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Zusammenfassung

Diese Arbeit beschreibt die Entwicklung eines technologischen Gesamtprozesses zur Her-
stellung hochqualitativer Nb/Al-AlO,/Nb Josephson-Kontakte und die Durchfiihrung ma-
kroskopischer Quantenexperimente mit diesen Bauelementen.

Josephson-Kontakte sind Tunnelkontakte mit der Schichtfolge Supraleiter-Isolator-Su-
praleiter (SIS), deren Funktionsweise darauf beruht, dass die Phase der supraleitenden
quantenmechanischen Wellenfunktion in ihnen einen definierten Sprung aufweist. Diese
Phasenédnderung kann durch die Josephson-Gleichungen mit dem Strom und der Spannung
tiber den SIS-Kontakt in Beziehung gesetzt werden. Josephson-Kontakte werden heute
bereits in vielen Anwendungen eingesetzt, beispielsweise zur Definition der SI-Einheit
Volt, in ultraschneller Elektronik (RSFQ), als Strahlungsdetektoren oder in SQUIDs, welche
die empfindlichsten Sensoren fiir magnetischen Fluss sind. Thre Herstellung erfolgt dabei
standardmiBig in der Nb/Al-AlO,/Nb-Technologie, die durch hohe Ausbeute und kleine
Parameterstreuung die Fabrikation integrierter Schaltungen mit zehntausenden Josephson-
Kontakten erlaubt.

Da der Phasensprung iiber einen SIS-Kontakt ein makroskopischer, quantenmechanischer
Freiheitsgrad ist, werden Josephson-Kontakte seit den 1980er Jahren als Modellsysteme fiir
die Erforschung makroskopischer Quantenphinomene eingesetzt. Ein Beispiel hierfiir ist
das Makroskopische Quantentunneln (MQT), bei dem die Phasensprung-Variable durch
eine Potentialbarriere tunnelt. In den letzten Jahren wurden Josephson-Kontakte auch zur
Herstellung von supraleitenden Quantenbits (Qubits), welche die Bausteine von Quanten-
computern darstellen, verwendet. Diese Qubits haben gegeniiber anderen Qubit-Architek-
turen (wie z.B. lonen, Kernspins etc.) den Vorteil, dass sie in Chiptechnologie hergestellt
werden konnen und deshalb leicht zu skalieren sind, sowie dass ihre Parameter frei einstell-
bar sind. Ein Nachteil ist allerdings, dass die bislang hergestellten supraleitenden Qubits
eine beschrinkte Kohirenzzeit aufweisen, d.h. dass die kohirente Evolution ihres Quan-
tenzustandes schnell abklingt. Aus technologischer Sicht reduzieren beispielsweise sig-
nifikante Leckstrome in den Josephson-Kontakten oder Tunnelsysteme (TLS) in amorphen
Dielektrika, die in den Schaltkreisen verwendetet werden, die Kohidrenzzeit. Letzteres ist
insbesondere bei den im Rahmen dieser Arbeit untersuchten Phase Qubits, die aus einem
Josephson-Kontakt in einem supraleitenden Ring bestehen, ein Problem. Dadurch ergibt
sich die ingenieurstechnische Aufgabe, den SIS-Fabrikationsprozess zu optimieren sowie
die verwendeten Materialien zu untersuchen und zu verbessern, damit Josephson-Kontakte
ausreichender Qualitit zur Durchfiihrung makroskopischer Quantenexperimente und ins-
besondere fiir supraleitende Qubits mit ldingeren Kohérenzzeiten hergestellt werden konnen.

Das Ziel der vorliegenden Arbeit bestand darin, den Fabrikationsprozess fiir Nb/Al-
AlO,/Nb-Josephson-Kontakte am IMS weiterzuentwickeln sowie die Kontaktabmessungen
zu miniaturisieren, und mit den daraus gewonnenen Proben makroskopische Quantenex-
perimente zu konzipieren und durchzufiihren. Dazu wurden zuerst die durch den Her-
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Zusammenfassung

stellungsprozess erzielte Kontaktqualitét analysiert und potentielle Verbesserungsmoglich-
keiten identifiziert. Darauf basierend wurde der Fabrikationsprozess optimiert, beispiels-
weise durch Anderung der Prozessreihenfolge, Reduzierung der Filmspannung in Nb-Fil-
men und Einstellen eines neuen Arbeitspunktes beim reaktiven Ionen-Atzen. Zusitzlich
wurde ein neuer Herstellungsprozess fiir Josephson-Kontakte mit Abmessungen im Sub-
mikrometer-Bereich entwickelt. Dies erfolgte durch den Einsatz von Elektronenstrahlli-
thographie und ihre detaillierte Optimierung sowie durch die Entwicklung des neuartigen
Konzeptes einer Aluminium-Maske fiir die Kontaktdefinition. Die Charakterisierung der so
hergestellten Josephson-Kontakte ergab eine exzellente Qualitdt sowie eine ausreichende
Skalierbarkeit fiir die angestrebten Anwendungen.

Fiir die meisten Anwendungen von Josephson-Kontakten, aber insbesondere fiir supra-
leitende Qubits, ist es wichtig, dass die fiir die benotigten Isolationsebenen eingesetzten
Materialien kleine dielektrische Verluste aufweisen. Aus diesem Grund wurde in dieser
Arbeit eine Methode zur direkten und quantitativen Untersuchung dielektrischer Verluste
in amorphen Diinnfilmen entwickelt und zur Messung solcher Verluste in Materialien ver-
wendet, die typischerweise in der SIS-Fabrikation zum Einsatz kommen. Dadurch konnte
entschieden werden, dass als Isolatorschicht thermisch aufgedampftes SiO besser fiir die
angestrebten Experimente geeignet ist als das durch RF-Sputtern ebenfalls am IMS herstell-
bare SiO,. Weiterhin wurde mit der neu entwickelten Methode die Frequenzabhingigkeit
der dielektrischen Verluste in verschiedenen Materialien bestimmt, wodurch festgestellt
werden konnte, dass die fiir die Verluste in diesen glasartigen Materialien verantwortlichen
Dipole in Vielteilchenwechselwirkung miteinander stehen.

Als erstes makroskopisches Quantenexperiment wurde ein MQT-Experiment durchge-
fiihrt, wobei die Ubergangstemperatur vom thermischen zum Quantenregime auf ihre Ab-
hingigkeit von der Kontaktgroe und von einem externen Magnetfeld untersucht wurde.
Beide Sachverhalte waren zuvor noch nie experimentell erforscht worden. Es zeigte sich,
dass sowohl die jeweiligen Abhédngigkeiten sehr gut mit den theoretischen Erwartungen
iibereinstimmten, als auch die Quanteneigenschaften der Proben mit groBer Genauigkeit
aus den Designparametern vorhersagbar waren. Dies zeigt, dass mit dem neu entwickelten
Fabrikationsprozess hergestellte Josephson-Kontakte gut fiir makroskopische Quantenex-
perimente geeignet sind. Weiterhin wurde festgestellt, dass die Quantentunnelrate durch
die Potentialbarriere bei bestimmten Werten des magnetischen Flusses signifikant zunahm.
Dies ist ein gédnzlich unbekannter Effekt, der vermutlich durch die Ausbildung von Eigen-
resonanzen in den Kontakten erklédrt werden kann.

In einem weiteren Experiment wurde die Quantendynamik eines Schaltkreises aus einem
Josephson-Kontakt, einer Induktivitit und einem Kondensator untersucht. Die theoreti-
sche Erwartung hierbei ist, dass sich ein zweidimensionales Potential ausbildet, welches zu
zwei neuen Energieskalen im System fiihrt. Dies konnte durch Mikrowellen-Spektroskopie
bestitigt werden, was belegt, dass sich dieses komplexe und 200 x 650 um? grofe Sys-
tem tatsdchlich wie ein einziges Quantenobjekt verhilt. Dieses Ergebnis ist sowohl wichtig
fiir das Verstindnis des Quantenverhaltens von Josephson-Kontakten aus Hochtemperatur-
Supraleitern, da bei ihrer Herstellung parasitire Induktivititen und Kapazititen teilweise
unvermeidbar sind, als auch fiir das Design und die Operation supraleitender Phase Qubits,
weil hier oft zur Verschiebung des Arbeitspunktes Kondensatoren durch induktive Leitun-
gen an das Qubit angeschlossen werden.
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AbschlieBend wurde die entwickelte SIS-Technologie verwendet, um Phase Qubits her-
zustellen und zu vermessen. Hier wurde die kohirente Uberlagerung der zwei Qubit-
Zustinde nachgewiesen, was das wesentliche Kriterium dafiir darstellt, dass es sich tat-
sdchlich um ein makroskopisches Quantensystem handelt. Weiterhin konnte durch charak-
teristische Messungen gezeigt werden, dass sich das Qubit entsprechend der theoretischen
Vorhersagen verhielt. Ein Vergleich mit allen anderen, in dhnlichem Design und mit Nb/Al-
AlO,/Nb-Technologie hergestellten Phase Qubits aus der Literatur ergab, dass die im Rah-
men dieser Arbeit gemessenen Kohdrenzzeiten etwas ldnger waren. Ein moglicher Grund
hierfiir konnte in den sehr niedrigen Leckstromen der Josephson-Kontakte liegen, sowie in
der neu entwickelten Aluminium-Maske, da sie zusitzliche chemische Prozessschritte ver-
meidet. Fiir den Einsatz in Quantencomputern miisste die Kohdrenzzeit aber noch deutlich
verldngert werden. Ansitze hierfiir werden in dieser Arbeit diskutiert und wurden teilweise
auch schon experimentell vorbereitet.

Zusammengefasst kann gesagt werden, dass die im Rahmen dieser Arbeit entwickel-
te Technologie bereits erfolgreich fiir verschiedene makroskopische Quantenexperimente
eingesetzt wurde, wodurch einige ungeklirte theoretische Fragestellungen beantwortet wer-
den konnten. Zudem sind viele interessante Experimente fiir die Zukunft denkbar, insbeson-
dere dadurch, dass Phase Qubits mit auBergewohnlich langen Kohérenzzeiten herstellbar
sind.
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1 Introduction

Since Brian D. Josephson predicted the possibility of superconductive tunneling
through an insulating barrier between two superconducting electrodes [1], Josephson junc-
tions have become a tool vastly used in science and engineering. Important technical ap-
plications include ultrafast electronics (RSFQ = Rapid Single-Flux-Quantum) [2], the def-
inition of the SI! unit volt by the Josephson voltage standard [3, 4], radiation sources [5],
SIS receivers [6], digital-to-analogue converters [7] and the most sensitive detectors for
magnetic flux, SQUIDs [8]. Since a Josephson voltage standard for example involves tens
of thousands of junctions, fabrication facilities all over the world have put their focus on
a scalable technology with high yield and small parameter spreads. As a standard tech-
nology, Nb/AlO,/Nb Josephson junctions have been established, in which a supercurrent
tunnels through the insulating aluminum oxide (AlO,) barrier from one superconducting
niobium (Nb) electrode to the other. Today, the Nb/AlO,/Nb technology has proven to be
very mature and indeed fulfill the requirements described above, so that the mentioned de-
vices are frequently and reliably used.

In recent years, however, a new field of application and research has arisen, which ex-
plicitly takes advantage of the quantum nature of superconductivity. The charge carriers in
superconductors are Cooper pairs, which have zero spin and hence have a bosonic charac-
ter. Consequently, the superconducting state can be described by one macroscopic, quantum
mechanical wavefunction, similar to a Bose-Einstein condensate. In Josephson junctions,
the phase of this wavefunction exhibits a non-continuous jump, which can be related to the
current and the voltage across the junction. Hence Josephson junctions allow direct manip-
ulation and analysis of the quantum mechanical, macroscopic superconducting wavefunc-
tion.

This is the reason why superconducting Josephson circuits are considered to be the model
system to answer a scientific question that has troubled physicists for nearly a century:
While it has become clear that quantum theory describes nature on the atomic scale very
accurately, it is also clear that our macroscopic, everyday world does not exhibit phenom-
ena like entanglement or the superposition principle, which allows a system to be in mul-
tiple distinct states simultaneously. In his famous ”Cat Paradox™ published in 1935, Erwin
Schrodinger pointed out which peculiar effects it would have if the laws of quantum me-
chanics were directly transferred to our everyday world [9]. In his gedanken experiment,
a closed box contains a radioactive atom, whose decay is linked to the health of a cat, so
that until somebody opens the box, the cat will be in a superposition state of dead and
alive. Since such macroscopic manifestations of quantum mechanics are unimaginable and
simply unobserved, it had always remained unclear how and why the crossover from the
microscopic quantum world to the macroscopic classical world takes place.

nternational System of Units, abbreviated SI from the French le Systeme international d’unités



1 Introduction

As mentioned above, superconducting circuits involving Josephson junctions can help to
shed light on this question. Since they are macroscopic systems containing some 10?3 parti-
cles but can be described by one single quantum mechanical wave function, there was large
interest to see whether they would indeed behave quantum mechanically. A first answer
was given when the tunneling of the phase difference over a Josephson junction (which is
a macroscopic degree of freedom) through a potential barrier was observed in 1981 [10].
This effect is analogous to the radioactive decay of an atom and is called macroscopic quan-
tum tunneling (MQT). However, as A. L. Leggett pointed out in 1985 [11], an experiment
that would indeed reconstruct the case described by Schrodinger should involve the super-
position of two macroscopically distinct states like the clockwise and counter-clockwise
circulating currents in a SQUID. (A SQUID is a superconducting ring involving one (RF-
SQUID) or two (DC-SQUID) Josephson junctions.) This was finally demonstrated in the
year 2000 in a superconducting ring interrupted by a DC-SQUID [12]. Already one year
earlier, the same superposition effect had been demonstrated on junctions operated in the
charge regime [13]. Later, similar experiments were carried out on a current-biased Joseph-
son junction [14], a superconducting loop containing three Josephson junctions [15] and
hybrid flux-charge systems [16]. So such Schrodinger cat states do indeed exist, but it was
also found that they decay into classical states with a coherence time that is mostly far
shorter than one ps.

The experiments mentioned above investigated superpositions of two distinct states and
were hence carried out on circuits which were designed to be quantum mechanical two level
systems. Since these systems fulfill all criteria needed for the implementation of a quantum
computer [17], they can be used as quantum bits (qubits). Quantum computers can solve
certain problems exponentially faster than any classical computer, such as the simulation
of quantum systems [18], the prime factorization of large numbers [19] or searching an un-
sorted database [20]. Josephson junction qubits offer a multitude of advantages over typical
microscopic qubits such as nuclear spins, ions, etc.: They can be fabricated on chip and
hence integrated with classical electronics, they can be scaled up relatively easily, they can
be fabricated with common thin film technology and their properties can be designed at
will. This is why a large interest in Josephson quantum circuits has developed in the past
ten years.

The main problems of superconducting qubits are their limited coherence times, since
the implementation of a real quantum computer only makes sense if a sufficient time for
calculations is available. The reasons for the short coherence times may vary for differ-
ent types of superconducting qubits and are still the subject to a large research effort. For
phase qubits (a superconducting ring interrupted by one Josephson junction), which will
be investigated in this thesis, it has been found that their coherence times are significantly
longer for circuits involving Al/AlO,/Al junctions than for those based on Nb/AlO,/Nb
junctions [21,22]. This is unfortunate, since the latter is the standard technology in all
Josephson junction foundries and offers all the advantages of scalability, high yield and
small parameter spreads described above. Furthermore, it was found that the material used
for insulating layers in the qubit strongly influences the coherence times [23]. Both effects
are attributed to spurious two-level systems (TLS), which couple to the qubit and extract
the quantum information from it. Macroscopically, these TLS manifest themselves as di-
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electric loss. One can say that while many physicists still use superconducting qubits to
principally proof various quantum effects on a macroscopic scale, the question how the
coherence times of these devices can be improved has turned into an engineering problem
involving a large effort in materials research.

The goal of this thesis was to develop a technological process that would allow the fab-
rication of such Nb/AlO,/Nb based quantum devices. In order to understand the physics of
such structures, a basic introduction to macroscopic quantum effects in Josephson junctions
is given in chapter 2. Afterwards, quality parameters which are important for quantum ex-
periments are discussed in chapter 3. As small Josephson junctions are favorable for most
quantum experiments, the focus in development of the fabrication process (described in
chapter 4) was put on a technology for small Josephson junctions of very high quality. This
newly developed technological process was used to fabricate all Josephson junctions in this
thesis. At first, the junction quality was thoroughly characterized in order to see whether
the fabricated junctions could be used for quantum experiments (chapter 5). Furthermore,
in order to investigate the dielectric losses in the employed insulating layers, a method was
developed to reliably and directly measure dielectric losses in amorphous thin films. This
method, which is described in chapter 6, allowed to investigate the frequency dependent
losses in various insulating layers and should allow to reduce dielectric losses in the future
in order to obtain qubits with longer coherence times. In the following, MQT measurements
were carried out to show that the fabricated Josephson junction devices are indeed suitable
for the observation of macroscopic quantum effects. Especially the dependence of MQT on
the junction size and on magnetic field was investigated (chapter 7), as both effects had not
been studied experimentally before. Additionally, the quantum dynamics of a Josephson
junction shunted by an inductance and a capacitance were investigated (chapter 8) in order
to understand such complex Josephson circuits, as they are often used in qubit design. To
see whether the developed technology is able to produce quantum bits, superconducting
phase qubits were fabricated and characterized (chapter 9). It was also a goal of this in-
vestigation to find out if the short coherence times in Nb/AlO,/Nb based phase qubits are
inherent to the technology or can be improved.

Even if the goal of building a quantum computer would never be reached, a high-quality
fabrication technology for Josephson junctions based quantum devices still remains impor-
tant. As their properties can be designed at will, Josephson junctions have and will be
used as model systems to study many quantum effects which are unattainable with natural
quantum systems. Examples are quantum dynamics of intermediately damped and over-
damped systems, the details of quantum tunneling and, of course, the quantum physics of
macroscopic systems.






2 Macroscopic Quantum Phenomena in
Josephson Junctions

This chapter aims at explaining the basic physics behind the Josephson junction experi-
ments performed in this thesis. It begins by giving a brief introduction to the physics of
superconductivity. Then, the dynamics of Josephson junctions are discussed in some detail
and the phenomenon of macroscopic quantum tunneling is explained. Finally, supercon-
ducting phase qubits are briefly introduced and their operation scheme is discussed. A more
detailed introduction to MQT and phase qubits is given in the corresponding chapters.

2.1 Superconductivity

In 1908, the Dutch physicist Heike Kammerlingh Onnes succeeded in the liquefaction of the
noble gas helium. As the boiling point of He is at 4.2 K, this opened up a new temperature
range for experiments. Subsequently, Onnes himself used this opportunity to study the
electrical resistance of mercury at low temperatures. In 1911, he found that the electrical
resistance of his sample dropped down to zero below 4.2 Kelvin. This was the discovery of
superconductivity.

The superconducting state persists below a critical temperature Tt, a critical magnetic
field H; and a critical current density jsc. All these parameters are material dependent.
In 1933, Fritz Walther Meissner and Robert Ochsenfeld discovered that a magnetic field
is expelled from the inside of a superconductor, which, in combination with its further
properties, means that superconductivity is a thermodynamic phase of its own. Two years
later, the brothers Fritz and Heinz London found equations which describe the relation of
the supercurrent density Js to the electric field E and the magnetic flux density B:

oAl == =E (2.1)

A2 V x js = —B (2.2)

These equations are called the first and the second London equation, respectively. Here, L
denotes the vacuum permeability and

m
A= — 2.3
. lioqgns ( )

is called the London penetration depth, with g being the charge, mg the mass and ng the
density of the superconducting charge carriers. The meaning of Ay becomes clear when
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(2.2) is combined with Ampere’s circuital law VxB= Lo s, SO that we obtain
V?’B = —B. (2.4)

Obviously, the magnetic field decays exponentially inside the superconductor with a spatial
constant Ar, which gives a more detailed picture of the Meissner effect. The field pene-
tration is inhibited by screening currents flowing in a surface layer with thickness Ap . It is
important to note that experimental values of A can differ significantly from the theoretical
value (2.3).

It was not until 1957 that a microscopic theory explaining superconductivity, the BCS
theory (named in reference to its founders John Bardeen, Leon Neil Cooper and John Robert
Schrieffer), was developed. Already in 1950, Herbert Frohlich had shown that an effective
attractive force between two conduction electrons can evolve in solid state systems, medi-
ated by the exchange of a virtual photon. This attractive force can lead to the formation of
bound states of two electrons with opposing momentum and spin. These new composite
particles, commonly known as Cooper pairs, have spin zero and hence obey the Bose-
Einstein statistics, meaning that they all condense in the same quantum state at low tem-
peratures. As a superconductor is a macroscopic object, we are dealing with a macroscopic
quantum state. It can be described by a single quantum mechanical wavefunction

v = |ylexpi¢ = /nsexp (i), (2.5)

where ¢ (X,?) is the space and time dependent phase and the amplitude |y/(%,1)|*> = n is
given by the Cooper pair density. It should be mentioned that already in 1950, Ginzburg
and Landau had introduced a complex order parameter ¥ in their thermodynamical theory,
which is equivalent to the wavefunction in the BCS theory. Cooper pairs cannot be lifted in
energy as a whole, so that the superconducting state can only be excited by breaking them
up. These excitations are called quasiparticles and behave like single electrons in most
aspects. In order to break up Cooper pairs, their binding energy 2A must be provided to the
system, which separates the quasiparticle states energetically from the Cooper pair states
by an energy gap A.

The size of the Cooper pairs is temperature independent and is given by the BCS coher-
ence length &), which is much larger than the distance between individual Cooper pairs.
This is an explanation for the fact that the superconducting wavefunction is phase coherent
throughout a superconducting sample. The temperature dependent Ginzburg-Landau co-
herence length & (7)) is the distance on which y can vary. In the dirty limit, & (7)) is given
by [24]

Sol

V1-T/T,’

where T denotes the temperature and ¢ the electronic mean free path.

E(T) =0.855 (2.6)

2.2 Josephson Junctions

Quantum mechanics predict that potential barriers which cannot be overcome according to
the laws of classical physics can be penetrated by the tunneling effect. In 1962, Brian David
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2.2 Josephson Junctions

Josephson showed that such a tunneling effect can also be expected for two weakly cou-
pled superconductors [1]. The most common way of realizing such a weak coupling is to
put a thin insulating layer between two superconducting electrodes. Such superconductor-
insulator-superconductor structures are commonly known as SIS Josephson junctions. More
detailed introductions to the physics of Josephson junctions can be found in [24-26].

2.2.1 Josephson Equations

Josephson’s analysis is especially noteworthy as it predicts the occurrence of a tunneling
current even in absence of a voltage drop, i.e. the formation of a supercurrent through the
insulating barrier. This supercurrent will be limited to a critical current density j., which is
orders of magnitude smaller than the critical current density j ¢ in the bulk superconducting
electrodes. For the case of two equal superconducting electrodes, so that ng; = ng, this is
expressed by the first Josephson equation

J=Jcsing. 2.7)

Here, the gauge-invariant phase difference across the junction is given by
2e (2. -
0=g—01— 5 [ Adl, 2.8)

where e is the elementary charge, i = h/(2m) is the reduced Planck constant, A is the
magnetic vector potential and d/ is the line integral. If the bias current / exceeds the critical
current of the junction I. = j. - A (with A being its area), an additional quasiparticle current
is needed for charge transport, so that a voltage will form across the junction. The second
Josephson equation relates this voltage V to the time evolution of the phase difference:

dp 2e 2n

Ty =22. 2.
dr h v D v, 2.9)

where ®) = h/2e is the magnetic flux quantum (see Appendix A).
The combination of (2.7) and (2.9) shows that applying a voltage across the junction
leads to an alternating current

2
I =Isin (Eev-mcpo) : (2.10)

which is oscillating with the Josephson frequency

1 GH
fi=—V=483.6——".
CI)O m

V. (2.11)

The occurrence of an AC current implies the emission of photons. Inversely, if microwave

photons are radiated onto a junction, quantized voltage steps (Shapiro steps) will form.
This effect is commonly known as inverse Josephson effect and has been the basis for the
definition of the physical unit volt since 1990.
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Since a change in the supercurrent and hence the Josephson phase will lead to a nonzero
voltage according to (2.9), a Josephson junction acts as a nonlinear inductance. This be-
comes clear if (2.7) is differentiated and combined with (2.9), so that

AN N
! (dt) 2el.cos @ m[ (Ic) ] (2.12)

is obtained as the Josephson inductance. Here Lyy = 71/ (2el. ), while the last transformation
simply uses (2.7) and sin® @ +cos? @ = 1.

2.2.2 RCSJ Model

The dynamics of a Josephson junction are usually described by the RCSJ (resistively and
capacitively shunted junction) model introduced by W. C. Stewart [27] and D. E. McCum-
ber [28]. This model applies to short junctions, for which the Josephson phase ¢ can be
considered a point-like variable. This is the case if the dimensions of the junction are
smaller than the Josephson penetration depth [29]

Dy
A= - , 2.13
! \/277:“0]0(21L "‘tox) ( )

where U is the vacuum permeability and 7. is the thickness of the insulating barrier. Typ-
ical values for Ay are in the range of 5 to 30 um. All junctions investigated within this
thesis have dimensions clearly below Ay, so that they can be described by the RCSJ model.
The latter takes into account that in parallel to the Josephson current described by (2.7),
the junction will also exhibit a capacitance C due to its plate capacitor geometry as well
as a resistance R for quasi-particle transport (see Figure 2.1). Hence, the bias current [ is
composed of

% aV
I =1I;si —+C— 2.14
SN+ +C— -, (2.14)

which, by the use of (2.9), can be transformed into the more revealing form

Dy

—. 2.1
7z’ 2.15)

. 1®g
I:ICSIH¢+E2_72¢+C

This is the equation of motion for a Josephson junction. Instead of solving this differen-
tial equation of second order, we can employ the equivalent picture of a particle of mass

)

N\

g ¢ []R

Figure 2.1: Resistively and capacitively shunted junction (RCSJ) model.
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M = C(®,/27)? exposed to friction with coefficient n = 1/R- (®y/27)? and moving along
@ in a potential U (@), so that we obtain

U
M¢+n¢+#=0. (2.16)
¢
Here, the potential is given by
U(e)=E;(1-cos@—79), (2.17)

where y=1/I. denotes the normalized bias current while Ey = ®¢l. /27 is called the Joseph-
son coupling energy. This potential is shown in Figure 2.2 and is often referred to as the
tilted washboard potential. We see that for ¥ < 1, if no thermal or quantum fluctuations are
present, the particle will be trapped behind a potential barrier

AU = 2E; (\/ 1—9%— yarccosy) , (2.13)

which means that (¢) = 0 and hence, according to (2.9), no average voltage across the
junction is present (this is called the zero-voltage state). In the potential well, the phase
oscillates with the bias current dependent plasma frequency, which is simply the eigenfre-
quency of the junction’s LC circuit:

1 2el. 1/4 1/4
o ===\ 2 (1=7) P = (1) 219)

If the bias current exceeds the critical value y = 1, the potential barrier AU disappears,
so that the particle starts rolling down the potential. It attains a nonzero average velocity

w,(0)

E

)

IS

T

o) C

— [/l =0.9

C
C

Josephson phase ¢

Figure 2.2: The dynamics of a Josephson junction can be described by a particle moving along
a coordinate ¢ in a potential (2.17). This potential U(¢) is plotted here for different
values of the normalized bias current y = I/I,. Due to its form, U(¢) is commonly
known as the tilted washboard potential.
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(¢) # 0, which according to (2.9) is equivalent to a voltage drop over the junction. Conse-
quently, this situation is called the voltage state or the running state. When the bias current
is now successively changed back below /. and down to zero, a potential barrier will first
form and then gradually increase, so that the particle will eventually stop its movement and
go back to the zero-voltage state. Whether this happens right below 7 = 1 or only close
to v = 0 depends on the relation of the friction 1 to the particle mass M. A very clear
and common measure for the damping in a Josephson junction can be found by using the
normalized time 7 = 2el.R/h -t and transforming equation (2.15) into the dimensionless
form

Bcp+@+sing—y=0. (2.20)

This introduces the Stewart-McCumber parameter ¢, which is given by

2
Bc = {ICRZC 2.21)

For Bc > 1, the junction is in the underdamped regime, so that the particle will continue
rolling until ¥ ~ 0O is reached. This is equivalent to a hysteresis in the IV curve, as will be
discussed in more detail in section 3.1. Inversely, for B¢ < 1 the particle will stop moving
right after the occurrence of the first potential barrier at ¥ ~ 1, so that no hysteresis in the
1V curve can be observed. This is called the overdamped regime.

2.2.3 Macroscopic Quantum Tunneling

Due to the presence of thermal or quantum fluctuations in real experiments, the under-
damped junction will always switch to the voltage state before the theoretical critical cur-
rent /. is reached. This phenomenon is called premature switching and the observed critical
current is commonly known as the switching current I, < I.. The difference between I,
and [, is rather small and insignificant for many experiments as well as for the quality pa-
rameters discussed in chapter 3. Hence, no distinction is made between them in literature
and it is just spoken of a critical current /.. The same will be done in this thesis. Only if
the difference between I, and [ is crucial and shall be emphasized, the theoretical critical
current will be denoted as Io. In this section, the difference is the crucial point: premature
switching means that the junctions switches to the voltage state at a critical current I, < I .

At finite temperatures, the thermal energy kg7 (kg being Boltzmann’s constant) can lift
the particle over the potential barrier before the critical current Y = 1 is reached, so that it
will start rolling down the potential. The thermal escape from the potential well occurs with

arate [30,31]
ON AU
I'pn =a— - 2.22
th athGXP( kT )’ (2.22)

where q; is a temperature and damping dependent prefactor, which will be discussed in
more detail in section 7.2.2. For T — 0, where I'y; — 0, premature switching will still be
present due to quantum tunneling through the potential barrier. As the phase difference
over the Josephson junction is a macroscopic variable, this phenomenon is often referred
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to as macroscopic quantum tunneling (MQT). We can write the quantum tunneling rate
as [32-35]

= aq% exp(—B), (2.23)

where aq = /864TAU /hapexp (1.430/Q) and B = 36AU / (5hw,) - (14 0.87/Q) are tem-

perature independent parameters. Q = @,RC describes the damping the junction and will
be discussed in detail in section 7.2.2. This means that by measuring the switching events
of a junction for decreasing temperature, one will see a temperature dependent behavior un-
til a crossover to the temperature independent quantum regime is observed. The crossover
temperature 7Tt is approximately given by [33,36]

h
Ty = 2 2.24
o= ke (2.24)

In the limit of large Q, the escape rate is expected to approach the temperature inde-
pendent expression (2.23) quickly [34, 37, 38] once the temperature falls below 7¢;, which
means that the crossover should be clearly observable. It can be nicely visualized by mea-
suring the escape rate and assuming that (2.22) is valid for all temperatures. In this way,
one obtains a virtual escape temperature 7 that can be compared to the actual bath tem-
perature 7. In the thermal regime, one should obtain 75 = T while in the quantum regime,
one should get Tesc = T¢r = const.

More theoretical and experimental details of MQT, particularly concerning the influence
of junction size, damping and an external magnetic field, will be discussed in chapter 7.

2.2.4 Resonant Activation

In the precedent section, we have employed the semi-classical picture of a phase particle
which may tunnel through the potential barrier. In the full quantum mechanical picture, it
needs to be taken into account that the energy levels in the potential well will be quantized.

a) b)

S

)

o

E how, r>>T,
©

o

Josephson phase ¢ Josephson phase ¢

Figure 2.3: a) In the full quantum mechanical picture, the energy in the potential well is quantized.
b) Irradiation of the junction with resonant microwave photons lifts the phase particle
up to a higher energy level, where it sees a much lower potential barrier and hence has
a much higher tunneling rate I’ > I'}.
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Experimental proof of this quantization was already found in 1987 [33]. The energy dis-
tance of the lowest energy levels is given by the plasma frequency AE = ha@, and can be
probed by microwave (MW) spectroscopy. If the MW frequency @yw is in resonance with
the level spacing AE /h, the phase particle will be lifted to a higher state, where the potential
barrier is lower and hence the tunneling rate is much higher (see Figure 2.3). In this case,
a switching event will be recorded at a much lower bias current than expected in the ab-
sence of microwaves. With such a spectroscopy experiment, it is possible to experimentally
observe the dependence of the plasma frequency on the bias current as given in (2.19).

For a deep potential well, its lower part can be approximated by a quadratic potential,
which is equivalent to that of a harmonic oscillator. Consequently, the lower energy levels
will have equal interlevel distances AE = ii@,. This means that multi-photon transitions,
where the condition

wa=§a>p, p.g €N (2.25)

is satisfied, will also be possible. This has been observed experimentally on a Josephson
junction [39]. In the case of a shallow potential well, however, the anharmonicity becomes
large and multi-photon transitions will less likely be observed.

2.3 The DC SQUID

The DC SQUID (Direct Current Superconducting Quantum Interference Device) takes ad-
vantage of the quantum mechanical nature of superconductivity, since it is based on the
phase-sensitive summation of two supercurrents. A typical DC SQUID consists of a super-
conducting loop, which is interrupted by two identical Josephson junctions, each having a
critical current I, (see Figure 2.4a). Consequently, the bias current / can be described as

[ =1I.sin@;+I.sin@,, (2.26)

where @, > are the gauge-invariant phase differences across the junctions. Using a simple
trigonometric identity, (2.26) can be transformed into

o1+ ¢ o1 — ¢
2 COS 2 .

The wavefunction y going around the superconducting ring must be continuous, analo-
gous to the discussion of the quantization of magnetic flux in Appendix A. Consequently,
we obtain

I =2lsin (2.27)

d
Q01— @ =2n+21—, (2.28)
D

where @ is the total flux penetrating the loop. A more detailed calculation can be found
in [24,26]. Inserting (2.28) into (2.27) yields an expression for the supercurrent through the
SQUID as a function of the total magnetic flux traversing the loop:

o) )
1 =2I.cos (7150) -sin ((pl + 7r50> . (2.29)

We see that the critical current of the SQUID modulates with the cosine of the total
flux through it and goes down to zero for ® = (2m + 1)®(/2 (with m being an integer).
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2.4 The Superconducting Phase Qubit
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Figure 2.4: a) Schematics of a DC SQUID with two identical junctions. b) Numerically calculated
modulation curves for different screening parameters f; (from top to bottom: f; = 10,
4,1.8,0.95, 0.5, 0.05).

However, due to the self-inductance Lyq of the SQUID loop, @ is not equal to the externally
applied flux ®.x. Instead, some flux is added by the circulating current /. induced in the
ring, so that

D = Peyi — qulcirc . (2.30)

Since the current through the junctions is given by I.sin@; = 1/2 + I i, and I sin @, =
1/2 — L, respectively, (2.30) can be turned into

Lo,
D = Pyy — % (sin @ —sing,) . (2.31)

Along the same line as for the current through the SQUID, this can be expressed as

> o
¢ — ¢ext - qulc Sil’l T— + COS q)l + T— . (2.32)
N0 P
This shows that depending on Lgq and I, a certain part of the external flux will be
screened from the loop, so that the modulation depth of the SQUID’s critical current will
decrease with growing Lgql. products. A dimensionless measure for this is the screening
parameter
= —. 2.33
BL o, (2.33)
In order to obtain the SQUID’s critical current as a function of the external flux ey,
(2.29) has to be maximized under the condition (2.32), which is not possible analytically.
Numerically calculated SQUID modulation curves for various f; values can be found in
Figure 2.4b. More details about the design and fabrication of DC SQUIDs with photolithog-
raphy as well as the corresponding measurements can be found in the Studienarbeit of
Christian Goebel [Goel0].

2.4 The Superconducting Phase Qubit
The phase qubit is the simplest superconducting qubit, as it only consists of one Josephson

junction. This is biased right below its critical current /., so that a shallow potential well
is formed, and the two lowest energy levels are used as the qubit ground state |0) and the
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Figure 2.5: Schematics of a typical phase qubit, coupled to a bias line (on the left) with a mutual
inductance M», and coupled to a read out DC SQUID (on the right) with a mutual
inductance M53. Qubit manipulations are carried out by microwave pulses.

qubit excited state |1). Qubit operations can be carried out with a resonant microwave pulse,
while the sufficiently large anharmonicity in the shallow well ensures that the junction is
not excited to higher energy levels. In order to read out the qubit, the washboard potential
is tilted a little further, so that the tunneling rate from the lowest energy level is still negli-
gible while the rate from the second-lowest level is relatively high (see Figure 2.3). In this
way, the qubit state |0) is mapped to no switching and |1) is mapped to switching to the
voltage state. Consequently, the occupation of the qubit states can be reconstructed with
high fidelity by measuring the escape probability Peg.

It is indeed possible to carry out phase qubit experiments on a directly biased Josephson
junction [14, 22,40, 41], but a rather complicated design of the bias lines is required to
decouple the qubit from the environmental impedance of the bias lines Z; (for details see
section 7.2.2). Furthermore, the junction switches to the voltage state when read out, so that
heating occurs and quasiparticles are created. These problems can be solved with an elegant
approach [42], in which the junction is placed in a superconducting ring with inductance
Lgb. In this way, the qubit always remains in the superconducting state, while it is biased
by an inductively coupled bias line and read out by an inductively coupled DC SQUID (see
Figure 2.5). Furthermore, the impedance of the bias lines Zj is transformed into an effective

impedance
Lo\2
Zer= [ -2 ) 7z (2.34)
eff M, 0> .

so that the junction is practically decoupled from the low-impedance environment. For the
remainder of this thesis, the term phase qubit will refer to this kind of architecture.
Analogous to the DC SQUID described in section 2.3, the external flux ®¢y; through the
phase qubit is partially screened. In this case, the screening parameter is given by

27Z'qulc
oy

ﬁL7qb = (2.35)

Since the junction in the phase qubit is not directly biased, but instead integrated into a
superconducting ring, the last term in the washboard potential (2.17) has to be modified.
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2.4 The Superconducting Phase Qubit

S

Potential energy U(p)

Phase difference ¢

Figure 2.6: Schematic potential of a phase qubit at a typical working point. The two local minima
correspond to circulating currents in opposite direction. The inset visualized how the
qubit state is manipulated by resonant microwave radiation.

Now, the magnetic energy stored in the loop inductance Ly, has to be taken into account,
which leads to [21]:

_ 2
(p=2mu/ 1)) 036
»qd

This potential is shown in Figure 2.6 for a typical working point at ®¢x; = 0.85P. Qubit
operation takes place in the shallow potential well on the left by resonant MW irradiation.
The read out is performed analogously to the directly biased junction described above: A
short flux pulse tilts the potential a little further, so that the excited state tunnels to the lower
potential well. Since the two local minima correspond to opposite circulating currents, the
qubit states are mapped to different flux signals, which are detected by the DC SQUID
inductively coupled to the qubit loop (see Figure 2.5).

More details about the calculation of the phase qubit’s energy levels, the theory of typ-
ical qubit experiments as well as the qubit manipulation and read-out procedure will be
discussed in chapter 9.

U (@) =Ej (1—cosq0—|—
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3 Quality Criteria for Short
Nb/Al-AlO,/Nb Josephson Junctions

High-quality Josephson junctions are generally desirable for all applications, but especially
crucial for the quantum experiments performed in this thesis. This chapter explains how
short Nb/Al-AlO,/Nb junctions (i.e. having lateral dimensions smaller than Aj, see (2.13))
are characterized and how the typical quality parameters are defined. It also aims at re-
vealing the physics behind these characteristic measurements in order to find out how the
fabrication process has to be modified for an improved junction quality. The chapter starts
by discussing typical current-voltage characteristics and continues with detailed considera-
tions about the individual quality parameters. Finally, the dependence of the critical current
on an external magnetic field and its meaning for junction characterization are addressed.

3.1 Current-Voltage Characteristics

For a Josephson junction, the amount of information about its quality extractable from
its current-voltage characteristics strongly depends on the value of the Stewart-McCumber
parameter (2.21). For overdamped junctions having a Stewart-McCumber parameter B¢ <
1, not much information can be obtained. For underdamped junctions with B¢ > 1 in
contrast, a lot of information about their quality can be extracted from the IV curves. This
shall be explained in detail in the following.

Figure 3.1a shows the current-voltage characteristics of a junction with a Stewart-Mc-
Cumber parameter of ¢ = 0.1, which was reached by shunting the junction with a parallel
resistance Ry, = 0.4 , being much smaller than the junction resistance R. The influence of
damping on the dynamics of this junction can be illustrated using the washboard potential
of Figure 2.2: Once the critical current /. is exceeded, the quasiparticles which contribute
to charge transport only see a small resistance Ry, so that the IV curve converges quickly
towards the ohmic curve V = Ry, - I. This is equivalent to the phase particle running down
the washboard potential (2.17) with a velocity ¢ o« V which is proportional to the slope 1.
When the current is decreased, the particle will stop running as soon as a shallow potential
barrier is formed for I < I, since its kinetic energy is quickly absorbed by the high damping.
Consequently, no hysteresis in the current-voltage characteristics is observed. This means
that only the critical current and the shunt resistance can be extracted, as can be seen in
Figure 3.1a. These two parameters do not give any information about the inherent quality
of the junction.

In this thesis, the undisturbed quantum dynamics in Josephson junctions and in circuits
containing them shall be investigated, which means that highly underdamped samples with
Bc > 1 are required. Additionally, this is also the case in which junction quality param-
eters can be evaluated from the IV curves. In contrast to an overdamped junction, the
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3 Quality Criteria for Short Nb/Al-AlO,/Nb Josephson Junctions
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Figure 3.1: a) Typical IV curve of an overdamped junction. No quality parameters can be evaluated.
b) Typical IV curve of an underdamped junction. Here, the quality parameters can be
extracted, as described in the text.

current-voltage characteristics of an underdamped structure show a strong hysteresis (see
Figure 3.1b). This is due to the fact that the kinetic energy which the phase particle acquires
in the running state is not damped out after the current is lowered past /., so that its mo-
mentum can carry the particle over the rising potential barrier and the movement only stops
for a flat potential at /; = 0. This is commonly known as retrapping to the zero-voltage state
and /; is called the retrapping current.

The occurrence of this hysteresis allows the observation that the quasiparticle resistance
R defined in the RCSJ model (2.14) does actually depend on the voltage. Typically, two
resistances in different regimes are defined: For voltages below the superconducting en-
ergy gap V < 2A/e, quasiparticle conduction is only possible through thermal excitation,
multi-photon processes or pinholes in the tunneling oxide, so that the rather high subgap
resistance Ry, is seen. For voltages V > 2A /e, however, the energy supplied by the current
source is sufficient to break up Cooper pairs, so that quasiparticles from one side can tunnel
to unoccupied states on the other side of the barrier. In this ohmic regime, the normal resis-
tance Ry is observed. It is now clear that the Stewart-McCumber parameter B¢ can be used
as a measure for the strength of the hysteresis in the IV curve if the resistance R in (2.21) is
replaced by Rq,.

It can be seen in Figure 3.1b that a large voltage jump occurs at the critical current .
Since at the gap voltage Vg = 2A/e, sufficient energy for breaking of Cooper pairs is
supplied, the voltage jump stops here and does not continue to the voltage drop for ohmic
quasiparticle transport in the subgap regime V = Ry, - I, which would be much higher.

3.1.1 The Gap Voltage

As the gap voltage is directly related to the energy gap 2A(T), it reflects the superconducting
properties of the Nb electrodes. The BCS theory predicts that 2A(7 = 0) can be calculated
using 2A = 3.528 kg T¢. [24], where kg is the Boltzmann constant. This is commonly known
as the weak-coupling limit. Niobium, however, belongs to a class of superconductors in
which the electron-phonon interaction is particularly strong, which is commonly known as
the strong-coupling limit. Here,the BCS formula does not hold, so that the ratio 2A/(kgT¢)
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3.1 Current-Voltage Characteristics

has to be determined individually for each material. For Nb, the literature values for 2A(0)
are between 3.06 and 3.14 meV [43] and the critical temperature accounts for 7, = 9.25K,
so that 2A/(kpTs) lies between 3.84 and 3.94.

The temperature dependence of the superconducting energy gap can only be calculated
numerically. However, two approximations for different temperature regimes were found.
For T < 0.5T, it is given by [44]

A(T) T\ /2 T,
—~1-333| — —-1.76- — 3.1
while for T =~ T, the temperature dependence can be approximated as [24]
A(T) T\ /2
— =174 1—— . 32
a0 =1(1-7) 2

Strictly speaking, these formulas are only valid in the weak-coupling regime, but they are a
good approximation in most cases [24]. As can be seen in Figure 3.2, the temperature range
0 < T < 4.2 K investigated in this thesis can be described by (3.1) in good approximation.
Employing (3.1) and the literature values of 2A(0) for Nb, we can estimate the theoretical
value for the gap voltage at 4.2 Kelvin to be in the range of

Viaptheo = 2.91mV ... 2.99mV (3.3)

If the superconducting electrodes are made of thin films having a thickness smaller than
the London penetration depth Ar, their superconducting properties will be degraded com-
pared to those of ideal bulk niobium. In particular, the energy gap and hence also the critical
temperature will be significantly decreased. Values for Ay at zero temperature can be found
in literature [45,46] and account for A (0) = 85 nm. Considering the temperature depen-
dence AL(T) = AL(0)/+/1 — (T /T.)* [24], this gives a value of AL, = 87 nm at 4.2 Kelvin,

4
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Figure 3.2: Temperature dependence of the superconducting energy gap for niobium, with the mean
literature value 2A(0) = 3.1 meV. The black curve was extracted from [24], where 2A(T)
was calculated numerically in the BCS weak-coupling limit. The red curve corresponds
to (3.1) and the blue curve to (3.2).
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3 Quality Criteria for Short Nb/Al-AlO,/Nb Josephson Junctions

which is in good agreement with values of A, = 86 nm found experimentally at the same
temperature [47].

For the fabrication technology, this means that the superconducting electrodes should
have a thickness larger than ~ 90nm. Furthermore, the film deposition should be optimized
towards minimal film stress, which should lead to good superconducting properties [48]
and hence critical temperatures close to the theoretical value of 7, = 9.25 K. Additionally,
in [49] it was found that the gap voltage was strongly affected by the number of impurities
included in the Nb films, which were caused by the residual gas in the vacuum chamber be-
fore the trilayer deposition. Consequently, a high vacuum in the trilayer deposition system
as well as a clean sputtering gas are important.

Experimentally, values of Vg, = 2.95mV have been reached at 7 = 4.2 K in studies
directly focusing on maximizing the gap voltage [49], but generally values of Vg > 2.8 mV
at this temperature are already considered to indicate a very high junction quality.

3.1.2 The I.Ry Product

Since the critical current /. of a Josephson junction scales with the junction’s dimensions
just as the inverse of its resistance in the normal state 1 /Ry, the product I.Ry should have an
invariant value. It can be shown within the Ginzburg-Landau theory that this value generally
depends only on material and temperature, but not on the junction geometry. This is true
even for constriction type junctions, as long as their linear dimensions are smaller than the
coherence length & (T') [24].

For tunnel junctions as the Nb/Al-AlO,/Nb devices discussed in this thesis, Ambegaokar
and Baratoff used the BCS theory to derive an exact result for the full temperature depen-

dence [50]:
m-2A(T) 2A(T)
————tanh
e 0 {4kBT
This temperature dependence was calculated using the black curve from Figure 3.2 for

2A(T) and is shown in Figure 3.3. Using the mean of the literature values for the gap,
2A(0) = 3.1meV, as well as equations (3.1) and (3.4), the theoretical value at 4.2 Kelvin

IcRN —

(3.4)
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2.
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Figure 3.3: The temperature dependence of the critical current after Ambegaokar and Baratoff [50]
for a Josephson junction with Nb electrodes.
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3.1 Current-Voltage Characteristics

can be calculated as I.Rny = 2.24 mV. However, for typically observed gap voltages of
Veap = 2.8 mV, the theoretically expected value accounts for IRy = 2.11 mV.

Since this expression describes ideal Cooper pair tunneling, it is never reached in real
samples. Reasons for this are that the tunneling layer is not a rectangular potential barrier,
but rather varies in all three spatial dimensions and has sloped potential walls. Nevertheless,
the measured IRy product is an important parameter to determine the strength of Cooper
pair tunneling in a real Josephson junction. Experimentally, values above I.Ry = 1.5 al-
ready indicate a good tunneling barrier.

However, a high I.RN product can only be used as a quality parameter if no excess cur-
rent is observed. The latter is present if the straight line given by the differential normal
resistance in the first quadrant of the IV curve intersects the current axis at a positive value
Iexc- In this case, quasiparticle conduction contributes to the critical current, so that I.Ry is
not a measure for the strength of Cooper pair tunneling anymore.

Technologically, to come close the ideal tunneling described by (3.4), the AlO, barrier
should be well-defined, meaning that it is homogeneous in space and does not have impuri-
ties. Additionally, high temperatures over 200 °C during processing should be avoided, as
they lead to lowered critical currents [51].

3.1.3 The Subgap Branch

In contrast to the normal resistance Ry, which is voltage-independent, the subgap resistance
Rs (V') is a non-trivial function of the voltage V. Although it is clear that a low leakage cur-
rent, i.e. a high subgap resistance is desirable for all applications, the complex behavior of
Ry (V) makes it quite unclear at which voltage R, values should be evaluated for a quality
parameter. In the following, different physical processes which contribute to quasiparticle
conductance below 2A are discussed and related to certain applications and the correspond-
ing quality parameters. Finally, the technological requirements for high subgap resistance
values will be discussed.

Classic Quality Parameters

For many applications such as RSFQ, SQUIDs or voltage standards, the typical operation
temperature is 4.2 Kelvin. In the Gorter-Casimir two-fluid model [52, 53], the temperature
dependence of the Cooper pair density ng is given by

ng = n(0) [1 - (%)4] . (3.5)

This means that in Nb at 7 = 4.2 K, more than four percent of the Cooper pairs are al-
ready broken up into quasiparticles. Consequently, a certain subgap conductance cannot be
avoided even for junctions of very high quality, and fine structures of the subgap regime
like Multiple Andreev Reflection (discussed below) cannot be observed at this temperature.

Since the devices mentioned above are all operated in the voltage regime, low leakage
currents also at higher voltages below the gap are important. Hence, the subgap resistance
is conventionally evaluated at a voltage of 2 mV. This is also advantageous regarding the re-
quired measurement technique, since IV characteristics are usually recorded with a current
bias and very few points are obtained on the retrapping branch for high Ry, values.
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3 Quality Criteria for Short Nb/Al-AlO,/Nb Josephson Junctions

The subgap resistance determined in this way is commonly used for two quality param-
eters. One is the ratio of subgap to normal resistance Ry, /RN and the other one is the
characteristic voltage Vi, = I.Rs,. Both values are independent of the junction geometry
so that they allow comparison between all junctions made from the same material. For the
applications mentioned earlier, values of Ry /Rn > 10 at 4.2 Kelvin are usually considered
to indicate a high quality. The characteristic voltage V,, combines the information of the
I.RN product and the Ry /Ry ratio, so that it is often used as the single quality parameter
for a trilayer process. Here, values of V;, > 30 mV are typical for a high junction quality.

Multiple Andreev Reflection

According to (3.5), quasiparticles are almost entirely frozen out below 7. /10, which corre-
sponds to 7" ~ 0.9 K for niobium. Consequently, contributions to the subgap conductance
which are not due to thermally excited quasiparticles can be observed below this temper-
ature. An important phenomenon, which was first observed experimentally in the early
1960s [54, 55], is the sub-harmonic gap structure (SGS). It consists of current steps (i.e.
peaks in dI/dV) at voltages 2A/(ne), where n is an integer. A typical measurement curve
can be seen in Figure 3.4. One suggested explanation is the one of Josephson self-coupling
(JSC) [56], which relies on the nonlinear coupling of the Josephson radiation (produced
by the AC Josephson current) with this oscillating Josephson current itself, creating a DC
component of current below 2A. In this model, the current steps should be limited to odd n
values and the step height should depend on magnetic field [57]. Especially the former is
not observed experimentally, so that JSC is usually ruled out as an explanation for typical
SGS.

A competing explanation is given by multi particle tunneling (MPT) [58] or multiple An-
dreev reflection (MAR) [59], which are physically equivalent [60]. However, MAR gives a
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Figure 3.4: The measurement of an /V curve with a voltage bias setup allows the observation of
MAR. The inset shows that the positions of the dI/dV peaks correspond well to the
observed gap voltage Vyp = 2.91 mV. The measurement was carried out on a circular
junction with a diameter of 3.6 pm at the Institut fiir Festkorperphysik (IFP) within the
frame of this thesis.
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3.1 Current-Voltage Characteristics

more general and more physical picture [60], so that MAR has prevailed as the commonly
used explanation today. It involves the process of Andreev reflection [61], which means that
an electron in the insulator having an energy smaller than the gap A can create a Cooper
pair in the superconductor while a hole is reflected. So far, no effective charge transport has
occurred. MAR suggests that such a reflection can happen multiple times at the opposite in-
sulator/superconductor interfaces, so that a quasiparticle, for example coming form the left
electrode, is reflected back and forth between the right and the left superconductor/insulator
interfaces. Once its energy is sufficient to reach the unoccupied quasiparticle states in the
right superconducting electrode, an effective charge transport has occurred. It can be seen
that for n — 1 reflections, the process will be possible at a voltage 2A/(ne), while its proba-
bility will decrease with rising n since the electron has to pass the tunneling barrier n times.
This is why MAR steps are usually only observed experimentally for low values of n.

Retrapping to the Zero-Voltage State

Measuring the IV characteristics of a Josephson junction with a voltage bias results in a
much a higher resolution of the subgap regime. For zero magnetic field, the current rises
back up for lowering voltage before the junction switches back to the voltage state (see
Figure 3.5). It was also found that for lowering temperature, the retrapping current only
decreases down to 7 = 1 K and saturates at this value [62]. Both effects are equivalent
and have the consequence that the intrinsic subgap resistance (i.e. the resistance in the
zero-voltage state) cannot be measured without applying a magnetic field.

The behavior of the JJ close to retrapping and also the value of the retrapping current
can be described by using a simple energy-balance argument [63]. In this model, the power
input /V from the DC current source is dissipated by currents at two frequencies: The
first term, V2 / Rqp is dissipated within the junction by the DC quasiparticle current while
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Figure 3.5: Retrapping to the zero-voltage state in a voltage bias setup for a circular junction with
a diameter of 2.5 um. The blue curve is obtained by a fit with equation (3.8) while
the inverse of the slope of the green line is the maximal subgap resistance Rsg max. The
measurement was carried out at the Institut fiir Festkorperphysik (IFP) within the frame
of this thesis.
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3 Quality Criteria for Short Nb/Al-AlO,/Nb Josephson Junctions

Rqp is the resistance these quasiparticles see. The second term is given by the dissipation
at the Josephson frequency (2.11), meaning that an ac supercurrent I.osin wy¢ is flowing
through a complex impedance Z(wy). Consequently the dissipated power at @y is given by
(I.o>/2)Re(Z(wy)). Both contributions combined lead to the expression for the current [24]

I(V) =V /Rqp + (Io*/2V)Re(Z(ay)) . (3.6)

The impedance Z(wy) is obtained from the parallel contributions of the junction capac-
itance C, the quasi-particle resistance Rqp and the impedance of the lines leading to the
junction Zy. The latter is considered to be real and in the range of 50 — 100 Q [33]. Hence

we get
1 1
=ioC+ —+—. (3.7)
! Rop 2y

Z(wy)

If we take into account that Zy < Rqp, calculate the real part of Z (wy), remember that
@y = 2¢V /h and put all this into (3.6), we obtain the expected (V') behavior in the subgap
branch close to retrapping [64]:

Vo I? Zo

S A . 3.8
Rqp - 2V 1+ (Ze/h . CZ()V)2 (3-8)

(V)

The validity of (3.8) for voltages below the highest-order MAR step has been experimen-
tally confirmed [63, 64] and can be seen by the excellent agreement between data and fit
curve in Figure 3.5.

Subgap Leakage and Coherence Times

The quasiparticle resistance Rqgp in (3.8) describes the power dissipated at the Josephson
frequency in the voltage state. For quantum devices, which are exclusively operated in the
zero-voltage state, however, the damping within the potential well at the plasma frequency
is relevant. Consequently, it is desirable to determine an intrinsic subgap resistance Rgg ing-

In order to get a measure for the damping in the zero-voltage state, the straight line
of minimal slope which still touches the subgap branch of the IV curve (as illustrated by
the green line in Figure 3.5) is often evaluated. The inverse of this slope is the maximal
subgap resistance Rsg max [64,65]. However, due to the rising current for decreasing voltage
discussed in the previous section and the fact that retrapping occurs already at voltages
V =~ 0.5 mV (see Figure 3.5), the Rys max values observed at zero magnetic field are not
equal to the actual intrinsic subgap resistance Rgg ing-

Only by entirely suppressing the critical current with a magnetic field H, the AC super-
current and hence the second term in (3.8) will disappear, so that the remaining linear term
V = R-1I should give a measure for Rgg inye [64,65]. In other words, for an entirely sup-
pressed critical current, it will not be possible for the curve in Figure 3.5 to rise to higher
current values and jump back to the superconducting branch at 7 > 0. It has been shown that
even for critical currents suppressed as far as I.(H) = 10~*I.(0), only a slight saturation in
Rsg max 18 observed [64] (see Figure 5.14b). However, the values of Rge max at such low
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3.2 I.(®) Modulation

critical currents can be used as a lower boundary for Ry e [64,65]. This value allows to

estimate the decoherence rate due to subgap conductance in superconducting quantum bits.
If subgap leakage was the only mechanism responsible for decoherence in a supercon-

ducting qubit, the relaxation time 77 would be given as the ring-down time [64—-60]

I = ng,intrca (3.9)
while the dephasing time 7> induced by thermal noise would be calculated as [64—66]
21 Ry i
="t (3.10)
DikpT

Here, C is the junction capacitance, % the reduced Planck constant, ®( the magnetic flux
quantum and kg the Boltzmann constant. A detailed explanation of the physical significance
of T7 and 7, is given in section 9.3. It can be seen directly that a high intrinsic subgap
resistance is crucial for the general operability of superconducting qubits.

Technological Requirements for Low Subgap Leakage

Since low subgap leakage currents are important or even crucial for most Josephson junc-
tion applications, special care must be taken to fulfill this requirement. Since stress induced
damage to the tunneling barrier has been found to decrease the subgap resistance [51], the
stress in the Nb electrodes of the SIS trilayer has to be minimized. Furthermore, heat-
ing the junctions to over 200 °C leads to a higher leakage [51], so that high temperatures
during processing should be prevented. Additionally, any defects or pinholes in the tunnel-
ing barrier or the insulating layers should be avoided, since they would allow quasiparticle
transport from the top to the bottom electrode. For the dielectric layers, achieving good
insulating properties is especially difficult at the edges of the lower Nb electrode, so that
in design of the upper Nb electrode, the length of the overlap above these edges should be
minimized.

3.2 I.(®) Modulation

A schematic picture of a short Josephson junction (having dimensions much smaller than
the London penetration depth Ay, see (2.13)) in a magnetic field is shown in Figure 3.6.

Figure 3.6: Schematics of a Josephson junction with area w-d in a magnetic field B along the
coordinate y.
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3 Quality Criteria for Short Nb/Al-AlO,/Nb Josephson Junctions

The junction area w - d is in the (x,y)-plane while the magnetic field B is oriented along
the y-axis. The magnetic field can penetrate the insulating barrier of thickness 7,x and the
adjacent superconducting electrodes down to a distance Ay from the barrier. Consequently,
the magnetic flux penetrating the junction is given by ® = Bd(fox + 2AL).

Generally, the critical current density jc(x,y) is a function of space. Since B is directed
along the y-axis, only changes of j(x,y) in x-direction will influence the magnetic field
dependence of the critical current. Hence, the integral critical current density

w/2

@)= [ ey 3.11)

—-w/2

is defined. It can be shown (a complete derivation can be found in [24-26]) that the critical
current of the junction as a function of the magnetic flux is given by

L(®) = /Tc(x)exp (i@f)dx . (3.12)

In other words, the I.(®) modulation is given as the absolute value of the Fourier trans-
form of the integral critical current density Y. (x). For an ideal rectangle-shaped Josephson
junction, the Fourier transform can be calculated analytically and leads to

: 3}
S <TL'30>

Ic((I)) = IC )
T3,

(3.13)

This modulation curve can be seen in Figure 3.7a. It is commonly known as Fraunhofer
pattern, since it is equivalent to the diffraction pattern of light at a single slit. The corre-
sponding critical current density distribution can be seen in the inset of the same figure.
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Figure 3.7: Simulation of /.(®) modulations for (a) a square junction and (b) a circular junction.

The red curves were created by Fourier transformation of the blue curves shown in the
insets.
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3.2 I.(®) Modulation

Also for an ideal circular Josephson junction with diameter d, an analytical solution of
(3.12) is possible and
n (73)

1., d
Ty,

I(®) = I, (3.14)

is obtained as the critical current modulation [25]. Here, J; (x) is the Bessel function of the
first kind and the magnetic flux is again given by ® = Bd(tox +2Ar). The critical current
density distribution and the corresponding modulation curve of a circular junction (also
called Airy pattern) can be seen in Figure 3.7b. In contrast to a rectangular junction, the
side maxima are of much smaller amplitude and the minima are not at integer multiples of
the flux quantum ®y.

I.(®P) measurements are an important tool for the characterization of junction quality.
If the obtained I.(®) modulation deviates from (3.13) or (3.14), respectively, the spatial
critical current distribution j¢(x,y) differs from the expected behavior. Such deviations
might be due to an inaccurate definition of the junction geometry (i.e. patterning problems)
or spatial inhomogeneities in the tunneling barrier.
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4 Fabrication Technology

In this chapter, the development and optimization of the Nb/Al-AlO,/Nb Josephson junc-
tion fabrication technology is being discussed. First, an overview of the fabrication process
and the Josephson junction quality before the start of this thesis is given and potential pro-
cess improvements are considered. Subsequently, the physical background discussed in
chapter 3 is used to find the optimal process solutions for the fabrication of high quality
junctions for quantum experiments. Furthermore, the processing steps which were opti-
mized for the standard photolithography process are discussing in detail. Afterwards, these
changes are summarized in an overview of the newly developed process. Finally, the re-
quirements for a fabrication process for high quality sub-um junctions are considered and
the single optimized or newly developed processing steps are discussed in detail. Some
parts of this chapter have been published in [KMIT11].

4.1 Initial Technological Process at the IMS

A schematic overview of the Josephson junction fabrication process from the time before
the start of this PhD thesis can be seen in Figure 4.1. At first, the Nb/Al-AlO,/Nb trilayer
is created in a DC magnetron sputtering system with layer thicknesses of 200 nm (lower
Nb electrode), 7 nm (Al) and 100 nm (top Nb electrode). Oxidation of Al is carried out for
30 min at room temperature in a pure oxygen atmosphere. Then, the Josephson junctions
are defined by positive photolithography and reactive-ion-etching (RIE). A first insulating
layer is created using the same resist mask by anodic oxidation. Afterwards, the shape of

a b
) ) Junction (J) C)
| Nbo,
substrate substrate substrate
d) e)
substrate substrate

Figure 4.1: Schematic overview of the Josephson junction process from before the start of this the-
sis: a) As-deposited trilayer b) After junction definition and anodic oxidation c¢) After
patterning of bottom electrode d) With deposited SiO insulation layer e) Final structure
with wiring layer.
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the bottom electrode is defined by positive photolithography and subsequent RIE, ion beam
etching (IBE) and RIE. The intermediate IBE step is necessary because the AlO, layer can-
not be etched by RIE. In the following, negative photolithography and thermal evaporation
of SiO are employed to create the second insulating layer. Finally, the wiring layer is de-
fined by negative photolithography and DC magnetron sputtering of Nb. A detailed list of
the processing parameters of this old process including the names of the layers can be found
in Appendix B.1.

4.1.1 Junction Quality Before Start of Thesis and Potential for
Process Improvement

In order to discover processing steps which had to be improved, the quality of the Josephson
junction technology described in the previous section was analyzed. For this purpose, the
measurement data of test chips from five wafers (which were fabricated in October 2005 and
characterized at 4.2 Kelvin in December 2005) were evaluated concerning yield and quality
parameters. Altogether, IV characteristics of 29 junctions of sizes 5 x 5 um?, 10 x 10 pm?
and 20 x 20 um? were analyzed. A typical IV curve of a 10 x 10 junction can be seen in
Figure 4.2.

The results of the analysis are given in Table 4.1. First, it is obvious that the fabrication
of junctions with sizes below 20 x 20 um? had a poor yield. Furthermore, the junction
quality seems to reduce with the junctions’ dimensions. It is doubtful that a reduced quality
for 10 x 10 junctions is already due to alignment problems, so that the size dependent
quality might indeed reveal flaws in the process. This would be a significant problem for
the quantum experiments performed within this thesis, since here, junction sizes around and
below 3 um are required. Generally, it is desirable to reliably fabricate Josephson junctions
down to 5 x 5 um? with photolithography, since the latter is a lot less time consuming than
electron-beam lithography and such junctions can be used for many applications as well as
junction characterization.
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Figure 4.2: Typical IV curve of a Josephson junction with area A = 10 x 10 um?, fabricated before
the start of this thesis and measured at 4.2 Kelvin.
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Table 4.1: Yield and quality of samples fabricated before the start of this thesis. () denotes averages.
| size [um?] | working | defective | (Veap) [mV] | (Rye/RN) | (IRN) | (Vi) [mV] |

5x5 0 11 - - - -
10x 10 5 4 2.82 8.5 1.54 12.7
20 x 20 8 1 2.82 12.4 1.71 214

Concerning the junction quality, the rather high gap voltages Vgap = 2.8 mV indicate a
high quality of the Nb electrodes. The Rs/RN ratios around 10 might be sufficient for
many applications such as RSFQ, SQUIDs, etc., but not for quantum measurements and
especially quantum bits, where the intrinsic damping has to be extremely low for long
coherence times (see section 3.1.3). Hence, the improvement of the Ry, /Ry ratio will be
one of the main points of this chapter. The I.RyN products of around 1.6 are reasonably high,
but it is desirable to improve them for a stronger Cooper pair tunneling.

In order to find possible solutions for process improvement, the findings gained in junc-
tion characterization were related to the fabrication process discussed in the precedent sec-
tion. In the following list, potentially problematic issues and possible solutions are given:

e Although any Nb film thickness > A, should be sufficient for good superconducting
properties (see section 3.1.1), the thickness of the lower electrode (M2a) accounted
for 200 nm. This might lead to poor step coverage of the insulating SiO layer, which
would cause a decreased yield and a higher subgap leakage.

* There might be stress in the Nb films, which would lead to a decreased subgap resis-
tance [51]. Hence, the Nb film stress should be carefully minimized.

* Due to the affinity of Al to Nb, the Al layer planarizes the rather rough Nb sur-
face [67,68]. This effect was found to be optimal for an Al thickness of 7 nm [69].
Since an inhomogeneous tunneling oxide might lead to lowered I Ry products, higher
subgap leakage and a decreased reproducibility, the Al sputtering rate should be de-
fined carefully to indeed obtain a thickness of 7 nm.

* As can be seen in Figure 4.1, the sidewalls of the lower electrode (M2a) are not
anodically oxidized. This might result in spurious leakage currents and hence lead to
a lowered subgap resistance and a lower yield. This problem can be solved by simply
changing the order of the processing steps.

* The parameters used for RIE led to an etching rate of around 560 nm/min. This makes
over-etching very likely to occur, which leads to a badly defined junction size and
hence lower reproducibility. Furthermore, the RIE process left some resist residue
on the chip, which was very hard to clean off. This means that the anodic oxidation
might be incomplete in some spots, leading to a lowered subgap resistance. Further-
more, electric contact between M2b and M3 might be prevented for small junctions.
Consequently, new etching parameters should be found, which result in cleaner etch-
ing with a lower rate.
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4.2 Optimization of Standard Photolithography Process

In this section, the conclusions attained in the precedent analysis shall be used to improve
the standard photolithography process, in order to get a high junction quality for samples
down to sizes of 5 um. Such junctions can be used for many applications, such as RSFQ [2],
voltage standards [3, 4], digital-to-analogue converters [7] and SQUIDs [8]. Furthermore,
such a technology can be used to perform quantum experiments on long junctions with one
dimension larger than the Josephson penetration depth Ay, defined in (2.13). One example
for this is the investigation of the dynamics of fluxons or fractional fluxons, which was
carried out in the Studienarbeit and Diplomarbeit of Max Meckbach within the frame of
this thesis. Details about the physics behind these experiments and the special technological
requirements as well as interesting measurement results can be found in [Mec08, Mec(09].
Detailed parameters of all discussed processing steps can be found in Appendix B.2.

4.2.1 Trilayer Deposition

First, the thickness of the M2a Nb layer was reduced from 200 nm to 100 nm. This is
sufficiently larger than the London penetration depth A; = 87 nm, which is required for
high gap voltages (see section 3.1.1). The fact that a gap voltage of Vyap = 2.95 mV was
reached for a Nb film thickness of 100 nm in [49] shows that such a Nb thickness can indeed
lead to good results.

Working Point for Minimal Nb Film Stress

As discussed above, stress-free Nb films should lead to an increased subgap resistance [51]
and to a high gap voltage [48]. Consequently, the working point for minimal film stress was
determined.

As the main parameter influencing the stress is the Ar working pressure pa during sput-
tering [51], the latter was varied systematically and the film stress was evaluated. First, this
was done by simply sputtering Nb films onto photoresist, so that the films could relax on
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Figure 4.3: a) Nb film sputtered with ps, = 3.25 mTorr on photoresist. b) Nb film sputtered with
par = 13.3 mTorr on photoresist. ¢) Nb film stress as a function of the Ar sputtering
pressure.
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4.2 Optimization of Standard Photolithography Process

the soft underground. In this way, the compressive stress can be seen as wrinkles in the film
(see Figure 4.3a) while tensile stress leads to cracks in the film (see Figure 4.3b). With this
method, minimal film stress seemed to be obtained for Ar pressures around 9 — 10 mTorr.

However, the growth mechanisms of films vary with their substrates, so that these re-
sults cannot be directly transferred to Josephson junctions fabricated on oxidized silicon.
Consequently, Nb films with thicknesses dr ~ 200 nm were sputtered on 2-inch oxidized
silicon wafers. In order to obtain comparable film thicknesses, the deposition rate rgep, Was
determined for each Ar pressure. The profile of each wafer was measured on a scan length
Lgcan = 47 mm along the same line before and after film deposition using a DEKTAK pro-
filometer. For four out of five wafers, the difference of the two profilometer curves gave
clear parabolas, so that the bending K of the wafers could be read from the data (see Ta-
ble 4.2). Using the Pythagorean theorem, this bending could be transformed into the radius
of curvature R,y according to:

L2 K
Rcurv - SS;?I + 5 (4-1)

Knowing the radius of curvature of the wafer and several material parameters, the stress
o in the Nb film can be calculated using [70]

6=—— . X .5 (4.2)

Here, d; = 300 um is the thickness, Ey = 169 GPa Young’s modulus and v = 0.279 the
Poisson number of the silicon substrate. The Nb film stress as a function of the Ar pressure
can be found in Table 4.2 and Figure 4.3c. The observed non-monotonous dependence is
typical for sputtering processes and very similar to the one found in [51]. The measurement
point at pa, = 8.1 mTorr, where no clear parabola could be observed, was omitted and
the rest of the data was used to determine a stress-free working point at pa, = 7.2 mTorr
by a cubic fit (which does not represent any known physical law but nicely reproduces
the dependence observed in [51]). This value varies significantly from the one of pa, =
5.5 mTorr used before the start of this thesis, so that it can indeed be assumed that stress in
the films was present and led to a reduced junction quality.

Table 4.2: Measured bending of silicon wafers under Nb film stress and deposition rates for different
Ar working pressures. These values were used to calculate the Nb film stress according
to (4.2). The numbers in brackets are considered to be unreliable, since no clear parabola
was found in the wafer profile.

| par [mTorr] | K [um] | raep [nm/s] | dp [nm] | Reury [m] | o [GPa] |

33 13.03 0.75 181 21.2 -0.92
5.7 8.94 0.76 191 30.9 -0.60
8.1 1.7 0.77 185 (162.4) | (-0.12)
10.1 | -16.16 0.80 192 -17.1 1.07
12.65 -8.25 0.83 191 -33.5 0.55
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Figure 4.4: Critical current density j. versus oxygen exposure (Poxyfoxy). The observed dependence
is close to those found in literature (see text).

Formation of Tunneling Barrier

In section 4.1.1, the importance of a precise definition of the Al thickness for the junc-
tion quality was discussed. Hence, the Al sputtering rate was determined carefully to be
0.35 nm/s. Consequently, the Al sputtering time was increased from 15 s to 20 s, which
should increase the Al thickness from 5 nm to the optimal value of 7 nm.

The oxidation of aluminum is carried out in the load lock of the UTS 500 vacuum system
in a pure oxygen atmosphere at room temperature. Before the wafer is brought into the
load lock, the latter is rinsed three times with oxygen. The oxidation usually takes place
for #oxy = 30 min, but for high critical current densities > 2 kA/cm?, foxy can be reduced to
lower values, e.g. 10 min. The critical current density is controlled by the oxygen pressure
Poxy during oxidation and should depend on the oxygen exposure poxy - foxy like [71]

Je o< (poxytoxy)_K- 4.3)

This dependence can be seen in Figure 4.4. The exponent kK = —0.40 found by a fit accord-
ing to (4.3) is very close to the value of Kk = —0.38 found in [71]. Furthermore, Figure 4.4
shows that we can control the critical current density between 50 A/cm? and 3 kA/cm?.

In the past, the gas inlet and the setting of the oxidation pressure was carried out by hand
using manual valves. However, the oxidation conditions should be reproducible and the
desired poxy value should be reached as precisely as possible. Consequently, the oxidation
procedure was automatized, so that now the user can simply set the desired pressure. Then,
a micro-controller calculates the required valve opening times and gas flow settings and
opens an electromagnetic valve. Details about this system and this procedure can be found
in the Studienarbeit of Jochen Antes [Ant09].

4.2.2 Reactive-lon-Etching

The reactive-ion-etching (RIE) process at the IMS is based on tetrafluoromethane CF4
and oxygen O,. Before the start of this thesis, etching was carried out at a CF4 flow of
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4.2 Optimization of Standard Photolithography Process

F1 =29 sccm, an O, flow of F, = 5.9 sccm, a pressure of p = 260 mTorr and a power of
P =100 W. These parameters resulted in an etching rate of around 560 nm/min and the
occurrence of resist residue on the chip. Additionally, the resist remaining on the protected
structures after etching was very hard to clean off. This phenomenon is often explained with
the formation of polytetrafluoroethylene (PTFE). For more precise and cleaner etching, pa-
rameters with a slower Nb etching rate and a non-negligible resist etching rate needed to be
found. Furthermore, etching with the new parameters should be reproducible and spatially
homogeneous.

Since it is very hard to model plasma processes like RIE analytically, the etching prop-
erties at a certain set of parameters cannot simply be extrapolated from the properties at
another set of parameters. Consequently, the parameter space has to be searched experi-
mentally for a working point with the required etching properties. In this thesis, this search
was carried out using the response surface methodology (RSM). This method as well as the
detailed experimental parameters are discussed in Appendix C and in the Studienarbeit of
Maher Rezem [Rez11].

Finally, this modeling procedure allowed to chose the following parameter set for all
RIE processes in Josephson junction fabrication: CF4 flow of F; = 49 sccm, O; flow of
F, =21 scem, pressure of p =200 mTorr and a power of P = 100 W. For these parameters,
moderate etching rates re np = 88 nm/min (for Nb) and re res = 81 nm/min (for photoresist)
were obtained. Optical investigation with a microscope showed very clean chip surfaces
and also the resist on the remaining Nb structures was easy to clean off. Furthermore, a
high spatial uniformity of the Nb etching rate was observed, as can be seen in Figure 4.5.

For more detailed information about the chosen etching process, time-resolved measure-
ments of the etching rate were carried out. It was found that actual etching only started after
a dead time 7y and then continued more or less proportional to elapsed time ¢ — fy. If the
etching plasma was operated for at least 3 min in the chamber before the chips were brought
in (preconditioning), 7o decreased significantly. Furthermore, the etching depth was much
more linear with time for preconditioning with an empty chamber (see Figure 4.5) than
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Figure 4.5: Nb etching depth versus time. Preconditioning was carried out for 3 min without Nb in
the chamber.
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for preconditioning with a large Nb block in it. Figure 4.5 also shows the average and the
maximal etching depth on a chip. The fact that these two points differ only slightly shows
the high spatial uniformity of the etching process.

4.2.3 Anodic Oxidation

Anodic oxidation is an important step in Josephson junction fabrication, as an insulating
layer of Nb,Os is formed directly out of the bottom Nb electrode and thereby provides ideal
coverage. This is especially important at the edges of the M2a layer, since the SiO might
not provide ideal insulation there. Consequently, anodic oxidation helps avoiding shortcuts,
lowering subgap currents and increasing the yield. For the calculation of capacitance values,
it is important to know the permittivity of Nb,Os. Values given in literature vary between
& =29 and & = 40. In various different experiments performed in this thesis, a value of
& ~ 33 was found for the Nb,Os layers fabricated at the IMS.

In the fabrication process employed before the start of this thesis, parts of the M2a edges
were not oxidized (see Figure 4.1). In order to change this, the order of the processing steps
was changed. Now, the M2a is patterned first and only then the junctions J are defined and
the anodic oxidation is carried out (see Figure 4.7). This makes the fabrication of isolated
structures (such as a phase qubit, which is a stand-alone Nb ring) more laborious: In chip
design, these structures have to be connected to the rest of the circuit by Nb bridges in
order to ensure that they are also anodized. These bridges must be removed at the end of
the fabrication, which implies an additional processing step. However, due to the expected
higher junction quality, this consequence was accepted.

The anodization process is carried out in an aqueous solution of (NH4)B50g and CoHgO»
at room temperature. Per applied volt, 0.88 nm Nb are turned into 2.3 nm Nb,Os. The
current /ao in the electrolyte during the rise of the voltage V was limited in order to obtain
a slow Nb,Os growth. Once the set voltage level is reached, Iao decreases exponentially.
Anodization is stopped after a certain time t,.

One problem in the use of anodic oxidation is the fact that Nb,Os tends to creep under
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Figure 4.6: a) SEM picture illustrating how Nb,Os (dark), created during anodic oxidation, has
crept under the resist, forming an insulating fringe and leaving a reduced Nb (light
grainy) surface. b) Dependence of the encroachment on the anodisation time 7, for
different voltages.
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the resist which is supposed to protect the Josephson junction surface (see Figure 4.6a).
This is usually referred to as encroachment [72, 73]. For small junctions with sizes in
the um range, a closed Nb,Os layer can form and hence turn them defective. For very
small junctions, this problem can only be solved by the use of a hard mask, which will
be discussed in section 4.3. However, problems can already occur for Josephson junctions
with sizes > 5 x 5 um? defined by photolithography. We found it necessary to harden the
photoresist AZ 5214 E, which is used in our fabrication, by baking it for several minutes at
120 °C after development and directly before RIE. This ensured good adhesion and minimal
encroachment during the following anodization.

In order to determine the dependence of the encroachment D on the anodization parame-
ters, we varied the latter and examined the samples under the scanning electron microscope
(SEM). The proportionalities D o< V and D o< Int, were found (see Figure 4.6b). On test
Josephson junctions, it was found that the junction quality did not improve anymore after
a certain anodization time. Hence, it seems that the end of the exponential tail of /50 only
comes from the fact that NbyOs creeps further under the resist. Consequently, the anodic
oxidation was usually stopped after z;, = 6 min in Josephson junction fabrication.

4.2.4 Overview of the New Technological Process

A schematic overview of the newly developed process can be seen in Figure 4.7. The
changes made with respect to the old fabrication process described in section 4.1 are given
in the following list:

* The thickness of the M2a layer has been changed to 100 nm.

* A working point for minimal Nb film stress has been found.

The thickness of the Al layer has been corrected to 7 nm.

The bottom electrode is now patterned before the junction, so that all M2a sidewalls
are anodically oxidized.

New etching parameters for slow, clean and uniform RIE have been determined using
response surface methodology.

a) b) c)
Junction (J)
bezO5
substrate substrate substrate
d) e)

k

substrate substrate
Figure 4.7: Schematic overview of the new Josephson junction fabrication process: a) As-deposited

trilayer b) After patterning of bottom electrode c) After junction definition and anodic
oxidation d) With deposited SiO insulation layer e) Final structure with wiring layer.
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* Post-baking of the photoresist before the anodic oxidation has been introduced to
avoid encroachment of the Nb,Os under the resist as much as possible.

* The deposition of the M3 wiring layer has been transferred to the Univex 450 vacuum
system, which will be discussed in detail in section 4.3.3.

4.3 Development of a new Process for sub-um to pm-size
Junctions

Since the junction sizes which are required for the quantum experiments performed in this
thesis are smaller than 5 x 5 um?, they could not be fabricated using the standard pho-
tolithography process discussed in section 4.2. Instead, a new fabrication process needed to
be developed for junctions in the sub-um to um range. Such small Josephson junctions are
also required or advantageous for many applications such as high-speed superconducting
digital circuits, programmable voltage standards, SQUIDS, mm-wave receivers and sub-
millimeter wave mixers.

Considering the multitude of possible applications, it is not surprising that several fabri-
cation techniques for sub-um to um-size junctions have been developed by various research
groups over the years. While a precise and reproducible definition of the junction size is
routinely performed with the help of electron-beam lithography, the application of anodic
oxidation in such processes remains a challenge. This is due to the fact that the Nb,O5 layer
formed during the anodic oxidation creeps under the resist mask protecting the top electrode
of the junction (see Figure 4.6). Even for a plasma hardened resist and an anodization volt-
age of 20 V, a significant encroachment was still observed [72]. Some groups solve this
problem by simply omitting the anodic oxidation or performing it at very low voltages be-
low 10 V [74-77]. Since for the quantum measurements performed in this thesis, very
low subgap leakage and hence sufficiently thick Nb,Os insulation layers are needed, this
was not an option. Other research groups have replaced the resist mask with an insulating
hard mask such as SiO or SiO; [73,78-81], which entirely eliminates the encroachment.
These hard masks have to be removed by an additional process step, either by reactive ion
etching (RIE) through the insulator right above the Josephson junction or by chemical me-
chanical polishing (CMP). However, it has been found that plasma processes [82] as well as
CMP [83] can damage the Josephson junctions. Furthermore, it is being discussed that such
processes might degrade the Nb surfaces and lead to the formation of spurious two-level
systems (TLS), which limit the coherence times in superconducting phase qubits [23, 84].
Consequently, a novel method using an aluminum hard mask, which can be removed by a
fast wet etching process with KOH, was developed in this thesis. The wet etching does not
alter the Nb surfaces and should not damage the Josephson junctions.

In general, the fabrication process for sub-um to um-size Josephson junctions is still
performed as shown in Figure 4.7 and discussed in section 4.2. However, three steps of the
standard photolithography process are modified:

* The Josephson junctions are patterned with the help of electron-beam lithography
and an Al hard mask (see section 4.3.1).

* The SiO insulating layer is defined by electron-beam lithography and lift-off (see
section 4.3.2).
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* An in-situ pre-cleaning is performed before the deposition of the M3 wiring layer
(see section 4.3.3).

4.3.1 Definition of Josephson Junctions

At first, it was tried to use the negative e-beam resists AR-N 7500 and AR-N 7520 for
the definition of the Josephson junctions. But analogous to the usage of photoresist and the
findings reported in literature (see above), a Nb,Os5 encroachment under the resist of at least
2 500 nm was found (see Figure 4.8a). Consequently, no electrical contact from the wiring
M3 to the bottom electrode M2b was possible for smaller junctions. In fact, the smallest
junction which could be fabricated in this way had a diameter of d = 1.35 um; but already
for such sizes an electrical contact was not reached reliably. Furthermore, patterning with
the negative e-beam resist was not very reproducible. The obtained junction size varied
from process to process and had to be measured by SEM each time. For applications which
require the precise definition of junctions of a certain size, patterning with e-beam resist
was not an option even for larger junction sizes with diameters around 3 um. An example
of different obtained junction sizes for a design value of 3 um can be found in Table 8.1.

In order to avoid encroachment, facilitate the fabrication of sub-um junctions and obtain
a high process-to-process reproducibility, we developed a hard mask technique similar to
the ones used in literature (see above). However, we wanted to avoid any further processes
which might damage the junctions or alter the Nb surfaces such as plasma etching or CMP.
Hence, insulators like SiO or SiO, were ruled out as hard mask material. To find an alter-
native, we searched for a metal that could be anodized, so that it would not act as a shortcut
for the anodization current, and that could be removed selectively by a clean wet etching
process. Since aluminum fulfills all of these criteria, it was chosen as the hard mask ma-
terial. The mask is created by employing positive e-beam lithography with a 235 nm thick
resist and carefully chosen e-beam parameters (for more details see Table B.2). Afterwards,
50 nm of Al are DC magnetron sputtered in the UTS 500 vacuum system and subsequently
lifted off.

Figure 4.8: a) Micrograph of Josephson junctions patterned with negative e-beam resist. A rim with
~ 500 nm width without Nb grains can be seen, which is due to encroachment. Further-
more, residue of the negative e-beam resist can be seen (dark areas). b) Micrograph of
Josephson junctions patterned with an Al hard mask. No encroachment is observed and
the Nb grains can bee seen up to the edge of the junction.
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This Al mask is then used for patterning of the junctions, which begins with etching
the top electrode of the trilayer by RIE. Since aluminum is not etched here, both the AlO,
tunneling barrier and the Al mask act as ideal etch stoppers. Now, the Nb,Os layer is
formed by anodic oxidation as described in section 4.2.3. Per applied volt, 0.88 nm Nb are
turned into 2.3 nm Nb,Os and 0.9 nm Al are turned into 1.3 nm AlO, [85], so that for a
typical anodization voltage of 25 V, only half of the Al hard mask thickness is oxidized and
the underlying Nb is protected. The hard mask is removed by wet etching with KOH, which
does not alter the Nb surface and should not damage the Josephson junctions. Furthermore,
the junction size defined with the optimal lithography parameters was measured with SEM,
found to be identical to the design value and did not vary from process to process anymore
(this can also be seen in Figure 5.9).

4.3.2 Formation of SiO Vias

In the Josephson junction fabrication process, a dielectric layer is needed to insulate the
bottom M2a electrode from the M3 wiring layer and realize overlay capacitors. The ma-
terial chosen for this insulating layer should fulfill several requirements. First, it should
exhibit good insulation properties, i.e. a low density of defects and pinholes as well as a
good coverage of the underlying Nb edges. Second, it should be possible to deposit it at
rather low temperatures, since this layer is patterned by a lift-off process. This is especially
important for the sensitive e-beam resist used in the fabrication of sub-um junctions. Ad-
ditionally, many Josephson junction based applications require low dielectric losses in the
circuits. For superconducting phase qubits, which were fabricated within this thesis, high
losses can even prevent their general operability (a more detailed discussion of dielectric
losses can be found in chapter 6 while a discussion of decoherence mechanisms in phase
qubits is given in chapter 9).

At the IMS, two systems for the formation of insulating layers were available at the
time of this thesis: A thermal evaporation system for SiO and an RF sputtering system for
Si0O,. Both materials were investigated considering their usability for Josephson junction
fabrication. It was found that a clean lift-off of SiO, layers was only possible for low
working pressures during sputtering. However, this parameter regime exhibited very high
dielectric losses [86]. But even in a systematic investigation of different working pressures

Figure 4.9: Micrograph of SiO vias in top view (a) and diagonal perspective (b).
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and combinations of various process gases, the dielectric losses in the RF sputtered SiO;
were always larger than in the thermally evaporated SiO (this is discussed in more detail
in section 6.5.1). Consequently, SiO was chosen for Josephson junction fabrication. The
literature value of the permittivity of SiO is & = 5.7, which was confirmed for samples
fabricated at the IMS. This means that the material deposited by thermal evaporation in the
high vacuum chamber is probably indeed SiO and not some undefined silicon oxide SiO,.

In order to avoid leakage currents at the edges of the Josephson junction, the SiO via on
top should always be a few hundred nanometers smaller than the junction itself. This means
that vias for sub-pum junctions need to have a diameter of 400 to 500 nm or even smaller.
Since the resist should be thicker than the SiO layer (typically 250 to 300 nm) to facilitate
a reliable lift-off, the aspect ratios of the resist islands on top of the junctions reach values
as small as ~ 1. These resist islands must be defined by e-beam lithography and have to
be stable under SiO evaporation until the lift-off has been successfully performed. For this
technological challenge, two main ingredients have been found to be crucial.

First, a suitable resist thickness has to be found and the e-beam lithography parameters
have to be optimized carefully. We obtained the best results with a resist of 465 nm thick-
ness; the detailed e-beam parameters can be found in Table B.2. Second, we found that an
increase of the sample temperature during thermal evaporation does not permit the fabrica-
tion of small vias. In order to monitor the sample temperature, a thermocouple was glued
onto the sample holder with silver conductive paint. Although the sample holder was water-
cooled, temperatures beyond 40 °C were observed during evaporation. As a first remedy, a
radiation shield was installed between the crucible and the sample holder, which decreased
the maximal temperature slightly. However, the main impact was reached by cleaning the
cooling water loop and changing its design. Before, it cooled the oscillating crystal (used
for in-situ film thickness measurements), the crucible electrodes and the sample holder in
series. This was changed to parallel cooling of all the above components, which reduced
the maximally observed temperature during evaporation to ~ 23 °C. The evaporation of
SiO took place at pressures of < 10~ mbar and deposition rates of around 40 nm/min.

As can be seen in Figure 4.9, vias with diameters as small as ~ 140 nm could be fab-
ricated. However, this processing step remains the only one which still limits the yield of
the process for sub-um to pm-size junctions due to incomplete lift-off. In the fabrication of
16 Josephson junction chains containing 20 junctions each (see also section 5.4.3), it was
found that in average, two vias were not lifted off per chain. This is equivalent to a yield of
18/20 = 90 %. Furthermore, one junction with a not lifted-off via prevents measurement
of the entire chain. We found that 3 out of 16 chains were working, which corresponds to a
yield of (3/16)!/20 = 92 %. These values are not sufficient for using this process for RSFQ
or voltage-standard applications involving thousands of junctions. But for the fabrication
of samples for quantum experiments as performed in this thesis, such a yield is largely suf-
ficient. The chains contained junctions with diameters of 1, 2 and 4 pm. It can be assumed
that for ultra-small vias with diameters below 500 nm, the yield is somewhat lower. A pos-
sibility to increase the yield of the SiO via lift-off might be to employ more sophisticated
e-beam resists, such as the double-layer resists routinely used in the Al shadow evaporation
technique.
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4.3.3 Deposition of Wiring Layer

Just as in the standard junction fabrication process described in section 4.2, the wiring layer
M3 is also defined by negative photolithography for the sub-um to um-size junctions. At
fist, the Nb deposition was also carried out by DC magnetron sputtering in the main cham-
ber of the UTS 500 system with the standard RF Ar plasma pre-cleaning in the load lock of
the system. However, it was found that no electrical contact between the M3 and the M2b
layers could be reached through the small vias required for sub-um Josephson junctions.
Consequently, the M3 deposition was transferred to the Univex 450 vacuum system, where
an ion gun was available for in-situ pre-cleaning. A systematic study with different pre-
cleaning parameters showed that a reliable electrical contact could already be reached for
low-energy Ar ions at a beam voltage of 100 V and a beam current of 10 mA. Pre-cleaning
at a beam voltage of 300 V and a beam current of 30 mA also led to a good electrical contact,
but resulted in Josephson junctions which mostly had increased subgap leakage currents,
excess currents or were even defective. This can be attributed to the higher energies of the
Ar ions, which probably penetrated the M2a electrode and created pinholes in the tunneling
oxide. Consequently, the pre-cleaning parameters of lower energy were chosen for Joseph-
son junction processing. Since no decrease in junction quality was observed, this process
was also taken over for the M3 deposition of standard photolithography junctions.

42



5 Characterization of Junction Quality

The fabrication processes that have been developed and discussed in chapter 4 were used to
fabricate Josephson junctions of various sizes and critical current densities. In this chapter,
the quality parameters discussed in chapter 3 are employed to evaluate their quality. Since a
new measurement system had to be set up in order to be able to characterize the Josephson
junctions, this is discussed in some detail first. After that, the quality of the Nb films used
in the trilayers is evaluated. Thereafter, Josephson junctions fabricated with the optimized
standard photolithography process are characterized. Finally, the quality of the sub-pm
to um-size junctions fabricated with the newly developed fabrication process discussed in
section 4.3 is determined.

5.1 New Measurement Setup at the IMS

Before the start of this thesis, the measurement system used for Josephson junction charac-
terization did not allow measurements of reasonable quality. For underdamped junctions,
the critical currents I. were strongly suppressed and the obtained Fraunhofer modulations
were very noisy, even for rather large /. values of a few hundred pA. It was concluded that
this was due to insufficient filtering and shielding. Consequently, a new measurement setup
was built, including a new PC, a new data acquisition (DAQ) card, a new dipstick including

screening box (incl. He dewar)

LC-Filter with

screening box Cryoperm shield C=22nF
AMAAMAA————— Optional
T ==qA filter board
= R=220Q
A C,=47nF
==A'A'A T WA R,=200Q
T=42K GmaTur
qm-q\_l R=4700Q
Cu coil G =2, 100, 1000

|||—1

Figure 5.1: Measurement setup for Josephson junction characterization at the IMS. Inside the Cry-
operm shield, a copper coil with about 9200 windings can create a magnetic field
through the junctions. The resistors Rz only serve to stabilize the amplifiers. The switch
can be used to isolate the junction from the measurement system, in order to save it from
potential voltage pulses due to the plugging of cables.
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Figure 5.2: Observed critical currents with and without additional filtering stage for Josephson junc-

tions with j. = 3 kA/cm?. A clear improvement can be seen when filtering at 7 = 4.2 K
is added.

built-in amplifiers and filters, a new magnetic shield and new magnet coils. An overview of
the new setup can be seen in Figure 5.1.

As DAQ card, the model PCI-6052E from National Instruments was chosen. It contains
digital-to-analogue converters (DAC) and analogue-to-digital converters (ADC) with a res-
olution of 16 bit and has a maximal sampling rate of 333 kS/s. The software GoldExi'
running on the PC controls the DAC output voltage up to 10 V, which is converted into a
current by an analogue transconductance amplifier with amplifications 1072 A/V, 1073 A/V,
10~* A/V and 10~> A/V. This current is fed through the room temperature filtering stages
depicted in Figure 5.1. Even with this new setup, we found that the critical currents were
still lower than expected. However, by employing an additional filtering stage at T = 4.2 K,
the expected I values could be reached. The significant increase in critical current (of about
a factor of 1.2) due to the supplementary filtering stage can be seen in Figure 5.2. The rea-
son for this is that without the additional stage, the noise created by the current source
and the filtering resistors at room temperature directly influences the Josephson junctions.
With added low-temperature filtering, this noise is dissipated by the resistors at 7 = 4.2 K.
Instead, the junctions are only influenced by the noise created by the filtering resistors at
T = 4.2 K. The bandwidth of the current path can be estimated as f = 1/(27RxCy) with
Ry and Cy, being the sum of all resistances and capacitances, respectively. This results in
f =150 Hz, so that all radio frequency signals and even parasitic signals coming from mains
electricity should be filtered. This bandwidth also results in a reasonable measurement
speed. However, for high resistive samples with R > 1 kQ, the bandwidth is reduced to
below f = 10 Hz, which requires relatively slow measurements.

The voltage over the sample is also RC filtered and then amplified by an instrumentation
amplifier. The latter is built into the dipstick and its gain can be adjusted to G = 2, 100
and 1000. Its design was taken over from the one used in the dipstick of the Messknecht
system at the IMS. Finally, the voltage is fed to the analogue-to-digital converter of the data
acquisition card and recorded by the GoldExi software.

'GoldExi is a software developed by Edward Goldobin from the Universitit Tiibingen. More information
can be found at http://www.reocities.com/goldexi/.
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In order to measure I.(®) modulations, we made a copper coil with about 9200 windings
at the Institut fiir Technische Physik (ITEP). The current through this coil is also controlled
by the GoldExi software, a second DAC and a second transconductance amplifier.

5.2 Results for Nb films

Before using the Nb films deposited in the UTS 500 vacuum system for actual Josephson
junction trilayers, their film quality was evaluated. For this, the films were sputtered on
oxidized silicon with the parameters for minimal film stress found in section 4.2.1. One
common measure for the film quality is the critical temperature 7. Although Nb cannot be
described in the weak-coupling limit (see section 3.1.1), the critical temperature is still pro-
portional to 2A(0) and hence a good measure of film quality. The second common measure
for Nb film quality is the residual resistance ratio (RRR). The latter gives information about
the purity of the films.
According to Matthiessen’s Rule, the resistivity in a metal is given by

p(T) = po+pen(T), (5.1

where py is the resistivity due to electron scattering on crystal defects and pp,(T') the re-
sistivity due to electron scattering on phonons. Since phonons are completely frozen out at
T = 10 K, the residual resistance ratio

R(300K) _ ppy

RRR=——"++~
R(10K)  po

(5.2)

gives a measure for the defect density in a metal. The higher the RRR value, the fewer
defects contribute to electron scattering.

The Nb films were characterized in the Messknecht measurement system at the IMS.
For a 250 nm thick film, a RRR value of 4.1 and a transition temperature of 7. = 9.2 K

500

400 F

300

Resistance [Q]

200 F
d =100 nm
B=20um
100 F L=4mm
RRR = 3.1
|
o
0 50 100 150 200 250 300

Temperature [K]

Figure 5.3: RRR measurement on a 100 nm thick Nb film deposited with the parameters for minimal
film stress discussed in section 4.2.1.
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Figure 5.4: Coherence length determined by (5.3) versus temperature for a 100 nm thin Nb film
deposited with parameters for minimal stress in the UTS 500. This film was deposited
without RF pre-cleaning. The blue line was obtained by a fit with (2.6), giving T, =
9.11 Kand y/&y¢ =15.1 nm.

were obtained. On films with the same thickness as actually used for the Josephson junc-
tion trilayers (100 nm), a RRR value of 3.1 and a critical temperature of 7; = 9.2 K
were observed (see Figure 5.3). From the geometry of a 100 nm thick Nb bridge (length
of 4 mm, width of 20 um), the resistivity was calculated to be pg = 8.5- 108 Qm and
p(300K) =2.6- 1077 Qm. These values confirm the expected high quality for stress-free
Nb thin films. Furthermore, the Nb films showed excellent microwave properties and were
used for the fabrication of resonators with high quality factors [87, 88].

Furthermore, the coherence length in the Nb films was determined. This is especially
important for Josephson junctions realized as weak links [89], such as Dayem bridges [25,
89], where the bridge dimensions have to be smaller or in the range of the Ginzburg-Landau
coherence length &(T). More details about Dayem bridges and their possible applications
in nanoSQUIDs can be found in the Studienarbeiten of Max Bauer [BaulO] and Michael
Merker [Mer10]. In the context of Nb/Al-AlO,/Nb Josephson junctions, the coherence
length is simply taken as a measure of the Nb film quality. Hence, &(T') was determined
for 100 nm thin Nb films sputtered in the UTS 500 vacuum system, just as they are used in
Josephson junction fabrication. This was done by measuring the second critical magnetic
field B> and using the relation [24]

3
E(T) =/ 27r1;c2 - (5.3)

These measurements were carried out in the pulse tube cooler at the IMS. The results for
a 100 nm thick Nb film can be seen in Figure 5.4. At T =4.2 K, a value of (7)) = 17.8 nm
was obtained, which is a rather large coherence length for Nb deposited without heating
of the substrate. More details about coherence length measurements can be found in the
Studienarbeit of Michael Merker [Mer10].
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5.3 Results for Standard Junctions

Josephson junctions which were fabricated with the optimized photolithography process
described in section 4.2 were characterized at T = 4.2 K in the newly built measurement
system (see section 5.1). The quality parameters extracted from the /V characteristics indi-
cate a very high quality, as will be discussed in detail in the following. An exemplary IV
curve can be seen in Figure 5.5.

The high quality of the Nb trilayer electrodes (M2a and M2b), which was found in sec-
tion 5.2, is also confirmed by the observed high gap voltages in the current-voltage charac-
teristics of our Josephson junctions. They are typically above Vg, > 2.8 mV and go up to
Veap = 2.95 mV [Mec09], which corresponds to the theoretically expected value calculated
in (3.3).

The I. RN products are typically higher than 1.7 mV and reach values as high as 1.88 mV.
Since we practically never observe excess currents in our junctions, the high IRy products
show that we have strong Cooper pair tunneling close to the expected Ambegaokar-Baratoff
behavior. This is a clear increase in /[.RN compared to the junctions fabricated before the
beginning of this thesis (see section 4.1 and Table 4.1). Although we observed slightly
higher gap voltages than before and the superconducting gap 2A(T) enters the I.RN product
according to (3.4), this cannot explain the observed increase. Instead, we attribute the rise
in IRy to the change of Al thickness in the trilayer from 5 to 7 nm, which should smoothen
the surface of the underlying Nb and hence lead to a more homogeneous tunneling barrier
(for details see section 4.1.1).

Furthermore, the Josephson junctions exhibit very low leakage currents. This is shown
by the measured Ry, /Ry ratios, which are typically above 20 and not seldom reach higher
values up to 40. This means that the characteristic voltages Vi, = IR, are typically larger
than 40 mV and go up to around 80 mV (see Figure 5.5). Hence, all subgap quality pa-
rameters are clearly increased compared to before the start of this thesis (see Table 4.1).
We attribute this to the process improvements discussed in detail in chapter 4, in particular
to the fact that the M2a sidewalls are now also anodically oxidized and to the reduction of

stress in the Nb films.
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Figure 5.5: IV curve of a 20 x 20 um? Josephson junction with a critical current density of j. =
190 A/cm?, measured at 4.2 Kelvin.
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Figure 5.6: I.(®) modulation of a 10 x 10 um? Josephson junction with a critical current density of
Jje =700 A/cm?2, measured at 4.2 Kelvin.

We also measured I.(®) modulations and compared them to the expected behavior dis-
cussed in section 3.2. An example for a junction of area 10 x 10 um? is shown in Figure 5.6.
It can be seen that the measured curve is in perfect agreement with the theoretically expected
Fraunhofer pattern (3.13). This shows that the critical current in our junctions is distributed
absolutely homogeneously, which is only possible for a spatially homogeneous tunneling
barrier.

Since Josephson junctions smaller than 10 x 10 um? could not be fabricated successfully
at all with the old fabrication process (see Table 4.1), we also looked if we could now
fabricate 5 x 5 um? junctions of good quality. An IV curve of such a junction can be seen in
Figure 5.7. At the gap voltage, a negative differential resistance is observed, which can be
attributed to local self-heating of the junctions for higher bias currents. This is rather due

2rly -281mv /
IR, =1.86mV
11| R /R =229 -
< ||v -426mv
S
= o} .
c
o
5
or I
-2 -/ -
4 3 2 1 0 1 2 3 4
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Figure 5.7: IV curve of a 5 x 5 um? Josephson junction with a critical current density of j. =
4.35kA/cm?, measured at 4.2 Kelvin. The negative differential resistance at the gap
voltage can be attributed to self-heating at higher current bias.
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to the high critical current density j. = 4.35kA/cm? than to the junction size. Apart from
this effect, all quality parameters are in the range discussed above. We see that we can now
fabricate 5 x 5 um? Josephson junctions without any significant decrease in quality.

5.3.1 Determination of /. spread and yield

So far, the quality of single Josephson junctions has been discussed. In order to obtain
information about properties of the fabrication process important for scaling, such as yield
and parameter spread, we fabricated chains of Josephson junctions. The sample which
will be discussed here contained 24 chains, of which one could not be measured due to
problems with the measurement system. The chains consisted of 100 or 101 Josephson
junctions each, which had either a size of 7 x 7 um? or 10 x 10 um?. Altogether, 15 chains
containing a total of 1508 10 x 10 um? Josephson junctions and 8 chains containing a total
of 803 7 x 7 um? junctions were characterized.

The IV curve of a chain consisting of 101 7 x 7 um? junctions can be seen in Figure 5.8a.
At first sight, it looks like the IV curve of a single junction, but actually consists of 101
single voltage jumps of amplitude Vg,p, so that a total voltage of 101 - Vg, is reached at the
vertical current rise. The individual voltage jumps occur at the 101 different /; values of the
single junctions. This means that statistics about the individual 1. and Vg, values can be
obtained from such a measurement. However, the analysis is quite subtle, since for several
junctions having the same I, jumps of multiples of Vy,, can occur, which must then be
attributed to a certain number of junctions. This can be difficult, since the individual Vg,
values are unknown. Here, the IV curves were automatically analyzed by a Matlab? script
which was carefully optimized until reliable results were reached.

In the IV curve shown in Figure 5.8a, nearly all junctions have very similar /. values,

a) —
08 <V, >=278mV
0.6F| IR /101=178 mV b)
04f|R/R, =822 100} —7x7 pm?
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Figure 5.8: a) IV curve of a chain of 101 7 x 7 um? Josephson junctions with a critical current
density of j. =790 A/cm?, measured at 4.2 Kelvin. The inset shows abnormal junctions,
which are typically present in such chains. b) Distribution of critical currents for 1508
10 x 10 um? junctions and 803 7 x 7 um? junctions. The highest I. value of an abnormal
junction was found at 197 % of (I;) in a 10 x 10 chain.

2MathWorks, 3 Apple Hill Drive Natick, MA 01760-2098, USA
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except for two junctions exhibiting significantly higher critical currents. This is a common
problem and it is being discussed that the occurrence of these abnormal junctions has its
origin in plasma processes [82]. Since the focus of this thesis lies on the fabrication of high-
quality quantum circuits containing a rather low number of junctions, this phenomenon
shall not be discussed in detail here. However, it should be mentioned that these abnormal
junctions are not excluded from the following analysis.

Quality parameters were also obtained from the chain measurements. This is important,
as it confirms that the high Josephson junction quality discussed so far is not only obtained
on single, exceptional junctions, but actually for all junctions on a chip. Since the junctions
are all connected in series, a resistance of 101 - Ry is observed in the ohmic regime. The
subgap resistance is evaluated at 101 -2 mV and the I.Ry product is obtained as the mean
of all critical currents (/) times the resistance in the ohmic regime divided by the number
of junctions, in this case 101. It can be seen that the chain in Figure 5.8a has excellent
quality parameters. Here, the Ry, values might be slightly overestimated due to the limited
bandwidth of the measurement system and the high resistance of the chain (see section 5.1).

The analysis described so far was extended to the entire chip, so that 3211 junctions were
analyzed in total. The 7 x 7 chains and the 10 x 10 chains were analyzed separately, and
the results can be seen in Table 5.1. It shows that the quality parameters given previously,
I.RN > 1.7mV, Ry, /Rx > 20, Veap > 2.8 mV and Vi, > 40 mV, are indeed lower boundaries
and easily exceeded in the average of such a large number of junctions.

Furthermore, the table shows that the yield of the optimized process accounts for ~ 99 %.
The missing 1 % of the junctions had either higher critical currents than the maximal mea-
surement current and were hence not observed, or were not recognized by the analysis
algorithm. The distribution of the critical currents can be seen in Figure 5.8b. These his-
tograms look quite similar for 7 x 7 um? and 10 x 10 pm? junctions, except for the little
foot on the left side of the main peak for the 7 x 7 um? Josephson junctions, which might
be due to a less precisely defined junction size. The standard deviation calculated from
all observed junctions accounts for ogey = 7.8 % in both cases. This value is significantly
influenced by the abnormal junctions and is a measure for the entire process including the
plasma processes. In order to get an idea about the j. variation of the trilayer, the standard
deviation without junctions having critical currents above 1.2(I.) was evaluated, which lies
around 5 %. For high- j. fabrication processes, which are optimized for high yield and low
parameter spread, standard deviations as low as 2 % have been reached [90]. However, our

Table 5.1: Analysis of 23 Josephson junction chains on a chip with a critical current density of
je =790 A/cm?.

| 7x7pm? | 10 x 10 pm? |

Yield [%] 98.5 99.3

Standard deviation Ggey [%] 7.8 7.8

Ogdev Without abnormal junctions [%] 5.5 4.9
(Vaap) [mV] 2.80 2.81

(Rsg /RN) 44.9 33.0

(I.RN) [mV] 1.79 1.82

(Vi) [mV] 80.4 60.0
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fabrication process has been optimized for lower critical current densities and for especially
high quality for quantum experiments, so that the attained yields and parameter spreads are
acceptable. They should even make it possible to fabricate larger scale applications with
this process.

5.3.2 Conclusions

In summary, we conclude that all aspects of the standard photolithography process have
been clearly improved in comparison to before the start of this thesis. The obtained quality
is excellent and should allow to carry out the desired quantum experiments. It can be
concluded that the technological changes discussed in chapter 4 were correct and indeed
effective. Especially, the low subgap leakage current can be attributed to the reduced Nb
film stress and the anodic oxidation of the lower electrode sidewalls. The improved I.RN
products might be due to the changed Al thickness as well as the reduced Nb stress.

5.4 Results for sub-um to um-size Junctions

Josephson junctions with sizes in the sub-um to um range were fabricated with the new
technological process described in section 4.3 and characterized at 4.2 Kelvin. For the
entire range of critical current densities shown in Figure 4.4, this Ry, /Ry ratio was typically
larger then 30, which indicates a very high quality. In the following, the further discussion
of junction quality will be carried out on two exemplary critical current density values.
For a trilayer with j. = 660 A/cm?, we systematically varied the JJ size between 0.8
and 20 um? in order to see if the Josephson junction geometries were defined precisely.
Since critical currents I, < 10 pA are strongly suppressed at 7 = 4.2 K due to thermal
noise, the normal resistance was taken as the characteristic junction parameter. Figure 5.9
shows the measured Ry values versus the designed junction areas A. The data were fit by

400
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—Fit R, = p, A with b = -0.98

100
S

Z
x
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Designed JJ area A [pmz]
Figure 5.9: Normal resistance Ry over designed JJ area A for various circular junctions having a

critical current density of j. = 660 A/cm?, measured at 4.2 Kelvin. The fit shows an
excellent agreement with the expected behavior Ry o< 1/A.
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Figure 5.10: I.(®) modulation of sample B3, recorded at 7 = 20 mK. The blue line is the curve that
was obtained as the Fourier transform of the integral critical current density distribution
Y.(x) shown in the inset. The green curve was obtained by a fit with (3.14).

the power law Ry = pg - A”. It was found that b = —0.98, so that an excellent agreement
with the expected behavior Ry o< 1/A was obtained, which shows that the junction sizes
are accurately defined by the Al hard mask process. This was confirmed by occasional
measurements of the JJ size by scanning electron microscopy (SEM). Furthermore, the fit
value of pg; = 279 Qum2 leads to an average value of I.RN = j.ps; = 1.84 mV, showing
the strong Cooper pair tunneling close to the expected Ambegaokar-Baratoff behavior (see
section 3.1.2).

In the scope of the macroscopic quantum tunneling experiments performed at the Institut
fiir Festkorperphysik (IFP) described in chapter 7, four of these samples with diameters
from 1.9 to 3.8 um were characterized at 7 = 20 mK, where the critical current of the
junctions is not suppressed (an exemplary IV curve can be seen in figure 5.13). Here, the
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Figure 5.11: IV curve of a circular junction with an area of 0.5 um? and a critical current density of
je = 3kA/cm?, measured at 4.2 Kelvin.
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gap voltages and the I.RyN products given in Table 5.2 confirm the values obtained at 4.2 K
and show that we have the same high quality as for the photolithography junctions discussed
in section 5.3. We did not observe any excess currents, so that the /. Ry products in the range
of 1.75 —1.93 mV indeed indicate the strong Cooper pair tunneling as already mentioned
above. Rgo /RN ratios or Vj,, values were not evaluated, since they are usually determined
at T = 4.2 K, so that no values for comparison are available. However, it was found that
the Ry, values rose with sinking temperature, as can be expected according to the decrease
in quasiparticle density according to (3.5). Detailed measurements of the subgap regime of
these samples at 7 = 20mK are discussed in sections 5.4.1 and 5.4.2.

The measurements at 7 = 20mK also included I.(®) modulations. In figure 5.10, the
I.(®) curve of sample B3 (for parameters see Table 5.2) is shown. The I.(®) modulation
could not be fitted with appropriate agreement by the Airy function (3.14). Instead, we
found that the I.(®) curve could be reproduced by Fourier transforming the integral critical
current distribution Y. (x) shown in the inset. However, investigation with a scanning elec-
tron microscope (SEM) showed that the shape of the junction was indeed circular (a similar
junction is shown in Figure 4.8b). Hence, the reason for this discrepancy is unclear. If
the current flow through the junction was asymmetrically distributed, the I.(®) modulation
would be asymmetric as well and not go down to zero at all minima. Since this is not the
case, a symmetric critical current density distribution and a high junction quality can be
assumed.

A different trilayer with j. = 3 kA/cm? led to junctions with higher I. values. Although
the critical currents in the range of 10 — 20 pA were still somewhat suppressed at 7 =4.2 K,
a full characterization at this temperature was possible. The recorded gap voltages were all
2.8 mV or higher and the characteristic voltages Vi, = IRy, were all larger than 50 mV. For
Josephson junctions with areas > 1 umz, we observed values V,,, > 60 mV, which can be
attributed to a less suppressed I.. The IV curve of a sample with an area of 0.5 um? can be
seen in Figure 5.11.

Since the Ry /RN ratios were very high for all critical current densities (see above) and
high Vgap, I.RN and Vi, values were found at the exemplary critical current densities j. =
660 A/cm? and j. = 3 kA/cm?, it can be concluded that a very high junction quality is
obtained by the newly developed process.

5.4.1 Behavior Close to Retrapping

Using the four samples having a critical current density of j. = 660 A/cm?, we also investi-
gated the behavior close to retrapping to the zero-voltage state. For this purpose, IV curves
with a voltage bias were recorded at 7 = 20 mK. The measurement scheme used for the
voltage bias setup can be seen in Figure 5.12. For all samples, two major current drops at
voltages Vgap/2 ~ 1.4 mV and Vgap/3 ~ 0.9 mV could be seen (for example in Figures 3.4
and 5.14) and attributed to Andreev reflections (see section 3.1.3). The maximal subgap
resistances Rgg max Were obtained as illustrated in Figure 3.5 and are listed in Table 5.2.
Below Vgap/3, we were able to fit the data by (3.8) as shown by the blue curve in the inset
of Figure 5.13. These fits contain the junction capacitance C, the line impedance Z, the
theoretical critical current Ip and the resistance Rqp seen by the DC quasiparticle current
as parameters. The specific capacitance was recently determined by the measurement of
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Figure 5.12: Setup used for the voltage bias measurements. R} =2.4 kQ, Ry =51 Q, R3 =510 Q,
Ry =1 kQ, C =330 nF, G; = G, = 500. The voltage over the sample is given by
V»/500 while the current through the sample can be determined as I = V; /500/R5.

Fiske steps on a trilayer with an identical critical current density to be ¢ = 55 fF/um? [91].
The theoretical critical current I,y was determined from the MQT measurements discussed
in chapter 7, so that only Rqp and Z, remained as fit parameters.

The fitting results can be found in Table 5.2. The values for Zy correspond well to typ-
ical line impedances of 100 Q. This shows that the employed RCSJ model describes our
junctions accurately and that the different parts of the parallel circuit shown in Figure 2.1
are well-defined. The Rqp values that were determined are of the same order of magnitude,
but systematically higher than the values for Rsg max. Since Rgp describes the dissipation a
DC quasiparticle current in the voltage state and Rgg max 18 supposed to give a measure for
the damping in the zero-voltage state, it is not surprising that the values do not coincide.
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Figure 5.13: The IV curve of sample B3 shows the high quality regarding the I.Ry ratio as well as
low subgap currents. The inset shows a magnification of the subgap branch achieved
by a voltage bias. Below the MAR step at Vy,p/3, the blue line is obtained by a fit with
formula (3.8).
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Table 5.2: Experimentally determined parameters for samples B1-4 at 7 = 20 mK. The theoretical
critical currents /.o were extracted from the MQT measurements described in chapter 7.
Rqp and Z, were determined by fits using (3.8).

Sample | Diameter Vgap I.o | I.RN ng,max RQp Zy
name [um] | [mV] | [WA] | [mV] | [kQ] | [kQ] | [Q]
Bl 1.9 288 19.1 | 1.75 54.0 | 133.6 | 86.4

B2 255 | 288|319 | 1.86 73.0 | 173.3 | 105.8

B3 36| 292 68.1| 1.93 21.1 | 44.0 | 88.1

B4 38| 290 70.8 | 1.91 31.5 | 38.2 | 70.9

5.4.2 Estimation of Decoherence Rate Due to Quasiparticle
Conductance

The same measurement run was used to determine the magnetic field dependence of the
maximal subgap resistance Rsg max. As explained in section 3.1.3, this should give a mea-
sure of the decoherence rate due to quasiparticle conductance in quantum devices fabricated
with our newly developed fabrication process.

The measurement results can be seen in Figure 5.14. Figure 5.14b shows that the ob-
tained Ry max values increase systematically with a stronger suppression of the critical cur-
rent. However, it can also be seen that we were not able to extend our investigation to the
same regime of I.(®) = 107*I(0) as in [64], so that values for the intrinsic quasiparticle
resistance could not be determined. Instead, the measured Ry max values seem to level off
earlier than expected, which is due to the limited resolution of our voltage bias setup shown
in Figure 5.12. In order to still obtain an estimate of the decoherence rate due to quasi-
particle conductance, we systematically compared our data with the data presented in [64].
The excellent agreement in the Rgg max Of Ic (@) dependence can be seen in Figure 5.14b.
Furthermore, our Rge max /RN ratios at zero magnetic field lie between 1,160 and 2,980 for
all investigated samples B1-4, which is in good agreement with values of 1,300 to 1,800
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Figure 5.14: a) The subgap regime of sample B3 for different applied magnetic fields, measured
with a voltage bias setup. b) The subgap leakage current decreases significantly for a
more strongly suppressed critical current. Our data are in excellent agreement with the
data presented in [64].
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determined in [64] for samples from different foundries.

Hence, we assume that we can take over the conclusion reported in [64], where the
decoherence rate from quasiparticle conductance 1/7,, was estimated using (3.9) to be
as low as 1/7g, = 1/(100 ps). Although this value is not directly determined from our
measurements and only a rough estimate, we can certainly say that the coherence in our
phase qubits (see chapter 9) should not be limited by quasiparticle conductance, since Tgp
is more than two orders of magnitude larger than the longest observed coherence times in
phase qubits of around 600 ns [92].

5.4.3 Investigation of Scalability

Analogous to the investigations in section 5.3.1, chains of Josephson junctions were also
fabricated with the process for sub-um to pm-size junctions described in section 4.3. Due
to the limited yield of SiO via lift-off discussed in section 4.3.2, a chain length of only
20 junctions was chosen. The IV curve of a chain containing 20 junctions each having a
diameter of 2 um can be seen in Figure 5.15. 19 junctions were recognized by the analysis
algorithm, which corresponds to a yield of 95 %. Considering that not all junction chains
could be measured due to the SiO lift-off yield of 92 % (see section 4.3.2), a total process
yield of 87 % is obtained. This is certainly not sufficient for upscaling of the process for cir-
cuits containing thousands of junctions, but certainly enough for the quantum experiments
performed in this thesis.

As can be seen in Figure 5.15, abnormal junctions were also observed for this process.
This confirms the assumption that the occurrence of such junctions is not due to a limited
precision of lithography, but are rather to the influence of plasma processes [82]. The
quality parameters determined for the chain show that the high quality discussed above for
single junctions is indeed characteristic for the newly developed fabrication process and
observed throughout the chip.
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Figure 5.15: IV curve of a chain of 20 Josephson junctions with a diameter of 2 um and a critical
current density of j. = 1.5kA/cm?, measured at 4.2 Kelvin.
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5.4.4 Conclusions

In summary, it can be concluded that the sub-um to pm-size Josephson junctions exhibit
equally high quality as the junctions fabricated with the optimized photolithography pro-
cess. The newly developed Al hard mask technique resulted in a precisely defined junction
size and high-quality junctions down to areas of 0.5 um?. Detailed measurements of the
subgap regime showed that the RCSJ model describes our junctions accurately and that all
components influencing their impedance at high frequencies are well known. Furthermore,
we extended these measurements by suppressing the critical currents with a magnetic field
and found that the coherence times in qubits fabricated with the newly developed technol-
ogy should not be limited by quasiparticle conductance. Finally, investigations of Joseph-
son junction chains showed that scalability and yield should be high enough for all desired
quantum experiments.
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6 Measurement of Dielectric Losses in
Amorphous Thin Films Used in
Josephson Junction Fabrication

So far, the Josephson junction fabrication technology has been optimized with a focus on
improving typical quality parameters deduced from DC characterization measurements. For
the fabrication of superconducting quantum bits with long coherence times, however, the
usage of low-loss dielectric layers is an additional requirement. Consequently, a measure-
ment method for dielectric losses in thin films at GHz frequencies was developed within
this thesis and the losses in different materials used for junction fabrication were measured.
In this way, the losses in SiO and SiO, thin films (the materials available at the IMS) could
be compared, but also further materials used in Josephson junction fabrication were in-
vestigated. This chapter starts by explaining the importance of low-loss dielectric layers
for Josephson junction fabrication. Subsequently, the frequency dependence of dielectric
losses is discussed. Then, a method is developed to reliably, quantitatively and quickly
measure such dielectric losses in amorphous thin films. Details about the sample design
and fabrication are given and finally, the measurement results are presented and discussed.
Essential parts of this chapter have been published in [KSW T 10].

6.1 Introduction

It can be seen in Figure 6.1a that the insulation layer used in Josephson junction fabrication
is placed between the lower electrode (M2a) and the wiring layer (M3). The junction elec-
trodes are always larger than the junction itself (the additional overlap is called idle region,
see Figure 6.1b), so that an extra capacitance in parallel to the actual Josephson junction
capacitance is created. Consequently, the losses in the insulating layer will influence the de-
vice performance. This is even more true for structures with capacitively shunted junctions
(such as superconducting phase qubits, see chapter 9), since most of the electric energy is
stored in the capacitor and hence in the dielectric layer in this case.

Josephson junctions are employed for many applications involving microwave signals,
so that low microwave losses in the structures are desirable in order to optimize the de-
vice performance. Such applications include Josephson voltage standards [3,4], radiation
sources [5], digital-to-analogue converters [7] or RSFQ circuits with passive transmission
lines [93]. For superconducting qubits, low dielectric losses are even more critical, as high
losses threaten the general operability of these devices. As has been shown in section 5.4.2,
the coherence of superconducting phase qubits is not limited by quasiparticle conductance.
Instead, Martinis et al. have pointed out recently that the microscopic origin of the dielec-
tric losses are spurious dipoles or two-level systems (TLS), which couple to the qubit and
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Figure 6.1: a) Schematic cross-section through a typical Josephson junction. The overlap of the
bottom electrode M2a and the wiring layer M3 creates a plate capacitor like structure.
b) The same junction in a schematic top view. The effective area of the mentioned plate
capacitor is hatched and commonly known as idle region.

hence limit its coherence time [23,94]. These TLS were found in dielectric thin films and
the dependence of the losses on temperature and power was investigated [23,94]. The di-
electric losses on metal surfaces were also measured, but neither for amorphous thin films
nor in a Josephson junction like geometry [95]. Furthermore, the processing of samples was
found to influence the existing dielectric losses [96]. In none of those cases, the frequency
dependence of the losses was measured.

Since we would like to build Josephson devices with low microwave losses in general and
phase qubits with long coherence times in particular, we wanted to measure dielectric losses
in thin films that can currently or potentially be used for Josephson junction fabrication.
Since it is doubtful that the method employed in [23,94] allows a reliable determination
of the quantitative loss values, we decided to first develop a measurement method which
allows a reliable, direct and fast determination of dielectric losses in thin films. Ideally, this
method should also be able to extract both the losses in the volume of the thin film and
on the metal/dielectric interfaces quantitatively. The development of such a measurement
method is presented in section 6.3. It was used to investigate some materials typically
used in Josephson junction fabrication at cryogenic temperatures and GHz frequencies.
Furthermore, this newly developed method allows to measure the frequency dependence of
dielectric losses, which yields information about the mutual coupling of the TLS, as will be
shown in the following section.

6.2 The Frequency Dependence of Dielectric Losses

Within this thesis, the focus was put on comparing different thin films to each other and
identifying the material with the lowest dielectric losses. For this purpose, measurements
at T = 4.2 K are sufficient. In this regime, relaxation processes dominate the behavior of
the TLS and are also responsible for the frequency dependence of the losses. At lower
temperatures and low powers (i.e. in the qubit working regime), the behavior of the TLS
is dominated by resonant absorption, which leads to entirely different properties. Such
measurements have also been carried out on SiO thin films in the Diplomarbeit of Sebas-
tian Skacel [SkalO] within the frame of this thesis. They revealed very interesting results
about the properties of TLS, for example that their density of states is frequency dependent.
However, in order to explain these results in detail, a circumstantial discussion of the the-
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ory of glass physics would be inevitable, so that for details the reader is referred to [Skal0]
and [SKW T 11]. For the development of a technological process for macroscopic quantum
experiments, which is the focus of this thesis, the results at T = 4.2 K are more impor-
tant, since they allow to compare different dielectric materials used in Josephson junction
fabrication and to optimize their deposition processes regarding minimal dielectric losses.
Consequently, only phenomena related to relaxation processes are going to be discussed in
this chapter.

Dielectric losses are measured as the loss tangent tand = R/X, which is the ratio of
the real to the imaginary part of the complex impedance Z = R+ iX. Consequently, the
impedance can be written as

Z=X-tand0+i-X. (6.1)

Alternatively, dielectric losses are often given by the imaginary part ¥” of the complex
electric susceptibility . The easiest model describing the frequency dependence of the
losses is the Debye picture of non-interacting ideal dipoles with the same relaxation time 7,
which leads to a frequency dependence [97]

1
1+iot’

In this picture, the losses are maximal at a peak frequency @Wpeax = 1/7. Although some
materials indeed show such a loss peak, pure Debye behavior is seldom observed in nature,
and especially not for amorphous dielectrics [97]. Instead, it appears to be a remarkably
common rule that the frequency dependence of dielectric loss for @ > @peak 1S given by
fractional power laws [97-99]:

2" <" with 0<n<1. (6.3)

This relation extends over several decades of frequency from the lowest audio and sub-
audio range to the single-digit GHz range in a remarkably wide range of different materials
[99] and is usually referred to as the ’universal law’. For higher frequencies, lattice mode
excitations as well as electronic excitations will arise [99]. It can be assumed that (6.3) will
describe our data for all investigated frequencies up to ~ 15 GHz, which is supported by
our measurement results (see section 6.5). It has been shown that such a universal behavior
is expected regardless of the electronically active species in the material, as long as low
energy excitations are mainly responsible for the losses [99]. In [97,99] the frequency
dependence of the dielectric losses is discussed and it is shown that the exponent n of
the power law depends on the coupling of the TLS to each other. For dipoles, which are
expected to be present in amorphous dielectrics, the model predicts exponents of n = 0
for no interactions (Debye-like), n ~ 0.5 for nearest-neighbor interactions and n > 0.6 for
many-body interactions [99].

6.3 Method of Measurement

The results of the tan d measurements should shed some light on the dielectric losses in
applications of Josephson junctions. Consequently, the measurement method should in-
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Figure 6.2: a) Schematics of the parallel lumped element LC circuit used for tan d measurements
in [23,94]. b) Schematics of the circuit used in this thesis. The pure LC circuit is
observed in measurement and Qg can be directly read from the measured data.

volve the same materials (i.e. Nb electrodes), the same frequencies (i.e. in the GHz range)
and the same temperatures (i.e. at 4.2 K or even below) that are used in device develop-
ment and fabrication. The natural choice as tool of investigation are hence superconducting
resonators.

When measuring the magnitude of transmission |Sj,| of such a superconducting res-
onator, one normally obtains the loaded quality factor Qr, which is given by 1/Qp =
1/Qo+1/Qc. Here, Qc is a measure of how much the resonator is decoupled from its
environment. Qy is the intrinsic quality factor and denotes the loss in the resonator itself. It
is composed of three contributions:

L_t 1
QO QE Qrad Qp‘

(6.4)

Here, 1/Q¢ = tan$ denote the dielectric, 1/Qyaq the radiation and 1/Q, the conductor
losses. For a carefully designed superconducting resonator with matched lines and a closed
housing, 1/Qy.q is negligible. As the Nb surface impedance of films fabricated at the IMS
accounts for Ry = 0.32 pQ/GHz2 -f2 [87], we can estimate 1/Qp ~1-10~7 at 100 MHz
and 1/Qp =~ 1.5- 107 at 15 GHz (all at 4.2 Kelvin). This is at least one order of magnitude
lower than all measured 1/Qg values (see Figure 6.5). Since Ry decreases exponentially
with temperature [100] and Qp < 1022 already at 300 mK, the described method would
be especially suitable for the investigation of dielectric losses in the qubit working regime.
The fact that conductor losses do not enter the measured Qg values has also been confirmed
by simulations, as will be discussed in section 6.4. In the same section, it will also be shown
that potential inductor losses do not enter the obtained Qg values. Altogether, we can safely
assume that for this measurement method, (6.4) turns into 1/Qp = 1/Q, = tand. That
means that by measuring the transmission |S},|, we can obtain the total dielectric losses at
the resonance frequency frs if we are able to extract the intrinsic quality factor from the
measurement data.

Superconducting resonators have already been used for tan 6 measurements of thin films.
Coplanar waveguides have been used with a dielectric layer on top [94], but in that case dif-
ferent materials contribute to the total losses, so that full knowledge of the losses in the
substrate and a finite element analysis is needed in order to determine the dielectric losses
in the thin film under investigation. As an alternative approach, lumped element LC circuits
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Figure 6.3: a) A typical measured resonance dip, here for a sample with Nb,Os as dielectric, with
illustration of Q; and Qg. b) Measurement of four resonator in series on the same chip,
here with SiO as dielectric. Both curves were obtained at 7 = 4.2 K.

have been employed [23,94]. In this case, the entire electric energy is stored between the
capacitor plates where the material of interest is placed, so that substrate properties should
not play a role. Additionally, the geometry of a plate capacitor is similar to the one in a
Josephson junction and reproduces the electric field distribution found around a standard
Nb/AlO,/Nb junction, so that the loss values determined in the resonators can be consid-
ered to be valid for Josephson circuitry (let aside the losses in the tunneling barrier itself).
However, the circuit setup used in [23,94] (see Figure 6.2a) requires knowledge of the cou-
pling capacitors C. and the load resistors Ry in order to extract Oy from the measurement
data. As we were looking for a method which allows to extract the tand values directly
from the measurement data without having to enter potentially faulty external parameters,
we have developed a different method which allows a direct measurement of tan d.

In our circuit setup (see Figure 6.2b), the LC circuit is directly connected to the load lines
in series. This has the advantage that there is no parallel load resistance Ry, so that the
intrinsic quality factor Qg can be directly extracted from the resonance dip as illustrated in
Figure 6.3a. This is done by simply calculating

_ Jres
of
Here, 6 f is the bandwidth of the resonance dip at

/2812 min|?
S12| = V2US12min (6.6)

1+ 1S12,min|?

Qo (6.5)

and |512,min| is taken at the resonance [101]. It is obvious that besides a possible mea-
surement error, no further error sources enter the determination of Qp. Remembering that
1/Qo = tan 9, we see that the dielectric losses in thin films can be directly and quantita-
tively measured with this new method. It should be mentioned that the usage of coupling
capacitors is only necessary if high Qr values are required. This is not the case here, so that
we leave out such capacitors which only introduce complications to the Q¢ measurement as
explained above.
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Another big advantage of the method shown in Figure 6.2b comes from the fact that each
resonator has full transmission outside of its resonance. This means that several resonators
can be placed in series on the same chip. A transmission measurement for four resonators
having resonance dips at different frequencies can be seen in Figure 6.3b. Such a setup
is a paramount advantage for measurements in dilution refrigerators at low temperatures,
since the cooldown and warmup times can be reduced by a factor of four. Even if one
resonator had pinholes in the capacitor dielectric and hence did not work, it would just act
as a shortcut so that all other resonators in the chain would still be measurable. Such a
large bandwidth dilution fridge measurement setup was developed within the Diplomarbeit
of Sebastian Skacel and is described in [Skal0] and [SKWT11].

It has already been mentioned that TLS and hence dielectric losses can occur both in the
bulk material as well as on metal surfaces or metal/dielectric interfaces. With the presented
method, both contributions to the losses can be quantitatively measured by varying the
dielectric film thickness and using the formula for losses in multi-layers (6.7). However,
typical amorphous thin films used in Josephson junction fabrication have such high losses
that the bulk losses will prevail and the interface losses will not be quantifiable.

6.4 Resonator Design, Sample Fabrication and
Measurement Setup

More than 10 resonator geometries were designed in order to cover a wide frequency range
from ~150 MHz to ~15 GHz. Even more resonance frequency values were obtained by
varying the dielectric thickness and hence the capacitance values. Simulations of the de-
signed structures were carried out with Sonnet'. Here, the dielectric losses and the permit-
tivity of the substrate were systematically varied to confirm that no inductor losses enter
the obtained Qg values. Indeed, we found that the relation tan$ = 1/Qq was valid for all
employed resonator geometries, frequencies and substrate properties (with tand being the
losses in the dielectric between the capacitor plates). Also experimentally, some resonance
frequencies were covered with different resonator geometries, meaning that the L and C
values were varied relative to each other. We found that for all employed inductor designs
(see below), the measured Qg value does not depend on the resonator geometry. This indi-
cates that there was no redistribution of losses from the capacitor to the inductance, which
would have been the case if inductor losses played a role.

The comparison between different resonator geometries was also employed to optimize
the inductor design. It was found that meanders with too narrow stripes distorted the mea-
surement results for Qp, which can be attributed to capacitive coupling within the meander.
Consequently, we only used rather wide meanders (where the line width and the spacing
between the lines account for at least 50 um) or straight lines as inductors. A typical res-
onator design can be seen in Figure 6.4a, in this case with a meander that is slightly too
narrow, so that this sample was not employed for the actual measurements. However, this
sample was used to investigate the power dependence of the resonance peak (see below), as
it contains the narrowest lines and the sharpest bends.

ISonnet Software Inc., 1020, Seventh North Street, Suite 210, Liverpool, NY 13088, USA
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Figure 6.4: a) Photograph of an LC circuit with SiO as dielectric between the capacitor plates. This
is the narrowest meander that was used to realize the inductance. b) Dependence of the
measured quality factor on the applied power for the resonator shown on the left. The
saturation is due to the high currents in the bends of the meander.

The resonators were realized on chips having a size of 9 x 9 mm?, built into a metal
housing and contacted to SMA connectors. Matching of the lines leading to the LC cir-
cuits is achieved by using a microstrip design. The inner line width of the microstrip lines
depended on the substrate thickness and was adjusted so that an impedance of 50 Q was
reached for all samples. For the first measurement runs, brass housings were used with the
bottom of the brass box acting as ground of the microstrip line. Later, some of the chips
were measured again in copper housings, which lead to the observation of significantly
higher Qg values. Obviously, the losses in the brass ground were higher than expected,
meaning that strictly speaking, the relations 1/Q, < 1/Q¢ and hence 1/Qy = tan$ do not
hold. In the future, it is possible to ensure that indeed the absolute losses in the dielectric
thin films are measured by sputtering Nb also on the backside of the chips in order to get
a superconducting ground plane. For the measurements discussed in this chapter, however,
the obtained tan & values were simply slightly overestimated. Since the goals of these mea-
surements were to investigate the frequency dependence of the losses as well as to compare
the losses in different materials and multi-layers with each other, the slight overestimation
of the tan § values does not play a role. Measurements using copper housings confirmed
that the frequency dependence of the losses did not depend on the housing material [Skal0].
Consequently, the measurements were completed using the brass housings and all results
regarding frequency dependence, comparison of materials and losses in multi-layers can
considered to be valid.

In addition to the materials used in our Josephson junction fabrication process, several
other insulators have been investigated, which are either used by other groups in junction
fabrication or might potentially be used for it. An overview of the sample fabrication is
given in the following list:

* Resonators containing Nb,Oj5 as dielectric were fabricated at the IMS using the stan-
dard procedure described in section 4.2.3.

» Samples containing SiO were also fabricated at the IMS with the standard process
described in section 4.3.2. The SiO thickness was varied between 200 and 400 nm
and SiO was lifted-off in order to avoid any potential influence of reactive-ion-etching
on the material properties.
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» Samples containing SiO, were RF sputtered at the IMS in order to see whether this
material would exhibit lower losses than SiO. For this purpose, the process gas mix-
ture (containing Ar, O, and Nj) and the pressure during sputtering were varied sys-
tematically. The RF sputtering took place at a power of 100 W on water-cooled
substrates and at rates of around 3 nm/min. Analogous to SiO, SiO, was also lifted-
off. More details about these investigations can be found in the bachelor thesis of
Wolfgang Heni [86].

* The samples containing silicon nitride (SiN,) were fabricated at the Physikalisch-
Technische Bundesanstalt (PTB) in Braunschweig as part of the standard junction
process [81]. SiN, was deposited by physically enhanced chemical vapor deposition
(PECVD) at a temperature of 100 °C and a rate of 48 nm/min.

» Samples containing hydrogenated amorphous silicon (a-Si:H) were fabricated at the
Istituto di Cibernetica "Eduardo Caianiello” (C.N.R.) in Naples, Italy. The dielectric
films were deposited by PEVCD at T = 250 °C at a power of 5 W, a pressure of
200 mTorr and a rate of 18 nm/s. Here, the Nb base electrode as well as the a-Si:H
layers were patterned by RIE. More details about the investigations on this material
can be found in the Diplomarbeit of Sebastian Skacel [Skal0].

In all cases, the electrodes consisted of sputtered Niobium with a RRR of at least 3 and
were clearly thicker than the London penetration depth in order to exclude any influence of
the Nb properties on the measured quality factors.

After mounting the samples into the housings, the resonances were measured in the Si;
parameter at 4.2 Kelvin with a network analyzer (Agilent E8361A) at the IMS. The power
dependence of the quality factors was investigated in order to ensure that no overdrive
occurred (see Figure 6.4b). Finally, all measurement data were obtained at powers below -
15 dBm. Thermal cycling as well as un- and remounting was carried out for several samples
to make sure that the measured Qp values were independent of such external influences.
As the Qg values could be reproduced to a precision better than 0.1%, our measurement
procedure seems to be very robust.

6.5 Results and Discussion

6.5.1 Frequency Dependence of Losses in Single-Layers

For all investigated materials, no dependence of the losses on the dielectric film thickness
was found. This is not surprising for such lossy amorphous materials and shows that the
losses in the film volume exceed the interface losses by far.

The frequency dependences of 1/Qg ~ tand for single-layers of amorphous thin films
of Nb,Os, Si0, SiO,, SiN, and a-Si:H are shown in Figure 6.5. The rather large spread of
the measured 1/Qg values for each material is apparent. This spread was not caused by the
measurement procedure (see above) and found to be the same for samples from different or
the same processing runs. It seems to be in the nature of such materials research and a large
number of samples was measured to allow fitting to the data.

As illustrated in Figure 6.5 by the fits (solid lines), the universal law tan § o< @~ ! is ful-
filled for all investigated dielectrics with exponent values 0.57 < n < 0.68. This is exactly
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Figure 6.5: Frequency dependence of dielectric losses in different amorphous thin films usually
used in Josephson junction fabrication, measured at 7 = 4.2 K. The data is in agreement
with the universal law and the exponents n are in the expected range.

what is predicted within this model for dipoles with many-body interactions [99]. Such a
behavior can be expected for the investigated amorphous and hence glass-like materials.
Knowledge of the mutual coupling of the TLS would also be important for the understand-
ing of decoherence mechanisms in superconducting qubits. In general TLS modeling [102]
as well as qubit related publications [84, 103], the TLS are simply assumed to be non-
interacting. At first sight, dielectric loss measurements in the qubit working regime should
allow to reveal whether this is true or not. In this regime, however, the dominant loss mech-
anism will always be resonant absorption. In this case, only the TLS in resonance with the
MW frequency will contribute to the losses so that the mutual coupling of the dipoles can-
not be probed. Although it is not a priori clear whether the results obtained in the relaxation
regime at T = 4.2 K can be directly transferred to the behavior of TLS in the qubit working
regime, these results revealing the mutual coupling of the TLS should at least be considered
in the context of qubit decoherence.

It can be seen in Figure 6.5 that the absolute values of the losses in different materials
compare to each other as expected, for example from [23], where it was predicted that
the losses in silicon compounds should decrease with increasing coordination number. We
found that especially a-Si:H is a material with very low losses. Since a-Si:H and SiN,
were not available at the IMS, it was not an option to use them in Josephson junction or
qubit fabrication. Furthermore, the yield of working a-Si:H resonators was below 20 %,
so that this material would not be useful for Josephson circuitry. More details about the
investigations on a-Si:H can be found in the Diplomarbeit of Sebastian Skacel [Skal0].

As has been mentioned before, SiO, was investigated to find out if this material might
exhibit lower losses than SiO and would hence be favorable for Josephson junction and
especially qubit fabrication. But although a large parameter space was investigated, the
dielectric losses were still found to be higher than for SiO, even for the optimal working
point. The permittivity values &, which were determined at the same time, indicate that
the material obtained by RF sputtering is no ideal silicon dioxide but rather some SiO;_,.
More details about these investigations can be found in the bachelor thesis of Wolfgang
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Heni [86]. After all, these results led to the decision that SiO remained in use in junction
fabrication and was not replaced by SiO,.

Figure 6.5 shows that Nb,Os is a very lossy material. As it is a standard material in Nb
based Josephson junction fabrication and helps to obtain low leakage currents, it would be
desirable to still use it in device fabrication. For a constant anodization voltage of 40 V, the
influence of the anodization time 7, on the dielectric losses in NbyOs was investigated. We
found that the losses are practically constant and do not depend on #,. It has been shown
in section 4.2.3 that Nb,Oj5 tends to creep under the resist and can build a closed layer
on top of small Josephson junctions and hence turn them defective. As this encroachment
increases with #, (see Figure 4.6b), short anodization times are favorable in the fabrication
of small Josephson junctions. Consequently, it is an important result that short 7, times are
not a disadvantage concerning dielectric losses. Furthermore, Nb,Os might still be useful
in the fabrication of low-loss Josephson devices despite its big losses, as will be discussed
in section 6.5.2.

6.5.2 Losses in Multi-Layers

In Nb based Josephson junction fabrication, often two different insulating layers are used,
namely Nb,Os, which grows out of the lower Nb electrode, and a sputtered or evaporated
second material (in our case NbyOs is combined with SiO, see chapter 4). Consequently,
it is important to know how the dielectric losses in such a multilayer are composed of the
single material properties. To investigate this, we simply placed such a multi-layer between
the capacitor plates of the LC resonator (see Figure 6.2), which is again equivalent to the
configuration in a Josephson junction (see Figure 6.1).

As the two dielectrics are placed in series, their impedances must be added to Zy =
Z1 + Z,. Knowing that the reactance of a capacitor is X = 1/@C and employing (6.1), we
find that the total losses are calculated by

Re (Ztot) _ d1/8r1 -tan 0 +d2/€42‘tan52
Im (Ziot) di/e1+dy/€n '

tan Oy = 6.7)

Here, & > are the permittivities and d; » the thicknesses of each layer. This result is
reasonable, as the individual tan d values are weighted by the electric energy stored in each
dielectric E = ¢?/2C o d;/&; (here q is the stored electric charge). To validate this re-
lation experimentally, we fabricated two sets of resonators MLL1 and ML2 with different
thicknesses of Nb,Os5 and SiO. The measurement results were then compared to the theo-
retically expected values, obtained by using (6.7) and entering the fits for the single layers
from Figure 6.5 as the tand values. The very good agreement between measurement and
theory can be seen in Figure 6.6. Also here, the measurements were carried out with brass
housings, so that the 1/Qg values are given. Analogous to the arguments discussed in the
previous section, this should neither play a role for the frequency dependence of the losses,
nor for the combination of losses in multi-layers.

This result has a direct implication for the usability of Nb,Os in Josephson junction
fabrication. Due to its high dielectric constant & ~ 33, the lossy NbyOs might still be
acceptable if used in thin layers and in combination with a material with low losses and a
typical & value (mostly 4 < & < 8).
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Figure 6.6: Diclectric losses in multi-layers of amorphous thin films. The dashed curves are the
expected losses, calculated from the solid fits and equation (6.7). (ML1: 92 nm of
NbyOs5 + 50 nm of SiO; ML2: 92 nm of NbyO5 + 200 nm of SiO.)

6.6 Conclusions

In this chapter, the development of a reliable method for direct measurements of dielectric
losses in thin films employing superconducting resonators was discussed. Our method does
not require any fitting parameters and allows to measure the losses in the film volume as
well as the metal/dielectric interfaces quantitatively. The losses in thin films of Nb,Os, SiO,
Si0,, SiN, and a:Si-H have been measured at cryogenic temperatures and GHz frequencies,
showing that the losses in the volume of such amorphous materials exceed the ones on
the interfaces by far. Concerning the materials available at the IMS, it was found that
thermally evaporated SiO exhibits lower losses than SiO;, so that the former will be used
for Josephson junction fabrication within this thesis.

For the first time, the frequency dependences of the losses under the above conditions
were investigated and were found to be in good agreement with the universal law. The ex-
ponents obtained by fitting the data allow the conclusion that the dipoles exhibit many-body
interactions, which is an important fact for their theoretical modeling. The investigation of
the dielectric losses in multi-layers showed a good agreement between measurement and
theoretical expectation. This allows the conclusion that even materials with high losses
might still be used for Josephson junction fabrication in thin layers, as long as the have a
very high permittivity (like Nb,Os). The measurement method introduced here allows to
extend the measurements to further materials, temperatures and frequencies. The obtained
results directly apply to many applications of Josephson junctions. In order to learn more
about the behavior of the TLS in the qubit working regime (single-photon power, mK tem-
peratures), corresponding measurements were carried out in the Diplomarbeit of Sebastian
Skacel. As already discussed above, their results are not discussed here, but can be found
in [Skal0] and [SKW*11].
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7 Dependence of the MQT Rate on
Junction Area and Magnetic Field

Macroscopic quantum tunneling (MQT) — often referred to as secondary quantum effect
— is the manifestation of the quantum mechanical behavior of a single macroscopic degree
of freedom in a complex quantum system. It was first observed in the 1980s [10, 33], but
even today, it is still the standard experiment to investigate whether the fabricated junctions
reach the quantum regime, and whether their quantum properties can be predicted correctly
from the sample parameters. In this chapter, such measurements on Josephson junctions
fabricated with the newly developed technological process (see section 4.3) are discussed.
Furthermore, the dependence of the tunneling rate on junction size and magnetic field is
investigated experimentally, which had never been reported before.

The chapter starts by giving a short introduction to the topic. Afterwards, the theoretical
dependences of MQT on varying junction size, damping and magnetic field are discussed.
Then, the procedure and setup of measurement are described in some detail. Afterwards, the
investigated Josephson junctions are characterized carefully, and finally, the results of the
MQT measurements are presented and discussed. Parts of this chapter have been published
in [KSS11].

For MQT, the difference between the theoretical critical current /o and the switching
current Ly, (see section 2.2.3) is crucial, so that this notation will be used here to emphasize
the difference to the general critical current /..

7.1 Introduction

Since the phase difference over a Josephson junction ¢ is a macroscopic variable, circuits
containing such junctions have been used as model systems for the investigation of quan-
tum dynamics on a macroscopic scale. This research has recently led to the development
of different types of superconducting quantum bits [12-16], which are promising candi-
dates for the implementation of quantum computers. The starting point of this field was
the observation of macroscopic quantum tunneling (MQT) in Josephson junctions in the
1980s [10,33]. An introduction to this effect is given in section 2.2.3. MQT is the mani-
festation of the quantum mechanical behavior of a macroscopic degree of freedom, and is
the main effect on which all quantum devices operated in the phase regime (such as phase
qubits and flux qubits) are based. Consequently, the detailed understanding of MQT is not
only interesting by itself, but also important for current research on superconducting qubits
operated in the phase regime.
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7 Dependence of the MQT Rate on Junction Area and Magnetic Field

7.2 Theoretical Expectations

The basics of MQT have already been discussed in section 2.2.3. Now, more detailed
theoretical considerations are carried out, in order to understand the expected behavior of
MQT depending on junction size, damping and magnetic field.

7.2.1 Influence of Junction Size on MQT

For a Josephson junction, the critical current /. = j. - A and capacitance C = ¢ - A are given
by the critical current density j. and the specific capacitance c of the trilayer and the area A
of the junction. Both j. and c¢ are constant for a given trilayer.

By reformulating (2.19), we find that wy0 = /27 j./Poc, meaning that for Josephson
junctions on the same trilayer, the plasma frequency does not depend on their size. So at
first sight, the crossover temperature (2.24) should also be independent of the junction size.
In reality, however, the problem is more subtle, as one needs to take into account at which
normalized bias current 7y, the quantum tunneling rate (2.23) becomes significant. This
is the point at which the plasma frequency (2.19) in (2.24) has to be evaluated. Since the
height of the potential barrier AU o Ej o< A is proportional to the Josephson junction size, a
significant tunneling rate should be reached at different Y values for junctions of different
size. These points can be estimated by theoretically calculating (2.23) and converting it
into a switching current histogram, as it would be observed in a real experiment. The
probability distributions of switching currents P(I) can be obtained from the quantum rate

by equating [104]
ar\ ! !
P(I) =T, (E) <1_ /0 P(u)du), (7.1)

where g—{ is the ramp rate of the bias current. For the parameters of the junctions investigated
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Figure 7.1: Theoretically calculated switching current distributions P(7) (solid curves) and quantum
tunneling rates I'y (dashed curves) for samples B1 (left) to B3 (right) having different
diameters d (for parameters see Table 7.1). The difference in 9, (maximum position of
P(I)), where quantum tunneling leads to escape from the potential well, is significant.
The tunneling rates at these points (marked by arrows) are of the order of ~ 100 kHz
for all samples.
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Table 7.1: Parameters of the investigated samples of type B and expected 7 and T, values. The
critical current density accounts for j. ~ 660 A/cm? while the specific capacitance of
¢ = 55 fF/um? was recently determined by the measurement of Fiske steps on a trilayer
with identical critical current density [91]. Parasitic capacitances due to idle regions next
to the junctions have been taken into account for all calculations in this chapter. For the
calculation of 7., the actual measured critical currents were used.

Sample | Diameter [um] | %[] | Ter[mK] |

B1 1.9 | 0.965 371
B2 2.55 1 0.977 323
B3 3.6 | 0.988 291
B4 3.8 | 0.988 277

in this chapter (see Table 7.1), the switching current distributions P(/) were determined with
a quality factor of Q = 100 and a current ramp rate of 100 Hz, according to our experiments
(see below). They are shown in Figure 7.1, where it can be seen that the Y., values (the
positions of the maxima of the distributions) significantly and systematically increase with
the junction size. Evaluation of the I'q(7%) values for the samples indicates that quantum
tunneling will be experimentally observable at a rate of around I'y ~ 10° Hz.
Subsequently, the expected crossover temperature T, = 7@y (Yer) / (2mkg ) was calculated.
The sample parameters as well as the expected Y., and ¢ values are given in Table 7.1. It
can be seen that the crossover temperature systematically decreases for increasing junction
size. The change in Tt is large enough to be observed experimentally. However, such a
systematic study of the size-dependence of Tt has never been carried out before.

7.2.2 Influence of Damping on MQT

The damping in a Josephson junction can be described by the dimension-free quality pa-
rameter

0 = w,RC. (7.2)

This quality parameter is often employed to describe the strength of the hysteresis in the
current-voltage characteristics of a Josephson junction. In this case, one takes Q = @poRseC,
with Rg, being the subgap resistance of the junction, so that Q = \/E with B¢ defined in
(2.21). Here, Q is size-independent, as Rgo o< 1/A and C =< A. In the context of MQT,
however, the dynamics take place at the plasma frequency @, so that a complex impedance
at that frequency Z(®,) has to be considered. For such an experiment as MQT, where the
phase and not the charge is the well defined quantum variable, the admittance Y (@) will
be responsible for damping [105], so that the R in (7.2) will be given by R = 1/Re(Y).

If the junction was an isolated system, the value of R in the context of MQT would be
determined by the intrinsic damping in the zero-voltage state. The value which is typically
taken as a measure for this is the maximal subgap resistance Rgg max, Which is simply the
maximal resistance value which can be extracted from the nonlinear subgap branch (see
section 3.1.3). In most experiments, however, the electromagnetic environment of the junc-
tion will be dominated by the lines leading to it. These leads can be assumed to have an
impedance that is real and accounts for Zy ~ 100 Q corresponding to typical transmission
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lines [33], but certainly not for more than the impedance of free space 377 Q. As further-
more Zy < Rsg max and both contributions are in parallel (see Figure 7.2a), we can simply
write Q = @,ZoC in this case.

Evidently, for small capacitance junctions (as in this experiment), the quality factor
Q0 = w,ZyC will be limited to Q < 10 and additionally depend on the junction size like
C < A. As we want to investigate the pure influence of the junction size on MQT, we
would like to obtain very low damping as well as similar damping for all investigated junc-
tions. In the implementation of phase qubits, current biased Josephson junctions have been
inductively decoupled from their impedance environment by the use of circuits containing
lumped element inductors and an additional filter junction [14]. In order to keep our circuits
simple, we attempted to reach a similar decoupling by only using on-chip lumped element
inductors right in front of the Josephson junctions (see Figure 7.2b). This setup leads to an
admittance Y = 1/Ryg max + 1/(Zo + iwL), which yields

ng7maxZO + ZO2 + szz - iwLng,max

Y=
ng,max (ZOZ + szz)

(7.3)

As for (7.3), we find Re(Y) — 1 /Ry, in the limit @L — oo, big enough lumped element
inductances should decouple the Josephson junctions from the Zj environment and result
in a high intrinsic quality factor Q = ®yRsg maxC even for switching experiments. Although
it might be difficult to reach this limit in a real experiment, decoupling inductors should
definitively help to increase the quality factor and move towards a junction size independent
damping.

The damping in the Josephson junction influences the thermal escape rate (2.22) via the
prefactor @; < 1, which has been calculated for the first time by Kramers in 1940 [30]. In

a) b)

X z, ¥ z

JJ

N

Figure 7.2: a) Typical impedance environment for switching experiments in a Josephson junction.
As Zy < Ryg, the junction sees the impedance Z at the plasma frequency. b) Lumped
element inductors L can be used to decouple the junction from the line impedance Zy, as
discussed in the text. ¢) SEM micrograph of the electrode design used for the samples
of type B.
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the limiting case Q — 0 (moderate to high damping), he found:
oo — 1+ () - (7.4)
ay = UKMD = 2Q ) .
while in the opposite limit Q — oo (very low damping limit), he found:

36AU
50kpT

at = OKLD — (75)

More recently, Biittiker, Harris and Landauer [106] extended the very low damping limit to
the regime of low to moderate damping finding the expression!

4
ag = . (7.6)
(v/1+4/agLp+1)>
Additionally, damping reduces the crossover temperature according to [31, 107]
hw
erQ = 3 KMD (7.7)

A possible way to determine the quality factor Q for such quantum measurements is to
extract it from spectroscopy data [33]. Unfortunately, for samples with such a high critical
current density as used in the experiments described in this chapter, this turns out to be
experimentally very hard. Hence, we will limit the analysis of the damping in our exper-
iments to the MQT measurements. However, other groups have found a good agreement
between the Q values determined by spectroscopy and by MQT [33, 108] and we hope to
observe such a major increase of the quality factor due to the decoupling inductors that
minor uncertainties in it should not play a role.

7.2.3 Influence of Magnetic Field on MQT

As discussed in section 3.2, the application of a magnetic flux & through a Josephson
junction suppresses its critical current /.. Since circular junctions are investigated in this
experiment, the modulation will be that of an Airy curve shown in Figure 3.7b, where the
critical current minimum is at = 1.22®. The naive prediction for the crossover temperature
would just consider the dependence ®, o< /I and hence be

I.o(P)
1.0(0)

cr,d — : Tcr,d>:0 . (7-8)

Here, I.o(®) is given by (3.13) or (3.14), depending on the shape of the Josephson junction.

'Equation (7.6) does not describe the turnover from low damping to high damping. This turnover problem
has been addressed by several authors (see for example [31] and references therein). In general, more precise
expressions agree with (7.6) in the parameter regime of our samples within the experimental resolution.
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Figure 7.3: Theoretical expectation for Ty as a function of magnetic flux for sample B3. The blue
line was obtained by (7.8) and the red line by (7.9).

However, analogous to the considerations for the junction size, the change of the crossover
point ¥ has to be taken into account for a complete theoretical calculation. Consequently,
the crossover temperature is given by the combination of (2.24) and (2.19) as

2ehlo(P) 1/4
Torgp = YO (1 2) V% 7.9
P kg /C (1-%) 7

where the crossover point ¥, is determined by calculating P(7) in the quantum regime via
(7.1) as discussed before. Both equations have been plotted for sample B2 in Figure 7.3,
where it can be seen that the difference is significant and should be observable experi-
mentally. Furthermore, more complex physical phenomena like fluxons in the junctions
or Fiske resonances might influence the observed 7., dependence. However, no specific
expectations were present before the experiments were started.

7.3 Setup and Procedure of Measurement

All samples were fabricated by the newly developed fabrication process for sub-pym to um-
size junctions discussed in section 4.3.

The employed measurement setup at the Institut fiir Festkorperphysik (IFP) can be seen
in Figure 7.4. Special care was taken in design of the filtering stages in order to reach
a low-noise measurement environment. In this context, especially the RC filters at the
base temperature are crucial. The outside RF shield shown in in Figure 7.4 is essentially
realized by the cryostat itself. In addition to this, the entire dilution refrigerator is placed
in a screened room, only allowing electrical connections to the outside through metal tubes
which are ten times longer than their diameter.

The goal of this measurement is to determine the escape rate I'. In order to do so, we have
measured the probability distribution P() of switching currents. This was done by ramping
up the bias current with a constant rate / and measuring the time f, between I = 0 and the
switching to the voltage state with a Stanford Research 620 Counter, so that Iy = I - gy
could be calculated. An Agilent 33250A waveform generator was used to create a sawtooth
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Figure 7.4: Schematic overview of the measurement system. The superconducting coil and the
sample are inside a magnetic shield consisting of three nested cylindrical beakers, the
middle one made from Pb, the two remaining ones from Cryoperm. Furthermore, the
entire dilution refrigerator is placed inside a y-metal shield at room temperature. The
m-symbols denote commercial w-filters.

voltage signal, which was converted into the bias current by a resistor of 47 kQ. Using
this setup, I, could be measured repeatedly for each temperature. After doing so a large
number of times, the switching current histograms P(I) with a certain channel width Al
were obtained as shown in the upper part of Figure 7.5. These histograms were then used
to reconstruct the escape rate out of the potential well as a function of the bias current by
employing [33, 104]
()= LlnM. (7.10)
AL Yz rar P(0)
With I' at hand, we can now determine the escape temperature 7T by employing (2.22).
In order to be able to rearrange this formula, we approximate the potential barrier in the
limit y — 1 as AU = 4v/2/3- Ey- (1 —7)3/2, so that we find

23 2
(1 L(UQ :<4\/§EJ> lo=1" (7.11)

n
ag (1) wp (I 3kpTesc Lo

Hence, by plotting the left side of (7.11) over the bias current /, we should obtain straight
lines. Consequently, we can extract the theoretical critical current in the absence of any

fluctuations Iy as well as the escape temperature Tis. by applying a linear fit with slope {
and offset I'. We then find

I = —g, (7.12)
4/2®,

esc — . o —=- 7.13

6mkg\V/T (7.13)
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Figure 7.5: Top: The measured switching current histograms for sample B3 for selected tempera-

tures. For increasing 7', the switching currents decrease and the histograms broaden.
Bottom: The plot obtained by applying (7.11) for the same sample. The fits allow to
extract Tos. as well as 1.

Since I enters (7.11) via Ej and @,, this fitting procedure has to be iteratively repeated
until the value of Iy converges. So strictly speaking, this procedure involves two fitting
parameters, namely T and I,o. However, it turns out that I is temperature independent
within the expected experimental uncertainty (for all our measurements, the fit values of I
vary over the entire temperature range with a standard deviation of only around 0.09 %).
Furthermore, the found /¢ values agree very well with the expected ones from the critical
current density j. of the trilayer and the junction geometry. Altogether, it can be said that
the results for the main fitting parameter 7. should be very reliable.

7.4 Sample Characterization

7.4.1 Sample A

The final size-dependent MQT measurements were performed on the samples of type B
(see below). In order to characterize the sample quality, measurement setup and procedure,
however, we first carried out a preliminary MQT measurement on sample A. This was
a circular Josephson junction with a diameter of d = 1.86 um and a critical current of
I. = 12 pA. As it was fabricated before the Al hard mask technique (see section 4.3.1) was
developed, it was fabricated without anodic oxidation, so that SiO was the only insulating
layer. The IV and I.(®) curves can be seen in Figure 7.6 and show that the junction is of
high quality. The side maxima of the I.(®) modulation are lower than expected, but the
entire curve is still symmetric. A similar effect has already been observed and discussed in
section 5.4, where it was shown that a homogeneous tunneling barrier can still be expected
for this junction.

In the IV characteristics, a strong current rise above V ~ 1.5 mV can be seen. Although
the only difference between this junction and the usual high-quality samples presented in
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Figure 7.6: Characterization of sample A. a) The IV curve shows the high quality regarding the I.Rn
ratio as well as low subgap currents. b) The I.(®) measurement shows the expected
behavior, indicating a homogeneous critical current distribution through the Josephson
junction.

this thesis is the missing Nb,Os insulation layer, this is no conclusive explanation for this ef-
fect. In any case, the subgap leakage currents close to V = 0, which should be important for
MQT experiments, are still very low. Furthermore, the quality parameters I.RN = 1.62 mV
and Vgap = 2.76 mV were determined from the IV curve and both indicate a high junction
quality.

7.4.2 Samples B

The samples of type B were used for the size-dependent MQT measurements and implied
a different electrode design containing lumped element inductors (see section 7.5.2). They
were fabricated using the Al hard mask technique (see section 4.3.1), so that also the process
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a) 120} 1 b)
" ?amzrge BK3 60 - Sample B3| ]
- - m b - —
< 5ot T=20mK
=< 40t =
c
= . o 40f
= o =
c
o 3 30t
LS) 40| 0.15 ; §
O 20f
0.10 - —
80F 0.05 9‘/ S
' © 1o}
-120 | 0'08.0 05 10 15 o
1 1 1 1 1 1 1 0 1 1 1 1 1
4 3 2 1 0 1 2 3 4 -100 -50 0 50 100
Voltage [mV] Magnet coil current [mA]

Figure 7.7: Characterization of sample B3. a) The IV curve shows the high quality regarding the
IR\ ratio as well as low subgap currents. The inset shows a magnification of the subgap
branch achieved by a voltage bias. The blue line illustrates how the value for Rsg max
was determined. The fact that the current rises for decreasing voltage at V ~ 0.5 V
is due to the fact that the junction jumps back to a supercurrent 7 # 0 for V = 0 (see
section 3.1.3). b) The I.(®) measurement is discussed in more detail in section 5.4.
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of anodic oxidation could be used. The junctions were circular in shape and their geometries
are given in Table 7.1. In order to characterize the samples, I.(®) curves, IV curves with
a current bias as well as IV curves with a voltage bias were recorded. These samples were
also taken to characterize the newly developed fabrication process for sub-um to pm-size
junctions, so that details about their characterization can be found in section 5.4 and their
quality parameters are given in Table 5.2. Exemplary /V and I.(®) curves for sample B3 can
be seen in Figure 7.7. The values of the maximal subgap resistance Ry max Were extracted
as illustrated by the blue line in Figure 7.7a. As already discussed in section 5.4, the quality
parameters for all measured junctions indicate a very high quality.

7.5 Results and Discussion

7.5.1 Preliminary Measurement

In order to characterize our measurement setup, sample design and measurement procedure,
we first measured one circular junction with a diameter of d = 1.86 um and a critical current
of I. =~ 12 pA (sample A). The electrodes leading to the junction were simple wide lines
and can be imagined as the envelope of the electrodes in Figure 7.2c. For the sawtooth
bias current, a frequency of 10 Hz was employed and for each histogram, the switching
current was measured 500 times. In the data analysis, we started with a; = 1 and obtained
a very good agreement with the expected behavior in the thermal regime. However, we
still analyzed our data using a number of different Q values in (7.6) in order to see if we
could determine the experimentally observed damping. This was done by calculating the
deviation of T.s from the bath temperature in the thermal regime:

AT = Y (Tee—T)° (7.14)
T>500mK

and finding its minimum value regarding Q. For sample A, we found that (7.14) became
minimal for Q = 4, so that the further analysis was carried out using this value. The calcu-
lated escape temperatures can be seen in Figure 7.8.

The theoretical calculation for this sample was carried out analogously to the calculation
for the samples of type B described in section 7.2.1. A crossover temperature of 307 mK
and a normalized switching current in the quantum regime of ., = 0.958 are predicted. If
the moderate damping of Q = 4 is taken into account, the crossover temperature according
to (7.7) is reduced to T¢; g = 0.883 - Ty = 271 mK. Experimentally, a rather large spread
of points was obtained, which can be attributed to the low number of measurements per
temperature. We found 7i; = 320 mK as the average of the data points in the quantum
regime, while the lower limit was at ~ 280 mK. Furthermore, using the value of /.y obtained
from (7.12), we determined Iy cr /1.0 = Yer = 0.957. Despite the moderate measurement
resolution, the values for 7. and ¥ are in good agreement with the predicted values.

Assuming we have Q = 4 as determined above, we can evaluate (7.2) and calculate an
impedance of R = 99.8 Q. This value is reasonable as it is clearly below the vacuum
impedance of 377 Q and corresponds to the expected value of Zy ~ 100 Q for typical
transmission lines. Furthermore, it is in excellent agreement with the values of Zj listed
in Table 5.2. These were found by the analysis of the current rise close to retrapping to
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Figure 7.8: Preliminary MQT measurement on sample A. The crossover from the thermal to the
quantum regime at ¢ ~ 300 mK is clearly visible.

the zero-voltage state, which is a clearly distinct physical experiment. Altogether, this
means that the junction was in no way decoupled from the electromagnetic environment.
In any case, this preliminary measurement made it clear to us that if we wanted to mea-
sure our small Josephson junctions in the low damping regime and obtain a high, possibly
size-independent Q, we needed to change the electrode design and implement decoupling
inductors according to (7.3).

7.5.2 Main Measurements: Damping

For our main measurements, we tried to learn our lessons from the preliminary investiga-
tion described above: The bandwidth of our filters was slightly increased, so that it was
possible to apply a sawtooth signal with 100 Hz. This made it possible for us to increase
the number of measurements for each histogram to 20,000 in order to get better statistics.
Most importantly, however, we changed the on-chip electrode design for the samples of
type B to the one shown in Figure 7.2c. The new design was based on the layout used
for the lumped element inductors of the LC circuits with resonance frequencies in the GHz
range investigated in chapter 6. Furthermore, simulations with Sonnes® confirmed that the
meandered electrodes indeed act as lumped element inductors at the relevant frequencies
@p(Yer). The complex simulation with Sonnet gives an inductance of L/2 ~ 1.65nH (for
one electrode) while the much simpler analysis with FastHenry® yields L/2 ~ 1.8 nH. The
Josephson junctions themselves were again circular in shape; an overview of the sample
parameters is given in Tables 7.1 and 5.2.

For each sample, the experimentally observed quality factor Q was determined by an-
alyzing the MQT data with various Q values in (7.6) and finding the minimum of (7.14).
The corresponding quality factors were then used for the sample analysis. It can be seen
in Figure 7.9 that the Q fitting values could be clearly identified. The evaluated Q values
given in Table 7.2 show that we could drastically increase the quality factors with respect to
the preliminary measurement. If we calculate the R values using (7.2), we find that they are
clearly above the typical line impedance of Zy ~ 100 Q as well as the vacuum impedance

2Sonnet Software Inc., 1020, Seventh North Street, Suite 210, Liverpool, NY 13088, USA
3Fast Field Solvers, http://www.fastfieldsolvers.com
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Figure 7.9: Determination of the experimentally observed quality factor Q for the samples of type

B. The curves are minimal when the determined Ti,. values deviate the least from the
corresponding bath temperatures 7" in the thermal regime 7" > 500 mK.

of 377 Q, which shows that we were indeed able to inductively decouple the junctions from
their usual impedance environment. As expected, the determined R values are still clearly
below the subgap resistances Rse max, indicating that we have not reached the limit @L — oo.
Instead, we are in the intermediate regime Zy < R < Rgg max» leading to the fact that Q still
exhibits a slight dependence on the Josephson junction size (see Table 7.2). However, all
junctions are in the low-damping regime, so that no influence of damping on the results
should be present and experimental differences should indeed be due to the junction size.
This can be seen by the fact that the correction in T¢; according to equation (7.7) is smaller
than 1 % for all experimentally observed Q values. Altogether, we can state that we will be
able to carry out our investigation of the size dependence of MQT with very low and nearly
size-independent damping.

In addition to the rather qualitative considerations above, we performed a quantitative
analysis employing formula (7.3). If we use ® = @p(%), take Rgg max from Table 5.2 and
assume that Zy = 100 Q (which was confirmed for our samples by different experiments,
see the discussion in section 7.5.1), we can calculate the decoupling inductance L, for all
samples. The values, given in Table 7.2, are a factor of around 2.3 — 2.5 smaller than the
simulation value of L ~ 3.3nH, but of the right order of magnitude. For such a complex
system, this is a surprisingly good agreement between simulation and theory on the one
side and experimentally determined values on the other side. In summary, we can say

Table 7.2: The experimentally determined values characterizing the damping in the samples of type
B. The L.y values were determined from Q, the values given in Table 5.2 and formula
(7.3). They are in good agreement with the design value of L ~ 3.3nH.

| Sample | Q[ ]| R[Q] | Leac [nH] |

B1 76 | 1571 1.33
B2 98 | 1327 1.39
B3 | 132 | 1015 1.36
B4 | 143 | 1041 1.43
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7.5 Results and Discussion

that we have successfully demonstrated that decoupling of the Josephson junction from its
environment is also possible using only lumped element inductors.

7.5.3 Main Measurements: Crossover to the Quantum Regime

We now turn to the investigation of the crossover point from the thermal to the quantum
regime and the influence of the junction size on it. As can be seen in Table 7.1, we expect
a clear reduction of T, with increasing junction size. However, an experimental observa-
tion of lower crossover temperatures for smaller Josephson junctions having smaller critical
currents could simply be due to current noise in our measurement setup. In order to exclude
this, we artificially reduced the critical current of sample B3 by applying a magnetic field
in parallel to the junction area. While unwanted noise should now lead to an increase in the
observed T, the physical expectation is a significantly reduced 7, due to the lower plasma
frequency. The result of this measurement can be seen in Figure 7.10 and Table 7.3. It is
clear that we have a measurement setup exhibiting low noise, where the electronic temper-
ature is indeed equal to the bath temperature, leading to an agreement between calculated
and observed crossover temperature down to 7 ~ 140 mK, which was the lowest tempera-
ture we examined. This is clearly below any temperature needed for the comparison of the
Josephson junctions of different sizes.

Finally, we measured the switching histograms for the four Josephson junctions of dif-
ferent sizes and evaluated the escape temperature 7.5 as well as the theoretical critical
current /9. This allowed us to determine the crossover temperature 7;; and the normalized
crossover current Y = Lsw cr/Ico. We indeed found a clear dependence of the crossover tem-
perature on the junction size as can be seen in Figure 7.11. To compare the experimental Y,
and T, values to the ones expected by theory, we now performed the theoretical calculation
described in section 7.2.1 using the experimentally determined Q values and equation (7.7).
All experimentally determined values are in excellent agreement with theory, as can be seen
in Table 7.3.
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Figure 7.10: Escape temperatures for sample B3 with and without an applied magnetic field. For
Imagn = 31.6mA, which means that the critical current is suppressed to I.(®) =
0.271.(0), a clear reduction of the observed crossover temperature 7, is observed.
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Figure 7.11: Escape temperatures for all samples of type B. The crossover to the quantum regime
is very clear in each measurement. The inset shows a magnification of the quantum
regime. The reduction of the crossover temperature 7, with increasing JJ size is clearly
visible.

Table 7.3: The experimentally determined values characterizing the crossover from the thermal to
the quantum regime in comparison with the theoretical expectations for all measure-

ments.

Sample Lo | I (CI))/ I (0) Yer,theo | Yerexp T¢r, 0 theo Tcr,exp
name | [UA] [] [] [] [mK] | [mK]

B1 | 19.1 1] 0965 | 0.970 368 362

B2 | 319 1| 0.977 | 0.981 322 321

B3 | 68.1 1] 0.988 | 0.990 290 294

B3 | 355 0.52 | 0.984 | 0.987 223 236

B3 | 18.5 0.27 | 0.979 | 0.983 172 176

B3 | 9.14 0.13 | 0.973 | 0.975 129 147

B4 | 70.8 1] 0988 | 0.990 276 278

7.5.4 Main Measurements: Magnetic Field Dependence

For all investigated samples, the escape temperature was also measured as a function of
applied magnetic flux through the junctions in the quantum regime at 7 = 20 mK. Such a
systematic study has never been reported before. The theoretical expectation in this case is
discussed in section 7.2.3.

The experimentally determined escape temperature 7 as a function of magnetic flux for
samples B2 and B3 can be seen in Figure 7.12. In order to plot the data over the normalized
magnetic flux, it was assumed that the first minimum of the /. (®) modulation lies at 1.22dy,
as should be the case for circular junctions. First, it should be noted that the data are
absolutely symmetric and very clean. This is remarkable for such a sensitive quantum
experiment. Furthermore, the agreement between the data and the theoretical expectation
according to (7.9) is excellent up to about one flux quantum, while (7.8) does not describe
the experimentally observed behavior sufficiently (the measured critical currents were the
only experimental parameter entering the calculations). As can be seen in Figure 7.13, the
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Figure 7.12: Escape temperature as a function of magnetic flux for sample B2 (left) and sample B3
(right). The red lines are theoretical calculations with (7.8), while the blue lines were
obtained using (7.9).

significant variation of 7y, with applied flux requires the use of (7.9). For magnetic flux
values beyond +®, the determined T values diverge. At this point, the switching current
histograms exhibited a second peak, which was situated at currents slightly smaller than for
the main peak. This effect might either be due to the fact that unknown processes take place,
for example by the formation of flux quantum vortices in the junction, or simply due to the
very small critical currents and hence a stronger influence of noise on the measurement.

Additionally to the expected behavior given by (7.9), for each sample two peaks in Tegc
are visible at ~ £0.7®. At these flux values, no second switching peaks were observable
in the switching current histograms, so that it can be assumed that the physical process
behind this effect is different from the one leading to the divergence at ® ~ +®,. Since
the Tisc values between ~ 0.7®( and ® ~ P are in excellent agreement with (7.9) again,
it can be excluded that the observed peak structures are due to noise, disturbances or any
other problems with the measurement system.

The search for a theoretical explanation of this effect is currently still ongoing. The data
were compared to a recently presented theory by Ovchinnikov et al. [109, 110], but were
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Figure 7.13: Theoretical and experimental values of the magnetic flux dependent normalized
crossover current Y, for samples B1, B2 and B3.
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7 Dependence of the MQT Rate on Junction Area and Magnetic Field

not found to be in agreement with it [111]. Recently, a different explanation was suggested
by A. V. Ustinov: The rise in T¢sc might be due to the occurrence of Fiske resonances [25],
which is a form of self-resonance in the junction. While the quantum fluctuations leading
to the escape from the potential well can be considered to have a white spectral distribution,
the occurrence of a self-resonance in the junction would lead to an additional fluctuation
peak at a distinct frequency. Consequently, the rise in fluctuation amplitude would lead to
the observation of a higher escape temperature. Since the first Fiske resonance is located at
® = 0.7P¢ [25], this working hypothesis is in excellent agreement with the data and will
be investigated in more detail in the future.

7.6 Conclusions

In this chapter, systematic macroscopic quantum tunneling (MQT) experiments for varying
junction area and magnetic field have been discussed. In order to allow optimal comparabil-
ity, the investigated samples were fabricated on the same chip. Thorough characterization
before the actual quantum measurements revealed that the junctions exhibit a very high
quality. It was shown that we could significantly decrease the damping at frequencies rel-
evant for MQT by the use of lumped element inductors, which allowed us to perform our
study in the low damping limit. The crossover from the thermal to the quantum regime
was found to have a clear and systematic dependence on junction size, which is in perfect
agreement with theory. In addition, the dependence of the escape temperature with applied
magnetic flux agreed excellently with theory as well. Unexpected peak structures in Ty
at ® ~ +0.7dy might be due to the occurrence of Fiske resonances in the junctions. All
these experiments confirm that the Josephson junctions fabricated with the newly developed
fabrication process are excellently suited for quantum experiments.
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8 Dynamics of LC Shunted Josephson
Junctions

It has already been seen in the previous chapter that Josephson junctions are sometimes
shunted by inductances in order to control their behavior. As will be shown in chapter 9,
capacitive shunting is also a common technique in Josephson quantum circuitry. Further-
more, Josephson junctions in high-temperature superconductors often have stray capaci-
tances and inductances which cannot be avoided in fabrication. Altogether, it can be said
that the understanding of the quantum dynamics of Josephson junctions shunted by capaci-
tors and inductors is important for many applications. Furthermore, such a system is much
larger than for example a superconducting qubit, so that it is interesting to see whether it
still behaves as one single quantum system. Consequently, the quantum dynamics of such
LC shunted Josephson junctions (LCJJs) are investigated in this chapter. After a short in-
troduction, the recently developed theory of such a system is discussed. Then, details of the
sample design and simulation are given. In the following, the sample fabrication and pre-
characterization are reported. After some short remarks about the measurement setup and
procedure, the results are presented and discussed. Parts of this chapter have been published
in [KBLS11].

8.1 Introduction

Recently, macroscopic quantum tunneling (MQT) was observed in d-wave YBayCuzO7_g
(YBCO) Josephson junctions [112], which was the first that this effect could be measured in
a high-T; device. The YBCO Josephson junctions were fabricated on a (110) SrTiO3 (STO)
substrate. It was found that the behavior of the YBCO junction could not be described
by the classic RCSJ model (see section 2.2.2). Instead, the stray capacitance Cs of the
electrodes, due to the large dielectric constant & > 10,000 of the STO substrate at low
temperature, and the stray inductance Lg of the electrodes had to be taken into account
by a modified RCSJ model [113, 114]. This modified model leads to a two-dimensional
potential for the Josephson particle with two energy scales for the quantum levels in the
potential well. Classical resonant activation in such a Josephson junction embedded in an
LC circuit was also investigated theoretically [115]. Although the modified model was able
to describe the quantum behavior of the YBCO junction, only the lower plasma mode could
be observed [113,114].

The implementation of high-temperature Josephson junctions in classical and quantum
electronics requires a proper understanding of the influence of these stray elements on the
device dynamics. For example, high-T;. junctions have been suggested for the realization of
high performance quantum bits taking advantage of the intrinsic properties of the d-wave
order parameter symmetry (known as ’quiet qubits’) [116]. But a controlled design of the
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8 Dynamics of LC Shunted Josephson Junctions

parameters Lg and C;, which would be necessary for a systematic experimental study of
their influence on the quantum dynamics, is not possible for high-7; Josephson junctions.
Instead, such an LCJJ system can be created artificially using low-7; Josephson junctions,
for which a very precise parameter control is available.

Furthermore, in low-7; quantum circuits such shell circuits containing large capacitors
and/or large inductors are intentionally used to influence the properties of the devices.
For example, large shunting capacitors are used to reduce the plasma frequency of phase
qubits [117] or readout SQUIDs [118]. Other designs use an inductor and capacitor as an
isolation network to protect the qubit from the low impedance environment causing dissipa-
tion [14]. Also in this thesis, decoupling inductors were used for MQT (see section 7.2.2),
and a shunting capacitor was used to adjust the energy levels of a superconducting phase
qubit (see section 9.2.1). Altogether, it can be said that the understanding of the quantum
dynamics in an LC shunted Josephson junction is also of paramount importance for many
low-T; quantum devices.

The goal of the experiment described in this chapter is to systematically study the influ-
ence of this kind of shell circuit on the dynamics of a Josephson junction in the quantum
limit. Here, the good parameter control of the fabrication process discussed in chapter 4 is
a crucial point for parameter variation and comparison between theory and experiment. In
detail, it will be interesting to see whether indeed both energy scales of the two-dimensional
potential are observable, since this has never been shown before. Furthermore, it will be
investigated if such a large system (which is much larger than the YBCO junction in the
original experiment) will behave as one single quantum system and not show the behavior
of the single junction anymore.

8.2 Theory

The circuit schematics of such an LC shunted Josephson junction with critical current /; are
shown in Figure 8.1a. It can be seen that the normalized bias current y = /I, is divided
into two parallel contributions: one branch containing the shell capacitor Cs and the other
branch with the shell inductor Lg and the Josephson junction in series. Over each element
in the circuit, a superconducting phase difference can be related to the current flowing
through it. This yields Iy = I. sin ¢y for the Josephson junction, I¢, = C _]% @y for the junction
capacitance, Ic, = CS%O (s for the shell capacitance and ¢, = CZIT’;LSIS for the shell inductance.
Employing Kirchhoff’s circuit laws and the relation @3 = @ + ¢y, the variable ¢, can be
eliminated and the equations of motion of the circuit are obtained [114]:
Oy — Qs

¢J+Sin(PJ‘|‘T = 0, (8.1)

o lg+ BH 8.2)

B
Here, & = Cy/Cs, B = Ls/Lyo and Lyy = h/(2el.) is the prefactor of the bias current de-
pendent Josephson inductance Ly defined in (2.12). It can be seen that in contrast to an
unshunted Josephson junction, two phase variables describe the dynamics of the circuit.
This means that instead of the one-dimensional washboard potential shown in Figure 2.2,
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[—>

Figure 8.1: a) Circuit schematics of an LC shunted Josephson junction. b) Two-dimensional poten-
tial for the system shown in a) for % = 0.1, 8 =10 and y=0.5.

the phase moves in a two-dimensional potential landscape. Such a potential is shown in
Figure 8.1b for ¥ = 0.1, B =10 and y=0.5.

In the one-dimensional washboard potential of a single junction, the energy scales with
the bias current dependent plasma frequency @, = 1/4/L;Cy. This energy scale can be ex-
plained by the formation of standing waves according to the Schrodinger equation. In a
two-dimensional potential as for the LCJJ system, standing waves can form in two orthog-
onal directions, so that two energy scales will be present. These can be derived from (8.1)
and (8.2) and were found to be [114]

L+BVT= P+ 0+ (148 TP+ — 4B/ 1— 7

2B ’
with wy0 = 1/v/LyoC;. Since expression (8.3) is rather complex, it is helpful to evaluate it
in different limits. The most trivial case is ¥ > 1 and B < 1, where the shell capacitance
and inductance are much smaller than the intrinsic values of the Josephson junction. Here,
the lower mode is simply given by the junction’s plasma frequency w_ = 1/+/L;Cy and the
upper mode is given by the resonance frequency of the shell circuit ; = 1/+/LsCs. This
reflects the fact that the modes of the junction and the LC circuit are decoupled from each
other in this limit.

Physically more interesting is the limit where the shell capacitance is much larger than
Cy, 1.e. ¥ < 1. This case is also present in many quantum devices containing Josephson
junctions (an example is the phase qubit investigated in this thesis, see section 9.2.1), so
that an the understanding of the dynamics in such a system is very important. In this case,
the upper and the lower mode can be approximated as [114]

W+ = Wpo (8.3)

(8.4)

_ Lo o (L, 1)L
0y = wpo\/EJr 1 _\/(LJ+LS> o (8.5)

It can be seen that the lower mode @_ is equivalent to a serial circuit of the elements
Ly, Ls and Cs while the upper mode is equivalent to a parallel circuit of Ly, Ls and Cy. It
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Figure 8.2: Plasma frequency , for a single junction (black), upper normal mode @, of the LCJJ
system (green) and lower normal mode @_ of the LCJJ system (red). The inset show
a magnification of the lower mode close to y = 1. a) For ¥ = 0.1 and B = 1. b) For
¥ =0.1and B = 10.

follows directly that for B > 1 (i.e. Ls > Lj) the modes will again be decoupled and the
eigenfrequencies of the Josephson junction @, = 1/4/L;Cy and of the shell circuit @_ =
1/4/LsCs will be obtained. So the most interesting case is the one for ¥ < 1 and not too
large values of f3.

For the two cases B = 1 and 3 = 10, the theoretically expected eigenfrequencies @_ and
@ are shown in comparison with the pure Josephson plasma frequency @, in Figure 8.2. It
can be seen that the eigenfrequencies of the LCJJ system should be clearly distinguishable
from that of a single junction, so that a clear criterion is available to evaluate whether the
entire circuit acts as one quantum system in spectroscopy experiments or whether the single
components are still observed. Furthermore, it is already visible that w_ and w, approach
the eigenfrequencies of the Josephson junction and the shell circuit for B = 10. Since the
shell circuit resonance frequency 1/4/LsCs is not bias current dependent, this leads to a
significantly changed curvature of the mode w_, as is shown in the insets of Figure 8.2.

For spectroscopy experiments, it is likely that processes of higher order will also be ob-
served. This can be multi-photon and/or multi-level processes as described in section 2.2.4.
According to (2.25), this leads to transitions at microwave frequencies Wyvw = %wi' Other

processes of higher order are mixed transitions like 2@, + O (p, g, mand n are integers).
Such mixed processes might also be observable in the discussed LCJJ samples.

It is worth pointing out that the lower resonant mode @w_ might be used for a phase
qubit with improved dephasing times compared to a bare Josephson junction. This can be
directly seen from the insets in Figure 8.2. Dephasing is mainly caused by low frequency
fluctuations in the biasing parameter, which in our case is the bias current. The dephasing

0)
rate is given by I'y ~ AI"E’ where Al, is the amplitude of the low frequency current

noise. We see that a system having a flatter bias current dependence of the resonant mode
will be less sensitive to bias current fluctuations. Therefore a large value of B is desirable.
However, this value should not be too large. For an increasing value of 8, the anharmonicity
of the system is reduced, which makes a two-level approximation of the quantum system
cumbersome.
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8.3 Circuit Design and Simulation

8.3 Circuit Design and Simulation

In this experiment, the dynamics of such an LCJJ system is studied in the physically most
interesting regime of ¥ = Cy/Cs ~ 0.1 for different B = Ly/Ljy values. Consequently, only
one capacitor but various inductor geometries had to be designed. For the Josephson junc-
tions in the circuits, a diameter of d ~ 3 um and a critical current density of j. ~ 80 A/cm?
were chosen. This leads to a capacitance of Cy = 0.4 pF and a Josephson inductance of
Ly = 0.06 nH.

8.3.1 Capacitor Design

For the calculation of the shell capacitance values, the simple plate capacitor formula
Cs = g&A/d; was used. Here, g is the vacuum permittivity, A the capacitor area and
d; the dielectric thickness. Since two insulating layers are used in Josephson junction fab-
rication, namely Nb,Os and SiO, a system of two capacitors in series has to be considered.
Nb;Os was created at an anodization voltage of 20 V, so that a thickness of 46 nm was ob-
tained. The permittivity of this material accounts for & = 33 (see section 4.2.3). SiO with a
permittivity of & = 5.7 (see section 4.3.2) was used with a thickness of about 260 nm. Con-
sequently, in order to reach the desired ratio of Cs/Cy = 10, an overlay area of A = 0.02 mm?
was chosen for the shell capacitor, so that Cs = 3.8 pF.

8.3.2 Inductor Design

The calculation of inductance values is more subtle than for the capacitances. At first, sim-
ulations with the free software FastHenry' were carried out. However, this software only
yields values for the geometrical inductance and does not take the kinetic inductance of
the superconducting Nb and a potential frequency dependence into account. Consequently,
further simulations with Sonner?, where these contributions can be considered, were per-
formed. We found a significant difference between the obtained inductance values, which
indicates that the contribution of the kinetic inductance was important. Furthermore, for
some designs a frequency dependence of the inductance was indeed found. In these cases,
the design inductance value was taken at a frequency f = 1/(27+/(Ls + Lyo)(Cs +Cy)).

Oo—s ——O

Figure 8.3: General two-port network for simulation of an element of admittance ¥, between port 1
and 2. This model was used to calculate the inductance values from the Sonnet simula-
tion results.

I'Fast Field Solvers, http://www.fastfieldsolvers.com
2Sonnet Software Inc., 1020, Seventh North Street, Suite 210, Liverpool, NY 13088, USA
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8 Dynamics of LC Shunted Josephson Junctions

Here, we chose the lower resonant mode as it has a stronger deviation from the bare RCSJ
plasma frequency.

The simulations with Sonnet were carried out with a typical two-port network. The soft-
ware is able to give out scattering, impedance or admittance matrices. Since the existence
of parasitic elements between the ports and ground has to be assumed, a general network
model as shown in Figure 8.3 has to be applied. The admittance matrix of such a network

is given by
n+rn -n
. 8.6
( -Y Y, +Y- 3) (8.6)
It can be seen that the admittance of the element of interest is simply given by one matrix
element, Y> = —Y12 = —Y>1, no matter what the values of the parasitic elements Y] and Y3

are. In general, the admittance Y, will be given by

~ 1
o=G+i|0C—— 8.7
2 +1 < © L> ) ( )
where G is the conductance and C is a possible capacitive element. Assuming that ©@C <
1/(wL), i.e. that the susceptance is purely inductive, the inductance at the simulation fre-

quency f can be calculated as
1

L= 2 Im(T) (8.8)

Eight different inductance geometries were designed, ranging from short straight lines to
relatively narrow meanders (the narrowest meander can be seen in Figure 8.4a), leading to
L values from 0.17 nH to 16 nH. This means that we could cover a wide range of Ls/Ljo
ratios from 8 ~ 3 to B ~ 270. Smaller 3 values than 3 were unattainable because the value
of Ly = 0.17 nH was already reached for the required connection from the capacitor to the
Josephson junction. For the narrow meander lines, capacitive coupling between neighbor-
ing lines might occur. Hence, the assumption that the imaginary part of the admittance Y1,
is purely inductive, so that (8.8) is valid (see above), has to be tested experimentally. This
will be described in the following section.

— 3 ym

Figure 8.4: a) Photograph of an LCJJ8 type sample. The capacitor is situated on the left while
the Josephson junction can be found on the right. The two meander lines connecting
these elements act as inductors. The bottom electrode (top of picture) has changed color
due to the anodic oxidation. b) SEM image of the Josephson junction itself. The SiO
insulation can be seen as the dark circle.
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8.4 Sample Fabrication and Pre-Characterization

The samples were fabricated using the combined photolithography / electron-beam lithog-
raphy process described in section 4.3. However, the Al hard mask technique had not been
developed at that time, so that the Josephson junctions were defined using negative e-beam
lithography. This was not a problem concerning encroachment (see section 4.2.3), since
a relatively large junction diameter of 3 um was desired anyway. However, the usage of
e-beam resist for junction definition lead to a not well-defined junction size. In order to
always obtain a capacitance ratio ¢ = 0.1, the junction size was measured for each sample
with scanning electron microscopy (SEM) and the SiO thickness was adjusted accordingly.
An overview of working samples which exhibited high quality in pre-characterization can
be found in Table 8.1.

In order to minimize Nb,Os5 encroachment (see section 4.2.3), the anodic oxidation
was carried out with a voltage of only 20 V. For the circuits, a critical current density
of ~ 80 A/cm? was chosen. The inductors and the capacitor plates were simply patterned
by photolithography as parts of the bottom electrode M2a and the wiring layer M3. The
capacitor dielectric was patterned at same time as the SiO vias by positive electron-beam
lithography. A photograph of a typical sample can be seen in Figure 8.4a, while an SEM
image of the junction itself is shown in Figure 8.4b.

Josephson Junction Characterization

As a first step, single Josephson junctions with parameters identical to the ones used for
the final experiments were fabricated and characterized in order to see if a sufficient quality
could be reached. From the measurements at 4.2 Kelvin, the quality factor Ry, /RN was
evaluated. For all junctions, we found Ry, /RN > 35, which indicates a very high quality.
Since the critical currents of the order of 5 uA were already strongly suppressed at 4.2 K,
one Josephson junction was investigated in more detail at mK temperatures; its IV curve
can be seen in Figure 8.5. We found no excess currents and a high I.Ryx product of 1.73 mV,

Table 8.1: Designed parameters of working LC shunted Josephson junctions. The difference in
junction size is due to the patterning with negative e-beam resist, as the Al hard mask
technique had not been developed yet.

Sample | LCJJ1 | LCJJ2 | LCIJ2' | LCJJ3 | LCJJ6 | LCJJ7 | LCJJ8

Je [Alcm?] 77 77 77 87 77 77 73
1. [MA] 5.7 5.0 5.5 6.7 5.0 4.4 33

d [um] 3.06 2.87 3.01 3.12 2.87 2.7 2.39

Cy [pF] 0.39 0.34 0.38 0.41 0.34 0.30 0.24
SiO thickness [nm] 260 260 260 250 260 260 400
C;s [pFl 3.7 3.7 3.7 3.8 3.7 3.7 2.4
U] 0.11 0.09 0.10 0.11 0.09 0.08 0.10

Lyo [pH] 58 66 60 49 66 75 100
L [nH] 0.17 0.48 0.48 0.8 3.2 6.4 16
Bl 2.9 7.3 8.0 16.2 48.4 85.7 | 159.2
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8 Dynamics of LC Shunted Josephson Junctions
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Figure 8.5: IV curve of a single junction having a diameter of d = 3 um without the shell circuit.
The high I.RN and Vg, values show that a very high quality was reached. The inset
shows a magnification of the subgap branch as measured with a voltage bias, which
shows that also very low subgap leakage currents were obtained.

meaning that we observe clear and clean Cooper pair tunneling (see section 3.1.2). Further-
more, measurements with a voltage bias setup showed very low leakage currents also at
mK temperatures and voltages close to V = 0, as can be seen in the inset of Figure 8.5. The
high gap voltage of Vyap = 2.93 mV indicates that the Nb electrodes are of high quality.

Furthermore, the modulation of the critical current with an external magnetic field was
measured and found to be in agreement with the theoretical expectation according to (3.14).
This indicates that the bias current is distributed evenly inside the junction. Altogether, we
can say that also the junctions used for this experiment (fabricated without the Al hard
mask technique) had a very high quality. Before each experiment on an LCJJ circuit, the
1V curves were measured as well. No significant difference to the IV curve of the single
junction was found. For sample LCJJ2/, for example, an I.Ry product of 1.70 mV and a
gap voltage of Vgap = 2.92 mV were observed.

Characterization of the LC Shell Circuits

In the following, the characterization of the external shell circuit will be described. In order
to see whether the simulation values were correct, we fabricated LC shell circuits with the
same design as for the final samples, but replaced the Josephson junctions with a supercon-
ducting shortcut. Furthermore, a small gap was etched into one of the bias lines leading to
the LC circuit. In this way, a coupling capacitor C. was formed, which should sufficiently
decouple the LC circuit from the low-impedance environment. The experimental test of our
designs was especially important for the structures with narrow meander lines, in order to
exclude that a spurious capacitive coupling between the lines would shift the resonance or
degrade its quality. For this purpose, we designed and fabricated a printed circuit board
that allowed measurements up to about 2 GHz, which was enough to test the three smallest
resonance frequencies and hence the three largest inductors (details about the design of this
PC board can be found in the Studienarbeit of Daniel Bruch [BruO8]). For one design, the
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Figure 8.6: Transmission measurement of shell circuits without the Josephson junctions. We found
clear resonances at the expected frequencies with high loaded quality factors Qp (see
Table 8.2).

resonance frequency was slightly varied by choosing two different SiO thicknesses, so that
two samples LC8 and LC8’ were obtained.

These preliminary measurements were carried out in liquid helium at 4.2 Kelvin. The
chips were glued onto the printed circuit board and contacted by Al bonding wires. The
PC board was contacted via mini-SMP connectors and 50 Q cables to an Agilent Network
Analyzer, which was used to measure the transmission S-parameter |S;|. The results of the
measurement can be seen in Figure 8.6 and Table 8.2. It is clear that we got an excellent
agreement between expected and experimentally determined resonance frequencies. This
confirms the precision of our simulation method and excludes capacitive parasitics of any
kind. We can conclude that if we have such excellent agreement even for the complex high-
inductance structures, the parameters of the low-impedance structures, containing simple
straight lines as inductors (i.e. samples LC1 - LC5), should also be well-defined. Further-
more, we obtained high loaded quality factors Oy, which were probably only limited by the
not well-defined C, values. This means that the shell circuits exhibit low damping, which
is crucial for the observation of the underdamped dynamics of the LCJJ systems.

Table 8.2: Measurement results for four investigated shell circuits without junctions. The experi-
mentally determined resonance frequencies are within 3% of the ones calculated from
the L and C; design values. Additionally, high loaded quality factors O, were obtained.

’ Sample ‘ fres,design [GHz] ‘ Jres,meas [GHZ] ‘ O[] ‘

LC6 1.60 1.56 777
LC7 1.27 1.28 138
LC8 0.72 0.70 506
LCg 0.80 0.80 236
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8.5 Setup and Procedure of Measurement

The measurements were carried out at the MC2 (Department of Microtechnology and
Nanoscience, Chalmers University of Technology, Gothenburg, Sweden) in an existing di-
lution refrigerator setup. The setup is shown in Figure 8.7, but shall only be discussed
briefly here, since the author of this thesis made no contribution to it. As usual for such
quantum experiments, great care was taken to reach a low noise and low disturbance mea-
surement environment. Additional to the filters shown in Figure 8.7, the wiring is fed
through LC filters at room temperature having capacitance values of C =2 — 3 nF. The cop-
per powder filters placed at base temperature involve a 2 m long wire with a diameter of
50 um and have a resistance of 15 Q at room temperature. Generally, the wiring at tempera-
tures below 4.2 K consists of constantan while the wiring at 4.2 K and higher temperatures
is made out of copper. The sample could be irradiated by microwaves (MW) with the use
of a dipole antenna, which was placed near the sample position.

The measurement procedure is in principle identical to the one described in section 7.3.
Additionally, spectroscopy experiments were performed on the LCJJ samples. This was
done by permanently measuring switching current histograms and changing the frequency
of the applied microwave radiation. If a second switching peak occurred in the histogram,
the energy Ziwyw of the microwaves matched the level splitting in the potential well. Conse-
quently, the Josephson phase particle was lifted to a higher energy level where the tunneling
rate I" was sufficiently high to allow the phase particle to escape from the well and enter the
running state.

1K pot Heat Mixing
(~1K) exchangers chamber
(50 mK) (20 mK)
500 Q

K sample

stainless
steel

powder
50 Q 100Q 100Q 100Q 100 Q filter
""" —WATE-WAPWWWAWAAMWA-— 3
stainless copper
steel :IT: :IT: :E powder
powder filter

filter

Figure 8.7: Measurement setup for LCJJ measurements at the MC2. All lines are identical and four
lines were used per sample. All capacitors have C =2 nF.

96



8.6 Results and Discussion

8.6 Results and Discussion

Two out of the seven fabricated samples given in Table 8.1 have been measured so far. As
has been discussed in section 8.2, the upper mode @, will be very close to the plasma
frequency @, of the single junction for large 8 values. Consequently, in order to prove
that the observed energy level splittings for the entire LCJJ circuit are indeed different from
those of a Josephson junction, the samples with small  values were measured at first. In
detail, measurements were started on sample LCJJ2’ and later continued on sample LCJJ1.

8.6.1 Measurements on Sample LCJJ2’

Similar to the measurements discussed in chapter 7, the escape temperature T Was deter-
mined for sample LCJJ2'. In Figure 8.8, Ty is plotted versus the bath temperature Tp.
As expected, it is Tege =~ Tharh 1n the thermal regime. At lower temperatures, a saturation of
T.sc can be seen, which can be attributed to the crossover to the quantum regime. However,
interpretation of these data is not obvious. For the single junction, the expected crossover
temperature can be calculated as Ti,j = 115 mK by evaluating (2.24) at the normalized
crossover switching current Y, determined by (7.1) (for details see chapter 7). But since
the dynamics of the single junction should not be observed anymore, the crossover should
not occur at this temperature. Here, instead of the escape from a one-dimensional poten-
tial well, the escape from a two-dimensional potential well has to be considered. In this
case, it is not clear which trajectory the particle will take in the potential landscape, how
the corresponding quantum tunneling rate I'q has to be calculated and where the crossover
from the thermal to the quantum regime will take place. To make predictions for such a
system, investigations by specialized theory groups will have to be carried out in the future.
Within this thesis, a physical explanation for the experimentally observed behavior cannot
be given. In a naive approach, it was tried to simply replace @, in (2.24) by @_ and @y
and calculate two new crossover temperatures. For this, the Y., value determined for the

700

600

0 100 200 300 400 500 600 700

Figure 8.8: Escape temperature of sample LCJJ2'. While the behavior in the thermal regime meets
the expectations, the theoretical background of the crossover to the quantum regime is
still unclear.
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Figure 8.9: Spectroscopy of sample LCJJ2’ without applied magnetic field. An excellent agreement
between experiment and design values as well as theory is observed.

single junction was taken, which is certainly not correct. The two crossover temperatures
Tt 0. = 20 mK and T¢r o, = 154 mK are marked in Figure 8.8. It can be seen that these
naively calculated values do not describe the behavior of the LCJJ system and that further
theoretical studies are indeed required.

Spectroscopy measurements were also carried out on sample LCJJ2' in order to reveal
whether the two orthogonal plasma modes @_ and @, would be observed instead of the
plasma frequency of the single junction. The measurement results are shown in Figure 8.9.
In the same graph, theoretically calculated curves according to (8.4) and (8.5) are shown.
It can be seen that besides the normal modes w_ and @, higher order processes as well
as mixed transitions (as discussed in section 8.2) were found. Altogether, all measurement
data are in excellent agreement with the theoretically calculated curves. Furthermore, no
data points at the plasma frequency of the single junction were found. This means that the
LCJJ system is very well described by the theory given in section 8.2 and acts indeed as one
single quantum system. This is remarkable since the circuit has a size of 200 x 650 um?.
Although no superpositions of quantum states were investigated here, it can be said that we
are probably dealing with a relatively large Schrodinger’s cat.

All theoretical curves in Figure 8.9 were calculated using only one fixed set of parame-
ters. For the junction, these were a critical current of /. = 6.53 pA and a Josephson capac-
itance of Cy = 0.38 pF. The latter corresponds to a specific capacitance of ¢ = 53 fF/um?,
which is in excellent agreement with the value of of ¢ = 55 fF/um? used in chapter 7. Since
the critical current density in this experiment is about 10 times lower than in the MQT
measurements discussed in chapter 7, the tunneling barrier is thicker here, so that a slightly
lower specific capacitance can indeed be expected. For the shell circuit, the parameters
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Figure 8.10: Spectroscopy of sample LCJJ2" with applied magnetic field, so that the critical cur-
rent is suppressed to I. = 3.82 pA. The agreement between theory and experiment is
excellent.

accounted for Ly = 0.43 nH and C; = 3.7 pF. That means that effectively, ¥ = 0.10 and
B =8.5. A comparison between the values used for calculation and the design values given
in Table 8.1 shows an excellent agreement. Only the critical current was slightly higher
and the shell inductance slightly lower than planned. This shows that the parameters of our
Josephson junction circuits are very well under control and the quantum properties of the
circuits can be designed at will.

On the same sample, the critical current was suppressed to I. = 3.82 pA by applying a
magnetic field, and the same spectroscopy measurement was repeated. The measurement
results are shown in Figure 8.10. All theoretical curves in this graph were calculated with
the same parameters as in the absence of magnetic field. It can be seen that again, an
excellent agreement between measurement data and theoretical expectation was reached.
This confirms the conclusions discussed above.

8.6.2 Measurements on Sample LCJJ1

Similar spectroscopy measurements were also carried out on sample LCJJ1 in order to
confirm the conclusions obtained so far. The measurement data can be seen in Figure 8.11
and show excellent agreement with the theoretical expectation. Again, all theoretical curves
were obtained with one fixed set of parameters. Here, these were: I. = 6.73 YA, Cy =
0.39 pF (again corresponding to ¢ = 53 fF/um?), Ly = 0.19 nH and C; = 3.7 pF. That
means that effectively, ¥ = 0.11 and B = 4.0. Just as for sample LCJJ2’, all values are in
excellent agreement with the design values from Table 8.1. Consequently, we can say that
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Figure 8.11: Spectroscopy of sample LCJJ1 at zero magnetic field. As for sample LCJJ2', an excel-
lent agreement between experiment and theory was obtained.

all conclusions given above are confirmed on the second sample. Also for circuit LCJJ1,
measurements with an applied magnetic field were performed. In this case, the comparison
with the theoretical curves calculated with the same parameters as for zero field also give a
reasonable agreement.

8.7 Conclusions

In this chapter, it was shown that a Josephson junction shunted by an inductance and a
capacitance acts indeed as one single quantum system. This is remarkable since the circuits
have sizes up to 200 x 650um?, which is larger than for most superconducting qubits. We
found an excellent agreement between the theoretically expected behavior calculated using
the design parameters and the measurement data. The findings show that such an LCJJ
system has indeed two new energy scales instead of the energy scale of a single Josephson
junction. Both plasma modes were observed in the investigated samples, which has never
been reported before. Our results are important for the understanding of the dynamics
in high-temperature Josephson junctions, where such shunting elements cannot always be
avoided in fabrication. Furthermore, the findings are of great interest for superconducting
quantum circuits such as quantum bits. When such systems are shunted capacitively with
a shell capacitance Cs, it is mostly assumed that Ly = 0 (which is definitively not the case
since all electrical connections exhibit an inductance) and @, = ©_ =1 /v/LiCs. We have

shown that Ly needs to be considered resulting in @w_ = 1//(Ly+ Ls)Cs and that there
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8.7 Conclusions

is a second energy scale in the system, namely @, = /(1/L;+1/L;)-1/Cy. This is an
important result for quantum device design and operation.
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9 Coherent Oscillations in
Nb/Al-AlO./Nb Phase Qubits

In the previous chapters, it has been shown that the Josephson junctions fabricated with the
newly developed technological process indeed behave as macroscopic quantum systems.
Consequently, this technology was used to build a quantum device, i.e. a superconducting
qubit. Since the quantum dynamics in such a system should evolve coherently for as long
as possible, the technological requirements are even harder than for other quantum experi-
ments such as MQT. Consequently, this chapter aims at fabricating phase qubits with long
coherence times. In order to contribute to a better understanding of the decoherence pro-
cesses in superconducting phase qubits, the measured coherence times shall be related to
the employed fabrication process.

This chapter begins with a short introduction discussing the special technological re-
quirements for phase qubits. Second, the the sample design including all circuit elements
is presented. Then, the dynamics of a quantum mechanical two-level system are discussed,
which includes the typical measurements for determination of the coherence times. Fi-
nally, the measurement results are presented and evaluated concerning the influence of the
technological process on the qubit coherence times. Some parts of this chapter have been
published in [KMI*11].

9.1 Introduction

Quantum computers can solve certain problems exponentially faster than any classical com-
puter, such as the simulation of quantum systems [18], the prime factorization of large
numbers [19] or searching an unsorted database [20]. As the constituting element of such a
quantum computer, a quantum bit, any quantum mechanical two-level system can be taken
as long as the following criteria presented by DiVincenzo [17] are fulfilled:

* A scalable physical system with well characterized qubits

The ability to initialize the state of the qubits

Long relevant coherence times, much longer than the gate operation time
A universal set of quantum gates

A qubit-specific measurement capability

While natural quantum systems such as atoms, ions, nuclear spins etc. exhibit very long
coherence times, it is difficult to control and scale such systems to the size of a quantum
computer. Furthermore, their characteristic parameters are fixed by nature. For a super-
conducting qubit, the opposite is the case: The parameters can be designed at will and the
qubits are fabricated with chip technology, so that they are easily scalable. On the other
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hand, the coherence times are severely limited and do currently not exceed ~ 1 ps for any
of the various types of superconducting qubits.

The reasons for these limited coherence times are not a priori clear. For phase qubits (see
section 2.4), which are investigated in this chapter, it was found recently that the presence
of spurious two-level systems (TLS) in the vicinity of these devices limits their coherence
times [23, 84]. These TLS were found in dielectric thin films [23, 94] as well as on metal
surfaces [88,95]. It has been found that the coherence times in qubits involving Al/Al1O,/Al
junctions are significantly longer than in qubits fabricated with Nb/AlO,/Nb technology
[21,22]. Since the decoherence rate due to subgap leakage should not be significant in
either case [64], the difference in coherence times is related to a lower TLS density in Al
based phase qubits. However, it still remains unclear where exactly the TLS in Nb based
qubits come from and how they can be eliminated.

9.2 Sample Design

9.2.1 The Phase Qubit

The basic principle of phase qubit operation is sketched in Figure 2.6. The ground state |0)
and the excited state | 1) of the qubit are given by the two lowest energy states in the potential
well. Consequently, in order to be able to design the qubit and predict the microwave
frequency needed for quantum manipulation, the energy eigenstates E, in the potential
well need to be calculated. How this was done within this thesis is described in detail in
Appendix D.

For the qubit design, two requirements have to be fulfilled for the energy separation Ag;
between the ground and the excited state. First, it should be Ag; > kg7, so that the qubit
will not be excited thermally. For a qubit operation temperature of 7 = 100 mK, the ther-
mal energy would account for ~ 2 GHz (since in qubit research, manipulation is carried out
by microwaves (MW), all energies are divided by Planck’s constant /4 and given in GHz).

a) m

M, Eho M,
X A
L,

Joo V:ia
e,

Figure 9.1: a) Circuit schematics of the investigated phase qubits. Qubit Ch2 did not have a shunt
capacitance Cg,. All vias necessary for the connection of the wiring to the lower elec-
trode were not realized as large junctions, but the tunneling barrier was etched away
with IBE, so that real vias were formed. The designed circuit parameters are given in
Table 9.1. b) Photograph of the sample Chl with 1 = Bias coil, 2 = Phase qubit, 3 =
DC-SQUID, 4 = Gy, 5 = MW line.
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There is also an upper limit for Ay, as the MW lines and attenuators in a typical dilution
refrigerator are not well-defined for higher frequencies. Experimental difficulties can be ex-
pected above 15 GHz while above 20 GHz, the microwave power reaching the qubit might
not be sufficient anymore to carry out the desired manipulations. Consequently, typical val-
ues for the qubit level splitting lie in the range of Ag; = 6 — 8 GHz. Additionally, the value
of Ag; should differ significantly from the next higher level splitting A, (in other words,
a sufficient anharmonicity should be ensured), so that the qubit can be driven selectively
between the states |0) and |1) without exciting it to higher energy levels.

Furthermore, care should be taken to obtain a reasonable value for the qubit screening
parameter f3; g introduced in (2.35):

* For f3; b < 1, the qubit potential (2.36) has only one minimum, so that qubit operation
in a metastable potential well as described in section 2.4 is not possible. Hence, the
states in the potential well cannot be read out, so that such a system cannot be used
as a qubit.

s For 1 < fB; qb < 4.6, the potential (2.36) has exactly two local minima, so that qubit
operation can be carried out as depicted in Figure 2.6: Qubit manipulation is per-
formed in the upper, metastable well. Then, for read out, the potential is tilted so that
the excited state tunnels to the lower well, which is equivalent to one flux quantum
entering into the qubit loop. Through this difference in magnetic flux, the qubit can
be read out by a DC-SQUID.

* For B 4 > 4.6, the qubit potential has more than two local minima. While in princi-
ple, a qubit operation as just described can still be carried out, the ambiguity makes
qubit initialization and data analysis more difficult.

For qubit design, we chose a trilayer with a rather low critical current density j. =
65 A/cm?. Furthermore, the specific junction capacitance ¢ = 53 fF/um? has a fixed value
(the same value for ¢ was taken for the experiments in chapter 8, where a similar criti-
cal current density was used). Consequently, the only adjustable parameters are the qubit
self-inductance Lq, (which is defined by the loop geometry and was simulated with the
free software Fasz‘Henry1 ), the junction diameter dj g, and a potential shunt capacitance Cgp
(see Figure 9.1a). In the qubit design process, these free parameters must be varied and
the corresponding Ag; and By values have to be calculated, in order to see if the discussed
requirements are fulfilled.

The designed phase qubit parameters can be found in the upper part of Table 9.1. We
decided to fabricate one qubit with shunt capacitance and one without. Compared to the
qubit without Cy,, the electric field is redistributed from the qubit junction to the capacitance
in a qubit with shunted design. Consequently, a difference in coherence times between such
structures might reveal different TLS densities in the junction and the capacitor. However,
such a comparison is probably difficult to carry out since the level splitting Ag; differs
strongly if all other parameters are kept constant (see Table 9.1). For the designed samples,
the value of Ag; is in a reasonable range for the qubit with shunt capacitor, while qubit
manipulation might already be difficult for the sample without additional capacitance. The
screening parameters 3 4, = 3.8 should result in non-ambiguous qubit operation.

I'Fast Field Solvers, http://www.fastfieldsolvers.com
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Table 9.1: Design parameters of the investigated circuits containing phase qubits. The value of j.
was measured on test junctions on the same trilayer while all inductances and the level
splitting Ag; were calculated numerically.

| Sample Ch1 | Sample Ch2 |

Lgy [pH] 257 257

je [A/em?] 65 65
dJ,qb [pm] 3.1 3.1
Lo gb [LUA] 4.9 4.9
Brgv [ ] 3.8 3.8

C [pF] 0.4 0.4

Cqn [pF] 0.82 -

A()l [GHZ] 8.8 17.8
Lyq [pH] 227 227

dy sq1 [um] 2.83 2.83
dy sq2 [um] 2.0 2.0
I sq [MA] 4.1 4.1
Brl] 2.8 2.8
Modulation depth [%] 23 23
M12 [pH] 1.36 1.36
M>3 [pH] 22.2 22.2
M3 [pH] 0.12 0.12
ADgy [mD] 53 53

It should be mentioned that the calculation of the energy levels and hence the obtained
Ag1 and Aj; values are not exact for the qubit junction shunted by an external capacitor.
As has been shown in chapter 8, the inductive lines between the junction and the shunt
capacitor lead to a two-dimensional potential with two energy scales. While the equations
for the two normal modes @_ and w, are given in (8.4) and (8.5), a precise calculation
of the energy levels in the shallow two-dimensional potential well including determination
of the anharmonicity would require solving the corresponding Schrodinger equation (D.1).
This is far more complicated than for a one-dimensional potential and has not been carried
out within this thesis. However, the qubit level splitting should only fulfill the requirements
described above and does not have to be known precisely for qubit design. Consequently,
the qubit capacitance C was simply replaced by C + Cy, in the case of capacitive shunting
and the calculation of the energy levels was carried out with a one-dimensional potential.

9.2.2 The DC-SQUID

In order to obtain a clear read out signal, the DC-SQUID should have a sufficient modu-
lation depth. The latter depends on the value of the screening parameter f8; in (2.33), as
discussed in section 2.3. Usually, a small B value is reached by reducing the inductance
of the SQUID loop Lyq. Here, this is not possible since the coupling to the qubit has to
have a certain strength. Instead, the critical current of the SQUID junctions can be made
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9.2 Sample Design

small. First, a low critical current density j. = 65 A/cm? was chosen for the circuit any-
way. Second, the qubit contains rather small junctions, so that the same can be done for the
SQUID. Hence, the latter will indeed have a rather small critical current and the modula-
tion depth will be reasonable. The designed SQUID parameters can be found in the middle
part of Table 9.1. The modulation depth of 23 % should result in a good SQUID read out
resolution.

It can also be seen in Table 9.1 and Figure 9.1 that one arm of the SQUID contains
two junctions with a diameter dj sq1, while the other arm contains only one junction with
a diameter djsqp, with 2411278(12 = d%sql. This was done to obtain an asymmetric SQUID
modulation curve [119], which has two advantages: First, the side of the curve with a
steeper I.(®) slope can be used in order to get a better read out resolution. Second, the
maximum of the SQUID’s critical current is shifted from zero magnetic flux, so that no
extra flux bias is required to move the SQUID to a working point with steeper slope.

9.2.3 Manipulation and Read Out

In order to ensure reliable qubit manipulation and read out, several bias elements and cou-
pling strengths have to be chosen carefully. The least critical part is the design of the
microwave (MW) lines and their coupling to the qubit. Due to all the attenuators at dif-
ferent temperature stages in a dilution refrigerator, the MW power arriving on the chip is
not precisely known. Furthermore, the required MW frequency is not known in advance,
as it differs from qubit to qubit and can change strongly due to technological deviations.
However, knowledge of the frequency would have to be known for an optimized MW line
design. Consequently, a thorough design of the coupling strength to the qubit is not neces-
sary and the MW power can just be increased until qubit manipulation is observed.

The coupling of all other elements in circuit is of inductive nature and should be designed
carefully. This was done by simulating the geometrical inductances of qubit, SQUID and
bias coil with FastHenry. The bias coil was realized in a gradiometric design, in order to
obtain strong coupling to the qubit M;; but only weak coupling to the SQUID M;3. As can
be seen in the lower part for Table 9.1, this was indeed achieved with M, /M3 = 11.

In order to obtain a clear flux signal in the SQUID, its coupling to the qubit M53 should
be rather large. On the other hand, too strong coupling might allow noise in the SQUID to
couple into the qubit and decrease its coherence times. As this was the first qubit design
at the IMS, a rather strong coupling was chosen to make sure that a successful read out
would be possible. The design values M>3 = 22 pH and . qp = 4.9 pA lead to an expected
qubit signal of ®yq g = M23 - I gp = 53 mP in the SQUID. This should result in a clear
read out signal, but might be disadvantageous for the observed coherence times. But since
we expect the decoherence in phase qubits to be mainly due to TLS in their vicinity, the
coupling strength to the SQUID should not play a crucial role in this context.

Analogous to the estimation of the decoherence rate in a single Josephson junction due to
quasi-particle leakage via the ringdown time 77 = RC (see section 3.1.3), such a ringdown
time can be estimated for the entire circuit. Since the phase qubit is decoupled inductively
from the bias lines with impedance Zy ~ 100£2, an impedance transformation according to

Ly

Loff = —— 1
off My 0 9.1)
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9 Coherent Oscillations in Nb/Al-AlO,/Nb Phase Qubits

is obtained. Multiplying this effective impedance with the qubit capacitance C yields the
ringdown times 77 ~ 2.2 us for qubit Chl and 77 ~ 0.7 ps for qubit Ch2. This is two
orders of magnitude longer than the measured 77 times in any Nb based phase qubit (see
section 9.5.3) and even longer than in the best Al based phase qubits. Consequently, it can
be assumed that this decoherence mechanism will not play a role.

9.3 Dynamics of a Quantum Mechanical Two-Level
System

In order to understand the qubit measurement procedures and the determination of the qubit
coherence times, the coherent dynamics in a quantum mechanical two-level system have to
be explained. In the following, only the two lowest energy levels |0) and |1) in the phase
qubit potential well are considered, so that an effective two-level system is obtained.

In contrast to a classical system, the quantum system can be in superpositions of the basis
states like

W) =col0) +cr 1) 9.2)

Here, c; are complex numbers. When a measurement is performed, the general (pure) qubit
state |y) is projected onto one of the basis states, so that |0) is measured with a probability
Po = |co|?> and |1) is measured with a probability p; = |c{|>. These probabilities can be
reconstructed by carrying out the measurement many times. Since one of the basis states is
always measured, |co|> + |c1|? = 1 has to be fulfilled. The probabilities po and p; are often
called the occupations of the states |0) and |1), respectively. It is very intuitive and also
helpful to describe the qubit state in spherical coordinates (see Figure 9.2). Since the sum
of the probabilities to measure the states |0) and |1) has to be one, the radius will account
for one and only the angular coordinates 6 and @ have to be used. If the prefactor of |0) is
chosen to be real, an arbitrary pure state of the qubit can be described as

ly) = cos(6/2)]0) +e@sin(6/2) |1) . 9.3)

This picture is equivalent to that of a spin—% particle, so that the phase qubit can also be
called a pseudospin. The azimuthal angle 0 turns the qubit between the two basis states
while the polar angle @ describes rotation around the quantization z-axis. Like for a spin,
the qubit vector precesses around the quantization axis with the Larmor frequency

for =Ao1/h, 9.4)

which is simply determined by the energy difference between the ground and the excited
state. For a controlled manipulation of the pseudospin, the acting field should always be
perpendicular to it. Due to its precession, a description of the qubit vector and its manip-
ulation is rather complicated. It can be simplified by looking at the Bloch vector in the
“rotating frame”, i.e. in a coordinate system rotating with the Larmor frequency fy;. In
the rotating frame, no precession of the pseudospin is present, so that it can be described as
a constant vector in the Bloch sphere. Using a microwave which is a cosine of frequency
Jmw = fo1 for qubit manipulation results in a constant field, which is always perpendicular
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S
7

X 1)

Figure 9.2: Bloch sphere description of the qubit state. The yellow points indicate the basis states
|0) and |1) and the red point indicates an arbitrary pure state |y) described by (9.3).

to the pseudospin, in the rotating frame. Hence, the qubit vector is rotated around 6 by the
microwave, with the value of 0 proportional to the length and the power of the MW pulse.

9.3.1 Characteristic Measurements and Forms of Decoherence

Irradiation of the qubit by microwaves allows a controlled movement of the pseudospin on
the Bloch sphere. If no field is applied, the pseudospin should remain stable in its position
in the rotating frame. However, due to different decoherence mechanisms, the position of
the pseudospin might change or be smeared out.

Rabi Oscillations

For a Rabi experiment, as for all qubit experiments, the qubit has to be initialized in its
ground state |0) at first. Then, the qubit is irradiated with a microwave pulse of frequency
fo1, constant power Pyw and increasing pulse length fypw. Right after the MW pulse is
over, the qubit is read out as described in section 9.4. The resulting angle 6 is directly
proportional to the length of the MW pulse like 8 = Wgap; - tmw. Since the occupation of
the ground state |0) is given by py = |co|> = cos?(8/2), it will oscillate like

it I 1
pPo = cos’ <M> = -+ —COS(CORabi 'Z‘Mw) , 9.5)
2 2 2
with the Rabi-frequency given by [120]
I _1
Orabi = 5~ (2801C) 2 . (9.6)

Here, Iyw is the microwave amplitude and C the qubit capacitance. Due to different de-
coherence mechanisms, the Rabi oscillations will decay exponentially with a characteristic
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9 Coherent Oscillations in Nb/Al-AlO,/Nb Phase Qubits

time Ty, which is ideally given by the mean of the relaxation time 77 and the dephasing
time 7>. These will be defined in the following. For stronger driving (i.e. for higher MW
power), higher energy levels than |1) in the qubit potential well are also excited, so that
(9.6) is not valid anymore. Including transitions to the second excited qubit state |2) leads
to an expected oscillation frequency [120, 121]

Qg o< Iviw (1 — sy - (9.7)

The measurement of Rabi oscillations can be used to calibrate the MW pulse length for
constant microwave power. For a certain fypw value, the value of pg will have gone from 0
to 1 for the first time. This means that the pseudospin has been rotated by 8 = 7 (in other
words: the qubit has been brought from its ground to its excited state), so that such a pulse
is called a m-pulse. If a pulse of half this length is applied (i.e. a m/2-pulse), the qubit is
brought from the ground state to the equatorial plane of the Bloch sphere. This knowledge
is very helpful to carry out qubit operations.

Qubit Relaxation

One form of decoherence is relaxation from the excited to the ground state. Since |1) is of
higher energy than |0), the qubit will lose energy and relax from |1) to |0) if mechanisms
of dissipation are available. This can be measured by initializing the qubit, applying a 7-
pulse and waiting a time /gejay until the qubit is read out. While the qubit will be in the
excited state right after the w-pulse, it will decay to the ground state exponentially with a

characteristic time 77 like
Idela
p1 =exp (——y) : 9.8)
I
Ty is commonly known as the qubit relaxation time.

Ramsey Experiments and Dephasing

While relaxation describes unwanted evolution of the angle 6, dephasing describes uncon-
trolled evolution of the angle @. Since states for constant 0 but different @ do not differ
in energy, the value of @ does not relax down to a certain point on the Bloch sphere. In-
stead, the value of @ will be more and more smeared out, so that the pseudospin is not
evolving coherently anymore and the outcome of an experiment will be unpredictable. The
characteristic time for this is called the dephasing time 7>.

T can be measured by initializing the qubit, applying a 7/2-pulse, waiting for a time
tdelay» applying another 7/2-pulse and reading out the qubit state right afterwards. If no
dephasing was present, the two 7/2-pulses would always bring the qubit in its excited
state, so that p; = 1 would be obtained. After dephasing has occured, however, the position
of the pseudospin will not be well-defined anymore, so that the second 7 /2-pulse will turn
the Bloch vector by /2 around an arbitrary rotation axis. Consequently, any qubit state
might be measured, so that in average, p| = % will be obtained. In summary, the occupation
of the excited state will evolve with the delay time like

1 1 tdelay
——4-exp(— . 9.9
PL=sT30 ( T ) ©9)
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Such an exponential decay from 1 to % has limited visibility and is not easily identified as
coming from a real physical process. Hence, a more elegant way is often used to determine
T5: the measurement of Ramsey fringes. For this, the microwave frequency fyw is slightly
detuned from the Larmor frequency fo;. This means that in the rotating frame, the orien-
tation of the qubit manipulation field rotates with a frequency |fo; — fmw|. For the same
experiment as described above, the second 7 /2-pulse will not necessarily rotate the pseu-
dospin to the |1)-state, but to a certain, well defined point on the Bloch sphere, depending
on how much time 74c1ay has passed. Consequently, the occupation of the excited state will
exhibit a decaying oscillation like

Idel
p1=exp (— ;zay) cos [270(fo1 — fmw )delay] - (9.10)

Such an experiment can be carried out for many different values of detuning and the average
of all determined 75 values can be taken as the dephasing time.

9.4 Setup and Procedure of Measurement

For the phase qubit measurements, the existing dilution refrigerator setup of the group of
A. V. Ustinov at the Physikalisches Institut was used. Since no contribution to the measure-
ment setup was made by the author, it shall not be discussed here. Details about it can be
found in the PhD thesis of Jiirgen Lisenfeld [120].

In the precedent section, some qubit measurement procedures were already explained
schematically in the Bloch sphere picture. Now, a general, experimental qubit measurement
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operation read out
I w /ll SQUID read out
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Figure 9.3: Procedure of phase qubit measurements. First, the qubit is initialized in the ground
state of the potential well. Then, the potential is tilted, so that the qubit operation can
be carried out by MW pulses. To map the qubit states to the different potential wells
(corresponding to opposing circulating currents in the qubit loop), a short DC pulse is
applied. Right after the read out pulse, the qubit state is frozen at a lower potential
tilting angle to allow for a reliable SQUID read out. The SQUID detects the flux signal
created by the circulating current in the phase qubit.
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9 Coherent Oscillations in Nb/Al-AlO,/Nb Phase Qubits

procedure will be discussed in more detail. An overview can be seen in Figure 9.3. At first,
the qubit has to be initialized. This is done by tilting the potential to the point where only
one minimum exists. Next, the qubit is prepared for operation by adiabatically applying
a DC magnetic flux @ in the bias coil, so that the qubit will be in a shallow, metastable
potential well. For qubit operation, the working point is reached by a magnetic flux &,
which is slightly larger than ®;. Here, two conditions must be fulfilled: First, the tunneling
rates from the ground state and the excited state have to be negligible, i.e. I\p = 0 and
I'y =0, and second, the anharmonicity in the well must be large enough to make sure that
only transitions between |0) and |1) are induced by the resonant microwave pulse. At the
working point, qubit operations are carried out as described in section 9.3.1.

For read out, the potential is tilted very shortly to a point where tunneling from |1) is
occurring, so that I'y > 0, while still I'y ~ 0. This is done by application of a short (1 ns)
DC flux pulse. After this read out pulse is over, the qubit will by in the lower well if its state
was |1) before, but remain in the shallow upper well if it had been in |0). In other words, the
qubit states have been mapped to the different potential wells. Since these wells correspond
to circulating currents in opposite direction, tunneling to the deeper well involves tunneling
of one magnetic flux quantum into the qubit loop, which is detected by the inductively
coupled DC-SQUID. During SQUID read out, the qubit potential is brought back to the tilt
angle given by flux ®; to make sure that no further tunneling in the qubit can occur.

The flux in the SQUID loop is given by the externally applied flux in addition to the flux
signal coming from the qubit. Depending on the qubit state before read out, this qubit signal
differs by Dgq qp = M23 - I . Consequently, two different critical currents Ic(qub:‘()}) and
I (CIqu:| 1>) are obtained for the SQUID. Since every qubit measurement has to be carried
out a large number of times to reconstruct the occupations pg and p; anyway, two separate
full switching current histograms are obtained for the SQUID (see Figure 9.4). By taking
the weight of these switching peaks, the escape probability of the qubit from the shallow
well Pegc can be calculated. Ideally, it would simply be Pesc = p1. In the actual experiments,
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Figure 9.4: The two separate SQUID switching peaks for a qubit level occupation of py = p; = %
in sample Chl. The left histogram corresponds to the qubit state |0) while the right
histogram belongs to |1). The distance of the peaks can be used to determine the mutual
inductive coupling between qubit and SQUID, as described in the text.
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however, the flux &, was calibrated to P.sc =~ 0.1 even for the qubit in the ground state, in
order to obtain a high anharmonicity. Consequently, p; # Pesc and a maximum visibility in
P.sc of 0.8 can be reached.

9.5 Results and Discussion

As can be seen in Table 9.1, two different qubits were characterized: one with shunting
capacitor (Chl) and one without (Ch2). The results for these samples will be discussed
separately.

9.5.1 Characterization of Phase Qubit Ch1

First, by measuring the distance of the two separate SQUID switching peaks (see Figure 9.4)
and taking into account the slope of the SQUID /.(®) modulation curve, we determined the
strength of the qubit flux signal in the SQUID to be @y qp = 73 m®Py. This is slightly
higher than the expected design value of @gq g = M23 - I g = 53 mPy. Such an increase
in the qubit signal strength might be due to a higher critical current of the qubit /. g than
designed, which goes along well with the fact that also the observed average qubit level
splitting Ag; ~ 13 GHz was slightly higher than expected. An advantage of such distant
SQUID peaks is that single-shot visibility is possible, i.e. a single measurement gives non-
ambiguous information about the measured qubit state. However, the two peaks are much
further apart than would be needed for this. As mentioned before in section 9.2.3, such a
strong coupling might cause additional, unnecessary decoherence, so that the value of M»3
should be reduced in future qubit designs.

Coupling [JHRe

Microwave Frequency [GHZz]

2.5

1.5 2
Flux Bias @, [a.u.]

Figure 9.5: Spectrum of phase qubit Chl. The measured Py is color coded. The inset shows a
magnification of an avoided level crossing due to coupling of the qubit to a TLS. The
working point for qubit characterization is highlighted in yellow.
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Figure 9.6: a) + b) Rabi oscillations of phase qubit Ch1 for different microwave powers (given at the
source output). ¢) Rabi frequency versus applied microwave amplitude. For low MW
amplitudes, the linear law of (9.6) is fulfilled (green dashed line), while for the entire
range, the data can be explained by (9.7), as illustrated by the red line.

Figure 9.5 shows the spectrum of phase qubit Chl. As expected, the qubit level splitting
Ag; changes with the applied flux bias ®, and hence the potential tilting angle. At some
points, avoided level crossings are present (see inset). These are due to the coupling of the
phase qubit to some TLS in its environment. The coupling strength is given by the size
of the avoided crossing Af. This means that the qubit should exchange information with
the TLS with a characteristic time Ty, 7.5 = 1/Af. For the most strongly coupled TLS, we
found Af =90 MHz and hence T, 11.s = 11 ns. Although this is shorter than the observed
qubit coherence time (see below), no coherent oscillation of information between the qubit
and any of the found TLS could be observed.

For characterization of qubit Chl, a working point far from any visible avoided level
crossings was chosen. This was found at Ag; = 14.48 GHz and is marked in yellow in
Figure 9.5. At first, Rabi oscillations were measured as described above for various applied
MW powers. As can be seen in Figure 9.6, clear oscillations between the qubit states |0)

30 40 50 60

0 10 20
Time delay [ns]

Figure 9.7: Relaxation time measurement on phase qubit Chl. The obtained 77 = 25.9 ns is longer
than for similar Nb/AlO,/Nb phase qubits measured by other groups (see section 9.5.3).
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Figure 9.8: a) + b) Ramsey oscillations of phase qubit Chl for different MW frequencies fyw. c)
Surface plot of the escape probability (Pesc, color coded) as a function of fyrw and the
delay time between the 7 /2-pulses.

and |1) with a characteristic decay time around Ty ~ 22 ns were obtained. Furthermore,
Figure 9.6¢ shows that the dependence frapi o< Imw given by (9.6) is fulfilled for small MW
amplitudes. Furthermore, it was tested whether the data could be explained in the entire
amplitude range by including transitions to the second excited qubit state. An excellent
agreement with theory was obtained, which can be seen by the red line in Figure 9.6c. It
was obtained by a fit with Qr = s lyw [1 — (5 IMW)Z} + 223 according to (9.7).

Measurement of the Rabi oscillations allowed calibration of the MW pulse length, so
that now a controlled 7-pulse could be applied in order to measure the relaxation time 77.
The result can be seen in Figure 9.7. The qubit indeed relaxes down to the ground state
exponentially with a characteristic time 77 = 26ns. As will be discussed in more detail in
section 9.5.3, this obtained relaxation time is longer than for any other reported Nb/Al1O,/Nb
phase qubit of similar design.

To determine the dephasing time 75, we performed Ramsey experiments as described
in section 9.3.1. Figure 9.8 shows the obtained Ramsey oscillations for different applied
MW frequencies fyrw. As can be seen in the surface plot in Figure 9.8c, for fyrw = fo1,
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Figure 9.9: a) Ramsey frequency as a function MW frequency fyw. b) Dephasing times 7, and
error bars for various fyw values. The average value accounts for 7> = 21 ns.
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no oscillations occur and Pes. drops exponentially to ~ % according to (9.9). In contrast,
coherent oscillations were visible if fyrw was detuned from the Larmor frequency fy;.
These were investigated in more detail by plotting the oscillation frequency framsey OVer
the MW frequency, as shown in Figure 9.9a. As expected from (9.10), a linear behaviour
fRamsey =< | for — fmw| is found in nearly perfect agreement with theory. Figure 9.9b shows
the determined dephasing times 7> for various values of the driving frequency fyrw. The
different 7 are of the same order and an average value of (7>) = 21 ns is found. Analogous
to the measured relaxation time 77 = 26 ns, this dephasing time is significantly longer than
in any other reported Nb/AlO,/Nb phase qubit of similar design (see section 9.5.3).

9.5.2 Characterization of Phase Qubit Ch2

Phase qubit Ch2, which should be identical to Chl except for the missing shunt capacitor,
was characterized in the same run of the dilution refrigerator. Due to limitations of the mea-
surement setup, no minimum was observed in the I.(H) curve of the read out DC SQUID.
Consequently, the applied voltage in the bias coil could not be converted into applied flux
and the slope of the SQUID modulation could not be determined. Hence, the coupling be-
tween qubit and SQUID @ 4 could not be calculated. Since the design values of M3 and
I gb are identical to the ones of phase qubit Ch2 and the qubits were processed on the same
chip, we can assume that the coupling will be similar to the one observed for Chl.

The spectrum of phase qubit Ch2 can be seen in Figure 9.10. Again, avoided level
crossings due to coupling to TLS are present. Unfortunately, the level splitting of the
qubit lies around Ag; ~ 23 GHz, which is significantly higher than the expected value of
Ag1 =~ 17.8 GHz. Qubit spectroscopy revealed that the MW power arriving at the sample
inside of the dilution refrigerator is strongly frequency dependent above 20 GHz and too
strongly attenuated to even carry out qubit measurements above ~ 24 GHz. This limited
the possibilities of qubit measurement strongly.
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Figure 9.10: Spectrum of phase qubit Ch2. The measured Pes is color coded. For higher fre-
quencies, attenuation in the MW lines of the dilution refrigerator was so high that no
sufficient MW amplitude was available at the sample for qubit spectroscopy.
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Figure 9.11: a) + b) Rabi oscillations of phase qubit Ch2 at different level splittings Ag;. ¢) Relax-
ation time measurement for Ag; = 21.85 GHz.

We performed Rabi and 77 measurements for various flux bias values @, and hence also
for different qubit level splittings Ag;. Exemplary measurements can be seen in Figure 9.11.
For all chosen working points, we found coherent oscillations between the |0) and the
|1) states with decay times around 7 ns. The corresponding relaxation times were about
Ty = 10— 11 ns long. This is still longer than for many Nb/AlO,/Nb phase qubits from
commercial foundries (see section 9.5.3). Since the coherence times were significantly
shorter than for qubit Chl and very large powers had to be applied in order to excite the
qubit, no further measurements were carried out on phase qubit Ch2.

The reason for the stronger decoherence in qubit Ch2 than in sample Chl are discussed
in the following. The only structural difference is the absence of a shunting capacitor in
qubit Ch2. This means that most of the electrical field is stored in the tunneling oxide of the
Josephson junction and not in the dielectric of the capacitor. However, decoherence in Ch2
could only be stronger if the losses in the AlO, barrier were larger than in the insulating
Si0 layer. Since it is difficult to investigate dielectric losses in the thermally grown, very
thin tunneling oxide, it is impossible to say whether this is true. However, if the AlO, layer
would limit the coherence times to 77 ~ 11 ns, Al base phase qubits would probably not
achieve coherence times of around 600 ns (see below). Consequently, the redistribution
of the electrical field is probably not the correct explanation. In the PhD thesis of Jiirgen
Lisenfeld [120], it was also found that the coherence times in phase qubits with larger Ay
values tended to be shorter. This is in agreement with our recent findings that the TLS
density of states increases with rising frequency (for details see [Skal0] and [SKWT11]).
Hence, we conclude that the larger level splitting is responsible for the stronger decoherence
in sample Ch2. Consequently, it should be taken care that Ay is not too high in future qubit
designs.
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9.5.3 Discussion of Possible Decoherence Mechanisms

While Al based phase qubits have reached coherence times up to 600 ns [92], for most
Nb/Al-AlO,/Nb phase qubits the relaxation times are shorter than 77 ~ 10 ns [14, 21, 40,
122] and even the longest observed times do not exceed 20 ns [22,41, 123]. For all these
devices, the dephasing times 7, could either not be measured or were shorter than the 7}
times. (Only a changed phase qubit design, in which the qubit could be made insensitive to
decoherence by operating it at an optimal point, resulted in longer coherence times about
T1 ~ 100ns for a Nb/Al-AlO,/Nb based device recently [124].) However, a Nb/AlO,/Nb
process which is suitable for the fabrication of phase qubits would still be desirable, since
this technology offers big advantages concerning scalability, integrability, reproducibility
and yield. Since the coherence times observed in our phase qubit are longer than those in
any other Nb/AlO,/Nb phase qubits of similar design as mentioned above, we tried to learn
some more about the reasons of decoherence in our devices.

First, we examined if the coherence times in our phase qubits could be limited due to sub-
gap leakage. As discussed in section 5.4.2, this is not the case. Although the decoherence
rate of 1/7g, = 1/(100 us) was only obtained by a rough estimation, it should definitely be
smaller than the observed rate of 1/77 = 1/(26ns). Also the ringdown times given by dis-
sipation in the qubit should not play a role, as discussed in section 9.2.3, since they account
for 71 = 0.7 —2.2 pus.

It follows that another decoherence mechanism must be present in our phase qubits.
As already discussed in chapter 6, it was discovered recently that the coherence times in
phase qubits were limited by the presence of spurious two-level systems (TLS) in their
vicinity [23,84]. The macroscopic manifestation of these TLS are dielectric losses [23,84].
Since we could rule out other possible mechanisms of decoherence, we assume that the
presence of such TLS is responsible for our limited coherence times, as well as for the
decoherence in other Nb/AlO,/Nb phase qubits. In the following, we discuss why we might
have fewer TLS in our qubits and hence longer coherence times than in similar devices.

TLS have been found in the bulk dielectrics used for insulating layers in qubit fabrica-
tion [23] as well as on metal surfaces [95]. The dielectric losses in our Nb,O5 and SiO thin
films are rather high (see chapter 6), and definitively higher than in SiN, (see Figure 6.5).
The latter is the dielectric used for phase qubits fabricated by Hypres> or the PTB?, which
exhibited much shorter coherence times around 7 ns [125]. Hence, we do not believe that
the losses in the insulating layers are responsible for our improved coherence times. In-
stead, the stronger decoherence in other phase qubits might either be due to higher subgap
leakage or to TLS on the Nb surfaces. While the former hypothesis would be disallowed
by the corresponding fabrication foundries, the latter is supported by the recent observation
that the TLS responsible for the losses in superconducting coplanar waveguide (CPW) res-
onators stem from surface or interface states [88]. It seems likely that processes like RIE
or CMP alter the Nb surface by ion bombardment, mechanical stress or chemical reaction.
Since we have taken care to avoid such processes wherever possible (for example by using
the Al hard mask technique, see section 4.3, or patterning the SiO insulation layer by lift-
off), the enhanced coherence times in our phase qubits might indeed be due to the novel

ZHypres is a commercial foundry for Josephson junction circuits located in Elmsford, NY, USA
3Physikalisch-Technische Bundesanstalt, Braunschweig, Germany
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9.6 Conclusions

fabrication process presented in chapter 4. This is supported by the fact that the quality
factors of Nb based CPW resonators were found to be significantly larger if the Nb films
were lifted-off instead of being patterned by reactive ion etching [96].

However, we still use RIE for trilayer and junction patterning. Consequently, we hope to
further increase our 77 and 7; times by either improving or entirely omitting our employed
RIE process. For example, fabricating phase qubits exclusively by lift-off processes and
measuring the coherence times would yield information about the influence of RIE on the
TLS density in Nb surfaces. If the coherence times do not significantly improve in this way,
the decoherence might be due to TLS in native Nb oxides, which form as soon as Nb has
contact with air. In this case, passivation of the Nb surfaces (for example by nitridization)
before the wafers are taken out of vacuum might decrease the TLS density and result in
longer coherence times. Additionally, the use of insulating layers with lower dielectric
losses and hence fewer TLS should lead to longer coherence times. However, this will
probably only yield a significant improvement after the problem with TLS in Nb surfaces
is solved.

A more radical approach would be to entirely leave out amorphous dielectrics in the
fabrication process. This would be possible by realizing the Josephson junctions as weak
links, such as Dayem bridges [25] or other nanobridges. Additionally, such systems could
be realized in a one-layer process and would hence be faster in production. However, the
conditions for observation of the Josephson effect with sinusoidal current-phase relation-
ship according to (2.7) and phase coherent supercurrent flow, namely that the characteristic
bridge dimensions are smaller than the coherence lengths &(7') and &, (see section 2.2.1)
are very difficult to fulfill. For example, &(7') = 18 nm has been determined for Nb at 4.2 K
in section 5.2. First experiments on the realization of the Josephson effect in Nb Dayem
bridges at the IMS have been carried out in the Studienarbeit of Max Bauer [BaulO]. How-
ever, the Josephson effect could not yet be shown in the fabricated structures and further
investigations would be necessary.

9.6 Conclusions

The fabrication process for high quality sub-um to um-size Josephson junctions developed
in this thesis was successfully used to fabricate superconducting phase qubits. The qubit
level splittings were higher than expected, which led to experimental difficulties in the in-
vestigation of the capacitively unshunted qubit Ch2. However, relaxation times around
10-11 ns could be measured for this sample, which is longer than for many other Nb based
phase qubits. For the capacitively shunted qubit Chl, a relaxation time of 77 = 26 ns and
a dephasing time of 7, = 21 ns were obtained. This is longer than for any other reported
Nb/AlO,/Nb phase qubit of similar design. Rabi and Ramsey type experiments were per-
formed and show excellent agreement with theory. Finally, possible decoherence mecha-
nisms in our qubits were discussed. The Al hard mask technique developed in this thesis
might be a reason for the long coherence times, since it helps to avoid chemical processes
like RIE or CMP.
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10 Summary

In this thesis, a technological process for the fabrication of high-quality Nb/Al-AlO,/Nb
Josephson Junctions with sizes down to the sub-um regime has been developed and suc-
cessfully used for various macroscopic quantum experiments.

The basis for such experiments is the fact that the charge transport in superconductors is
carried out by Cooper pairs, which have zero spin and hence exhibit boson-like behavior.
This is why the whole superconductor can be described by only one macroscopic quantum
mechanical wavefunction. If this superconductor is interrupted by a thin insulating barrier,
the macroscopic wavefunction exhibits a well-defined phase difference, which is connected
to the current and voltage over this element. This is called the Josephson effect and such
a device is known as a Josephson junction. The dynamics of such a system can be de-
scribed by a tilted washboard potential containing a macroscopic phase particle, which can
escape from a potential well by quantum tunneling. Consequently, Josephson junctions are
ideal systems for the investigation of macroscopic quantum effects and the fabrication of
macroscopic quantum devices such as quantum bits.

One possible experimental realization of such elements is given by the Nb/Al-AlO,/Nb
technology, which has been the standard process for many applications over two decades
and exhibits very high yield, reproducibility, scalability and low parameter spread.

Despite the many advantages of Nb/Al-AlO,/Nb technology for classic applications such as
RFSQ and voltage standards, the usage of this technology for high-performance quantum
bits remains a challenge. Superconducting phase qubits fabricated by foundries specialized
on high yield processes have shown very poor coherence times below 10 ns. Consequently,
the focus in this thesis was put on the development of a fabrication process especially suited
for quantum devices and experiments.

This was done in two steps. At first, the standard fabrication process involving pho-
tolithography was optimized. Through a careful analysis of the junction quality before the
start of this thesis, processing steps which had to be improved where identified. A working
point for minimal Nb film stress was found by measuring the curvature of the silicon sub-
strate wafers. The Al thickness was changed to the value of 7 nm, which was found to be
ideal in literature. The reactive ion etching (RIE) process was optimized considering slow,
precise, uniform and clean etching with the use of response surface methodology (RSM).
Finally, the anodic oxidation of the lower electrode sidewalls was introduced by changing
the order of the processing steps.

Characteristic measurements on Josephson junctions fabricated with the optimized pro-
cess revealed a clearly improved quality in comparison to before the start of this thesis.
Furthermore, the obtained quality parameters Vyap > 2.8 mV, Ry, /Rn 230, I.LRN ~ 1.8 mV
and Vi, 2 60 mV are excellent. The yield was found to be larger than 98 %, which is largely
sufficient for all aspired quantum experiments.
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The second step in order to obtain a fabrication process for high-performance quantum
devices was to develop a technology for sub-um to um-size Josephson junctions. Here,
the novel concept of an Al hard mask was used for junction definition. The hard mask is
created by positive e-beam lithography, Al sputtering, and lift-off. It is oxidized during the
anodization, protects the underlying Nb surface on top of the Josephson junction and can
be removed by a clean KOH wet etching process. In order to obtained small vias in the SiO
insulation layer, the employed e-beam lithography process and the SiO thermal evaporation
were carefully optimized. Before the Nb wiring layer is deposited, an in-sifu pre-cleaning
by low-energy Ar ion beam etching was introduced, so that an electrical contact through
the narrow vias is obtained.

Josephson junctions were fabricated with this newly developed process down to areas of
0.5 um?. Their characterization showed that their quality was just as excellent as that of
the junctions fabricated with the optimized standard process. In addition, detailed measure-
ments of the subgap regime were carried out with a voltage bias setup at mK temperatures.
These investigations showed that the RCSJ model describes the junctions with high accu-
racy and that the coherence times in qubits fabricated with this technology should not be
limited by quasiparticle conductance.

One of the main decoherence mechanisms in superconducting phase qubits was found to
be coupling of the qubit to spurious two-level systems (TLS) in its environment. Since the
macroscopic manifestation of such TLS are dielectric losses, the development of a reliable
method for the determination of dielectric losses is an important part of the development
of a fabrication technology for quantum devices. In this thesis, a reliable method for di-
rect measurements of dielectric losses in thin films employing superconducting resonators
was developed. This method needs no input of any fitting parameters and allows to mea-
sure the losses in the film volume as well as the metal/dielectric interfaces quantitatively.
The losses in thin films of Nb,Os, SiO, SiO;, SiN, and a-Si:H were measured at cryo-
genic temperatures and GHz frequencies, showing that the losses in the volume of such
amorphous materials exceed the ones on the interfaces by far. Furthermore, the frequency
dependences of the losses under the above conditions were investigated for the first time.
The corresponding results suggest that the TLS exhibit many-body interactions, which is
an important fact for their theoretical modeling. The investigation of the dielectric losses in
multi-layers showed a good agreement between measurement and theoretical expectation,
namely that the layers contribute to the total losses weighted with their permittivities. This
is especially important for Josephson junction fabrication, since the Nb,Os layer, which is
crucial for junctions with low subgap leakage, exhibits high losses, but also has a very high
permittivity. Consequently, it should still be possible to use it in qubit fabrication as long
as it is combined with a layer having lower losses and lower permittivity.

The newly developed technological process for the fabrication of high-quality sub-um to
um-size Nb/Al-AlO,/Nb Josephson junctions was used for three macroscopic quantum ex-
periments. At first, the classic proof that a macroscopic quantum effect is observed in
Josephson junctions, namely the observation of tunneling of a phase particle out of a po-
tential well, was aspired. Such a macroscopic quantum tunneling (MQT) experiment was
carried out systematically for varying junction size and varying magnetic field, which both

122



had not been investigated experimentally before. In order to perform the experiments in
the low damping limit, the damping at frequencies relevant for MQT was significantly de-
creased by using decoupling inductors. The crossover from the thermal to the quantum
regime was found to have a clear and systematic dependence on junction size, which was
in perfect agreement with theory. Furthermore, the dependence of the escape temperature
with applied magnetic flux agreed excellently with theory. Additional structures in the cor-
responding measurement results might be due to the occurrence of Fiske resonances in the
junctions, which will be analyzed in collaboration with theory groups in the future.

Since the MQT experiments confirmed that the developed Josephson junction technology
is excellently suited for quantum experiments, the dynamics of a more complex structure
was investigated, namely in an LC shunted Josephson junction. In such a system, two phase
drops occur in the system, so that it has to be described by a two-dimensional potential.
This leads to the occurrence of two new energy scales (instead of the single junction energy
scale) in the system. The circuit elements were simulated and designed carefully, in order
to investigate the dynamics for different sets of parameters. MQT measurements performed
on these samples showed in principle the expected behavior, but will have to be analyzed
in collaboration with theory groups in the future to achieve a detailed understanding. By
probing the energy levels in the potential well with microwave spectroscopy, it was shown
that such a system indeed acts as one single quantum system. This is remarkable since
the circuit has a size of 200 x 650 um?, which is larger than for most superconducting
qubits. Furthermore, an excellent agreement between the theoretically expected behavior,
calculated using the design parameters, and the measurement data was found. These results
are crucial for the understanding of the dynamics in high-temperature Josephson junctions,
where such shunting elements cannot always be avoided in fabrication. Furthermore, the
findings are important for superconducting quantum circuits such as quantum bits, since
such systems are often shunted capacitively or inductively at will. Consequently, the fact
that there is indeed a second energy scale in an LC shunted Josephson junction should be
considered in quantum device design and operation.

For the final macroscopic quantum experiment in this thesis, the new fabrication process
was used to build superconducting phase qubits, which consist of a Josephson junction em-
bedded in a superconducting ring. Such a structure is described by a double-well potential,
where each minimum corresponds to a circulating current in opposite direction. The two
lowest energy levels in one well are used as the qubit states, and read out is performed by
letting the excited state tunnel to the other potential minimum. The corresponding change
in generated magnetic flux is detected by a DC SQUID.

The qubit circuits were designed carefully by simulating all involved inductances and
calculating the eigenenergies in the qubit potential well numerically. Two qubits were in-
vestigated, of which one was capacitively shunted to lower the microwave frequency re-
quired for operation. The experiment showed that the qubit level splittings were higher
than expected, which led to experimental difficulties in the investigation of the capacitively
unshunted qubit Ch2. However, relaxation times around 10-11 ns could be measured for
this sample, which is still longer than for many other Nb based phase qubits. For the capaci-
tively shunted qubit Chl, a relaxation time of 77 = 26 ns and a dephasing time of 75 =21 ns
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were obtained. This is longer than for any other reported Nb/AlO,/Nb phase qubit of simi-
lar design. By coherent manipulation of the qubit states with microwaves, Rabi and Ramsey
type experiments were performed and show excellent agreement with theory. Finally, pos-
sible decoherence mechanisms in the qubits were discussed. Since subgap leakage and
losses in bulk dielectrics could be excluded as reasons for the long coherence times in the
devices, it can be assumed that the decoherence is mainly due to TLS on the Nb surfaces.
Consequently, the Al hard mask technique developed in this thesis might be a reason for the
longer coherence times, since it helps to avoid chemical processes like RIE or CMP, which
might be responsible for the TLS formation on metal surfaces.

In this thesis, a new technological process for the fabrication of sub-um to pm-size Nb/Al-
AlO,/Nb Josephson junctions was developed, which led to results in excellent agreement
with theory for all three performed macroscopic quantum experiments. Some of the ob-
served effects were unexpected and have to be investigated in collaboration with theory
groups in the future. For superconducting phase qubits, the obtained coherence times were
longer than for any other reported Nb based phase qubit of similar design. Consequently,
this process can be used in the future for many macroscopic quantum applications. Fur-
ther optimization of the SiO via definition, possibly implying a two-layered e-beam resist,
might allow the fabrication of even smaller junctions, so that also the fabrication of flux
qubits might be possible. In order to obtain even longer coherence times in Nb/Al-AlO,/Nb
phase qubits, fabrication of the devices exclusively by lift-off processes is advisable, since
this entirely omits chemical processes like RIE. As a next step, insulating layers with lower
dielectric losses than SiO should be used. A method to quantitatively measure these losses
in the qubit working regime and a Josephson junction like environment was developed
within this thesis.
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A Magnetic Flux Quantization

Since all Cooper pairs can be described by a single wavefunction, one can expect macro-
scopic quantum phenomena in superconducting systems. In 1950, Fritz London predicted
that the magnetic flux ® penetrating a superconducting ring should be quantized, which
was experimentally confirmed by R. Doll and M. Nibauer eleven years later. As this flux
quantization plays an important role for the principles of SQUIDs and phase qubits, it will
be discussed here in some detail.

In general, when a magnetic flux penetrates a superconducting ring, a circulating current
will be induced. Ginzburg and Landau showed in 1950 in their macroscopic, phenomeno-
logical theory that the current density in a superconductor being in a magnetic field E()‘C’)
having a vector potential A (%) is given as [24]

< gsh S N T 7
Js (%) = V(X)) VyE) - y(E) -V (x)] - m—:A X v (D y(X). (A.D)

2mgl

Here, i = h/(27) is the reduced Planck constant and y* denotes the complex conjugate of
. In a homogeneous superconductor, the Cooper pair density ng is constant so that only
the phase ¢ in (2.5) depends on space. This turns (A.1) into

- h - . o
UoAL Js () = q—w (X)—A. (A.2)

If we now integrate along the ring and take a path dl far enough inside the ring (compared
with Ap) so that no currents flow, the left side of (A.2) gives zero. For the first term on the
right side, we should obtain

f% (%) -dl = 27n, (A.3)

with n being an integer, since ¥ must be continuous. Using Stokes’ theorem and VxA=8,
the second term on the right side of (A.2) can be transformed into

fﬁ(z).dz*:/S%xx(z).dﬁz/sﬁ(z)ﬁ:cp, (A4)

where S is the area penetrated by the magnetic flux ® and surrounded by the superconduct-
ing ring. Finally, we see that (A.2) turns into

h
P=n-—=n-Py. (A.5)
gs

This shows that the magnetic flux is quantized with the magnetic flux quantum ®y. Know-
ing that the superconducting charge carriers are Cooper pairs, we assume that g; = 2e and
hence ®y = /1/(2¢) = 2.0678-10~'> Tm?. This value was also found experimentally, which
impressively confirms the existence of Cooper pairs. If the externally applied magnetic field
does not correspond to ndy, circulating currents in the superconducting ring arise, so that
the total magnetic flux is still compensated to a multiple of the flux quantum.
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B Detailed Processing Parameters

B.1 Process Before the Start of This Thesis

In the following list, details of the processing parameters as used before the start of this
thesis are given (the names of the layers are given in brackets). Potential flaws in this
process as well as its optimization are discussed in chapter 4.
Deposition of the trilayer in the UTS 500 vacuum system:
* Pre-cleaning of the wafer by an RF Ar plasma in the load lock.
* DC magnetron sputtering of Nb for 240 s (nominal thickness: 200 nm) at a power of
300 W and an Ar working pressure of 5.5 mTorr in the main chamber.
* DC magnetron sputtering of Al for 15 s (nominal thickness: 7 nm) at a power of
100 W and an Ar working pressure of 5.4 mTorr in the main chamber.
* Oxidation of the Al layer for 30 min at room temperature in the load lock in a pure
oxygen atmosphere at a pressure depending on the required critical current density
Je-
* DC magnetron sputtering of Nb for 120 s (nominal thickness: 100 nm) in the main
chamber with the same parameters as for the bottom electrode.

Definition of the Josephson junctions (J):
* Positive photolithography
* Reactive-ion-etching (RIE) of top trilayer electrode (M2b) at a working pressure of
260 mTorr, CF4 flow of 29 sccm and O, flow of 5.9 sccm.
* Anodic oxidation at a voltage of 30 V in an aqueous solution of (NH4)B5Og and
C,HgO; at room temperature.

Definition of the bottom electrode (M2a):
* Positive photolithography
* RIE (same parameters as described above) to remove Nb,O5 created during anodic
oxidation.
* Ion beam etching (IBE) through the Al-AlO, layer.
* RIE (same parameters as described above) to pattern the lower trilayer electrode
(M2a)

Definition of the insulation layer (I):
* Negative photolithography
* Thermal evaporation of a 300 nm thick SiO layer in two deposition steps of 150 nm
each.
* Lift-off

Definition of the wiring layer (M3):
» Negative photolithography
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* Pre-cleaning of the wafer by an RF Ar plasma in the load lock of the UTS 500 system.

* DC magnetron sputtering of Nb for 420 s (nominal thickness: 350 nm) in the main
chamber of the UTS 500 system (same parameters as described above).

e Lift-off

B.2 Technological Process as Developed During This
Thesis

In chapter 4, the optimization of certain processing steps is discussed in detail. Furthermore,
an overview of the process and the order of the single steps are given. In this section,
parameters of the single employed processes are discussed in detail.

Photolithography

The parameters of the photolithography varied over time and were optimized whenever
it was found necessary. The most prominent change was replacing the developer for the
positive lithography, since the use of the AZ Developer did not fully develop the resist
next to the defined structures anymore. Before the actual photolithography, the thicker
edge of the resist was removed by 42 s exposure and 30 s development. With negative
photolithography, the inverse of the mask structure is patterned into the resist.

Table B.1: Parameters of negative and positive photolithography. MIF stands for metal-ion free.
Positive photolithography \ Negative photolithography ‘

Resist AZ 5214E AZ 5214E
Spinning 6000 rpm for 60 s 6000 rpm for 60 s
Baking 4 min at 85 °C 4 min at 85 °C
Exposure 10-11s S5s
Post-baking - 5 min at 120 °C
Flood exposure - I min
Developer | AZ Developer, later AZ 726 MIF AR 300-47 MIF
Development around 1 min around 1 min 40 s

Deposition of Trilayer

The trilayer deposition took place in the UTS 500 vacuum system. It contains a load lock
and a main chamber. In the following, the detailed process parameters are given.

 Pump load lock to base pressure < 107> mbar. RF pre-cleaning in Ar plasma at a
pressure of p = 4- 1072 mbar and a RF power of 30 VA for 3 min.

e Pump load lock and bring wafers to main chamber having a base pressure p <5
10~7 mbar. Set Ar flowmeter to 2.0 V and rotate butterfly valve above turbopump
until p = 7.2 mTorr (= 9.6- 1073 mbar). Sputtering of Nb takes place at a power of
P =300 W with 3 min pre-sputtering.
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* Reset the butterfly valve to obtain p = 5.4 mTorr (= 7.2- 1073 mbar). Sputtering
of Al takes place at a power of P = 100 W with 10 min pre-sputtering. The same
parameters are used for deposition of the Al hard mask.

* Pump main chamber. The load lock is rinsed three time with oxygen and pumped
again before the wafer is brought into it. The desired oxidation pressure is set and the
oxidation is (usually) performed for 30 min at room temperature. For higher pressures
Poxy = 1 mbar, the turbopump is separated from the load lock and the oxidation is
performed with a static pressure. For lower pressures poxy < 1 mbar, the oxidation is
performed in a steady state with constant Ar inflow and constant pumping power.

» After pumping of the load lock, the wafer is transferred to the main chamber again.
Nb is sputtered with the same parameters as before.

Reactive lon Etching (RIE)

Optimization of the RIE process is discussed in section 4.2.2 with detailed modeling pa-
rameters given in Appendix C. In the following, the details of an etching procedure are
given:

* Put sample in load lock and pump it.

* The main chamber is preconditioned by creating a plasma with the standard etching
parameters for 6 min.

* Bring the sample into the main chamber if pressure in load lock is below p ~ 6 -
10~ mbar.

* The etching takes places at an CF4 flow of 49 sccm, an O; flow of 21 sccm, a pressure
of 200 mTorr (=0.27 mbar) and an RF power of 100 W. Using the matchbox of the
system, the reflected power is kept below 3 W. Usually, for 100 nm of Nb, RIE is
carried out for 1 min 30 s.

lon-Beam Etching (IBE)

The IBE parameters were taken over from before the start of this thesis. The only purpose
of the IBE is to remove the Al/AIO, tunneling barrier, which cannot be etched by RIE.

* Put sample in load lock and pump it.

* The plasma and later the ion beam are already started in the main chamber in order
to stabilize it.

* Plasma and ion beam are turned off. The sample is brought into the main chamber
with an elevator.

* The plasma is started in the main chamber at an Ar flow of 1.5 X 4 sccm, a pressure
of p~2.5-10~* mbar and an RF power of about 100 W.

* The positive grid voltage of 250 V and the negative grid voltage of 200 V are applied,
so that the ion beam is started. The RF power reset so that a positive grid current of
~ 48 mA 1is reached.

* The tilted, rotation sample table is turned on. The shutter above the wafer is opened,
so that etching begins. It takes place for 2 x 5 min with a pause of 5 min in which the
shutter is closed.
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Electron-Beam Lithography

Electron-beam lithography was used to define small Josephson junctions and small vias
through the SiO insulating layer. Especially for the latter, a thorough optimization of the
e-beam parameters was necessary. In Table B.2, the employed parameters are given.

Table B.2: Parameters of the employed e-beam lithography. The resist thickness was measured
using the TENCOR profilometer.

JJ definition | SiO vias |

Resist PMMA 950 3% PMMA 950 5%
Spinning | 8500 rpm for 60 s | 8500 rpm for 60 s
Baking S min at 175 °C 5 min at 175 °C

Thickness 235 nm 465 nm
High voltage 9kV 9kV
Aperture 10 um 10 um
Dose 50 uC/cm?® 63 uC/cm”

Development | 50 s in AR 600.56 | 50 s in AR 600.56

Anodic Oxidation

Quite a few details of the anodic oxidation are already discussed in section 4.2.3. The
voltage for anodic oxidation can be chosen freely, but was mostly taken to be 20 V to 30 V.
The current limitation on the voltage source is set to minimum in order to obtain a slow
Nb,Os growth. After the voltage is applied, it takes about 20-30 s to reach the set value.
The current during this time usually accounts for 0.68 mA. Anodization usually takes place
for 6 min and a final current of 2-3 pA is normally reached.

Wet Etching of the Al Hard Mask

The Al hard mask is etched in 20 wt% KOH, which is diluted 1:1 with H>O. The etching
progress can be controlled by eye. Usually, the wafers are kept in the KOH for about
4 min 30 s to make sure that no remains of the hard mask are left.

Thermal evaporation of SiO

After the samples are built into the vacuum chamber, the latter is usually pumped over
night to reach a base pressure 2 —7-10~7 mbar. Then, the current through the crucible is
carefully increased, so that the pressure in the chamber rises. This bake-out is continued
until the pressure starts dropping again. Evaporation takes place in four steps. For each
step, a base pressure < 5- 10~ mbar and a working pressure of < 8- 10~ mbar should be
reached. The film thickness is measured in-situ with an INFICON oscillating crystal. The
current through the crucible is set to 5.4 - 5.6 A, so that a deposition rate of 0.5 - 0.8 nm/s
is reached.
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Deposition of the M3 wiring layer

The deposition of the Nb wiring layer takes place in the UNIVEX 450 vacuum system.
As discussed in section 4.3.3, pre-cleaning before the sputtering is important especially for
small SiO vias. In the following, the details of the M3 deposition are given:

« Put sample in load lock and pump it to below 5- 1076 mbar.

» After the sample is transferred to the main chamber (having a base pressure < 2 -
10~7 mbar), pre-cleaning takes places with an ion gun. This is done at an Ar flow
of 5 sccm, an Ar pressure of 1.3- 1073 mbar, a beam voltage of 100 V and a beam
current of 10 mA for 10 min with a rotating sample holder.

* Nb is sputtered on the rotating sample holder at a sputter current of 175 mA and
a pressure of 5.0- 1072 mbar. For thick films > 300 nm, sputtering should be car-
ried out in two steps in order to avoid heat-induced damage to the photoresist. For
each deposition run, pre-sputtering is performed for 2 min by sweeping through the
sputtering current from 40 mA to 400 mA multiple times.
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C Response Surface Methodology
Modeling of the RIE Process

Since plasma processes like RIE cannot be modeled analytically, the etching properties at a
certain set of parameters cannot be extrapolated from the properties at another set of param-
eters. Consequently, the parameter space has to be searched experimentally for a working
point with the required etching properties. This search can be carried out systematically and
efficiently with the response surface methodology (RSM) [126, 127]. This is an empirical
modeling tool which allows to significantly reduce the required experimental points. Since
plasma processes can exhibit a non-monotonous dependence of the response to certain pa-
rameters, a modeling formula at least up to quadratic terms is required. This means that
for a process with three independent parameters, a classic modeling would require 33 = 27
data points (see Figure C.1a). With RSM and a Box-Behnken design (see Figure C.1b), the
number of required points can be reduced to 13. One point (preferably in the center) can be
measured several times in order to determine the process variance.

In the modeling of the RIE process, the power was held constant at P = 100 W and
the three parameters pressure p, total flow F = F; + F> and oxygen content O = F,/F
were varied. The evaluated parameter space can be found in Table C.1. The center point
was replicated five times, so that 17 measurements were carried out. For data point i, the
response Y; (e.g. the etching rate of Nb re np) 1s given by

Yi =dozio+d1zi1 +drzip +d3zi3 +dazig +dszis +dezis +d7zig +dszig +dozig. (C.1)

Here, the z; ; are combinations of the parameter values and the d; are the coefficients,
which are equal for all data points. In detail, z;0 = 1, z;1 = pi, zip = O}, i3 = Fj, Zia =

Figure C.1: a) A classic approach would require 27 data points in order to model a process with
3 parameters up to the second order. b) With the Box-Behnken design, the number of
required points is reduced to 13 points. The center point can be measured several times
in order to determine the variance of the process.
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C Response Surface Methodology Modeling of the RIE Process

pi-0i,2i5=pi-F,2i6=0; F,zi7= pl~2, 78 = 0,2 and z;9 = Fiz. The mixed terms ensure
that also interactions between different parameters are taken into account. Combining all
17 equations of type (C.1) into one results in the matrix equation

Y 210 2,1t 219 dy

63 20 21 0 29 d,

=1 ’ A I (C2)
Y17 2170 217,10 0 2179 doy

Since the vector ¥ and the matrix z are simply given by the experimental parameters, it
is possible to calculate the coefficient vector d according to

d=("-2)71.-7. (C.3)

Table C.1: Parameter space for RSM modeling of the RIE process.
Parameter | RSM value —1 | RSM value 0 | RSM value 1 |

Pressure p [mTorr] 100 150 200
Oxygen content O [%] 10 30 50
Total Flow F [sccm] 10 40 70

Results

The RSM modeling was carried out in the Box-Behnken design (see Figure C.1b) for the
Nb etching rate r. N, and the resist etching rate re res; the measurement data can be found in
Table C.2. They were obtained by taking a Nb film, usually of 600 nm thickness, creating a
resist mask on top of it and etching a certain thickness < 600 nm. By measuring the profile
after lithography, after etching and after resist removal, the etching rates for Nb and the
photoresist could be determined.

The parameter space given in Table C.1 proved to be too large for a linear modeling
Y = renp. The obtained etching rates varied over several orders of magnitude, so that the
obtained model returned negative re Np and reres values for some parts of the parameter
space. Consequently, a logarithmic scaling ¥ = In(reNb) and ¥ = In(re res) Was used and
gave much better results. For six new points within the parameter space, mean relative de-
viations from the fit curves were calculated. These accounted for 27 % for the Nb etching
rate and 20 % for the selectivity re Nb/7e res- In order to improve the precision of the model-
ing, these 6 points were included in the RSM model, so that 23 data points were evaluated.
Now, for six randomly chosen values out of these 23 points, a mean relative deviation of
10 % for re Ny and 4 % for the selectivity was calculated. This means that the etching rates
can be reliably predicted for any point within the parameter space. Since the latter is rather
large and the etching rates vary strongly, this is an excellent result. The determined mod-
eling coefficients d; are given in Table C.3. More details about the foundations of plasma
etching as well as this particular RIE modeling procedure can be found in the Studienarbeit
of Maher Rezem [Rez11].
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Table C.2: Experimental data points for RSM modeling of the RIE process. Points 18 to 23 were
used as test points for the Box-Behnken modeling with 17 points and as further data
points for the second modeling.

Data | Pressure p | O, content O | Total flow F TeNb Te.res
point [mTorr] [%] [sccm] | [nm/min] | [nm/min]
1 150 30 40 110 87
2 150 30 40 89 79
3 150 30 40 111 76
4 150 30 40 100 67
5 150 30 40 110 67
6 150 10 10 808 1
7 200 30 10 430 42
8 150 50 10 121 123
9 100 30 10 481 71
10 200 10 40 560 2
11 200 50 40 71 218
12 100 50 40 41 271
13 100 10 40 561 34
14 150 10 70 483 18
15 200 30 70 85 69
16 150 50 70 35 275
17 100 30 70 44 123
18 200 17.1 35 618 1
19 100 17.1 35 230 36
20 150 17.1 35 318 1
21 100 29.2 21.2 127 78
22 100 29.2 41 60 110
23 100 29.2 66.4 53 126

Table C.3: Resulting coefficients from the RSM modeling. The physical units of the coefficients
can be deduced knowing the units given in Table C.1 and that [r, np| =nm/min.

Coefficient | In(renp), | In(reNb/Teres)> | In(FeNb)s | In(reNb/Te res)
17 points 17 points | 23 points 23 points

do 4.6409 0.3114 4.6191 0.7013
dj 0.1367 0.6560 0.2864 0.9039
d -1.1506 -2.9388 -1.1808 -3.2377
ds -0.7210 -1.3136 | -0.7108 -1.3337
dy 0.1377 -0.5162 0.0470 -0.7991
ds 0.1926 0.2059 0.1333 0.0185
dg -0.1815 0.3400 | -0.1718 0.4354
dq 0.1639 -0.0380 0.1048 -0.1157
ds 0.3537 1.0836 0.4266 1.0846
do 0.3119 0.5816 0.3118 0.2646
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D Calculation of the Energy Levels for a
Phase Qubit

As has been explained in section 9.2.1, knowledge of the qubit level splitting Ag; and the
anharmonicity A, is important for qubit design. Consequently, the energy eigenstates E,, in
the potential well need to be calculated. This is done by solving the stationary Schrodinger
equation

H|y)=E|y) (D.1)
with the Hamiltonian 5
. p N
H=-"—1U . D.2

Here, the potential U (¢) is given by (2.36) and the mass of the Josephson phase particle is
given by M = C(®(/27)?, as already discussed for the RCSJ model in section 2.2.2. The
momentum operator is given by

p= —ih%. (D.3)

Equation (D.1) is conveniently solved by choosing an appropriate basis, filling the matrix
H and then diagonalizing it. Since for a phase qubit, the phase operator ¢ is the well
defined variable (and not the canonically conjugate variable charge §, as e.g. for a charge
qubit), it is apparent to work in phase space. Since only bound states in the potential well
shall be calculated, the ¢ space is restricted to the corresponding part of the potential.
Furthermore, the continuous variable @ has to be discretized in order to fill the matrix. For
this, a dimension N of the Hilbert space is chosen, so that values ¢, with k =1...N are
obtained. The larger the value of NV, the more precise is the calculation, but the longer is the
calculation time.

After the matrix elements were calculated analytically (see below), a Matlab' tool was
programmed, which is able to calculate the eigenvalues of A numerically. This tool was
then used in sample design in order to obtain the desired energy separation of the two qubit
levels |0) and |1). It was found that for a Hilbert space dimension larger than N = 1000, no
significant change in the obtained E,, was found anymore.

Calculation of the Matrix Elements

In order to carry out the numerical calculations, all matrix elements have to be calculated
in the phase space. Combining (D.2) with (2.36) and M = C(®g/2x)?, we find that the

'MathWorks, 3 Apple Hill Drive Natick, MA 01760-2098, USA
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D Calculation of the Energy Levels for a Phase Qubit

Hamiltonian of the phase qubit is given by

. (2e)?
H:%ﬁz—i—EJ (1—005(;3—1—

N 2
(¢ — 27 Pext/Po) ) (D.4)

2B b

Here, the momentum operator has been replaced by the number of charge operator 7 ac-
cording to p = fiii. Now, the canonical commutation relation is given by [@, 7] = i. In order
to diagonalize this Hamiltonian and hence obtain the energy eigenvalues E,,, its matrix el-
ements have to be calculated in the discretized phase basis |@) of dimension N. For the
terms in (D.4) containing a function of @, this is trivial and yields:

(o|®lor) = @& (D.5)
(Qu|cos @) = cos@ G (D.6)
(o] P* o) = ¢ S (D.7)

where 8y is the Kronecker delta. Determination of the charge term containing 4> is more
complicated. First a transformation from phase to charge space needs to be carried out. For
canonically conjugate, discrete variables, this is done by the discrete Fourier transform

lor) = ek |n) (D.8)
)
Consequently, the matrix element A can be calculated as
| N=1 1 N=1
(pul’loe) = Z w2l N () = Y e OO, (D.9)
nn’ n=0

This expression has to be evaluated separately for the cases k = k’ and k # k. For k =K/,

we obtain
1! o (@N-DN-1)
N 6 ’

In the case k # k/, we have to define some auxiliary functions. First, we note that for a
regularly discretized phase space @ = k/N - 2, so that with the definition

=i(Qr — Qr) (D.11)

<(Pk|” o) = (D.10)

n=0

we can write
eV — pi2n(k=K) _ 1 (D.12)

Second, we write the right side of (D.9) as the function f(A) at A = 1:
1 N—1 1 82 1— AN
L ( ) N (D.13)
N n=0

Na?or? 1—
The function f(A) can be calculated as
1 2NOC2 aA(N+1)  N22 Nai Nk 22200 o2e?t
No2 2 ak +<1_ea> 3T 2
o (1_ea?u) 1—e (1—8“1) (1_6061)
(D.14)

1
N2 8/12 Z

)=
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By evaluating this expression at A = 1, using (D.12) and substituting (D.11) back in, we
obtain the matrix element of A2 for k # k':

(N —2)el( %) N

/ A2 — A =1=
(o || o) = f(A)|a=1 (1— i)’

(D.15)
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Nomenclature

0)
)
A

A

o
QKLD

OKMD

Ci

Gy

Ground state of a phase qubit

Excited state of a phase qubit

Area, e.g. of a Josephson junction or a capacitor [um?]
Magnetic vector potential [Vs/m]

Auxiliary variable in calculation of phase qubit matrix elements
Thermal prefactor a; in the Kramers very low damping limit
Thermal prefactor a; in the Kramers moderate to high damping limit
Prefactor in the quantum tunneling rate

Thermal prefactor in the thermal escape rate

Exponent in fit of normal resistance to junction area

Magnetic flux density [T]

Second critical magnetic field of a superconductor [T]

Ratio of shell to junction capacitance = Lg/Ljo
Stewart-McCumber parameter = %ICch

Screening parameter of a DC-SQUID

Screening parameter of a phase qubit

Capacitance, e.g. that of a Josephson junction [pF]

Specific capacitance of a Josephson junction [fF/um?]

Coupling capacitor of a resonator [fF]

Complex electric susceptibility

Complex coefficients describing the superposition of the qubit states
Capacitance of a Josephson junction [pF]

Shell capacitance in an LCJJ system [pF]
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Nomenclature

162

Shunt capacitance in a phase qubit [pF]
Encroachment of Nb,;Os during anodic oxidation [nm)]
Length or diameter of a Josephson junction [um]

Energy gap of a superconductor [meV], the energy needed to separate a
Cooper pair is 2A

Level splitting of a phase qubit [4- GHz]

Splitting between second- and third-lowest phase qubit state [#- GHz]
Energy distance of the lowest energy levels in a Josephson junction [meV]
Avoided level crossing in qubit spectrum [MHz]

Bandwidth of the resonance dip [MHz]

Current channel width of switching current histogram [uA]
Amplitude of the low frequency current noise [pA]

Qubit signal strength in DC-SQUID [m®]

Deviation of T¢s from bath temperature in MQT data analysis [K2]
Potential barrier in a system containing a Josephson junction [meV]
Nb film thickness [nm]

Thickness of a dielectric layer [nm]

Coefficients in RSM modeling

Line integral

Thickness of the silicon substrate [um]

Surface integral

Energy [J]

Elementary charge = 1.6022-1071° C

Electric field [V/m]

Josephson coupling energy = ®ol. /27

Vacuum permittivity = 8.8542- 1012 F/m

Permittivity

Damping coefficient in a Josephson junction = 1/R - (®(/27)?



Nomenclature

f Ramsey

fres

Q

1 = Q2

Young’s modulus [GPa]

Total flow in RIE = F| + F»

Frequency [Hz]

Larmor frequency of a phase qubit [GHz]

CF4 flow in RIE [sccm]

O, flow in RIE [sccm]

Josephson frequency = 483.6 % -V

Oscillation frequency of Ramsey fringes [MHz]
Resonance frequency of a resonator [GHz]

Amplification

Conductance [1/Q]

Escape rate from a potential well [Hz]

Offset of fit in determination of 7T

Normalized bias current //1; through a Josephson junction
Normalized bias current at the crossover to the quantum regime
Dephasing rate in a superconducting qubit [Hz]

Quantum tunneling rate [Hz]

Thermal escape rate [Hz]

Hamiltonian, e.g. for the phase qubit

Magnetic field [A/m]

Planck constant = 6.626- 10734 Js

Reduced Planck constant = 1.0546 - 1073* Js

Critical field of a superconductor [A/m]

Bias current through a system containing a Josephson junction [pA]
Current in the electrolyte during anodic oxidation [uA]
Critical current of a Josephson junction [pA]

Theoretical critical current of a Josephson junction in the absence of any
fluctuations [uA]

163



Nomenclature

I circ
I
Texc

Imagn

Circulating current in a SQUID loop [pA]

Current ramp rate in MQT experiments [pHA/s]

Excess current of a Josephson junction [pA]

Current through a coil creating a magnetic field [mA]
Microwave amplitude [uV]

Retrapping current of a Josephson junction [pA]
Switching current of a Josephson junction [uA]
Switching current in the quantum regime [UA]

Critical current density of a Josephson junction [A/cm?]
Supercurrent density in a superconductor [A/cm?]
Critical current density of a superconductor [A/cm?]
Bending of silicon wafers under film stress [um]
Exponent in dependence of critical current density on oxygen exposure
Coefficient(s) in formula Qg (Ivw)

Boltzmann’s constant = 1.3807 - 10723 J/K

Inductance [nH]

Electronic mean free path [nm]

Auxiliary variable in calculation of phase qubit matrix elements
London penetration depth [nm]

Josephson penetration depth [nm]

Josephson inductance [pH]

Josephson inductance for I < I. [pH]

Inductance of a phase qubit loop [pH]

Shell inductance in an LCJJ system [nH]

Scan length along silicon wafers [mm]

Inductance of a SQUID loop [pH]

Mass of the phase particle = C(®q/27)?



Nomenclature

M, Mutual inductive coupling of phase qubit and bias coil [pH]
M3 Inductive coupling between bias coil and DC-SQUID [pH]
M3 Mutual inductive coupling of phase qubit and DC-SQUID [pH]
Mg Mass of the superconducting charge carriers [kg]

Uo Vacuum permeability = 47 - 10~/ H/m

>

Number of charge operator

N Set of all natural numbers

N Dimension of the Hilbert space

n A number, for example in the exponent of the universal law; an integer, for
example in the context of magnetic flux quantization or MAR

% Nabla operator

ng Cooper pair density [cm 3]

Y Poisson number

o Oxygen content in process gas during RIE [%]

(0] Angular frequency = 27 f

OMW, MW Frequency of microwave irradiation [GHz]

O Plasma frequency of a Josephson junction [GHz]

Wpo Plasma frequency of a Josephson junction at zero bias = \/;éC

Opeak Peak frequency for dielectric losses = 1/1

W+ Lower and upper plasma mode in an LCJJ system [GHz]

Qr Rabi-frequency including the second excited qubit state [MHz]

MRabi> fRabi Rabi-frequency of a phase qubit [MHz]

A

Momentum operator

P Power, e.g. in RIE or sputtering processes [W]

P Pressure, e.g. during RIE [mTorr]

PAr Working pressure during Nb sputtering [mTorr]

Pesc Escape probability from the potential well of a phase qubit
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Nomenclature

D

¢
)

A

¢

Dext

|Px)

@s, QL. Q1
P(I)

pi

o

Poxy

)

Qo
Oc
Qe
oL
Orad
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Magnetic flux [Wb]

Phase of the superconducting wave function

Magnetic flux quantum = //2e = 2.0678 - 10~ Wb
Flux bias for qubit preparation in the shallow potential well [Wb]
Gauge-invariant phase difference across a Josephson junction
Flux bias for qubit operation [Wb]

Josephson phase operator

Externally applied magnetic flux [Wb]

Basis states in discretized phase space

Phase variables in an LCJJ system

Probability distribution of switching currents [1/uA]
Probability to find the qubit in state |7)

Polar angle in the Bloch sphere

Oxygen pressure during Al oxidation [mbar]
Superconducting wave function

Arbitrary pure qubit state

Quality factor of a Josephson junction = @,RC
Electric charge [C]

Intrinsic quality factor of a resonator

Coupling quality factor of a resonator

Quality factor of a resonator due to dielectric losses
Loaded quality factor of a resonator

Quality factor of a resonator due to radiation losses
Quality factor of a resonator due to conductor losses
Charge of the superconducting charge carriers = 2e [C]
Resistance, e.g. that of a Josephson junction [€2]

Load resistor of a resonator [€2]



Nomenclature

Reury
T'dep
T'e Nb

Ve res

Po

Prit
Prh
RN
Rop
RRR
Ry

Rsg
Rsg intr

ng,max

Rsh
S12

SlZ,min

o

Odev

T, Toam

Io

At

Radius of curvature of silicon wafers under film stress [m]

Deposition rate, e.g. during Nb sputtering [nm/s]

Nb etching rate with RIE [nm/min]

Resist etching rate with RIE [nm/min]

Resistivity [QQm]

Resistivity at low temperatures [QQm]

Prefactor in fit of normal resistance to junction area
Resistivity due to phonon scattering [2m]

Normal resistance of a Josephson junction [Q]
Quasiparticle resistance of a Josephson junction [Q]
Residual resistance ratio

Surface impedance of a superconductor [u€2]

Subgap resistance of a Josephson junction [€2]
Intrinsic subgap resistance of a Josephson junction [Q]
Maximal subgap resistance of a Josephson junction [Q]
Shunting resistance, e.g. of a Josephson junction [€2]

Transmission scattering matrix parameter

Transmission scattering matrix parameter at resonance dip

Nb film stress [GPa]

Standard deviation, e.g. for the critical current of Josephson junctions

Time coordinate [s]

(Bath) temperature [K]

Dead time for RIE [s]

Normalized time for a Josephson junction = 2el.R /i -t
Relaxation time in a superconducting qubit [ns]
Dephasing time in a superconducting qubit [ns]

Time of anodic oxidation [s]
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Nomenclature

tan &

T
1/7gp

Tgb,TLS

X=(x,y,2)

&o
&(T)
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Loss tangent, e.g. for dielectric losses

Relaxation time of dipoles in a dielectric [ns]

Decoherence rate from quasiparticle conductance [1/us]
Characteristic time for interaction between qubit and TLS [ns]
Critical temperature of a superconductor [K]

Crossover temperature from the thermal to the quantum regime [K]
Decay time of Rabi oscillations [ns]

Delay time between microwave pulse and qubit read out
Escape temperature in a Josephson junction [K]

Azimuthal angle in the Bloch sphere

Ratio of junction to shell capacitance = Cy/C;

Duration of microwave pulse [ns]

Thickness of tunneling oxide (AlO) in a Josephson junction [nm]
Oxidation time of AlO, tunneling barrier [s]

Time between / = 0 and switching to the voltage state [s]
Potential of a system containing a Josephson junction [meV]
Integral critical current density in a Josephson junction [A/m]
Voltage, e.g. across a Josephson junction [V]

Gap voltage of a Josephson junction [mV]

Characteristic voltage of a Josephson junction = IRy,

Width of a Josephson junction [um]

Spatial coordinates [m]

Reactance = ImZ

BCS coherence length [nm]

Ginzburg-Landau coherence length [nm]

Admittance [1/Q]

Response in RSM modeling, e.g. the Nb etching rate



Nomenclature

Complex impedance [Q]

Impedance of the bias lines of a Josephson junction or a phase qubit [€2]
Effective impedance of the bias lines for a phase qubit [€2]

Slope of fit in determination of Tgy

Combinations of parameter values in RSM modeling, e.g. p- F
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Da die Supraleitung als kollektiver Quantenzustand be-
schrieben werden kann, kénnen integrierte Schaltungen
mit Josephson-Kontakten so entworfen werden, dass
sie sich als ein makroskopisches Quantenobjekt verhal-
ten. Mit diesen Bauteilen sind daher sowohl die Unter-
suchung makroskopischer Quantenphanomene als auch
der Bau von Quantenbits mdéglich. Die bereits im indus-
triellen MaBstab eingesetzte Nb/Al-AlO,/Nb-Technologie
ermdglicht dabei zwar eine hohe Ausbeute, eine kleine
Parameterstreuung und eine gute Skalierbarkeit, ist aber
fur klassische Elektronik optimiert und zeigt bei Quanten-
experimenten unerwiinschtes Verhalten wie eine starke
Dekoharenz.

Ziel dieser Arbeit war die Entwicklung einer Techno-
logie fur die Herstellung hochqualitativer Nb/AI-AlO,/
Nb-Josephson-Kontakte und der Einsatz dieser Bauteile
far makroskopische Quantenexperimente und Phasen-
Qubits. Es wurden eine sehr hohe Kontaktqualitat er-
reicht sowie verschiedene experimentell zuvor noch nicht
beobachtete Quanteneffekte nachgewiesen. Weiterhin
wurden Nb/AI-AlO,/Nb-Phasen-Qubits entworfen, her-
gestellt und gemessen, die langere Koharenzzeiten als
vergleichbare Bauelemente aus der Literatur aufweisen.
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