodes (current antinodes) are at the exact same location as
the DC ports. Therefore at 1/4 and 31/4 the mode impedance equals zero (Zyode = 0). A A/2 further (along
the DC lines) the impedances are again zero at the points where high impedance inductors (Zpoc = jwL) are
connected. This causes an impedance mismatch. And according to equation 2.1, it leads to perfect reflection
(IT] = 1). Resulting in lossless bias lines.

It is even true that as long as the port impedances at the DC bias lines are anything other than zero, full
reflection is obtained. Assuming that the mode impedance at those points are really zero. In reality however,
this assumption will almost never hold. As was mentioned at the beginning, the capacitors termination is
close to being an open. Close to, but certainly not equal to. This discrepancy, along with the losses that in
practice occur on the cavity, are of great importance as it causes the mode impedances at the discussed points
to be unequal zero. In that case it does matter a great deal how large the port impedances are. If it is high
enough than full or close to full reflection is still obtained. And that is why the DC bias lines are connected to
an inductor. Creating a high impedance point in the microwave regime jwL, while allowing low frequencies
(DQC) to pass.

To conclude this section, we will look how well the DP works based on the working principles discussed
above. To determine its performance, Chen et al. measured the magnitude of the transmission parameter
from port 1 to 2, |S;]. The data (in dB) was fitted by Lorentzians with its centers around the resonance
frequency. From the fits the total quality factors Q4 = 3750 and Qp = 2500 were determined. Differences
between the two resonators, A and B, come from the different capacitors that are used. For resonator A a
smaller 4-finger capacitor of around 4.4 fF and for resonator B a 8 finger of around 11.1 fF was used.

2.1.2. Side-Port resonator

Port 1 Port 2
N4

series

Figure 2.2: Schematic of Bosman et al. [18] SP where, instead of dedicated lines at symmetry points, a shunt capacitor is used to allow
for a DC bias (port 2). This capacitor serves as a high reflective point for microwaves while the cavity is still galvanically accessible. For
microwaves this high reflective point is close to being a short and therefore forms a voltage node (current antinode) for the allowed
standing waves. On the other end of the cavity, at port 1, there is like the DP a gap capacitor, which forms a voltage antinode (current
node). Furthermore, it is at this point where the main line is being fed by an AC sinusoidal source. The boundaries formed by both types
of capacitors at either end of the cavity determine the standing waves that will form. Therefore, the first mode is a quarter wave and that
is why the cavity is labelled by 1/4.

Our group came up with a different way to allow for a DC bias to be applied to the microwave resonator.
Instead of making use of the symmetry points that are used for the DP they make use of a shunted capacitor
at one end of the cavity. This was reported by Bosman et al. [18]. A schematic illustration of their design is
shown in Figure 2.2. Again, the name we base on the way the DC port is connected. Now it is on the side, so
therefore we will call it the Side-Port resonator (SP).

By looking at the figure the first thing to notice is that there are no dedicated DC lines like there are for
the DP. Only a main TL resonator of a quarter wavelength [ = 1/4 at resonance, instead of a full wavelength.
Feeding of the line is, however, no different then for the DP and the signal is fed to the main line via the gap
coupled port, port 1. What is different, is that on the other side the resonator is terminated by a capacitor to
ground. Despite this difference, the operation of the resonator is essentially the same. Where at resonance
most or all (lossless) of the signal is transmitted due to the formation of standing waves on the cavity.

Although the operation is really similar, the standing waves that will form on the SP are dissimilar. This has
to do with the different way port 2 is connected to the resonator. Port 2 is connected with a shunt capacitor
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to ground creating a voltage node and current antinode. Together with the gap capacitor on the other side,
which forms a voltage antinode (current node), they make up the boundary conditions of the standing waves.
Where only odd multiples of 1/4 are allowed. Therefore the largest wavelength that exists, the first mode, fits
just a quarter of its full wavelength, and this is labelled in the illustration in Figure 2.2.

For the SP no mode is 'special’ and every mode allows for a DC bias to be applied. This has to do that with
the fact that port 2 is galvanically coupled with a shunted capacitor. Making it easy to apply a DC signal. On
the other hand, for high frequencies the shunt capacitor is like a short to ground causing most of the signal
of the resonator to be reflected. Thereby minimizing the leakage through port 2. Mind the use of the word
leakage, as no signal will be lost as there are no extra DC ports. Therefore, every signal that leaks out will
attribute to the signal to be measured.

This all seems very promising for the SP, which it is, but there is a downside. The fabrication of the device
is more extensive and especially more complicated because of the shunted capacitor, shown in the micro-
scope image of Figure 2.3. Instead of just one e-beam step, it needs three. For every step different material
needs to be deposited, coated, exposed, developed and etched. As the fabrication process consists of so many
steps it is more prone to error. Besides that it is much more extensive it is also more difficult. It needs precise
alignment to correctly stack the three layers on top of each other. In the inset (e) of the figure these layers are
shown.

20 pm|.” E 100 um
(©) (d) (e)

Figure 2.3: Optical microscope image of the SP. (a) the realization of the schematic shown in Figure 2.2. The sapphire substrate is shown
in black and in beige Molybdenum-Rhenium alloy is shown. (b) Zoomed in image of the coupling of port 1 to the main line by a 3-finger
gap capacitor. (d) Zoom in on the shunt capacitor. (c) Zoomed in further on the left boundary of the shunt capacitor showing in blue
the Si3Ny dielectric layer. (e) Schematic top-view and cross section of the shunt capacitor respectively from top to bottom. Here the
blue color is used to indicate the central conductor, in red the ground plane is shown and green is used for the top plate of the shunt
capacitor. (f) lumped-element equivalent model of the shunt capacitor. (Figure from Bosman et al. [18])

Like the DP we end this section with the loaded Q in order to compare the performance of the SP. Bosman
et al. determined the Q by means of the response function of the system. This function was obtained from
network analysis of the system parameters. They reported loaded quality factors in the range of Q ~ 10%. By
performing reflection measurements at both ports they also obtained an internal loss rate xin; ~ 2w x230 kHz
at a resonance frequency of wg = 27 x 5.3889 GHz and thus according to equation 2.35 Qi = 2.3x10%.

2.1.3. Center-Port resonator

The CP is a TL resonator with the possibility to inject a DC bias at its center (port 2) as shown in Figure
2.4. Where we make use of the same working principle as the original DP design. Its name, Center-Port, we
derived from the Center Tap [25] that is used for transformers to indicate the connection halfway along the
windings. Based on that similar connection, where for the CP it is made in the middle of the TL, the name
was chosen.

For this type of resonators the focus in the group has been on the SP, as described in the previous section.
They were the first ones to publish such a device, which does not need dedicated DC lines for the application
of a DC bias. And therefore no signal is lost via those lines. However, the downside of the SP is due to its
relatively complicated fabrication. It needs three e-beam steps with precise alignment in order to perfectly
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N4 N4 N2

—T g gl
Port % port2

Figure 2.4: Schematic of the CP of length A. Via port 1, the feedline, at a quarter of the length of the cavity the AC signal is applied. When
the applied signal is at resonance, standing waves will form on the cavity. These waves will have voltage nodes (current antinodes) at
either end of the main line because of the termination to ground. And for a full wave, in the middle of the cavity there is again a voltage
node. This allows for the application of a DC bias without disturbing the resonance. And that is why the DC port, port 2, is connected
here.

stack the multiple layers. Mainly due to this reason we wanted to explore a device like the DP, the CP, which
only needs one e-beam step to complete. Besides its potential easier and faster fabrication, it is also a good
way to check how well this different design will work compared to what was originally used.

In Figure 2.4 there are again three branches like there are for the CP. Only now one of the branches is not a
DC line but the feedline, port 1. Where the main line does not run between two ports but ends on both sides
to ground. With a full wavelength (I = A) at resonance. The DC signal enters the cavity half way at 1/2.

As was just mentioned the feedline is port 1 and here the signal goes into the resonator. And again most
of the signal is transmitted at resonance by the standing waves that will form. But if the resonator is lossless
then all of the signal will be reflected back and none is thus transmitted. This has to do with the fact that the
port that feeds the cavity is also the port that measures. Nonetheless, even if the magnitude of the signal is
unchanged the phase (or real and imaginary part) of the reflection parameter is not. So you are still able to
measure the performance of the resonator in that case.

To understand the shape of the standing waves that form at resonance will looks like we need to take
the discontinuities at either end of the main line into account. These discontinuities are the terminations to
ground and therefore the voltage will equal zero there. Therefore the standing waves will have voltages nodes
(current antinodes) at both ends of the cavity. This means that they will be multiples of 1/2.

However, as was the case with the DP only certain modes allow for the application of a DC bias. Only if
the voltage node of the mode matches the location of the DC port, then a DC bias can enter while leaving the
cavity undisturbed. Just repeating the argument for the DP. Once more, this holds for the 2nd mode. Where
a full wave fits the cavity. And for the same reason as the DP an inductor (high impedance) is coupled to
the DC line to make sure that even if the point is unequal zero still most of the signal is reflected. Only now,
the inductor is directly coupled to the line instead of the 1/2 segment of TL in between. Although this is in
principle just the same. So the DC line of the CP are really similar to the ones of the DP and are potentially
lossless for particular modes like the 2nd mode (I = 1).

To conclude this section we show the realization of the illustration of Figure 2.4 in Figure 2.5. Where the
insets of the figure display the two-finger gap capacitor on the left and the meandering inductor on the right.
In the upcoming chapters we will show how the device shown in the figure, the CP, is fabricated (chapter 3),
show how it is measured (chapter 4) and present and discuss the final results of the CP (chapter 5).
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Figure 2.5: Automatic stitching optical microscope image of one of the two CP devices of a 1x1 cm chip. A schematic of this image is
shown in Figure 2.4. At the bottom of the chip two launchers run to the two ports. On the left the AC-port and on the right the DC port,
both connected to the cavity. Note, the black dots and lines at the boundary of the chip are scars from the removal of wire-bonds. The
smaller black dots which occur almost everywhere on the chip are dirt that was collected over a period of several months after
fabrication and measurement. In contrast, the magnified image on the bottom left is taken just after fabrication (and just prior to
measurement) and does not show any dirt. It shows the capacitor that couples the AC-source to the cavity. The other enlarged image is
just a zoomed in version of the main image, showing the meandering inductor coupled at the center of the cavity.

2.2. Parallel resonant RLC-circuit

Microwave resonators behave really similar near resonance to lumped-element resonators. In most cases
they can be modelled by either a series or a parallel RLC-circuit. Here we will review the parallel circuit as it
operates similar to the CP. This is because the CP can be approximated near resonance by a TL capacitively
coupled parallel RLC-circuit, which in turn is equivalent to a parallel RLC-circuit as shown in Figure 2.8c.
Although we only review the parallel case, the results for the series RLC-circuit can be easily obtained by
applying the appropriate dualities.

A RLC-circuit oscillations occur in the form of energy that is transferred back and forth between the in-
ductor’s magnetic and the capacitor’s electric field. The behaviour of a parallel RLC-circuit is described by
the following second order linear differential equation:

2. .
dir(n) | Ldir(0)

LC
de? R dt

+ip(0) = is(1) 2.2)
where iy (1) and is(#) are respectively the current of the inductor and that of the source. This result is obtained
by applying Kirchhoff’s current law and taking into account that for a parallel circuit the voltages over the
elements are equal.
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Simple harmonic oscillator When the system is neither damped nor driven equation 2.2 changes to:

d®ir (1)
dr?
where different to equation 2.2 the second term corresponding to the resistor R on the left hand side is left
out and is = 0. Following along the lines of Boyce et al.[26] the solution to this simple harmonic oscillator,
which is actually just an undriven LC-circuit, is given by:

LC

+i(H=0 (2.3)

ir(t) = Acos(wgt —0) (2.4)

where A is the constant amplitude and 6 the phase, oscillating with angular frequency

1
Wy = — (2.5)
°T VIc
wy is often referred to as the natural frequency.
Damped harmonic oscillator If we now allow for damping the differential equation becomes:
d*ig(n) | Ldig(n)
LC +—= +ir()=0 2.6
az TR ar 0 20
Solving for this differential equation results in [26]:
i (1) = Ae~“0 cos(wgt —8) 2.7
with
wq=wo\/1-2 (2.8)
and

1 /L
= (2.9)

¢=3r\C

where wq is the damped oscillating frequency and ( is the damping ratio. Only for the case that { < 1 oscil-
lations occur. This is the underdamped case with the amplitude gradually decreasing to zero as the energy
of the system is lost in the resistor. For the case where { > 1 the system’s amplitude will go to zero without
undergoing any oscillations.

Sinusoidal driven harmonic oscillator The last situation we will review is the case where the system is
both damped and driven. This the same case as we showed at the beginning and its behaviour is described
by equation 2.2. The only difference here is that the system is sinusoidal driven, is = Iy cos(w?). This type of
source is relevant when an AC source is used, which is also the case for the CP. In steady-state the solution to
equation 2.2 is:

ir(t) = Bcos(wqt—90) (2.10)
with

Io

\/(w(z) - 0?)? +42wiw?

B (2.11)

where w is the driving frequency. The driving frequency for which the amplitude of is (B) achieves it maxi-

mum value is given by [26]:
wr = woy/1—2¢2 (2.12)

with w; the resonance frequency. Although, as we can see w; is typically not equal to wg, we will refer to the
resonance frequency as wy throughout the thesis. Note that although they look similar w; and wq are different.
The oscillation corresponding to wq is determined by the initial conditions and die out due to damping, while
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the oscillation corresponding to the driving source will persist. And thus its frequency is fully described by
the systems response to the driving source. Furthermore what is important to take into account is that only
for { < 1/2v/2 the current of the system i; has a maximum amplitude. For { > 1/21/2 the amplitude equals
zero. This is true for any resonator with Q > 1/2+/2 obtained from equation 2.37.

2.3. Transmission-line resonator

At the heart of superconducting microwave resonatorsis the transmission line (TL), of which the CPW is one,
as shown in Figure 2.6a consisting of two wires. Acting as a resonator for electromagnetic waves where voltage
and current vary over the length of the wires due to its length being several wavelengths in size. In this section
we will follow an approach in line with the book by Pozar [27] and discuss the parts that are deemed necessary
to understand how standing waves are formed on a TL resonator.

In Figure 2.6a a piece of TL is represented by two conducting wires of length Az and its lumped-element
equivalent circuit is shown just below that in Figure 2.6b. Here resistance, inductance, capacitance and con-
ductance are represented by R, L, C and G. Where the parallel capacitor, C, is used to take into account the
capacitive coupling between the two conductive lines. To take care of the self-inductance and the inductance
imposed from the opposite parallel wire a series inductor L is used. Losses of the line are represented by R
and G, respectively loss of the conductor and dielectric.

i(z, 9
H
J’_
v(z, f)
- T >
< Az — z
(@)
i(z, 1) i(z +Az, ©)
— —_—
o—AWWN—"Y YN o
+ RAzZ LAz +
v(z, 1) GAz — CAz v(Ez+Az 1)
o o
(b)
i(z, 1) i(z+Az, f)
— —_—
O £ Y Y YA O
+ LAz +
v(z, ©) — CAz v(z+Az 1)
o o
- Az >

()

Figure 2.6: Illustration of a TL segment Az. (a) TL as represented by two conducting wires and (b) the lumped-element equivalent
circuit. (c) is a modification of (b) where R and G equal zero, no loss. (Figure from Pozar [27] and (c) a modified version)

Now that the right equivalent circuit is obtained we are ready to derive the spatial and time dependent
voltage and current. We start off by making use of Kirchhoff’s voltage and current laws. The voltage law states
that the voltages in a closed loop add up to zero. For the current law the currents that flow into a node is
equal to what is flowing out of that node, and thus the currents at the node adds up to zero as well. First going
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around the loop, the voltage equation reads:

. 0i(z, 1)
v(z,t) — RAzi(z,t) — LAz ; —v(z+Az,t)=0 (2.13)
And for the currents:
. ov(z+Az,t) .
i(z,1)—GAzv(z+ Az, t)CAzT —i(z+Az,1)=0 (2.14)
Taking Az — 0, we arrive at the differential equations:
0v(z,t) Riz.0) Lai(z, 1) 2.150)
=—-Ri(z,t) — .
0z ot)
0i(z, 1) 0v(z, 1)
=-Gv(z,1)-C 2.15b
oz vz D ar (2.15b)

These two equations are known as the telegrapher equations.

The telegrapher equations can be simplified by assuming that they are sinusoidal, time-harmonic. This
assumption can be made because using a sinusoidal source will result at every point in the circuit again in a
sinusoidal behaviour, if the circuit is linear and time-invariant. And indeed a transmission line is linear and
time-invariant. Therefore the voltage can be written in the form:

v(z,t) = v(z)cos(wt +(z)) (2.16)

Which can be rewritten as:

v(z,t) = Re{v(z)ej(‘””"’(z))} = Re{V(z)ej“’t} (2.17)

The same goes for the current.

As we arrived at the form of equation 2.17 where the only unknown part is V(z), and thus it comes down
to solving for V(z). Note that v(z, t) can always be recovered by the last equality of equation 2.17. Taking the
time-derivative of equation 2.17 and its current counter part, results in:

av(z) t) _ . jwt

= Re{]wV(z)e } (2.18a)
ai(z) t) _ . jw[
5= Re{jwlz)e™"} (2.18b)

Putting the equations above in the telegrapher equation 2.15a and 2.15b, we get:

av(z) ; ;

iz =—R+jwl)I(2) = —jwLI(z) (2.19a)
dl(z) . .

1z =—(G+jwO)V(z) = —jwCV(2) (2.19b)

The approximations taken in the last step of equations 2.19a and 2.19b are valid for the high frequency limit
where R <« jwL and G <« joC. For our case, where the conducting wires will operate in the superconducting
regime, R will equal zero and is therefore not even an approximation. Here the losses are thus taken out and
these equations then describe a lossless TL. Solving for V' (z) and I(z) will give the following wave equations:

a*vz
022 =y"V(z) (2.20a)
2

d dlz(zz ) v*1(2) (2.20b)

with

y=wVIC (2.21)
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Then, the general solutions for a lossless TL is a wave travelling in the positive and negative z-direction:

V(z)=Vy e T+ V5 etI7% (2.22a)
(2) =1 e 7%+ I etIT® (2.22b)
where the wavelength is given by:
2n 2n
A=—= (2.23)
Y wvIC

Now that we have established the solution for the lossless TL we can apply this to the cavity line we use as
aresonator with appropriate boundary conditions (BCs). These BCs for the voltage are:

forz=0=1: V=0 (2.24)

With [ the length of the line. Why these BCs hold is because the cavity line is terminated on both ends to
ground, and thus V = 0. Applying the first boundary condition (BC) for z = 0 to the general solution of the
lossless transmission line equation 2.22a leads to:

V(iz=0)=V; +V; =0 (2.25)

Which implies that V, = - V. Next we apply the second BC for z = I to the same equation, resulting in:

Viz=D=Vye My et =0 (2.26a)
— Ve M =y et (2.26b)
—e 1=tV (2.26c)
Where in the second step we a made use of the result of the first BC, V" = —V;. By making use of Euler’s

formula we can rewrite the last equation as:

cos (yl) — jsin(yl) = cos(yl) + jsin(yl) (2.27)
—sin(yl) =sin(yl) (2.28)
Which only holds if y! is a multiple of n:

2ml .
yl= e =nn with neZ (2.29)

In any real case n can only take on positive value, other solutions will physically be impossible. This leads to
the possible allowed waves to exist on the cavity line:

1
I= E)Ln with neN* (2.30)

So multiples of half a wavelength are allowed.

2.4. Microwave circuit parameters

Atlow frequencies the system can be described by its lumped element model, where its electrical components
are considered to be ideal and concentrated to a single point. This assumption is only valid when frequencies
are low enough. Low in the sense that the operating wavelength is much larger than the physical length of
the circuit. However, for microwave circuits this assumption does not hold, having a much larger frequency
with a wavelength that fits the system size several times. Therefore the voltage and current in the circuit are
not well defined at every point, which makes it difficult to measure voltages and currents directly. This means
that we need another way to describe the systems behaviour. And that is where the scattering parameter
(S-parameter) comes into play.
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2.4.1. S-parameter
The scattering (S) parameter makes use of the relation between incident and reflected waves instead of relat-
ing the total voltages and currents. And these ratios of waves can be measured directly with a vector network
analyser (VNA) or calculated by means of network analysis techniques. When more than one port is used, the
scattering parameter becomes a scattering matrix. The scattering matrix considers the network to be a black
box and fully describes the network from its ports.

Following along the lines of Pozar [27] with V,; the amplitude of the voltage wave incident on port n and
V,; the amplitude of the voltage wave reflected from port n for an N-port network. The scattering matrix for
an N-port network is then given by:

Vf Si1 S12 ... Sin VfL
VZ_ B St Sa2 ... Son V2+
Vy Snt1 Sn2 ... Snyn V,T

When considering a single element of the matrix, one uses:

Vi
Sij= L (2.31)

*
T vE=0for k#j

What this means is that S;; is given by driving only port j, no other port, and measuring at port i.
For a N-port network that is free of any losses, it holds that:

11117 + S22 /% + ... + ISyl = 1 (2.32)

This is just a form of the law of conservation of energy, here in terms of power ratios. Stating that the signal
should go somewhere. Because it is given in power ratios the magnitudes of the reflection parameters at the
ports are squared as the S-parameter is in voltage and not in power ratios.

2.4.2. Y- and Z-parameters
Admittance (Y) and impedance (Z) parameters do relate the total voltages and currents at the ports. But, at
the beginning of the section it was stated that the voltages and currents are not well defined for microwave
signals. So it seems strange to list those parameters here as it is very difficult to measure them. However,
for advanced simulations the electric and magnetic field are known at all points in space by solving Maxwell’s
equations and therefore are able to return the Y - and Z- parameters. Also, those parameters are related to the
the S-parameters and can be inferred from them. The main reason to make use of Y- and Z- parameters is
that it is easy to extract values of equivalent lumped elements, e.g. capacitance and inductance in an intuitive
way.

The parameter Z;;, driving port j with current I; and leaving all other ports open (i.e. Iy =0 for k # j),
while measuring the voltage at port i, is given by:

Vi
Zl'jZ—

7 (2.33)

I;:=0 for k#j

In a similar fashion the parameter Y; ; can be found by driving port j with the voltage V; and shorting all other
ports (i.e. Vi =0 for k # j) while measuring the current at port i:

Yij= —

v, (2.34)

V=0 for k#j

2.5. Q-factor

In general to quantify the performance of a resonator the dimensionless Q-factor is used. We will define the
quality factor in terms of the linewidth x and the resonance frequency wg as follows:

Q== (2.35)
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where « corresponds to the full-width at half the maximum power (FWHM) as can be seen from Figure 2.7.
The smaller x gets, the larger the Q becomes. So for a high Q the graph in the figure gets narrower and the
resonator is better at discriminating signals of different frequencies.
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0.6
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Figure 2.7: An example of a reflection (S71) measurement around resonance (wg) for critical coupling which shows the linewidth x at
1S1112 = 0.5. From x and wg the total/loaded Q can be determined by equation 2.35

Q can also be defined as the fraction of the energy stored W to the energy dissipated per cycle Pjog/w at
wo:

w
Ploss

Q=wo (2.36)
Both definitions of Q agree increasingly well for higher Q and are very precisely related for high Q. However,
there exists no functional relation between the Q defined in terms of energy and the one defined by the band-
width as is shown by Capek et al.[28]. Even for high Q both definitions are not always in good agreement.
This is the case when there is dephasing, which will leave the energy loss unaffected but will 'smear out’ the
resonance peak making « larger than it actually is. Dephasing occurs because during the time you measure
the resonance of the system changes making the resulting resonance peak appear wider.
There is yet another way of defining Q and that is by its damping ratio ¢ as follows:

1
=— 2.37
Q 2 (2.37)
where this definition is directly related to the one given by the energy in equation 2.36. To see how these
equations are related we take the decay factor of the damped harmonic oscillator as discussed in section 2.2
e ¢!/@0 and rewrite equation 2.36 to:

U
=w)g—— 2.38
Q=00 gurar (239
Solving this first order differential equation leads to:
U(t) = Ce™@0t/Q with C a constant (2.39)

By comparing this to e¢*/0, and by noting that the energy scales with the square of the amplitude, we indeed
obtain equation 2.37.

The Q’s defined above are actually not only characterizing the resonator itself but will inevitably contain
the coupled external circuitry. Therefore these Q’s are considered to be the total- or loaded-Q’s. To distinguish
between contributions from the resonator and the external circuitry the Q is respectively separated in the
unloaded- or internal-Q (Qjnt) and the external-Q (Qeyt) as follows:



2.5. Q-factor 15

1 1 1

—_— +

Q Qint Qext
In order to quantify the level of coupling between the resonator and its external circuitry the coupling coeffi-
cient 7 is used, defined as:

(2.40)

_ Q _ Qint

1 Qext Qint + Qext
where 7 ranges from 0 to 1. It relates the total amount of power lost to the power lost in the internal circuit. If
n< % (Qint < Qext) then more power is dissipated in the external circuit than in the resonator and the system
is said to be undercoupled. For the case ) = % (Qint = Qexy) critical coupling is achieved and the same amount
of power is dissipated internally as it is dissipated externally. In that case the feedline and the resonator are
matched and maximum power transfer from the feedline to the resonator is achieved (| S;; |2 =0). When n> %
(Qint > Qext) then the system is overcoupled and the loss in the resonator is greater. To sum it up, the three
different coupling cases:

(2.41)

1

n< 3 (Qint < Qext) : undercoupled (2.42a)
1

n= 3 (Qint = Qext) : critically coupled (2.42b)
1

n> 3 (Qint > Qext) : overcoupled (2.42c¢)

2.5.1. Reflection parameter of a TL capacitively coupled parallel RLC resonator

)
[ 12
x
~

ZOE c| R e il i R L
1 1
- <

Figure 2.8: (a) Schematic of the CP approximated at resonance by a TL with a real-valued Zy capacitively coupled to a parallel RLC
circuit. Here the RLC circuit replaces the TL cavity of the CP. (b) Its equivalent circuit where the lumped element Zj replaces the TL. In
(c) the coupling capacitor (C¢) and Zj are transformed into their parallel equivalents C* and R*. Note that in (b) and (c) the black part

is considered to be the external circuit, whereas the internal circuit is indicated in red. (Figure from Daniel’s document [29])

The CP can be seen as a TL capacitively coupled to a RLC resonator at resonance as shown in Figure 2.8.
In (c) of the figure its equivalent parallel RLC-circuit is shown. From this circuit and by using the results of
Daniel’s document [29] we get close to resonance (w ~ wyp) for the interal quality factor (Qjn¢) and the external
quality factor (Qex) with the assumption w?C2ZZ :

Qint ® WoR(C + C¢) (2.43a)
1

Qext =wWoR*(C+C;)  with R* = Wgzg (2.43b)

for which the reflection parameter, Sy;, around resonance is given by [29]:

nx

BTSSR ON (2.44)
K/2+ jAw
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where Aw = w — wy, the difference between the probing frequency w and cavity resonance frequency wg. The
coupling efficiency 7 relates x to the external decay rate x¢x; = k. Besides the part that is attributed to the
external circuitry, xey, there is the other part coming from the internal, «xj,.. Together they add up to x,
K = Kint + Kext- From x and wg you are able to calculate Q as was shown in the beginning by equation 2.35.
When 7 is known as well you can get Qjn¢ and Qex; as follows:

Wo Wo

_wy _ w0 2.45

= = s (2.45)
w w

Qext= —=— (2.46)
Kext KT)

In the case above if the driving frequency is far away from resonance the |S;;| will reach its maximum
value and equals unity as all of the signal is being reflected. However, if between the input and the cavity
attenuation occurs its maximum will no longer equal unity but a fraction, say A (the overall attenuation), of it.
In our case this will be due to the lines that are coupled to the ports and the directional coupler. Additionally
to Ait could be that you have chosen the wrong reference phase. This could be because the measuring device
like the vector network analyser (VNA) or the software you use chooses a different phase. To account for a
constant ¢bg and a linear in frequency #, reference phase including an attenuation A, the reflection parameter
will have the following form:

811 = Aej(to“’+¢°) 1-

Ui ] (2.47)

K2+ jAw

Note that A, though related, is not the attenuation factor a.

2.5.2. Interpretation of ki, as obtained from the reflection parameter of a port

The «xin¢ you will obtain from using the reflection parameter described in the previous section will not only
contain contributions of the internal circuitry (i.e. the resonator). Unless of course you have only one port,
than the «j,¢ will really be only from the internal. For more than one port, it will contain additional coupling
from the ports (other than the port from which the reflection parameter is taken).

g S (¥ E— > E— ¥
K K
1 K3 2

Lets have a look at Figure 2.9 to see what the i is for a resonator consisting of three ports. For clarity we
use only three ports, but the same procedure can be applied for any number of ports. We will we look at the
x’s we obtain for the reflection of port 1, Sy;. Although the same argument will hold by choosing port 2 or 3.

So, how do «in and xeye of S11 look like. For xex(s,,) it is easy, as the external circuitry viewed from Sy is
just everything coupled to the outside from port 1, indicated by the figure as k. However, for xin¢(s,,) it is not
only the internal circuitry xjn but also the decay rates from port 2 and 3, k2 and k3 respectively. And thus the
following holds:

Kext(Sy;) = K1 (2.48a)
Kint(S;;) = Kint t K2 + K3 (2.48b)
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From these equations it than follows that the total linewidth from §11, x(s,,), is given by:

K(S11) = Kext(S1y) T Kint(S11) (2.49a)
= Kint + K1 +K2 +K3 (2.49b)
=K (2.49¢)

Thus the total linewidth is not specific for port 1. And because the same argument holds for port 2 and 3, it is
not specific to those ports either. Or in general, for any port. This means that « is always the same no matter
from which port you look at it.

2.6. Effective dielectric constant
In vacuum electromagnetic (EM) waves travel at the speed of light ¢ which Maxwell related to the electric

constant €y and the magnetic constant yg as follows:
1
vE€olo

This famous formula only holds for waves propagating through vacuum. If a wave travels to a different
medium the phase velocity becomes:

Cc=

(2.50)

1
Uph = ———
VEr€otr Mo

where only the relative terms €, and p; the relative permittivity (or dielectric constant) and the relative per-
meability can change for different media.

For a CPW (see Figure 2.10a) the EM waves do not travel through one medium but to a combination of
two, the dielectric beneath and the air above. In case of a CPW p; in equation 2.51 is set to 1 as the used
media are not magnetic in nearly all cases. Furthermore, the medium is thus not a single one anymore but
a combination of different media and therefore different €,’s, and that is why e, is replaced by the effective
dielectric constant (eqf). This changes equation 2.51 to:

(2.51)

1 c
U, h = =
P VE€eff€0Mo  \/Eeff

In order to find the effective dielectric constant (eef) we first take a look at the distribution of electric and
magnetic fields for a CPW in Figure 2.10b. By considering the metal thickness to be infinitesimal it looks from
the figure like half of the fields are contained in the air and half of it in the dielectric substrate. Based on this,
€qff Will just be the average of both air (e;=1) and the dielectric ¢,:

(2.52)

1+e€
Coff = —— (2.53)
2
ELECTRIC FIELD LINES
————— MAGNETIC FIELD LINES

nj
_an;cl}'—
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Figure 2.10: (b) electric and magnetic field lines for pure TEM waves (the quasi-static approximation)(figures from Garg et al. [30])



18 2. Theory and Background

Only this view is not completely correct, as, although the air above is certainly large enough to be consid-
ered infinite, for the substrate this is not clear. Additionally, it is also not apparent that the ground planes can
be treated to extent to infinity. Therefore, we take the substrate thickness to be h and the extent of the outer
sides of the ground plane to be 2¢j [31] as shown in Figure 2.10a. Then from from Garg et al. [30] we get for
€eff:

er—1 F(f2)
= 2.54
Eeff 2 F(fl) ( )
with
2 _ 12
_a|%-b
fi=7 o (2.55a)
_sinh(ra/2h) ¢ sinh?(wcy/2h) — sinh®(xb/2h) (2.55)
7 sinh(rb/2h) sinh?(wcy/2h) — sinh?(mal2h) ’
and where the factor F(f) is given by Hilberg approximation [32] as:
F(f) = ” for 0= f < — (2.56a)
|7}/ [-v7)) ”
1 1
F(f):;ln[(l“L\/})/(l_\/})] for Esfsl (2.56b)

f=\/1-p2 (2.56¢)

This approximation is used because it allows for the calculation of e¢s directly from the design parameters,
while still having a high accurate outcome. Its greatest relative error is smaller than 2.36x1073. If ¢y, h — co
then both fi and f, approach a/b and thus F(f,)/F(f1) — F(f1)/F(f1) = 1 and e of equation 2.54 becomes
just the average of dielectric and the air as we derived before in equation 2.53.

The calculations done above for e are based on the quasi-static approximation considering pure trans-
verse electromagnetic (TEM) are used. Where the approximation is valid for up to 40 GHz according to Garg
et al.[30] and backed by [33] where they studied the dispersion relation of €. But even if eq¢ is not constant
and equal to equation 2.54 then at least e¢ff < €r, and approaches €, only in the infinite frequency limit.



Fabrication Process & Techniques

In this chapter we will walk you through the steps we have taken in order to fabricate the Center-Port (CP)
microwave resonator as described in section 2.1.3. In electron-beam (e-beam) lithography electrons are used
to write patterns. This technique allows for feature sizes in the 100 nm range for the Raith EBPG5000Plus,
which is well below the smallest feature size used in our design of 3 um. For the fabrication of our devices
we used two silicon 1x1 cm chips that were both coated with NbTiN by means of reactive sputtering done in
the pre-fabrication. The size of the chips is sufficient to allow two devices to be produced on a single chip.
This means that we should end up with four devices. The reason for this surplus of devices, we only need
one, is just as a precaution as many problems can occur during fabrication. Problems such as caused by
human errors, like scratching the chip, or by dirty operation environments, like materials that fall off during
processing, and many more that may break down the device. Before we can start the fabrication process we
make sure that the used chip is clean. Cleaning is done by first spraying the chip with acetone and than with
isopropylalcohol (IPA), and finally blow-drying it with N,. Nitrogen is preferred as opposed to air as it will not
cause oxidation of your chip during drying. The following cleaning procedure has been applied:

Pre-fabrication clean
acetone spray 10 s
IPA spray 10 s

N, blow-dry

The goal is to end up with the pattern of the device(s) composed of NbTiN on top of a silicon substrate.
In the following sections we will walk through all the fabrication steps necessary to achieve this goal. We
start off by applying the resist in section 3.1 in order to pattern the chip by means of the ebeam, section 3.2.
Afterwards, the exposed resist will be removed by the developer, section 3.3. In between we will show how the
resist can be removed in section 3.4. This stripping of the resist is also used after the last section 3.5, reactive
ion etching (RIE). In the last section the metal that is unprotected by the resist will be etched away. Finally,
after stripping away the residual resist, the chip is done.

3.1. Spin coating

To be able to write the desired pattern using the e-beam an electron sensitive resist, ARP6200.18 (18% solids
content), will be applied. In order to apply the resist uniformly over the substrate, it is spin coated at high
angular speeds between 1000-8000 rpm (see Figure 3.1). Not only the uniformity is determined by the spin-
rate the thickness as well, the faster it spins the thinner the film will be. On one hand the centrifugal force
is pushing the liquid off the plate and on the other hand it is the shearing which keeps the liquid in place.
The shearing is due to the adhesion between the liquid and the substrate and is proportional to the viscosity
of the liquid [34]. During the process the fast moving air above the plate will dry the solvent, increasing its
viscosity. This is what finally prevents any more solvent to be pushed off and the film has reached its final
thickness. After the resist is spun it will be baked to make it stick better and evaporate residual solvent. The
spin coating recipe used here is:
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Spin-coating
Resist ARP6200.18 (CSAR 62.18)
Spin resist | 60 s: 10s at 500 rpm and 50 s at 4000 rpm
Bake resist | 3 min at 155°C

(a) ! (b)
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Figure 3.1: An illustration of the spin coating process. The chip is placed on top of the rotating platform and vacuumed tight. Then (a)

the resist is deposited on top of the chip. Now, (b) the platform is starting to spin, first at a low rate (500 rpm for 10 s) after which (c) it

will increase to a much higher rate (4000 rpm for 60 s). Finally (d) the film will evaporate most and reach its final thickness. During (b)
and (c) and even (a) the resist is evaporating as well. (Figure from Das et al.[34])

3.2. E-beam

Now the chip is ready to be exposed by the e-beam, in our case the Raith EBPG5000Plus. On the location of
the exposure the resist will either weaken or strengthen based on the type of resist that is used. The first type
of resist we call positive tone resist, the other one we call negative tone resist (see Figure 3.2). The difference
between the two types of resist comes from their reaction upon exposure. Where in positive resist the poly-
mers are cut short making them easier to dissolve, in negative resist the polymers form cross-links making
them more resilient to dissolve. Dissolving the resist happens in the next step, development discussed in
section 3.3. To what extend the resist will dissolve is one of the main factors that determines how much a
certain part of the chip should be exposed, the dose. We will discuss which dose to use for the type of resist
we have used during fabrication, positive resist. Of course, for the negative resist the inverse holds. If the
dose is too low parts of the pattern are not exposed long enough and resist will remain after development.
This occurs mainly on the boundary where the dose is the lowest, shown in Figure 3.3a. Here you can see that
the part in the center is exposed long enough where the color is even. However, at the edges the pattern is
changing in color showing a varying reflectance with wavelength. The variance in the reflectance is caused by
a change in thickness of the resist, as shown in silicon by Henrie et al. [35], with increasing thickness towards
the edge. This residual resist will protect the metal underneath during etching, causing a gradual increase
in the thickness from the boundary into the pattern. So the edges become less sharp with a reduced pattern
size. On the other hand a too high dose causes too much of the surrounding near the edges to be exposed (see
Figure 3.3c) Therefore less of the resist will remain where it should be resulting in more metal etched away
in the end. Again this makes the edges less sharp, now with an increased pattern size. To get the right dose
you should be just at the point where the resist on the pattern is free of resist. In that case the resolution is
maximum and the desired pattern is obtained. The 'sweet’ spot for our case is obtained in Figure 3.3b.
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Figure 3.2: An illustration of the difference between positive and negative tone resist after e-beam exposure and development. Where
for positive resist the exposed part is removed, for negative resist the unexposed part is removed. Exposure of the positive resist
weakens the polymer chains by cutting them to smaller pieces. On the other hand, exposure of the negative resist strengthens the
polymers by cross-linking them to form greater chains.

(@ (b) (©

Figure 3.3: Microscope images of a dose test. In (a) a too low dose is used resulting in residual resist on the pattern. On the other hand
in (c) the dose is too high where part of the resist of the surrounding is gone. With (c) showing the right dose with a sharp edge and fine
features. Note that the label, indicating the scale, in the lower right corner is correct for (a) and (c) but incorrect for (b). All should be 10

pm which is also the length of the smallest feature pointing towards the right.
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3.3. Development

Once the pattern is written by the e-beam, it is ready to be developed. This is done by a putting the chip in
a chemical, the developer, which is able to dissolve the exposed part if positive resist is used and dissolves
the unexposed part if negative resist is used. ARP-6200 is a positive resist and thus the exposed part will
be removed after development, by Phentylacetate. It is not true that the unexposed part is immune to the
developer, but it will dissolve at a much slower rate. This means that the time the chip is in the solution is
crucial. Too long and you have less resist to protect the desired part during etching. Too short and there is
still resist left on the places where you want to etch the material away. To stop the development and rinse off
the developer a combination of methyl-iso-butylketon (MIBK) and IPA is used. The recipe we used for the
development is:

Developing
Developer | Phentylacetate 60 s
Rinser MIBK:IPA 1:1 60 s
Drying N, blow-dry

3.4. Resist stripping

When the result after baking of the resist is unsatisfying you can strip the resist and start all over. In our case
this was done after the first development. Upon examining the chip under a light microscope we saw that
there was a piece of dirt on the cavity line (see Figure 3.4a) on one of the two devices. This piece of dirt could
potentially cause an electrical short and therefore break down the device. Although there was still one device
that seemed fine we decided to strip the resist away. Also because the used dose seemed to be on the low
side as can be seen in Figure 3.4b. From the figure you can see that the color on the lines ending up in the
upper left corner are a bit darker, meaning that it is a bit elevated because not all resist there is gone. We
could as well just start over with a new chip, but because of a shortage of NbTiN coated chips at the time
we decided to strip the resist. To strip away the resist postive resist stripper 3000 (PRS3000) was used at an
elevated temperature. The solution with the chip in it was covered with a silver foil. This was done to prevent
too much evaporation of the solution, and maintain a constant temperature inside. The following recipe was
used to strip away the resist:

Strip Resist
Resist stripper | PRS3000 at 75 for 12 h+
Rinser 2xIPA30s
Drying N blow-dry
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(a) (b)

Figure 3.4: Light microscope image of parts of the chip consisting of the Center-Port design that were unsatisfying and therefore
stripped of resist afterwards. (a) Shows a potential electrical short on the resonator cavity line which could connect the central line with
the surrounded grounded plane. (b) Shows the capacitor that couples the feedline to the resonator with a too low dose of 250 uC. This
can be seen from the difference in color indicating different level of focus. This is because the darker part is a bit higher due to some
resist that is still there, while in the yellow looking part it is completely gone.

3.5. Reactive-ion etching (RIE)

The final fabrication step for the chip is etching away the uncovered metal, not protected by resist, to end
up with the desired pattern of NbTiN on top of the silicon substrate. This is done by RIE which is a type of
dry-etching, as opposed to wet-etching. Where in wet-etching a solution is used as an etchant, in dry etching
a plasma, ionized gas, is used.

The chip is placed in the etcher, here the VLL Leybold F3 is used, indicated by 5 in Figure 3.5 on the lower
plate (4). On this plate a RF field can be applied by means of a power source. The chamber is then pumped
down to high vacuum, 6 ubar. Next, the gases (02/SFg) (2) will enter the system via the upper plate (1) and a
RF power source operating at around 50 W creates a sufficiently large oscillating electric field to kick out the
electrons and thus ionizing the gas. The electrons that come free during the ionization will accelerate away
from or to the lower plate (4) upon each cycle of the field. Only if they strike down on the lower plate (4) will
they build up (negative) charge as its the only part of the system that is not directly grounded. This surplus
of negative charge will create a electric field between the two plates (3) with a DC voltage of nearly 300 V. The
now created electric field will accelerate the positively charged ions (2) to the lower plate (4) with the chip on
top of it (5). When the ions hit the plate they will not only knock away the surface but will also react with it.

Figure 3.5: Illustration of the process during RIE. The AC power source applied to plate (4) ignites the plasma (2) and causes a negative
charge on the plate. This creates an electric field (3) between the plates (1 and 4). Which in turn results in a positive charge on the upper
plate (1). The electric field accelerates the ions (2) towards the lower plate where the sample (5) is placed. These ions will not only
transfer there kinetic energy, knocking out atoms upon impact, but will also react with the sample. (figure modified from Wikipedia [36])
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Resist Before etch Plasma After etch
Type Recipe Expected Allresist (nm) Profiler (hm) 02 flow (sccm) SF6 flow (sccm) Etch time (s) AFM A(m) Etch rate (nm/s)
. 20 0 90 673 1.47
ARP 6200.18 | 4000 rpm, 4min 155C 800 806 135 5 30 765 136

Table 3.1: Etch rates of the used positive-tone resist in the VLL Leybold F3 etcher. Where the resist is applied by means of spin coating
and baking on a hot plate. The etch rates are determined based on the etch time and the height measurements before and after. The
height before etching was measured by scratching the surface with a tweezers and measuring the depth with the profilometer. After
etching the same depth was measured, now with the atomic force microscope (AFM). The expected height is retrieved from Allresist

[37].

NDbTiN is almost resilient to an oxygen plasma, but it reacts really well with the fluor radicals from SF,.
This makes it possible to remove the uncovered metal. For the etching we used the following recipe including
the pre-conditioning and the cleaning afterwards with actual operating parameters:

Pre-conditioning

Gasses 5sccm Oy

Pressure 50 ubar

RF power 30 W forward, 0 W reflected
DC bias voltage | ~290V

Time 25 min

Etching

Gasses 5/13.5 sccm O, /SFg

Pressure 6 ubar

RF power 50 W forward, < 10 W reflected
DC bias voltage | 274V

Time 4 min 56 s

Cleaning

Gasses 20 sccm O»

Pressure 50 pbar

RF power 200 W forward, < 20 W reflected
DC bias voltage | ~ 760V

Time 2 hrs

To know when the metal part that is not protected by resist is indeed gone a laser beam is focussed on
that part of the chip. The intensity of the lasers reflection is measured in order to check if a certain layer is
etch through as different materials will absorb more or less of the incoming light. Therefore if a change is
observed you know you have reached the next layer. After 4 min and 56 s the etching was stopped before
such a change was seen, as it took more time than expected (around 4 min 10 s). This was because the laser
spot was not located on the bare metal part but on the part that is covered by resist. The good thing was that
indeed no change in the intensity occurred at this particular location which means that the part that should
be protected had still some resist left. By looking at the etch rates of the resist, see table 3.1, only about 330
nm of resist was expected to be removed (O, and O»/SFg). So indeed there was still plenty, about 470 nm, of
resist left.

To check if the etch time was really too long the chip was stripped of resist (same recipe used as in section
3.4) and placed under a profilometer. The profilometer measured a height difference between the part where
the metal should be gone and its surrounding of roughly 300 nm. With an expected NbTiN layer thickness
of 100 nm, this means that there was 200 nm over-etch. So at least all the metal was that was originally not
covered by resist was etch al the way trough.

Now the chip is done. A picture of the final chip is shown in 3.6. However, this picture was taken after the
wirebonds were removed (the big black scars) and months of lying around and collecting dirt (the black dots).
After inspection of all four of the devices there was one abnormality observed, shown in 3.7. At the inductor
there is a short between one of the meandering lines, this will most likely not destroy the device only lower
the inductance. All other devices looked to be fine, so there was no reason to use the one with the expected
lower inductance. That is the advantage of having several devices to start with. The chip with the fine looking
devices was wire-bonded and mounted and is ready for measurement.
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Figure 3.6: Confocal microscope image of the whole final chip, consisting of two Center-Port devices. The picture was taken a couple of
months after measurement. The black lines are from the removed wire bonds and the black dots are coming from the dust that has
settled in the period after measurement. The chip is 1x1 cm in size. There is also a label and a measure in blue indicating the scale of
500 pm.

—

Figure 3.7: Light microscope image of the meandering inductor part of the Center-Port device after the full fabrication process. In this

picture a short is visible on one of the inductor lines. This will most likely cause the inductance to be lower than expected but will not

affect the operation in any other way. Still this device is therefore not used as there are three other devices that do not show any visible
problems.






Experimental Methods

We will show and discuss here the DIY4K reflection measurement setup and the several QUCS and Sonnet
simulation setups of the Center-Port resonator (CP). For the DIY4K measurement we will, besides showing
how to setup the measurement, also show how the measurement is preformed. Furthermore, the QUCS
setups consist of the initial design of the CP, and the ones where the bias line position is allowed to vary.
Finally, we will demonstrate two elements of the CP, the meander-line inductor and the gap capacitor, in
Sonnet.

4.1. Cryogenic microwave reflection measurements for determining Q

In order to check if the device fabricated in accordance with chapter 3 is working, we will measure the device’s
s-parameters in a dilution fridge. The dilution fridge we use for our measurements is the do-it-yourself 4K
(DIY4K), which is a relatively small fridge capable of cooling down to less than 4 K. (Results: During measure-
ment the temperature was 3.47 K.) For our measurements this is well below its critical temperature (7,) of
NbTiN of around 15 K [38]. This ensures that the compound is in its superconducting regime, necessary for
the functioning of the device.

After fabrication the chip is not yet ready to be measured and first we need to connect to the chip from
the outside. Connecting the chip is done by mounting the chip on a printed circuit board (PCB) and wire
bonding the ports (Figure 4.1a). But not only the ports, also multiple wire-bonds are placed on the ground
plane of the chip to make sure that any current that may appear on it can easily be transferred from the chip
to ground. To be able to more effectively cool down the chip, it is placed in a metal box to increase the thermal
conductivity (see Figure 4.1b). This metal box will serve as well as a shield to radiation from outside the box.
From the metal box four silver plated cupronickel coaxial cables appear as can be seen in the same picture.
These are connected to the two devices both consisting of two ports, the AC and DC port. The cables are not
ordinary connected, but are connected via sub-miniature A (SMA) connectors which operate in the tens of
GHz with a constant impedance of 50 Q. Therefore they are perfectly suited for our device, as they will not
change properties in the RF working regime.

Now the chip is ready to be placed in the fridge. The metal box is screwed down to the upper plate of the
fridge as can be seen from Figure 4.2b. From here two of the four cables are used, the AC port is connected
to a directional coupler, the blue piece in Figure 4.2b, and split into two. The directional coupler used here
is the PASTERNACK PE2204-20 which attenuates by 20 dB in the frequency range 4-8 GHz. Because of the
directional coupler an additional port of the fridge is required. This means that each device takes on three
ports of a total of four of the fridge, so only one device can be hooked up at once. The directional coupler is
set up in such a way that it is weakly coupled to the incoming signal, call it port 1, and directly coupled to the
outgoing signal, port 2. In this way it attenuates the signal going into the chip, while leaving the signal coming
out almost unaltered. Therefore the chip will heat up much less and no important information is lost. After
everything inside is connected the fridge will first be pumped down for half an hour and then cooled down
for about four hours.

To be able to measure the device that is inside the fridge, the fridge is coupled to a PNA N5222A VNA, ca-
pable of measuring both amplitude and phase properties. Looking at Figure 4.2a you can see the VNA on the
left side, coupled to the fridge via blue cables. The VNA is typical instrument for measuring RF applications,
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(@) (b)

Figure 4.1: Preperation of the chip before going in the fridge. In (a) the chip is mounted on a PCB and screwed down on the lower part of
the metal box. Then in (b) the top part of the box is closed up and coaxial cabels are connected via SMA.

(a) (b)

Figure 4.2: Measurement setup of the DIY4K. In (a) the full setup is shown with the VNA on the left connected with blue cables to the
open fridge on the right with the copper part sticking out. (b) Shows a zoomed in picture of the fridge upper part and from this the
metal box, containing the chip, and the connections are seen. Here in blue the directional coupler is visible.



4.2. QUCS simulation techniques for parameter sweeps of the Center-Port resonator design 29

such as our cavity. It is used to measure transmission and reflection in the form of s-parameters, described
in chapter 2.4.1. A power sweep was preformed to examine these s-parameters. What is meant by a sweep is
that the parameter of interest, here power, is changed and measured for the whole frequency range for every
value of that parameter. ( Results: The current was swept from 0 to 50 mA and back again, and from 0 to
60 mA and back in a total of 101 steps with a power of -20 mdB. The power sweep was done from -30 mdB
to 10 mdB with a increment of 1 mdB, one way.) These measurements were performed with all three cables
connected, port 1 and 2 from the directional coupler and port 3 coming from the DC port of the cavity. The
reflection parameter is given by driving port 1 and measuring the reflected wave coming out of port 2, S;.
The transmission parameter can be found by driving the same port 1, but measuring at port 3. Once the
measurements are done the system is heated back up to room temperature after again about four hours and
pumped back up to atmospheric pressure. From Sy; we will fit the real part to a Lorentzian from which the
Qint Will be determined. This quantifies how well the device is working.

4.2. QUCS simulation techniques for parameter sweeps of the Center-Port

resonator design
The main part of this thesis is focussed on simulation done in quite universal circuit simulator (QUCS). QUCS
is a simulation program that allows for the study of the signal behaviour of your circuit. This can be done by
simulation types which are used here such as s-parameter and parameter sweeps. In the following sections
we show how the QUCS simulations were set up.

4.2.1. Two-port device setup

Here we address the question of how to simulate the Qjn; of the 2-port device as shown in Figure 4.3. To do
so, we first focus on a sub-question of how to determine the coupling capacitor, Cc, for which the device is
critically coupled. For this we perform a s-parameter simulation over a large frequency range, large enough
that at least the second mode of the cavity is captured. The reason why we search for the second mode
is explained in section 2.1.3. Once the second mode is found, we zoom in. In this way we keep the same
number of points but increase the resolution significantly. The zoom is chosen such that there is no relevant
information for determining the Qjy; outside the zoom window. In other words, the full resonance dip is
inside the chosen frequency range. A parameter sweep as explained in section 4.1 for multiple values of the
Ccis carried out. The capacitance that gives zero for the real part of reflection parameter, S11, is the value that
critically couples port 1 to the cavity (see section 2.5). For this value the Real(S;;) is fitted by equation 2.44
(subsection 2.5.1) from which the Qjy is extracted. This answers the question at the start of the section.

4.2.2. Three-port device setup

In this section we address two main questions. Both of the questions concern the 3-port device for two cases.
One where the ports are resistively and one where they are capacitively coupled to the cavity as can be seen
from Figure 4.4 and Figure 4.5, respectively.

The first question we want to address is how to simulate the effect of moving port 2 from its center position
on the Qjn¢. This is done for the case where port 3 is closed off, so actually this is a 2-port device not a 3-port
one. The reason that is it is written here and not in section 4.2.1, is that the same setup, apart from closing off
port 3, is used as in the 3-port case. Port 3 is closed off by setting the resistance of the power supply of port 3
(R3) to an absurdly high resistance of 10'®Q for the resistive case, Figure 4.4. For the capacitively coupled case
(Figure 4.5), the resistor that couples the power supply of port 3 to the cavity (Rc) is set to the same absurdly
high value. In order to simulate the effect of moving port 2, a parameter sweep (see section 4.1), SW1 in Figure
4.4 and Figure 4.5, is preformed. SW1 sweeps the parameter that offsets port 2 from its center position on the
cavity (offcenter). The range of the sweep is limited by how far port 2 can be moved from the center. Beyond
a certain point the dip in the s-parameter, caused by the resonance, will become too small to distinguish. But
not only the value of the offcenter is important, also the frequency range of the s-parameter simulation. Here
the range is set such that the dip is well between its bounds but small enough to clearly see the dip with the
chosen number of simulation points. Similar to the previous section, section 4.2.1, the real part of S, is fitted
by equation 2.47 (subsection 2.5.1), but now for every value of offcenter. From these fits the Qi for every
value of the parameter can be determined.

Secondly, we want to concentrate on how to simulate the effect of including or leaving out port 3 on the
Qint- Again we consider the same circuits as we did in the paragraph above. The approach is exactly the same,
the only change that we make is that we now set R3 to R1 and Rc to 0 Q. In that way we include port 3. By
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Figure 4.3: QUCS circuit diagram of the Center-Port design. The parameter sweep, SW2, of the coupling capacitor, Cc, is used to be able
to obtain for which value critically coupling is achieved. From the same simulation the Q-factor is determined.
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Figure 4.4: QUCS schematic setup of a resistively coupled 3-port cavity to be able to determine its influence of changing the center port,
P2, position on the Q-factor. This is done by a parameter sweep, SW 1, where the parameter offcenter is changed and simulated by S
parameter simulation, SP1, for different frequency ranges set by the variables start and stop.
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Figure 4.5: QUCS schematic setup of a capacitively coupled 3-port cavity to be able to determine its influence of changing the center
port, P2, position on the Q-factor. This is done by a parameter sweep, SW1, where the parameter offcenter is changed and simulated by
S parameter simulation, SP1, for different frequency ranges set by the variables start and stop.

comparing this case, with port 3 open, and the case of the previous paragraph, where port 3 is closed, we
simulate the desired effect.

4.3. Sonnet Simulation Setup for Elements of the Fabricated Center-Port
Device

In this section we go over to a different type of simulation, named Sonnet. Sonnet allows for the simulation
of physical devices were elements are not considered lumped as is the case in QUCS. It provides '.precise RF
models (S-, Y-, Z-parameters or extracted SPICE model) for planar circuits and antennas. The software requires
a physical description of your circuit (arbitrary layout and material properties for metal and dielectrics), and
employs a rigorous Method-of-Moments EM analysis based on Maxwell’s equations that includes all parasitic,
cross-coupling, enclosure and package resonance effects.” [39]. By making use of Sonnet we are able to figure
out if the physical elements that we fabricated are in correspondence with the lumped elements designed
in QUCS. For this we individually simulate the C. from the AC-port and the inductor for the DC-port and
discuss both separately in the following two sections. To make sure that there is a one-to-one correspondence
between the fabricated device and the one we are simulating, we use the same file as the one that was send
to the e-beam for fabrication. From this file only the part corresponding to the individual elements are taken
in order to solely capture the behaviour of that element.

4.3.1. Meander-line choke inductor of the DC-port

The inductor (L) is the element that connects the DC-port to the cavity line. It is part of the design to function
as a barrier for high frequencies preventing the high frequency signal to escape from the resonator while
allowing low frequencies to enter. Such a inductor is often called a choke inductor as it effectively chokes,
attenuates, high frequencies.

In order to check how the inductor behaves we took the part of the device shown in Figure 4.6. Showing
only the meandering line of the device, the inductor, in Sonnet. It is surrounded by a box, the boundary of
the figure, inside which the EM simulation is preformed. Because the fabricated chip is grounded, via wire-
bonds, the used box is grounded from all sides as well. Two ports are placed at the ends of the meandering
line connecting the inductor to the box. Between those ports the relevant parameters will be simulated. In
the physical device port 1 is connected to the launcher that links the device to the outside and port 2 is what
goes to the cavity line.
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[Ree=

Figure 4.6: Sonnet EM simulation set-up of the inductor of the Center-Port device. The inductor consists of a meandering conductive
line that connects the DC-port to the cavity line. A choke inductor which purpose it is to block-off high frequency signals while allowing
DC signals to enter the cavity. Ports 1 and 2 are connected to the surrounding grounded box. Between the ports the simulation is
preformed to obtain the relevant parameters in order to determine its inductance.

To see how the inductor behaves we preform an adaptive bandwidth sweep (ABS) [40] providing a S-, Y-
and Z-parameter data sweep over the desired frequency range. From this we can calculate the Inductance. If
the meandering line does indeed behave as expected, and thus behaves like a inductor, the design in Figure
4.6 is like a two-port network with a series inductor, indicated by L. And that is why we choose the following
model shown in Figure 4.7a. To take care of any losses a resistor, R is connected in series. If no losses exist R
will equal zero. In order to extract the value of L from this model the Y;; parameter, see section 2.4.2, is taken
which effectively shorts port 2. This leads to the figure right next to it, Figure 4.7b. Where Y1, is given by:

5L 1
Yi1= — = (4.1)
i V=0 R+ Z;
where Z; = jwL with L the inductance. And thus to extract L from Y;; we first take the reciprocal:
1 R+ jwL (4.2)
—= jo .
i1

Now you can see that the reactive part is given by the inductor and by taking the imaginary part of the recip-
rocal of Y;; we get L as follows:

- tm {17} 4.3)
w

Finally, we have established the procedure to extract the inductance from the simulated data. Equation 4.3
thus gives the inductance for an inductor in series with two ports.

R L R L
+ VVYV + Y11 +
port 1 port 2 > port 1
o o o
(@) (b)

Figure 4.7: Y7; transformation on the RL model of the coupling capacitor in order to be able to determine the inductance L. (a) The
2-port series RL equivalent circuit of the inductor of Figure 4.6. Where R is used to account for loss that may appear on the line.
Applying the Y7 transform which effectively shorts port 2 (b).



4.3. Sonnet Simulation Setup for Elements of the Fabricated Center-Port Device 33

4.3.2. Gap coupling capacitor of the AC-port
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Figure 4.8: Sonnet EM simulation set-up of the capacitor of the Center-Port device. The capacitor consists of a two separate conductive
fingers that connects the DC-port to the cavity line. Its purpose is to drive the cavity with maximum power transfer. Ports 1 and 2 are
connected to the surrounding grounded box. Between the ports the simulation is preformed to obtain the relevant parameters in order
to determine its capacitance.

Moving to the other element the (coupling) capacitor (C,), that couples the AC line to the cavity. Linking
the TL resonator to the external circuitry. Here we show how to simulate in Sonnet, and from those results,
calculate the capacitance of C..

To simulate the behaviour of only the capacitor the part of the device, as can be seen in Figure 4.8, is
taken. It shows two separated conducting fingers constituting the C. in Sonnet. Again as was the case for the
inductor here C; is grounded from all sided by the box surrounding the design. The two-ports are set up in
such a way to solely capture C.. This is done by connecting port 1 to the feedline and port 2 to the resonator.
Furthermore the other end of the resonator, where port 2 is connected to, is terminated before the end of the
box. The reason for this is to be able to use two ports instead of three, which would make determining the
capacitance a lot more complicated. By terminating in this way the influence of that 'port’ is only marginal,
as it is weakly coupled to the ground plane. This justifies the use of only two ports.

Between the two ports an ABS is preformed providing Y-(S- and Z-) parameter sweep over the set fre-
quency range. From this result the capacitance can be calculated. For this the capacitor is modelled by its
lumped element equivalence where a series capacitor (C) and resistor (R). The resistor is there to take into
account any losses that exist in the design. To determine the capacitance the same approach is used as for
the inductor, so we will not repeat this here but only show it in Figure 4.9.

R C R @

+ + Y11 +
—_—

(@) (b)

Figure 4.9: Y71 transformation on the RC model of the coupling capacitor in order to be able to determine the capacitance C. (a) The
2-port series RC equivalent circuit of the capacitor of Figure 5.10. Where R is used to account for loss that may appear on the line.
Applying the Y77 transform which effectively shorts port 2 (b).

There is one difference, the impedance of the capacitor, Z¢ = 1/ jwC, is different to that of the inductor.
This will change equation 4.2 into:
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1 1
— =R+ — (4.4)
i1 jwC
And changing it into a function of C:
1
C= — T (4.5)

Equation 4.5 allows us to determine the capacitance from Sonnet simulations for a series modelled capacitor
with two ports.



Results

In this chapter, the core of the thesis, we will evaluate the Center-Port resonator at its full-wave (I=1) reso-
nance fy. Butfirst, in order to do so we will set the stage giving the appropriate framework to relate the results
to. Once we have done that, we are in the position to evaluate the device. Starting off with the initial CP
design in the quite universal circuit simulator (QUCS), allowing us to demonstrate the design in its optimal
conditions while still being practically relevant. After this first check, we move on to the real physical device
and show how it preforms in cryogenic conditions. Then, inspection of the physical device is done in Sonnet,
allowing to set up the device in close to real circumstances with the use of EM analysis. Finally, we arrive at
the point where the stage is actually set for, showing the CP design sensitivity to its symmetry by allowing the
DC bias line, the center port, to move away from its center position in QUCS.

5.1. Finding the influence of the Center Position of the DC port on the

internal Q

From the point of view of the AC port of the CP, any signal that is lost due to the cavity and via the DC port are
considered to be internal. What is considered to be internal is also described in the Theory section 2.5.2. The
cavity looses signal by several types of losses, namely resistive, radiative or dielectric. In our case where the
cavity will operate in its superconducting regime resistive and radiative loss will be close to zero or at least
it should be. On the other hand what does needs to be taken into account is any signal that goes out of the
DC port, which is also considered loss. It is important that the loss out the DC port is smaller than what is
typically expected to be lost via the cavity. This does not mean that it is important that one is smaller than
the other. The only thing that matters is the overall internal loss (cavity + DC port). However the loss on the
cavity is a given (depending on the used materials), but the loss out of the DC port is controllable and should
be optimized such that it less. Optimizing it any further will not be very fruitful as its part in the overall loss
will become insignificant. In contrast, when simulating, the loss on the cavity is controllable by changing the
attenuation factor (a). We adjust a until the maximum Qjy, is about 10°. Of course, the higher the better.
The reason we choose this value is that this is typically feasible when the device is fabricated well, but not
exceptional. For Q¢ we consider the following:

Rating Qint
poor 1,000 [17]*
decent 10,000 [18][19]*
good 100,000 [21]
exceptional 1,000,000 [20]

*only total (unloaded) Q was reported
based on what you would get from the sources of internal loss (e.g. resistive, dielectric, radiation and two-
level system (TLS) [41]). Now that we have set a benchmark for Qj,; we can relate to it and observe what the

influence is of the center position of the DC port on it.

35
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5.2. QUCS simulation of the initial design of the Center-Port resonator

In this section we try to find out if the CP as described in section 2.1.3 will work in principle by simulating the
setup shown in 4.2.1 in QUCS and calculating its Qj,¢ (section 2.5). In simulation with QUCS we can check
the system under its ideal (lumped and distributed elements) operation conditions within its physical and
technical realistic parameters. One of the main parameters, for which it is not apparent what the 'ideal’ value
is, is the coupling capacitor (C.) as it depends on the other parameters and determines how much of the
signal is being transferred. So before we are able to address if the CP will work in principle, we will first figure
out for which C, the AC port, the feedline, achieves maximum power transfer (|S1;1? = 0). At the end of the
section we will examine what the effect is on the Qj, if we choose a different value of C..

When the system achieves maximum power transfer it is said to be critically coupled (n = %). For that
case the resonator is matched to the feedline at resonance. It then holds that Qjn; = Qex Or similarly when
Kint = Kext- And indeed, as a sanity check, this means that for critical coupling at resonance (Aw = 0) the
reflection parameter S;; = 0 (see equation 2.44) and thus |S;; 12 =0. Why the magnitude of S;; is squared is
because it is defined in terms of its voltage ratio (see section 2.4.1) and thus needs to be squared in order to
obtain the power ratio.

In trying to find for which value of C, the feedline of the CP is critically coupled, we use the in QUCS
simulated circuit as can be viewed in Experimental Methods section 4.2.1 Figure 4.3. A parameter sweep of
C. from 0.1-10 fF with 101 logarithmic points was performed in the frequency range of 9.32-9.38 GHz in 2001
linear points. This is the range for the second mode, where a full wavelength fits the cavity (/ = A). For the
used cavity length [ = 32 mm this second mode corresponds to a resonance frequency of (fy = ¢/l =) 9.37 GHz
(based on the speed of light in vacuum c¢) and falls nicely within this frequency range. The second mode is
the first mode that allows for the application of a DC bias as described in section 2.1.3. For the attenuation of
the cavity an a of 1.00484 was chosen. This value was obtained indirectly from Schmidt et al.[42], in order to
get a typical value of @ for NbTiN. In the Appendix it is described how this is translated from the value in the
paper to QUCS value of 1.00484. Although the value they got is for MoRe and not NbTiN. The NbTiN we use
is fabricated by SRON who optimized their deposition process and will therefore potentially have a slightly
lower a. To block off the DC port (port 2 in the figure) for high frequencies, an inductor of 80 nH is used which
is more or less typical. The greater the inductor the better it will block off high frequency signals. However,
anything greater than 80 nH will be extremely hard to fabricate. As the inductance increases so will the area
the inductor covers, and the more area the inductor covers the more sensitive it will get for any dirt that may
fall down on the chip.

From the C. parameter sweep simulation the following figure, Figure 5.1, is attained. It shows the power
transfer in the form of the reflection parameter, S;;, viewed from the AC-port (port 1). In the figure |S;; 12 is
given as a function of the frequency (f) for every value of C.. The color indicates how much of the power is
transferred, with dark blue no power being transferred and dark red maximum power transfer. Or, in other
words, for dark red all of the signal is transmitted and none is reflected back. The point where all of the signal
is transferred is when the system is critically coupled.

In order to obtain the C, for which the system is (closest to) critically coupled (|S;; |2 = 0) the minimum
of |81/ for every value of C. is taken from Figure 5.1. The minima are extracted by taking the lowest value
of every horizontal line. The lowest point is the point at resonance, which changes due to C. as it becomes
part of the resonator. The minima are presented in Figure 5.2, but not in |S;; |2. Related terms such as the
magnitude and the real part (Re{S11}) of S1; are used. From the figure it can be seen that the minimum of
|S11] occurring at resonance is indeed purely real in accordance with equation 2.44. |S1;] shows also a direct
relation between the real part and the power transfer. Just like |S1;| (and therefore |S;; |2) Re{S11} equals zero
at resonance when critical coupling is reached. The point for which Re{S1;} is closest to zero is indicated by
the red dotted line, at the point where Re{S;;} = -0.0086 and C, = 3.02 fE So we have obtained the value of C,
for which the feedline is critically coupled to the resonator. Well, closest to, it is a bit undercoupled as can be
seen from real part as it is slightly negative. This information would have been lost when only the magnitude
was displayed. The power transfer for this slightly undercoupled C is therefore not exactly 100%, but 99.97%.

Now that we determined the right C. we are able to answer what was addressed at the beginning and figure
out how well the QUCS simulated CP works. In order to answer this we take a look at Re{S;;} as a function
of f for C. = 3.02 fE which can be seen in Figure 5.3. This is just a different representation of the horizontal
line of Figure 5.1 at C. = 3.02 fE In the plot a dip occurs at resonance frequency (fy) of 9.35528 GHz. Fitting
this graph to the reflection parameter of equation 2.44, see section 2.5, the red solid line in the figure yields
in agreement (with corresponding uncertainties due to fitting errors) fy =9.35527967 GHz + 0.09 kHz with «
=465.2+0.3 kHz and 1 = 0.5043+0.0002. The first two parameters will give us by means of equation 2.35 the
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0.00

Figure 5.1: Heat map representation of the QUCS simulation as described in 4.2.1 of the Center-Port cavity design to show the power
transfer. A parameter sweep of the the coupling capacitor (C¢) by means of s-parameter simulation. Every horizontal line corresponds
to a s-parameter sweep of a certain C. value as a function of the frequency (f). Where the color indicates the value of |11 2. If |S1; |2 is

zero, indicated by a dark red color, then there is maximal power transfer. If it is dark blue, then |S1 |2 =1 and no power is transferred.
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Figure 5.2: QUCS simulation of the CP to determine when C. for the AC-port is critically coupled. The minima of the real part and the
magnitude of the reflection parameter S11, Re{S11} and |S111, in the frequency range 9.32-9.38 GHz are displayed. Critical coupling
happens when |S1; |2 = 0 or likewise when Re{Sy1} or |S1;] equal zero at resonance. The point that is closest to critical coupling is the
point where the red dotted lines cross.
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total or loaded Q, Q =2.011-10*+1-10. And n will then give from equations 2.45 and 2.46 Qj, = 4.056-10%+3-10
and Qex; = 3.988-10*+3-10. What we can see from the fact that n isnotidentical 0.5 and therefore that Qi and
Qext are not the same, is that the resonator is not critically coupled although close to it. This we already knew
from Re{S1;} at resonance, which did not equal zero. But most importantly, what these values further show,
is that the device should work. They are more or less in the same order of magnitude of 10°, a good resonator,
as described in section 5.1.

1.0

0.8 1

0.6

Real S11

0.4 4

0.2 1

e QUCS simulation
fit

0.0 1

9.350 9.352 9.354 9.356 9.358 9.360
Frequency (GHz)

Figure 5.3: QUCS simulation of the CP for the (closest to) critically coupled AC-port. The real part of the reflection parameter, S11, for
Cc =3.02 fF as a function of frequency. Fitted by equation 2.44 from which a Qjy¢ of 2.5-10° is extracted.

What would happen if we had picked a different coupling capacitor. In order to check what the Qj,¢ then
would have been, we will determine Qj, for every simulated value of C, (0.1-10 fF). This we do by using the
exact same procedure as was used by the paragraph above. Only now we will repeat the procedure for the
whole range of capacitances. From this we got the following figure, Figure 5.4. The first thing to notice is
that Qjy¢ is almost constant for all C. This is not surprising as there is no loss associated with the capacitor
and therefore the Qiy; should be independent of C.. But when you look closer, at the inset of the figure, you
see that there is some dependence. Qi decreases from the lowest value of C. to 8.7 fE, after which it starts
increasing till the largest value of C.. However, the uncertainty of Qj,; does becomes increasingly large on
increasing the difference in Qj, from its mean as can be seen from the light blue error-bars of Figure 5.4. Still,
the uncertainty is not large enough to contribute Qjy; deviation from its mean to it. So, this will not explain
the behaviour of Qj,¢, and why it behaves as such we cannot say. What we can say, is that although the value
of C. determines the coupling to the cavity it is to a good approximation of no influence on the Qj,¢ (for C; of
0.1-10 fF). So, if we have a low Qj, we know it will not be very effective to spend a lot of time on changing C.
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Figure 5.4: QUCS simulation of CP with the setup shown in Figure 4.3. Qjy is determined by the same procedure and over the same
frequency range as was used for Figure 5.3. From the inset, which is just a copy of the main figure but with a different range of the y-axis,
the details of the behaviour of the graph are better visible. Also, for the inset the uncertainty of Qjy¢ is added and displayed by the light
blue vertical (error-)bars.

5.3. Cryogenic low measured Q of the fabricated Center-Port resonator
We just established in section 5.2 that the CP should, in theory, work according to the QUCS simulation. Next
we would like to know if the device we made following the fabrication steps described in chapter 3 will work
as well, in order to make practical use of it. Just like before this means that we will determine its Qjn¢.The
fabricated device that we will examine is based on the QUCS simulations and therefore also referred to as the
CP.

The CP we will test is shown in Figure 2.5 and again in Figure 3.6. Its relevant geometric parameters are:

S 7.5 um
W | 3.125 pm
h 525 um
t 100 nm
o] 100 nm

with S the width of the center conductor, W the gap width between the center and the outer conductors, h
the height of the dielectric substrate, ¢ the metal thickness and o the over-etch as made visible in Figure 5.5.
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Figure 5.5: Schematic cross-section of a CPW(Figure modified from Garg et al. [30])

For preforming the measurement the chip was placed inside a dilution fridge and cooled down to 3.47 K.
Then, reflection and transmission of the AC port was measured by means of a VNA. This was done by a power
sweep from -30 dBm to 10 dBm with an increment of 1 dBm as described in section 4.1 for a frequency range
of 4-8.934 GHz. Note, that here the reflection parameter is not described by Sy;, but by S»; because of the
directional coupler that is used.
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After measurement the reflection parameter, Sy, is obtained and represented in Figure 5.6. The first thing
to notice is that the data taken from measurement shows a sinusoidal behaviour in the frequency domain.
From it, it is hard to see where the resonances occur and therefore to extract the wanted Qj,¢. The reason why
the signal shows sinusoidal behaviour is because the coaxial cables, a transmission line, connected from the
fridge to the VNA adds a time-delay (%) by e/%“. To get rid of the added #;, we need to know f,. In order to
determine ty the phase (Ph{S»}) is fitted linearly, as can be seen from the inset of the figure. From the slope
the value of 1y is retrieved, taking on the value #, = 547. And the offset is given by ¢y = 214 7. Correcting for
this phase offset will not allow you to better distinguish the resonances, but will allow you to fit without the
use of an additional parameter to account for the reference phase. So in order to correct for the time-delay
and the wrongly chosen reference phase we use the following:

S;l = e_j(t0f+¢0) So1 (5.1)

where S;l is the phase corrected reflection parameter. From the resulted real, Re(Szl) and, especially, the ab-
solute value, | S, |, it seems that at around 7 GHz a resonance is present. Note that |S,; | takes on the amplitude
of Re(S21) , as it should, being the magnitude of the sinusoid. Also Re{Sgl} is not the amplitude and differs
every so slightly from |Sy; .
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— 1S =80m{ TN ... data
0.04 [S21]

* hS3
—— Re(S3,) ~1591 \
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Figure 5.6: Phase correction of the real part of the So; (Re{S21}) data obtained from the DIY4AK measurement of the CP at 3.47 K and 10
dBm. The grey graph shows the data directly obtained from measurement and contains both a time-delay (#p) and a phase offset (¢bg).
To correct for both #y and ¢y, the phase of S»; is fitted by a first degree polynomial as shown in the inset. From this fit we obtained 7 =
54  and ¢g = 214 7. By applying e~JU10+$0) t0 Re{S,;} the red curve is obtained, labelled as Re{Sgl}. The reason to correct the data is
that in this new form it allows for the determination of the Q-factor. There is also a green curve, | Sz |, which shows as expected the
amplitude of the sinusoidal data. It also shows that Re{Sé‘l} is not the amplitude, although close to it.

To identify the resonance better we take a look at the magnitudes of the transmission parameter, |S3|, in
Figure 5.7. So indeed, there appears to be a resonance around 7 GHz, with a clear peak in |S3;| at 6.98 GHz.
Beside that, there are two more clear-cut peaks visible, one at 6.01 GHz and one at 8.44 GHz. But, because of
its correspondence with the dip in |S;], its seems most likely that the resonance is at 6.98 GHz. The one we
want to check for its internal quality factor.

Now that we have identified the resonance we are ready to determine its Qjy¢. In order to do so we again
make use of the real part of equation 2.44. We fit this equation to the phase corrected real part of the reflection
parameter Re{S7,} shown in Figure 5.8. By using the data containing the phase correction we do not have to
introduce any new fit parameters for the phase. This will not only result in a less complicated fit function
but also in a better fit as can be seen in the Appendix. But we do need an extra fit-parameter to take the
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Figure 5.7: Reflection (S21) and transmission (S32) DIY4AK measurement of the CP at 3.47 K and 10 dBm. S32 shows in red where the
resonances of the cavity occurs, which are at 6.01, 6.98 and 8.44 GHz. With the second resonance mode most likely at 6.98 GHz, as it
corresponds to the most prominent dip in the blue graph S»;. This mode is where Qi of the resonator is determined. The reason that
S32
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attenuation coming from both the directional coupler as well as the line leading to the ports into account.
This is done by using equation 2.47 with ty,¢pg = 0, which introduces the overall attenuation factor (A4). In
order to use this fit-function appropriate and really get the Q of the resonance, the frequency range for the
fit is set closely around it. The part of the data that is used to extract the fit parameters can be seen in Figure
5.8a. From the fit we retrieved the fit-parameters A = 0.0202+0.0001, fy = 6.9802 GHz + 0.5 MHz, k = 35+2
MHz and 1 = 0.2364+0.006 (< 0.5, undercoupled). These values give in turn by means of equation 2.35 Q =
2.0-102+1-10, Qin¢ = 2.6-102+1-10 and Qex; = 8.5-10%+5-10. On a side note, these are all uncertainties of the fit
only, not taking into account any measurement uncertainties. The measurement will have stochastic as well
as systematic errors. Of these errors, likely the most prominent will be the systematic error coming from the
uncalibrated cable resonances. Back to the results, the Qjy is much lower than what we got from the QUCS
simulation and is also much lower than the 10° set in 5.1 for a good resonator. It is even so low, an order
of magnitude lower than what we deemed a poor resonator, that we can conclude that the device does not
work.
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Figure 5.8: DIY4K reflection Sp; measurement at 3.47 K and 10 mdB to determine Qj,¢. The real part of So; shown here is corrected,
indicated by *, for both a time-delay (o) as well as the reference phase (¢g) by means of equation 5.1 (¢ and ¢y are obtained from fitting
the phase of Sp; shown in Figure 5.6). This data is fitted by equation 2.47 with ty,¢pg = 0 over the reduced range from 6.900-7.075 GHz as

shown in (a). From the fit we obtained A = 0.0202, fo = 6.9802 GHz, x = 35 MHz and n = 0.2364, which in turn gives Qjn; = 264. n shows
that the system is undercoupled being significantly smaller than 0.5. In (b) the fit for the whole measured frequency range is shown.

5.4. Inspection of the fabricated Center-Port resonator

In order to better understand why the fabricated CP (see Figure 5.9a) does not work (Qjn¢ < 10% ) we need
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to find out what is causing it. From what we learned in Theory (section 2.5.2) and at the beginning of this
chapter (section 5.1) is that there are actually two types of loss that attribute to Qjn;. One is what you would
expect, the internal loss, consisting of radiative, resistive and dielectric loss of the lines and in particular the
frequency dependent loss of the cavity line. This loss is however depending on the material and the operating
environment but not specific to the design and is therefore hard to control. On the other hand, the other type
of loss, the loss out of DC port is specific to the design and is something we have control over. For this loss
we want to check how good the (choke) inductor (L) (see Figure 5.9¢) of the DC line is at blocking off the
high frequency signal of the cavity (i.e. how well it behaves like an inductor). But first we will determine the
capacitance of the coupling capacitor (C.) (see Figure 5.9b) to check if it indeed behaves like an capacitor, if it
agrees with measurement (section 5.3) being undercoupled (Qjn < Qext) and how its capacitance corresponds
to what was originally intended in the design of the CP. We will end this section with the part where we want
to figure out how much of the signal is actually leaking out of the DC port. This will give us insight which of
the two types of loss (internal or via the DC port), that are of influence on the Qj,¢, plays the bigger part.

5.4.1. Sonnet Simulation of the Gap Coupling Capacitor (C,)

As promised, we start of with the the coupling capacitor (C.) shown in Figure 5.9b. We would like to know if
the fabricated capacitor is working as expected. What this means is that it only allows to effectively pass high
frequency signals. In order to find this out we will determine its capacitance as a function of frequency.

In designing C. our goal was to obtain a capacitance equal or at least close to 3.2 {F the value we obtained
from the QUCS simulation (section 5.2) for which the desired (close to) critical coupling was obtained. To
achieve the desired value we based our design on the different types of capacitors and corresponding capac-
itances of Goppl et al. [43]. From these capacitors we decided on the two-finger gap capacitor as shown in
Figure 5.9b. To determine its capacitance we simulated the S-, Y- and Z-parameters of the design in Sonnet
EM as described in section 4.3.2 with the set-up displayed in Figure 4.8 over a frequency range of 0.0-9.0 GHz
(ABS). With the upper limit well above the measured resonance frequency of around 7 GHz. For the simula-
tion we used the following tabulated parameters for the top-layer consisting of air and the bottom layer, the
substrate, of (intrinsic) silicon:

Top-layer (Air) | Bottom layer (intrinsic Silicon)
d (um) 525 525
p (Qm) 0 0.044
€ 1 11.9
tano, 0 0.004
fr 1 1
tand, 0 0
Table 5.1

where d is the thickness, p the resistivity, e; the electric relative permittivity, tané ¢ the dielectric loss tangent,
4y the relative permeability and tané |, the magnetic loss tangent. The d = 525 um is chosen as this is typical
for the silicon wafers we use. For air we used the same size for symmetry sake so that the propagating EM
waves will be realistically simulated up to 525 pm both above and below. To simulate the structure of C;
we used in between both dielectric layers a 2D metal layer that is, apart from its kinetic inductance of 1.5
pH/sq, lossless. This means that its sheet resistance Rs = 0 as we are under the assumption that the metal is
superconducting.

The result of the Im{Y7;} simulation in the form of the capacitance (see equation 4.5) are presented in
Figure 5.10. From the data (blue line) in the figure the first thing that is apparent is that the capacitance
varies only slightly. So slightly, that by looking at the main figure you could not tell. Therefore we can safely
say that to a good approximation C; is constant and behaves like an ideal capacitor with a capacitance of
21 fF in its operating regime. Only when zooming in vertically the variation becomes visible. It start of at
0 GHz around C. = 20.75 fF and reaches at the end of the range a value of 20.78 fF at 9 GHz. Periodically
the value of the capacitance is jumping up and then decreases for a certain range, ending up with a value
higher than before the jump. This results in the general exponential increasing behaviour captured in the fit
(bexp(af) + c¢) by means of the least squares method, the red line, with a = 0.1774, b = 0.0081 and c = 20.74.
What is further of notice when looking at the inset is that the data fluctuates and that these fluctuations are
decreasing with increasing frequency. These fluctuations hint on numerical errors caused by the calculations
of finite accuracy used in the simulation. Still, it is unclear why the fluctuations appear to be depending on
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Figure 5.9: The design as it was send to the e-beam containing two mirrored CPs. The outer box shows the border of the to be exposed
1x1 cm chip. Where in red the part is shown that will be exposed, and, because positive resist is used, it is the part that after fabrication
shows the substrate Si. In white the unexposed part is shown and will after fabrication represent the metal NbTiN. The TL cavities are
the C-shaped lines closest to the center of the chip. Connected to it is are the AC-line via the coupling capacitor (C¢) (b) and the DC-line
via the choke inductor L (c). (b) a zoom of C, a two-finger gap capacitor. And (c) another zoom but less magnified showing L, the
meander-line inductor of 36 turns.
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Figure 5.10: Sonnet EM simulation of the coupling capacitor (Cc) as shown in Figure 5.9b using the parameters of Table 5.1. C is
obtained from simulation by Y77 using equation 4.5. From the main figure C. appears to be constant. This is not quite true as can be
seen from the inset, showing a slight increase in the capacitance. The data is fitted by bexp(af) + c with a=0.1774, b =0.0081 and c =

20.74, and shown in red in the inset. From the fit we obtain C¢ = 20.75 fF at f = 0 and at the end of the frequency range at f =9 GHz a C,
of 20.78 fE Therefore, to a good approximation C. behaves like an ideal capacitor with a capacitance of 21 fE

the frequency. It could be that it is related to the method we use to simulate, ABS, that allows to simulate a lot
faster.

So the capacitance of 21 fF we obtained from the simulation is almost four times greater than the intended
3.2 fE This raises the question of what the effect is of this higher capacitance of C.. For the Qiy; we already
discussed in section 5.2 that the value of C, is not of influence as can be seen in Figure 5.4 of . Backed by
the argument that there is no loss associated to the capacitance itself. On the other hand, for the Qe this
is a different story. Because C. determines how the external circuitry is coupled to the resonator, it is of
direct influence on the Qgy. What we saw from Figure 5.2 of the same section is that values higher than 3.2
fF are in the undercoupled regime. In agreement with the measurements in section 5.3 that the system is
undercoupled.

5.4.2. Sonnet Simulation of the Meander-Line Choke Inductor (L)

Moving to the other component that was simulated in QUCS by a lumped element, the choke inductor (L).
The part of the CP that is considered to represent the choke inductor (L) and what we will discuss here is
shown in Figure 5.9c. In contrast to C. the inductor will definitely effect Qin¢. Not by its inductance itself as
(just like the capacitance) there are no losses associated to the inductance, but by how much of the signal of
the cavity it is able to block off. It does so as it forms the node that connects the DC line to the main line.
For L, the piece of CPW of Figure 5.9c, we want to know how well it is capable of preventing high frequency
signals to escape, while still allowing low frequencies to pass. This we will try to figure out by determining
its inductance. Where we can simply state that based on the impedance (jwL), the larger the inductance the
better.

In order to determine the inductance of L we simulated the S-, Y- and Z-parameters of the design shown
in Figure 5.9c in Sonnet EM with the set-up shown in Figure 4.6 following the steps in section 4.3.1. The
inductor consist of a meandering CPW line of 36 turns with a total length of 34 mm, a separation of the lines
of 17.5 um and, just like the cavity line, a line thickness of 7.5 pum. We performed the simulation over the
frequency range of 0.01-10 GHz with the same parameters as listed in the table of section 5.4.1 and discussed
in that same section.

The results of the simulation are presented in Figure 5.11. In Figure 5.11a the inductance, obtained from
Im{Y1;} by means of equation 4.3, is shown. The other figure, Figure 5.11b, is realized by taking the magnitude
of the reciprocal of Y;; and shows the magnitude of the total impedance | Z|. Figure 5.11a looks quite different
than the result we got for C. (see Figure 5.9b). Opposite to the capacitor L is not close to being ideal (i.e.
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constant), but far from it. That L is no ideal inductor is also really clear from 5.11b where an ideal inductor
of around 22 nH (= L(f = 0)) is plotted on top of the data. There are clear resonance peaks visible in both
figures, where L and R reach their maximum value at around 2.1 GHz, 5.7 GHz and 8.4 GHz, its so called
self resonant frequencies (SRFs). These resonances show that the inductor behaves like a TL, which is not
surprising considering that its total length of 34 mm is even greater than the length of the cavity of 12 mm.
Therefore its size is certainly comparable to the wavelengths that exists.

In determining L by means of equation 4.3 we mistakenly considered the meander-line inductor as an
ideal inductor. Close to resonance the supposedly ideal inductor L (Figure 5.11a) can be approximated by an
series inductor Ly and a parallel parasitic capacitor Cy, , by:

Lo

L=—— 5.2
1 —L()pr2 ( )

where the capacitance now arises from the close proximity of the central conductors and not from the cen-
tral conductor to its outer conductors like for a ‘'normal’ line of CPW. Only the lumped elements containing
imaginary impedances are considered as they are the only one contributing to L as it is derived from Im{Y7,}
by equation 4.3. From the equation 5.2 you can see why L changes sign immediately after reaching its max-
imum. This is the point where the parasitic capacitance gets the overhand (L()Cpa)2 > 1). Note that even
though the graph shows that L becomes equal to zero, it does not reach zero or comes close to it at resonance.
What is evident from equation 5.2. The graph incorrectly connects the maximum point to its minimum point
at resonance. That L is indeed behaving like a capacitor from the point it reaches its minimum at resonance
can be nicely seen from Figure 5.11b, where the impedance goes down on increasing frequency, just like a
capacitor (|Z| = 1/wC).

Itis already quite clear that the inductor is not working as expected. It is not constant (Figure 5.11a) and its
impedance is for the majority of the frequencies much lower than for its ideal case (Figure 5.11b). Moreover
it is not working as an inductor, with a impedance that is not increasing upon increasing frequency. Lets
quantify how it relates to the ideal case. For this case we use 22 nH, the value L has at zero frequency (which
for an ideal inductor would not vary over frequency). This gives us at fy = 6.98 GHz an impedance of 967 Q).
What we really got as indicated by the red dot in Figure 5.11b is a marginally 87 Q). Less than a tenth of the
ideal case. Besides, this ideal case is based on a much lower value than we initially intended and used in the
QUCS simulation of section 5.2 of 80 nH. In that case the impedance would be about four times greater than
for the 22 nH case with | Z| = 3509 Q). So, besides that it is not working as an inductor, it is also performing
much worse at f; than we tried to achieve, with an impedance 40 times smaller.

What we can learn from the bad performance of the meander-line inductor is that one should be careful
about the total length of the inductor. The reason for this is that it is the most likely cause of its low SRF (2.1
GHz). Supported by the fact that its length (34 mm) is several times larger than that of the cavity (12 mm)
and therefore standing waves could form in the operating frequency range. Why one should stay clear of the
SRF is because after this frequency its inductance will only function better than its ideal counterpart for very
limited frequency ranges as shown in Figure 5.11b. Also it is really difficult to know beforehand were these
resonances occur and therefore the changes are that you are much worse off.

In order to prevent operating above the inductor’s SRF one could decrease the length of the inductor. But
its inductance of 22 nH is already much less than the intended 80 nH and therefore decreasing its length
would make it even lower. The main problem of a meander-line inductor is that the current through adjacent
tracks is flowing in opposite directions, and thereby significantly lowering its inductance. Even a straight
wire of the same length has therefore a larger inductance. So one could perhaps adapt a different type of
inductor like a spiral inductor, although this would make fabrication a lot harder as it needs a air bridge to
connect to the center part of the spiral. And that is the whole idea of the CP, an easier design. However there
is another way to decrease the inductors length while increasing its inductance. That is by making use of the
kinetic inductance (Ly) as proposed by Annunziata et al. [44] instead of the magnetic self-inductance like
we used here. Because kinetic inductance (Ly) scales inversely with the cross-section of the wire, opposed
to the self-inductance which only scales logarithmically on the diameter [45], L, can become quite large
while significantly reducing its length if the cross-section is small. Annunziata [44] reported typical values of
1 nH/um for NbN with t = 15 nm and S = 100 nm. To put this in respect, for our inductor this is only 0.65
pH/um for NbTiN with t = 100 nm and S = 7.5 um. So, this could potentially both solve the low SRF and
increase its overall inductance.

In conclusion, the meander line inductor L we designed does a very poor job at preventing the high fre-
quency signals to escape from the cavity. Therefore it could potentially be the cause of the low Q we measured
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Figure 5.11: Sonnet EM simulation of the meander-line inductor (L) as shown in Figure 5.9b using the parameters of Table 5.1. L is
obtained from simulation by Y77 using equation 4.3. The figures show three self-resonance frequencies in the range 0.01-10 GHz
occurring at 2.1 GHz, 5.7 GHz and 8.4 GHz. In (a) the inductance flips sign at those resonances in accordance with equation 5.2. The
inductor’s effective impedance is shown in (b), where the bottom figure shows a vertical zoomed in version of the top one. In the
bottom figure the resonance frequency fj = 6.98 GHz is indicated by the red dot. It shows that CP operates far above its first
self-resonance frequency. And as a consequence its impedance is much smaller than that of an ideal inductor with a inductance equal
to the value reached at f =0 of L =22 nH.
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in section 5.3. In the next section we will discuss if it is the leakage out of the DC port discussed here that is
the main cause of the low measured internal Q or that it is the loss associated with the cavity itself.

5.4.3. Cryogenic Measured Leakage of the DC Port

In this last subsection we will try to answer where the low measured internal Q in section 5.3 is coming from.
Ifit is coming from the leakage out of the DC line, because of the poorly designed inductor L which seems to
be unable to effectively prevent the signal of the cavity to escape, as we discussed in subsection 5.4.2. If that
is not the case, then it would apparently be that the cavity itself has significant internal loss. This will show us
if its an issue related to the design of the CP (leakage) or if it has to do with the fabrication or measurement of
the CP (internal loss of the cavity). In order to address the question we will relate the power measured in the
DIY4K that is transmitted to the DC port | Ss; |2 to the total transmission 1 — | Sy |2.

For determining the leakage we will use the same measurement as described in 5.3. From that measure-
ment we obtained Figure 5.12, a digital display of the VNA. The reason why we present it like this is because
we did not retrieved the data corresponding to S3;. However, we did retrieve the data for both Sy; and S3».
Where we can get S3; from Ss». This is because both S3; from S3, represent the same signal, transmission
from the AC-port (1 and 2) to the DC-port (3). Only there is a difference in the attenuation. Mainly because of
the directional coupler that attenuates the signal coming from 1 to 3 by 20 dB, while leaving the signal from 2
to 3 unattenuated. The actual attenuation difference between S3, and S3; that we get by relating the red dots
in the figure using WebPlotDigitizer is -18.6 dB (S32 — S31) at fp = 6.98 GHz. Why this differs from the -20 dB
of the directional coupler is due to the difference in the attenuation of the lines. Where apparently the cables
connected to 2 attenuate the signal by 1.4 dB more than the cables that are connected to 1. And thus Ss; is
given by:

S31 =832 —18.6 dB (5.3)

where of course S3; and S3;, are taken in dB.

6.982 GHz -38.82dB
8.434 GHz -40.03 dB

I
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Figure 5.12: VNA display window of a power-sweep at 0 dBm for several S-parameters. It shows two different transmission parameters
S31 and S32 which are actually the same parameters aside from their path differences and the fact that S3; passes a -20 dB directional
coupler. Only, for S3» the data was taken, but for S3; it was not. In order to check their attenuation difference the red dots at fy = 6.98
GHz are extracted by WebPlotDigitizer to relate the two transmissions. From it we got an attenuation difference of -18.6 dB (= S31 — S32)
and therefore S31 and S3; are related by equation 5.3.

Now that we have the right data we are ready to determine the leakage of the DC port. But first we will
normalize the reflection S»; and the transmission S3; using the following norm:
1

norm= ————— 5.4
[S211% + 183112 G
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here the powers of S»; and Ss; are taken at resonance fj = 6.98 GHz, where | Sy | reaches its maximum within
the frequency range 6.900-7.075 GHz. By taking S3; from Ss» using equation 5.3 and applying the norm to
both S, and S3; Figure 5.13 is obtained. It shows the reflection, the leakage and the internal loss in terms of
power. From the reflection |S,; |2 we can see that not all of the power is reflected back at resonance but that
part of it is lost to the system. The part that is not reflected back (1-]S,; 12) is either lost via the DC-line (|S31|%)
or lost internally by the cavity. Loss of the DC line is captured by |S3; |2 whereas the internal loss is obtained
indirectly. It is the only loss remaining and therefore retrieved by subtracting the leakage from the part of
the signal that is not reflected 1-|S»; 1221831 2. Of the loss, the signal that is not reflected back, 8.2% is leakage
and the other 91.8% is lost internally at f;. So the loss out of the DC port is thus much less than that is lost
internally, what was already quite clear from the figure.
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Figure 5.13: DIY4K measurement of the reflection (S21) and transmission (S31) in terms of power. |S31 2 is not measured directly but
inferred by equation 5.3 and Figure 5.12. Both |Sp; 2 and |S3; |2 are normalized by the same norm given in equation 5.4 under the
assumption that the attenuation of both Sp; and Ss37 are equal. From the power that enters the cavity 1-|S2; |2 = 0.702 at resonance fo
one part is lost (leaked) via the DC port |S3; |2 =0.058 and the remainder is lost internally 1-|S2; |2-|S31 |2 =0.645. This leads to a relative
leakage loss of 8.2% and 91.8% internal loss.

To conclude this section, the main reason of the low measured internal Q (Qjn; < 10°) of section 5.3 is due
to the bad internal loss which is more than 10x higher than the loss of the DC port. Even though the choke
inductor L, as we saw in subsection 5.4.2, does a very poor job at preventing high frequency signals to leave
the cavity (much less than the already low ideal inductor of 22 nH). Because the internal loss is much higher
than the leakage of the DC port we cannot say if it is an inherent problem of the CP design. Especially because
the inductor was not designed well and could potentially preform much better. What we can say is that the
internal loss is the biggest issue and is much more than we would expect based on the QUCS simulations of
section 5.2, where we used a typical attenuation factor [42]. Also, much higher Q’s have been reported for
NbTiN resonators with Q > 10° [10]. It is hard to say what is actually causing the internal loss to be so high
as there are many factors that could potentially be the cause. For example, it could be that the temperature
during measurement was too high. Or that the chip suffered from significant contamination during or after
fabrication. It remains a guessing game, we do not know.

5.5. Simulating in QUCS the influence of symmetry on the internal Q of
the Center-Port design

Up until now we could not say much about the CP design and how well it is performing. By performance we
mean the internal Q, which is affected by the design in the form of the DC port and how much of the signal is
lost/leaking there. In section 5.3 we measured a low internal Q of the CP. However, we saw in section 5.4 that
this low Qjn¢ was not only caused by the leakage but was mainly because it suffered form large internal loss.
In this section we will investigate the influence of symmetry on Qj,;. To do so we will simulate the effect of
moving the galvanically connected DC-port off-center in QUCS. After that we will also simulate what adding
an identical extra symmetric AC-port will do. These simulations will be performed for both resistively coupled
AC-port(s) as well as capacitively coupled AC-port(s). Where the latter single AC-port case is in accordance
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with the CP design.

5.5.1. Sensitivity of the Center-Port design to the exact position of the DC galvanic port

We will try to determine what will happen to Qi if we move the DC-port away from its center position. It
will show us how sensitive the CP is to the exact position of its center-port. What the influence on the Qjy¢
will be if you are, for example due to an error in fabrication or design, a bit off-center. In that case will your
resonator still operate close to its maximum or will it significantly worsen. We will check its Qj,¢ influence on
the position of the DC-port for two coupling cases of the AC-port, namely resistive and capacitive.

What we will do to check the DC-port’s sensitivity to its position being off-center is to simulate the set-up
shown in Figure 4.4 and Figure 4.5 of Method section 4.2.2 in QUCS. In both set-ups the DC port (port 2) is
galvanically connected to the cavity, meaning that its impedance matches the impedance of the TL. For the
AC-ports, port 1 and 3, we will start off with the case where port 1 is resistively coupled (R3 = 5 kQQ) and port
3 is closed off (R3 = 10 EQ). Although coupling the AC-port in this way is not in correspondence with the
CP design nor is it likely that anyone would, but it is easier to understand without the frequency dependent
impedance of the capacitor. For the set-up we performed a S-parameter simulation from 9 to 11 GHz for every
value of the parameter offcenter. offcenter is the distance of the DC port with respect to the center position
of the TL cavity, where negative values correspond to the center moving to the left and positive values to the
right. This parameter we ran for a list of 201 values that ranged from -0.5 to 0.5 mm logarithmically from
zero, in order to have more points close to zero, and we included zero. For the total length of the TL cavity
we choose [ = 30 mm with its resonance at fy = ¢/l = 10.0 GHz, in the middle of the set frequency range. The
attenuation we set in such a way as to get a Qjn of around 10° as we discussed in section 5.1, which let to a =
0.01 dB.
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— fit
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Figure 5.14: QUCS S1; simulation of the 2 ports CP setup with a resistively coupled AC-port as shown in Figure 4.4 with R3 = 10 EQ for

offcenter equalling (a) 0.0 and (b) -0.5 mm. The fits are obtained by means of equation 2.47 with A = 1 and fy = 0 fixed. From the two fits

the parameters listed in 5.2 are obtained. These parameters allow you to calculate the different Q’s, where Qjy is retrieved by the use of
equation 2.45. This gives (a) Qjn; = 8.1-10* £4-103 and (b) Qi = 288.120.3.

The results of the S1; simulations in QUCS of the 2-port case with port 1 resistively coupled for offcenter =
0.0 and -0.5 mm are presented by the blue dots in Figure 5.14a and Figure 5.14b, respectively. These data-sets
were fitted by means of equation 2.47 with A =1 and #, = 0 fixed and are thus not part of the fit parameter,
but ¢y is. This makes it different to the ideal case of equation 2.44 and is needed to take care of the wrongly
(and constant) chosen reference phase by the simulation. From the shape of the graphs in Figure 5.14 you
can see why. The graphs show in both cases (offcenter = 0.0 and -0.5 mm) an almost symmetric peak instead
of a symmetric dip, meaning that ¢ is about 7 off. From the fit we obtained the red lines in the figures and
the following values for the fit parameters including their corresponding uncertainties (standard deviations)
coming from the error in the fit:
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offcenter (mm) 0.0 -5.0
fo 9.993115 GHz + 4 kHz | 9.992828 GHz + 0.02 MHz
n 0.9907 + 0.0005 0.2737 + 0.0002
K/27m 13.271 MHz + 9 kHz 47.757 MHz + 43 kHz
bo 0.9972 + 0.0001 7 1.0261 + 0.0001 =
Table 5.2

where you can see that the resonance frequency fj is indeed equal to the calculated 10.0 GHz and that the
phase shift is close to 7. What we can see from the fit is that both for offcenter = 0.0 and -0.5 mm the fit nicely
follows the data which is reflected in the small standard deviations. Still, for offcenter = -0.5 where the peak
is much broader you can see that the left 'tail’ is a bit off. This has to do with the multiple resonances of the
cavity that are not taking into account into the fit-function of equation 2.47 as it is derived from the single res-
onance of the capacitively coupled RLC-circuit. We only showed the S;; simulation for when the DC-port is
on center and furthest away from center to give you a clear idea, even though there are 199 more simulations
for every other value of offcenter.

From the S;; fits and with the use of equation 2.35 we calculated Qjy; for every value of offcenter as shown
in Figure 5.15a by the black curve. The curve shows a sharp peak reaching its maximum close to zero offcenter.
Why Qi reaches its maximum there is because of the two types of internal losses the one associated with the
DC-port is minimal. This is what you would expect based on the working principles of the CP as discussed
in the Theory section 2.1.3. Where at resonance fj a full standing wave exists with its voltage node occurring
at the center of the cavity (offcenter = 0), preventing any signal to leave the cavity via anything connected
there. However, Qjn does not reach its maximum exactly at offcenter = 0, but at 0.57 um as made visible by
the zoom-in of Figure 5.15b and which is indicated by the red cross. But when we take the uncertainties of
the fit into account (see Figure 5.15d) we see that both offcenter = 0.57 um and offcenter = 0 attain the same
value Qjn; = 8.1 -10% £4-103. Therefore we cannot tell if the maximum of Qjy; is really off-center or not.

To get a sense of what the consequence is of picking the wrong position of the center port (i.e. a position
offcenter # 0) we will check when the resonator regarded as good (~ 100,000) drops down one and when it
drops down two ratings (see section 5.1). However, its maximum of Qjy; is close but not equal to 100,000 we
take instead 10% and 1% of 8.1-10* for respectively a decent and a bad rating. From Figure 5.15a it is evident
that its Qj,¢ deteriorates upon moving the DC-port away from the center of the cavity. And that it deteriorates
fast in the shown range of 0.5 mm to either side of the center, which is 1/60 of the total length (here equal
to the electrical length). When we move the DC-port 87 um from its center position we end up with a Qjy¢
= 8.44-10%+5-10 on the left and 8.47-10%+4-10 on the right. At this point our resonator is about a tenth of its
maximum value and no longer regarded as a good resonator but a decent one. The point where the resonator
reaches roughly a hundredth of its maximum Qi and becomes poor is at offcenter = 0.29 mm with Qjy¢ =
846.0+0.3 and 848.5+0.1 for respectively left and right.

Next we will simulate the other type of coupling, the capacitive one, shown in Figure 4.5 of Method section
4.2.2. For this set-up we perform the same simulation as described in the second paragraph of this subsection,
again with port 3 closed off. Different to the simulation there, we now used for offcenter 203 points with
161 points linearly spaced between -0.1 and 0.1 mm and the other 44 points spaced similarly between the
remaining range. Furthermore for the range of the S-parameter we did something similar using the same
type of spacing with 1001 points for 9.9-10.1 GHz and for the rest of the frequencies we used the remaining
1002 points.

The results of the S;; simulation of the 2-port set-up with port 1 capacitively coupled for offcenter = 0.0
and -0.5 mm are presented by the blue dots in Figure 5.16a and Figure 5.16b, respectively. Here we used a
slightly different fit as we did for the previous case, where we now included %, as a fit parameter and only
fixed A (= 1) in equation 2.47. We included ¢j to take care of the approximately linear slope of the phase
as shown in the grey dotted line in Figure 5.16b. This linear slope is caused by the input capacitor for the
simple reason that it did not occur for the resistive coupling. This has to do with the addition of the frequency
dependent impedance of the capacitor as opposed to having only a resistor. How this linear slope of the
phase affects the real part is most clearly seen in again Figure 5.16b. Here the real part seems to have just like
the phase an overall linear shape, but because of the used linear phase term this is actually fitted by a cosine
with a significantly larger period than the shown range. By applying the fit we obtained the following values
for the fit parameters including their uncertainties:
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Figure 5.15: (a) Comparison of the two resistively coupled CP setups shown in Figure 4.4 with R3 = 10 EQ (black) and 5 kQ (blue). The
values of Qjn¢ are obtained from the fits of the S1; simulations in QUCS, where in Figure 5.14 two of those S11 fits are shown for the
black graph. Zoom-in (b) and (c) allow to see the slightly off-center of the maximum simulated Qj,¢ which is indicated by the red cross.
(d) A different zoom-in of (a) showing the uncertainty resulting from the fit error by error-bars.
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offcenter (mm) 0.0 -5.0
fo 9.98694001 GHz £ 0.01 kHz | 9.98867 GHz + 0.02 MHz
n 0.90499 + 0.00002 0.03327 + 0.00005
K/2m 1.28122 MHz + 0.04 kHz 35.51 MHz + 0.08 MHz
bo 0.0021 + 0.0002 0.024 + 0.003
to -0.003050 + 0.000004 -0.00342 + 0.00005
Table 5.3

where the parameters were used to fit the data as shown by the red lines in 5.16. Again the one furthest away
from the center (see Figure 5.14b) follows the data worse for the same reason as before. The reason being that
the fit-function does not take multiple resonances into account. So when the dip/peak becomes broader the
resonances start to overlap.
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Figure 5.16: QUCS S17 simulation of the 2 ports CP setup (capacitively coupled AC-port) as shown in Figure 4.5 with R3 =10 EQ for
offcenter equalling (a) 0.0 and (b) -0.5 mm. The fits are obtained by means of equation 2.47 only A =1 fixed. From the two fits the
parameters listed in 5.3 are obtained. These parameters allow you to calculate the different Q’s, where Qjy¢ is retrieved by the use of
equation 2.45. This gives (a) Qjn¢ = 8.204-10% £2-10 and (b) Qint =291.0£0.7.

For the S1; fits just shown and for 201 more values of offcenter ranging from -0.5 to 0.5 mm the Qjy; is de-
termined with the relation shown in equation 2.35 and plotted in black in Figure 5.17. Similar to the previous
case is the maximum of Qj, not centered around zero, which is clearly visible from the inset of the figure. It is
now on the left and even further away from its center as it is also visible in the full frequency range. At offcenter
= -9 um it obtains its maximum Qi = 9.084-10*+2-10, while at offcenter = 0 it obtains Q¢ = 8.204-10*+2-10.
Different to the resistive coupler, where its maximum fell inside its uncertainty, is that we can clearly say its
maximum Qjy is off-center.

As to why the maximum of Qj,¢ is not on center is probably because of the AC-port. It adds an capacitance
(Co) to the cavity, altering the natural frequency (wg) of the system according to equation 2.5. And because
the resonance frequency (w;) is closely related to the natural frequency by equation 2.12 it changes the res-
onance as well. From the equation you might expect that the resistance of the port R1 will affect w; too as it
determines the damping ratio { occurring in the formula. However, the effect of {, and therefore R1, on wy is
arguably much smaller than that of C.. This has to do with the fact that for a good (high-Q) resonator (Q ~
10°) its damping ratio is small ({ = 0.5-107%), where we used equation 2.37. To see how w; looks for small { we
Taylor expand equation 2.12 up to third order, resulting in:

wr = wo —200* + O (Y (5.5)

where we can see that the lowest order for { appears to be { 2 and because ( itself was already small this ¢ 2 will
be very small (2.5-107!! for a good resonator). Therefore, to a good approximation w; =~ wg, where wg with the
inclusion of C. will have the following form:

= (5.6)

D= IcTCy
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Figure 5.17: Comparison of the two CP (capacitively coupled) setups shown in Figure 4.5 with Rc = 10 EQ (black) and 0 Q (blue). The
values of Qj,¢ are obtained from the fits of the S1; simulations in QUCS, where in Figure 5.16 two of those S11 fits are shown for the
black graph. In the inset a zoom-in of the maxima of the graphs is shown, which allows you to better see that for the 2 ports its
off-center while for 3 ports its on center.

where L and C represent the RLC equivalence of the TL simulated cavity. Of course, it is not that by changing
the resonance by the additional capacitance alone that the position of the peak in Qj, is affected. But not
only does the input port add a capacitance, it also adds it asymmetrically as the port only occurs on one side
of the cavity. In this way it could very well cause the resonance to shift in such a way that its standing wave
is not symmetric anymore to the center port, but with a voltage node, say just on the right of it. If that is the
case, then the maximum of Qj, will no longer be at offcenter = 0 and will be shifted to offcenter # 0.

By comparing the maximum Qjy; to its value at its center position we see that it is already quite off, and
that is the case when you picked the right position for the DC-port. To see what happens if you get it wrong,
we will just as before check for which value of offcenter the resonator becomes decent (10% max Qjn) and
when it becomes bad (1% max Qjnt). Qint drops down to roughly 10% of its maximum to Qjn¢ = 9035%6 (left)
and 911746 (right) becoming a decent resonator for offcenter = -93 pm and reaching this lower rating for a
smaller distance away from center at 75 um. The resonator becomes poor, reaching 1% of the maximum Qjy,
at offcenter = -300 and 280 um with Qj,¢ = 83842 and 853+1, respectively.

What we have seen in this subsection is that none of the two types of 2-port resonators, resistive and
capacitive, have their Qi right in the center of the cavity at offcenter = 0. Although for the capacitive coupler
this is certainly the case, for the resistive coupler, however, we cannot tell. The reason why we cannot tell
is because the value of Qi at the center falls well inside the uncertainty of the obtained maximum Qjy; a
distance 0.57 ym away from the center. What we can say is that both resonators deteriorate fast on small
deviations from their center positions, but keep in mind that this holds for a non-isolated (50 w) bias line. For
the resistive case going from a good resonator (Qin~ 100,000) to a decent resonator (10% max Qjnt) for only
87 um away to either side of the center, which is about 0.3% of its electrical length. The capacitive coupler is
even a bit more sensitive to its center position degrading to a decent resonator for a mere 75 um to the right.
Although this has to do with the fact that its maximum Qj,¢ occurs further away from the middle of the cavity
and not with how Qj,; changes for offcenter. Still, it remains a question if it is likely that one would end up
with a DC-port that is off-center by roughly 100 pm or more. For example the e-beam would be at worst off
by about 100 nm. However, it does show that it is sensitive to its center position and that the margin for error
is small. Moreover for the capacitive coupler even if the DC-port is positioned exactly in the middle of the
cavity you end up with just 90% of its maximum Qj,¢. You could try to position the port right on its maximum
Qint, but this would be very hard to accomplish as it is not known beforehand where the maximum lays. In
the next subsection we will have a look if adding an additional port will do and if it will, due to symmetry in
the ports, put the maximum Q¢ of the capacitive coupler back where it belongs, right at the center of the
cavity.
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5.5.2. Influence of the presence of a third port on Qj,¢ of the Center-Port device

In the previous subsection we observed an asymmetry in the Qjy¢ for the 2-port setup with a capacitively
coupled AC-port (see Figure 4.5 for Rc = 10! Q), where its maximum was not found in the center of the cavity.
A possible, and most likely, cause could be the connection of a single input port consisting of a coupling
capacitance (C.) on just one side of the cavity creating an asymmetry (the only asymmetry of the CP design).
To check this we will add an additional AC-port in symmetry with the already existing one, making the design
completely symmetric.

In order to examine the effect of adding an extra symmetric AC-port to the CP we will simulate the set-up’s
used in the former subsection of Figure 4.4 and Figure 4.5 but now with R3 = R1 and Rc =0 Q), and determine
its Qin¢ for every value of offcenter. Apart from opening up port 3 (R3 = R1 and Rc = 0) the simulations are
identical and therefore we refer for the details to subsection 5.5.1. Furthermore, the results of the S;; simula-
tions will not be shown here as they are really similar to results discussed in the aforementioned subsection.
What is however different, is the way to calculate the Qj, from these S;; simulations in order to relate the
2-ports of subsection 5.5.1 to the 3-ports discussed here.

To calculate the Qi for the 3 ports and make them comparable to the 2-port setups we need to subtract
the loss associated with port 3 in terms of the decay rate x5 from the internal loss ki along the lines of Theory
section 2.5.2. The reason for this is that by determining the Qjn¢ from S;; we only consider the loss of port
1 (k1) to be external (kex). Therefore we are incorrectly attributing the loss of port 3 to the internal loss. So
we need to extract k3 from «in¢, but in order to do so we first need to determine x3. This we do by using the
simulation of the reflection of port 3 S33 instead of S1; we used before. From this simulation, which is apart
from the port identical to the S;; simulation, the k¢y We get is equal to k3 and shown in red by Figure 5.18.
In blue we displayed the x¢x; we get from Sp; (k1) for comparison. Both x; and k3 make up the external loss
of the 3-port setup. The most important thing the graphs show is that x; and k3 are not equal, what you
might have expected based on the fact that the ports are identical, and do depend on the position the ports
are connected. This means that we could not just subtracted x; twice.
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Figure 5.18: Comparison between the two contributions to the external loss kext, one attributed to port 1 (blue) and the other coming
from port 3 (red). (a) xext retrieved from the fit of the corresponding S-parameter QUCS simulation of the 3 ports (R3 = 5 kQ) resistively
coupled CP (see Figure 4.5) and (b) the 3 ports (Rc = 0 Q) capacitively coupled CP. Two point of kext related to the Sy fits for both types

of coupling, resistive and capacitive, are shown in Figure 5.14 and Figure 5.16, respectively. From two of the parameters, x and 7,
obtained from the S-parameter fits kext (= 7x) is obtained.

Now that we established the correct way to determine Qjn for the 3-port case we finally are in the position
to figure out the Qi dependence on offcenter and compare it to the 2-port case. By combining the results of
the fits of the S1; and S33 simulations we obtain for the resistive and capacitive 3 ports resonators, respectively
the blue graph shown in Figure 5.15 and in Figure 5.17. From the results of the former figure, the resistive
coupler, Qi reaches a maximum Qjn = 9-10+2-10* at offcenter = 1.2 um. Again, as was the case for the 2
ports, is that Qjn¢ reaches its maximum at a point away from the center of the cavity, but for the same reason
as before we cannot say for certain if its maximum lies off-center or not. Once more the reason being its
uncertainty, where at offcenter = 0 the maximum Qjy falls well inside its uncertainty. This can clearly be seen
from Figure 5.15d showing the error in the data in light blue bars. Another thing to notice is that the maximum
of Qin¢ of the 3 ports is significantly larger than that of its two ports counter part. But here as well it is due to
its uncertainty that we cannot know if it is really larger. From the same figure you see that the error-bars of
the 3-port case cover both the data and the uncertainty of the 2-port case. The reason why the errors for the
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3 ports are much larger than for the 2 ports has to do with the fact that for the former two fits are used where
for the latter only one is used.

For the other type of coupling, the capacitive one, we can see from the results (blue) in Figure 5.17 that
it looks like Qj,¢ reaches its maximum at the center of the cavity. This is indeed the case, at offcenter = 0 the
3-port capacitive coupled resonator obtains its maximum, Q¢ = 9.095-10*+7-10. That it reaches it maximum
at the center is especially clear from the inset of the figure (note that for the capacitive coupler there are
no error-bars plotted, the reason being that they would be too small to see). What this means is that for
capacitive coupling adding an additional AC-port in symmetry with the existing one fixes the problem where
the maximum of Qjy; occurs away from its center. Also, it does what was initially expected in subsection
5.5.1 and it therefore makes the argued cause even more plausible. The cause being the asymmetry in the
capacitance due to the position of the AC-port.

In summary, in this subsection we saw that it could be beneficial to use an additional AC-port in symmetry
to the existing asymmetric one for the CP. However, for the resistive coupled resonator we cannot tell, it could
be that it does nothing at all. On the other hand, for capacitive coupling it puts the maximum of Qj,; where
we want it to be, on center. This can be advantageous in practice as you would in that case know were its
maximum is supposed to be, whereas without the extra port you would not. In that last case you will either
have to settle for a lower than possible Qi or try to find where it will end up being, which could be extremely
hard to figure out.

5.5.3. Discussion: realization of a symmetry insensitive Center-Port design by isolation
of the DC bias line

Even though the shift of the voltage node (inferred from the maximum of Qj,¢) away from the center of the
cavity caused by an asymmetrically connected capacitance was fixed by adding an extra port in symmetry
to the existing one (see subsection 5.5.2), it is not hard to imagine that other asymmetries (e.g. imperfect
boundary conditions) can potentially occur in practice. This, in combination with the observed sensitivity
of the resonators performance (Qjn¢) to the position of its bias line (see Figure 5.17), could quite possibly
significantly degrade the Q of the CP.

To be less reliant on connecting to the exact location of the symmetry points of the cavity mode, it is
common practice to isolate the DC line by making its input impedance on resonance as high as possible.
For the CP isolation is done by a meander-line inductor (see Theory section 2.1.3) for which we achieved
an impedance of only ~ 90 Q) as shown in subsection 5.4.2. Using the same type of isolation were Chen et
al. [17] with the DP, where our design is based upon, doing a slightly better job reaching an impedance of
~ 150 Q for a spiral inductor. In comparison the results discussed and shown in this section are based on
a galvanically coupled DC-port without any isolation corresponding to an impedance of 50 (Q which is not
substantially lower than that of CP and DP. This means that the isolation they offer is marginal and therefore
their dependence on the position of the bias line for both resonators will not be drastically different than that
of Figure 5.17. And thus for their performance they still rely heavily on the symmetry points of the cavity.

Luckily, there are several ways to reach much higher input impedances and by that achieving much better
isolation. One of the approaches, already discussed in subsection 5.4.2, is by reducing the cross-section of the
wire making up the inductor in order to increase its kinetic inductance as suggested by Annunziata et al.[44].
This allows, without any radical changes to the design, to significantly increase the inductance, while staying
sufficiently far away from its SRF. They reported 105 nH for a 5x5 ym meandering wire of 1 = 105 pym with a
SRF of 37 GHz (> fy ~ 7 GHz). This means that at fy ~ 7 GHz it obtains an impedance of approximately 4.6
kQ), an impressive 30 and 50 times larger than that of the DP and the CP, respectively. There appears however
to be a limit to how thin you can make the wire, at a diameter of the order ~10 nm the superconductor seems
to be starting to break down due to thermal and quantum fluctuations [46, 47]. From a practical point of view,
as the thickness of the film reduces it becomes increasingly hard to make reproducible devices. Furthermore,
chances of structural disordering as well as the role of proximity effects will increase leading to a reduced
penetration depth [48].

Yet another way to realize isolation of the bias line is by making use of a band-stop filter as described
by Li et al. [19]. The filter is made of a quarter wave (1/4) TL in order to function as a impedance inverter
[27]. Tt is actually really similar to the inductors discussed above, but rather than staying clear of the SRF it
exploits those impedance 'sweet spots’ (see Figure 5.11) in a controlled manner. By doing so they acquire
an effective impedance at resonance of approximately 80 kQ, much higher than achieved by both Chen’s
and our inductor. Remarkably, its impedance is so large that even if the bias line is connected to the worst
possible point on the cavity (voltage antinode) it still provides good isolation. Its Q reduces only to 84 % of
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the Q achieved at its ideal point (voltage node). This goes to show, that its reliance on the position of the
DC line is, to say at least, minimal. Do keep in mind that for the filter to produce such a large impedance,
the impedance of the external circuitry of the filter should be sufficiently small. Moreover, as we already
saw in Figure 5.11 these high impedance 'sweet spots’ are only obtained in a narrow band of frequencies.
Outside these frequencies you will end up with impedances orders of magnitude lower as was the case for the
meander-line inductor of the fabricated CP with an impedance of only ~ 90 Q). Therefore isolation by a A/4
band-stop filter is only guaranteed for a limited frequency band, hence the name.

These two suggested isolation methods provide the means to the CP to become more or less resilient to
the position of its bias line. However, it is still recommended to position the DC-port as close as possible to
the ideal symmetry point of the cavity in order to minimize the leakage and acquire the highest possible Q.
Butif you are a bit off its ideal point, because of the design, fabrication, operation or whatever the reason that
causes asymmetries in the cavity mode, these high impedance isolations ensure you that the resonator will
not noticeably degrade.






Conclusion

From the initial QUCS simulations of the Center-Port resonator (CP) it looked promising achieving Qjn; ~
40,000. Of course this is in its most ideal environment, but it demonstrated that in principle it should work.
Despite that, the cryogenic S»; reflection measurement showed a drastically lower Qi of only 2.6:10%+1-10
at its full-wave resonance frequency fy = 6.98 GHz. Upon inspection of the meander-line inductor of the DC
bias line, we discovered from the Sonnet simulations that it operates well above its self-resonance frequency;,
with a corresponding impedance of ~ 90 Q at f;. Therefore is the inductor unable to block off high-frequency
signals, leaving the microwave field free to decay into the bias line. By examining the transmission from the
input port to the bias line Ss;, recovered form the Ss; measurement, and relating it to the reflection S,
we obtained at resonance a transmission of about 6 %. Although this is still a significant amount of loss
considering the low value of Qjy, it certainly is not the main source of loss. This leaves the only other option,
internal loss of the cavity itself. What is actually causing this bad internal loss remains a guessing game. It
is most likely due to suboptimal fabrication, because it is not typical for NbTiN superconducting coplanar
waveguide (CPW) resonators too achieve such a low Q [10]. What this means, is that we cannot say much
specifically about the CP design from these simulations and measurements. Only, that fabrication of such a
resonator is perhaps not as straightforward as we might have thought.

To do obtain some useful insights in the CP design, we checked how its DC port’s position affects Qjn¢
in QUCS. We saw for both a resistively as well as a capacitively (CP) coupled AC input port that Qiy; is very
sensitive to the position of the galvanically connected DC port. It drops down to 10 % of its maximum for
less than 0.1 mm away from its center, a mere 0.3% of its total length. Remarkably, for the capacitive case
the maximum Qi = 9.084-10*+2-10 did not occur on center, where you expect the voltage node to be, but
9 pm away from it, to the input port. The most likely cause seems to be the asymmetric addition of the
coupling capacitance directly (first-order) affecting the resonance and shifting the voltage node. To make
this argument more appealing, adding an extra AC-port in symmetry to the existing one moves the maximum
back to the center of the cavity. Still, it does not change the fact that it is very important for the performance
of the resonator to connect the bias line on, or at least very close to, the voltage node. Which, as mentioned
above, are not always at expected locations.

In order to rely less on the position of the cavity the bias line is connected to, it is common practice to
isolate the DC line by making its input impedance on resonance as high as possible [17][19]. Based on the
spiral inductor of Chen et al.[17], we used a meander-line inductor in order to form a high impedance point.
For the latter we reached an impedance of only ~ 90 (), while Chen did only a little bit better achieving ~
150 Q). Although, these impedances could be sufficient to isolate the DC-line up till a near-perfect voltage
node (Q > 103 [17]), they arguably still rely heavily on the symmetry points of the cavity as their impedances
are close to being galvanic (50 Q). Based on this, we would not recommend to turn to the CP as opposed to
designs that intrinsically do not rely on symmetry to apply a DC-bias [18][20]. Its potentially simpler design
does not weigh against its high sensitivity to the location of its bias-line.

Fortunately, it is possible to achieve sufficiently high impedances by making use of 1/4 band-stop filters,
for which Li et al. [19] obtained an effective impedance at resonance of approximately 80 k(). By connecting
these filters to the worst possible points (voltage antinodes) with the Q reducing only from 18,300 (voltage
node) to 15,320, they showed that its resonator’s reliance on the position of the bias-line is, to say at least,
minimal. While this makes the cavity independent of its bias-line position, it only allows for high enough
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impedances in a limited band of frequencies. Therefore, we would like to propose another way of isolation
for the CP, which is much closer to its original design, and that is by reducing the cross-section of the wire
making up the inductor and thereby increasing its kinetic inductance, as suggested by Annunziata et al.[44].
In this way, they realized a meander-line inductor of 105 nH (~ 4.6 kQ at f = 7 GHz) with a self resonant
frequency (SRF) of 37 GHz. And thus, as long as you stay well below its SRF, it will allow for the application of
a DC-bias that does not rely too much on the exact location of the symmetry points of the cavity.

This goes to show, that despite the CP being arguably inferior to resonators that do not rely on symmetry
points, with the proposed alterations the CP could be a viable option. Baring, even with these alterations, the
potential of a simpler design. Besides, investigation of the proposed isolations could very well lead to better
performing inductors along the way, which is interesting on its own . Along the same lines, reducing the
cross-section of the resonator could, furthermore, lead to possibly higher Q resonators with high resilience
to magnetic fields [49].
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A.1. Resist etch rates in O, and SF/0, plasmas

Resist Before etch Plasma After etch
Type Recipe Expected Allresist (hnm) Profiler (hnm) 02 flow (sccm)  SF6 flow (sccm) Etch time (s) AFM A(m) Etch rate (nm/s)
ARP 6200.18 4000 rpm, 4min 155C 800 806 123(.)5 g 28 322 igé
ARN 7700.18 8000rpm, 2min 85C 300 297 123?5 g zg ;3; é;;
PMMA 950 A3 4000rpm, 2min 195C 130 91 1?5 g gg g ;g;:

Table A.1: Extension of Table 3.1 shown in Fabrication Process & Techniques chapter 3 with the addition of the negative and positive
tone resist ARN and PMMA, respectively. Where the resist is applied by means of spin coating and baking on a hot plate. The etch rates
are obtained from the difference between the height measured before etching (Profiler) and after (atomic force microscope (AFM)),
etched by the VLL Leybold F3 etcher. Note that for the PMMA no true etch rates are obtained, but lower bounds (indicated by *). The
expected heights are retrieved from Allresist [37].

A.2. Cryogenic reflection S,; measurement of the CP

A.2.1. Analysis and comparison of the S, fit for ¢, fixed and variable
To check how well the reflection S; DIY4K measurement data of the CP is fitted by equation 2.47 (with #y =
0), the magnitude, phase and imaginary part are shown (see Figure A.1) in addition to the real part. The data
shown in the figure is corrected for by both a constant phase as well as a time delay, determined by a linear
fit of the phase of S,; as shown in Results Figure5.6 by means of equation 5.1. Of the shown fits in Figure A.1
only the real part is actually fitted, from which the relevant fit parameters (wg,x and 1) are obtained, which
in turn determine the Q’s (Q, Qint and Qext). From these fit parameters the imaginary part is taken and the
magnitude and phase are derived from the real and imaginary part. By extending the form in which S, is
displayed you are able to see if the fit obtained from the real part agrees with the other forms, as it should.
Based on this extended view we decided to fix one of the fit parameters, the constant reference phase ¢y,
which is actually already fitted for by the linear fit of the phase. As can be seen from the phase in Figure A.1 is
that allowing ¢ to vary results in an offset that does not correspond with the data. The data does not appear
to have any offset anymore and therefore setting ¢y = 0 seems to be appropriate. Although, for the Qjy; in
this case it does not really matter if the ¢ is fixed or not, because both the linewidth and the the resonance
frequency differ only marginally between the two, which can been seen from the magnitude.

A.2.2. Qjnt dependence on the VNA power

The DIY4K reflection Sy; measurements of the CP where performed for different input powers of the VNA and
is made visible in Figure A.2 for the Qin¢. Qin¢ is derived from equation 2.45, where the variables are obtained
by fitting the data by means of equation 2.47 (¢ and t; are retrieved from a linear fit in the phase of Sy (see
Figure 5.6)). The power shown is, however, not the power that reaches the cavity. What does reach the cavity
is the VNA power that is both attenuated by a directional coupler (-20 dB) as well as any dissipations of the
wire that lead to the cavity. From the figure it is quite clear that Qj, is not very sensitive to the input power
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Figure A.1: The magnitude, phase, real and imaginary part of the cryogenic (DIY4K) measured reflection parameter Sp; of the CP. Sp; is
corrected for by both a constant phase and a time delay as obtained from a linear fit of the phase of Sp; (see Figure 5.6 and equation
5.1). The data points indicated by blue dots are fitted by equation 2.47 in Theory chapter 2, where the constant reference phase (¢g) is
fixed ¢pg = 0 (green) and variable (red). Only the data of the real part is fitted, where the imaginary part is taken from the same set of

parameters. Then, the magnitude and phase are derived from the real and imaginary part.
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of the VNA, being almost constant and varying within the boundaries of the uncertainty. Then, to a good
approximation Qi is equal to its mean of 263 + 2.2 for the measured range of powers, where the uncertainty

(Umean) is taken by:
NONTS
i

N

Umean =

where u; is the uncertainty of every individual Qi with N number of Qi data points.

2501

200

100

501

—30 -25 -20 -15 -10 5 0 5 10
Power (dBm)

Figure A.2: Qjn¢ obtained from the reflection (S21) DIY4K measurement of the CP by means of equation 2.45 and 2.47, where ¢ and £
are retrieved from a linear fit in the phase of Sp; (see Figure 5.6). In addition, the errorbars coming from the fit parameters, and not the
measurement, are displayed in light blue for every Qjn¢. For -30 dBm six measurements were taken, resulting in a smaller error. The
shown power is not the power that reaches the cavity of the CP, but it is the power delivered by the VNA. Of that power only a fraction
reaches the cavity as it is both attenuated by a directional coupler (-20 dB) and any dissipations of the wire that lead to the cavity.

From Figure A.3 you can see how the power affects the shape of S,;. It can be seen from the figure that
Figure A.3a is more smooth than Figure A.3b probably due to lower noise. However, the noise does not really
change the shape of the dip and that is why Qi is to a high degree independent of the measured range of
VNA powers.
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Figure A.3: Phase corrected (*, see section 5.3) real part of the reflection parameter Sp; of the CP for two different VNA powers, 10 dBm
(left) and -30 dBm (right). The fit (green) is obtained from equation 2.47, where ¢g and fg are retrieved from a linear fit in the phase of
So1.
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A.3. Determination of attenuation factor as used in QUCS of the initial CP

design
To make the QUCS simulation more realistic, losses of the transmission lines are implemented in the form of
an attenuation factor, @ = 1.00484 m~!. This value for @ comes from the 0.006073 m~! found by Schmidt et
al.[42] for their device, making use of MoRe. Where they extracted a by taking several cavity measurements
and fitting the fundamental mode resonances. The reason for the difference between the two factors is due to
the different mediums they were used in, and the conversion that QUCS uses. QUCS considers the medium
to be vacuum with the frequency given as:

c 1 1
f=== — (A.1)
A \/,U()é‘oﬂ,

where c the speed of light and A the wavelength. Furthermore u represents permeability and e the permittiv-
ity, with 0 indicating vacuum. However, for a = 0.006073 m™! the waves do not travel in vacuum but through
a different medium, this changes the speed accordingly:

1 1 c
vV = = =
VHE  /HoHr€o€r  \/Hr€r
here the r’ denotes the relative component which is dependent on the material. This means that it is like the

wave travels through a larger cavity. And as the effective length thus increases the attenuation factor has to
decrease:

a

N
with a( the attenuation factor in vacuum. The medium on the chip that is used consist of a coplanar waveg-
uide and can be approximated as half of it being air and half of it silicon. For both air and silicon the per-
meability is the same as in vacuum, so y; = 1. What is different, is the permittivity and because of the two
different media it can to a very good approximation be averaged (see Theory section 2.6):

ap = (A.2)

€r= 5 (€siticon *€air)

With €gjlicon = 11.68 F/m and €,j; = 1.00 F/m, resulting in a €; = 6.34 F/m. Putting this back into equation A.2
gives ag = = 0.002412 m~!. Now, using the QUCS conversion:

2a
aqucs =e""°

And there you have it, the attenuation factor of 1.00484.



Off-topic: fabrication proposal and design
of ALD Josephson junctions and SQUIDs

B.1. Fabrication proposal of NbTiN-AIN-NbTiN Josephson junctions

We present here a fabrication proposal of NbTiN-AIN-NbTiN Josephson junctions (JJs) as suggested by G.A.
Steele, shown in Figure B.1. This proposal actually builds on the results obtained from the Thesis of A. van
den Broek [50], where a very low reproducibility of the junctions was observed. Most likely caused by the
way the layers of NbTiN-Al,O3-NbTiN of the junction were stacked, breaking vacuum after the first layer with
the risk of contamination. In order to prevent this, the proposed fabrication forms the trilayer in-situ, which
is actually common practice for JJs [51]. Furthermore, with this proposal we also move away from the use of
AlO, to AIN as the insulating barrier. The reason for AIN as opposed to AlO is mainly because it appears to be
suffering from OH contamination, either by H,O that is left in the fabrication chamber or by the use of HO
as a precursor to grow AlO,. Backed by the promising obtained junctions of Zijlstra et al. [51]. In addition,
they report that AIN is a great etch-stop for SFg/O2 plasma, which is very handy for the reactive-ion etching
(RIE) in the final step of the process (see Figure B.1) since we do not have to worry too much about etching
all the way through, till the substrate.

Although the fabrication process is quite clear from Figure B.1, some remarks are in place. First of all,
the function of the Si layer is to allow for the desired junction area, acting as an insulator to prevent a short
to the top NbTiN layer. Moreover, the fabrication process is pretty extensive consisting of time consuming
techniques like the e-beam and the ALD. Although there is a possibility of skipping step 3, saving one e-beam
step, by using the trilayer of NbTiN-AIN-NbTiN as alignment markers. However, the trilayer does not produce
a high contrast, and therefore manual marker search is needed. But even then, it is hard to find. These
markers do play a crucial role as the process relies on sensitive alignment of the pattern, twice. So sensitive
even, thatit needs alignment accuracy in the order of 100 nm to achieve the desired junction overlap, forming
a possible risk.
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Figure B.1: Slightly modified fabrication proposal of NbTiN-AIN-NbTiN Josephson junctions as suggested by G.A. Steele. It consist of

eight fabrication steps of which four are e-beam, four are deposition, and three are removal steps. Prior to all e-beam steps the
negative-tone resist ARN is proposed. Deposition is done by three techniques, atomic layer deposition (ALD), evaporation and

plasma-enhanced chemical vapor deposition (PECVD). Removal is done either by lift-off or reactive-ion etching. The figures on the left
show the cross-section throughout the fabrication process, whereas the two figures on the left show the top view at the corresponding
steps. Note that while the Ti/Pt markers are not displayed after step 3, they are not removed in any of the steps and protected by ARN

resist.
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B.2. Design of Josephson junctions and SQUIDS
Based on the proposed fabrication by G.A. Steele (Figure B.1), the design of JJs and SQUIDs shown in Figure
B.2 was made. It allows for the fabrication of twelve 1x1 cm chips on a 2-inch wafer (see Figure B.2a) each
containing nine different junction areas of either eight JJs or SQUIDs (see Figure B.2b). For every JJ there is
one junction area, whereas for the SQUID there are two (see Figure B.2c). Furthermore, the area of junction
varies in 17 steps from 100x100 nm to 667x667 nm throughout the wafer. In this way it is possible to test a
multitude of JJs and SQUIDs both for a wide variety of different junctions as well as for there reproducibility.
In order to overcome the alignment issues, mentioned in the previous section, or at least make the pro-
posed fabrication of Figure B.1 less sensitive to alignment, two solutions have been implemented in the de-
sign. The first one is the hole in the insulating layer (Si, red), which forces the junction area to be constant.
Of course, the entire hole should be covered by both the layer underneath (NbTiN) as well as the top layer
(NbTiN), while it should remain within the boundaries of the insulator. For the latter part the second solu-
tion takes partially care of, by the use of a L-shaped trilayer (NbTiN-AIN-NbTiN). This allows the top-layer to
exceed the insulator boundaries along the direction of the top lead. These solutions address both the align-
ment of step 5-6 (solution 1) and 7-8 (solution 1+2) of the fabrication proposal (see Figure B.1).
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Figure B.2: Design of multiple JJs and SQUIDs based on the fabrication proposal of Figure B.1, where the colors of the SQUID (c) are in
correspondence with the proposal. (a) 2 inch wafer composed of twelve 1x1 cm chips, (b) each containing nine different junction areas
of either eight JJ or eight SQUIDs, where the junction area (indicated by the square hole in the red part) varies in 17 steps from 100x 100

nm to 667x667 nm throughout the wafer. (c) a zoom in of (b) showing a single SQUID, for a J]J there is only one junction area with just
one arm leading to the L-shape. The design is based on negative-tone resist, where the written pattern (excluding the frames indicated

in dark blue) is supposed to remain after any removal method (e.g. RIE).
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B.3. ALD growth of AIN

Although the proposed fabrication and design of the JJs and SQUIDs were never realised, some first steps
were made on the growth of AIN in the Ultratech Fiji ALD as shown by Table B.1 and Figure B.3. Based on the
recipe of AIN obtained from Ultratech/Cambridge NanoTech (see Figure B.4) and by measuring the thickness
after deposition on the Woollam M5000 ellipsometer. This recipe is, however, not recommended to be used
with NbTiN at 400 °C (typical), although lower temperatures have been used by the company. Therefore it
is advisable to switch to a different material like TiN with a deposition temperature in 270-300 °C (based on
recipes by A. Bruno), much closer to the 250 °C of the AIN.

From Figure B.3 a growth rate of 0.053 nm/cycle with a offset of 0.11 nm is obtained from the linear fit
(blue) of all the available data points, see Table B.1. However, some of the data points have a relatively high
root mean square error (RMSE) of > 24 as shown in the table. For these values it is uncertain if the true
minimum of RMSE of the fit is obtained and therefore if they are representable or not. These points we
excluded for the other fit (green), shown in the figure. This fit gives a slightly higher growth rate of 0.061
nm/cycle with a offset 0f0.034 nm closer to zero, where it should be. The growth rate reported by the company
is 0.53 A/cycle equal to 0.053 nm/cycle, which is at least up to two significant numbers exactly the same as
the growth rate obtained from the fit of all data points (blue). And thus seems to be growing as expected,
potentially even faster (0.061 nm/cycle).

0 -0.01 0.003 3.457
5 0.42 0.002 1.864
10 0.68 0.002 2.326
15 1.15 0.002 2.751
20 1.14 0.002 2.725
30 1.57 0.002 2.71

40 2.49 0.004 4.037
50 3.25 0.005 5.966
200 9.46 0.018 24.389
400 21.04 0.016 35.631
600 32.02 0.022 48.972

Table B.1: Deposition of the Ultratech Fiji ALD with thicknesses obtained by measuring with the Woollam M5000 ellipsometer. The
thickness is actually a derived parameter and not a fit parameter, where the root mean square error (RMSE) quantifies the 'goodness’ of
the fit, the lower the better.
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Figure B.3: Plotted data of Table B.1 (red) fitted linearly for all points (blue) and for the points below 100 cycles (green). From the fits
growth rates of 0.053 nm/cycle (blue) and 0.061 nm/cycle are obtained with offsets of 0.11 nm (blue) and 0.034 (green).
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Plasma AIN with T MA and N, Plasma

INSTRUCTION CHAN VALUE UNITS COMMENTS
0 flow 0 30 sccm
1 flow 1 100 sccm
2 heater 13 250 °C Upper Reactor Heater
3 heater 14 250 °C Lower Reactor Heater
4 heater 15 250 °C Chuck and Wafer Holder
5 heater 16 150 °C Precursor Delivery Line
6 heater 17 150 °C ALD Manifold
7 heater 24 150 °C Exhaust Tee
8 heater 25 125 °C Exhaust Valve
9 heater 30 150 °C Load Lock Transfer Tunnel
10 stabilize see below sec Stabilize all heaters
11 mfc valve 2 1 open Open N2 MFC valve
12 flow 50 sccm N2 Flow
13 turbo purge 0 close
14 | turbo gate 0 close Transition from turbo
15 turbo iso 0 close pumping to non-turbo
16 reactor rough 1 open pumping
17 gate purge 1 open
18 wait 5 sec plasma purge
19 pulse TMA 0.06 sec TMA Pulse
20 wait 5 sec TMA purge #1
21 gate purge 0 close
22 reactor rough 0 close
23 | turboiso 1 open Transition from non- turbo
24 | turbo gate 1 open pumping to turbo pumping
27 turbo purge 1 open
28 | wait 5 sec Gas stabilization
29 plasma 300 watts
30 wait 20 sec N2 plasma time
31 plasma 0 watts
32 goto 13 X cycles

Temperature | Growth per cycle (A/cycle) Refractive Index | Uniformity (%)
250 0.53 1.99 4

Figure B.4: AIN recipe for the Ultratech Fiji ALD from Ultratech/Cambridge NanoTech.

B.4. Final remarks about ALD

While the ALD seems very attractive, being capable of forming multiple different uniform layers with thick-
nesses controllable to the size of an atom, we observed first handed that it can be one of the most unreliable
deposition machines out there. Its main issue possibly arises from the numerous materials that can be used,
which will very likely lead to contamination due to previous deposition inherently leaving material behind in
the chamber. Moreover, because of the wide variety of material options the machine becomes significantly
more complex and therefore much more sensitive. This increases the changes of different heaters to break
down and, worst of all, to the possibility of clogging the line with an unknown composition. Therefore, it is
not recommended to use an ALD with more than one metal. Although it is theoretically possible to use more
than one, in practice this becomes a real big nuisance.

An alternative to ALD could be magnetron sputtering [51]. This would still allow the proposed fabrication
and design, discussed in the first two sections of this chapter, to be used, without the need for the ALD.
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