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Motivation of this thesis work

The high-critical temperature superconductivity (HTS) of cuprates has been the subject
of intensive research in the last few decades. At the time of this writing, a complete
microscopic theory that can fully explain the superconductive properties of HTS is still
missing.

It has been established that the order parameter of HTS is mainly of d-wave shape.
Therefore it was long assumed that nodal quasi-particles would make it impossible to
observe quantum behaviour in HT'S. However, recent experiments have shown that HT'S
Josephson junctions can exhibit macroscopic quantum effects [1,2]. Indeed, the fab-
rication of HTS Josephson junctions has been very important to understand the un-
conventional symmetry of the order parameter. Moreover, Josephson junctions are a
fundamental building block for superconducting circuits and offer very interesting quan-
tum applications.

In our research group, we are interested in the intrinsic dissipation in a YBCO
Josephson junction using the transmon qubit design. The environmental noise in the
transmon design is strongly suppressed. The junction is embedded in a co-planar wave-
guide resonator structure. The dissipation in the junction is then obtained by measuring
the relaxation time of the coupled system (junction and resonator).

The realization of YBCO Josephson junctions with multilayer technology has proven
to be a very difficult task. Problems arise due to the very short coherence length of
YBCO and the surface instability of the material. Instead, artificial grain boundary
junctions fabricated with the biepitaxial technique have shown great flexibility. The
grain boundary is obtained by inducing different growth orientations with a patterned
seed layer. In this way, junctions can be realized at arbitrary positions on the same chip.

To fulfill the main requirements of the transmon design, the width of the junction
must be below 100nm. When the Josephson junction is patterned to these small sizes by
ion-beam milling, the YBCO at the edges of the junction suffers extensive damage and
the superconductivity is severely degraded due to oxygen outdiffusion. This damage can
be prevented by using a new soft nano-patterning approach (“green phase” technique).
It combines conventional nanofabrication techniques with principles of self-assembly.

Before realizing a full-YBCO transmon qubit, several tasks need to be fulfilled.

e The grain boundary of the junction must be characterized in detail. The transport
of Cooper pairs and quasi-particles through the grain boundary is not very well
known, and we need to gain more insight in those mechanisms.



e The other sources of dissipation in the transmon design must be analyzed, in
particular the dissipation in the large electrodes of the junction. Determining
this is essential to extract the purely intrinsic dissipation of the junction from the
relaxation time.

These two tasks are the focus of my thesis work. The first chapter gives a brief in-
troduction on superconductivity, the Josephson effect and the working principle of the
transmon qubit. Chapter 2 handles the basic properties of YBCO and the fabrication of
YBCO thin films with different crystal orientations. The fabrication of nanosized junc-
tions with the green phase technique is also explained. In chapter 3, the uniformity of
the grain boundary and the noise properties of biepitaxial Josephson junctions are mea-
sured for different grain boundary angles. The measurements were carried out together
with LucA GALLETTI from UNIVERSITA’ DEGLI STUDI DI NAPOLI. The high-frequency
properties of YBCO will be analyzed in chapter 4. This is done by fabricating YBCO
resonators and measuring their quality factor at various temperatures. These measure-
ments give information about the temperature dependence of the London penetration
depth and the surface resistance for film grown with different orientations.
This thesis is closely related to the work of several people in our research group:

e BENIAMINO TANDOLO analyzed the properties of biepitaxial YBCO junctions at
different angles, made with the new green phase technique [3].

e DAVID GUSTAFSSON is studying the properties of YBCO with a single electron
transistor.

e MUDASSAR MUMTAZ VRIK analyzed the high-frequency dissipation properties of
MgO substrates with Niobium resonators [4].

o KARIN CEDERGREN studied the influence of the microstructure of the grain bound-
ary in YBCO biepitaxial junctions [5].

e MARTIN SANDBERG realized a transmon qubit embedded in a tunable coplanar
waveguide resonator using Aluminum as superconducting material [6].

Keywords: YBCO, d-wave, noise properties, biepitaxial growth, josephson junctions,
grain boundary, green phase, pulsed laser deposition, superconducting qubits, transmon,
coplanar waveguide, quarter wavelength, quality factor, london penetration depth



Chapter 1

Superconductivity and the
Josephson Junction

1.1 Introduction in superconductivity

Superconductivity was discovered by Kamerlingh Onnes in 1911, just after the liquefac-
tion of Helium. The low temperatures allowed him to cool mercury to only a few Kelvin,
where he noticed an abrupt drop in the resistivity of the metal. Later, a whole range of
metals were discovered to become superconducting when cooled to low enough temper-
atures. These superconductors are known as low critical-temperature superconductors
(LTS), and can be described by the BCS theory [7] developed by Bardeen, Cooper and
Shieffer in 1957.

Superconductivity is described by two basic phenomena: perfect conductivity, mean-
ing zero resistance, and perfect diamagnetism. The latter is also called the Meissner
effect: a magnetic field B(x) decays rapidly with a law

B(x) = Beat exp ( - )%> (1.1)

where Be,: is the external magnetic field and x is measured form the surface of the
superconductor. The characteristic decay length Ay, is called the London penetration
depth. The penetration of the field in the superconductor is shown in figure 1.1.

When a material becomes superconductive, the free electrons condensate into Cooper
pairs. These are two coupled electrons with opposite momentum and spin. The force
responsible for this is a weak attractive force which is mediated by virtual phonons. This
interaction with the crystal lattice allows them to flow through the material without
collisions. The length over which the electrons remain coupled to each other is called
the coherence length &.

The Cooper pair is not a fermion but a boson, since the total spin of a Cooper pair
is zero. This allows them to collectively occupy the lowest energy level. Their common
wavefunction V¥ is called the order parameter . It is described by the Cooper pair density



Figure 1.1: Supercurrents screen the magnetic field inside the superconductor. The field pene-
trates the edges of over a distance Ay. Figure adapted from [8].

np and the phase 6 as ‘

U(r) = /np ) (1.2)
The probability density is |¥ - ¥*| = np. The order parameter of LTS has a s-wave
symmetry. This means the amount of energy required to break up the Cooper pair, also

called the superconducting gap A, is the same in all k-space. This is depicted in figure
1.2.

k., s-wave dy2_,2-wave

-y

Figure 1.2: The shape of the superconducting gap A in k, — ky-space. LTS superconductors are
s-wave, but HTS superconductors are mainly d-wave.

In 1986 there was the discovery of a new class of superconductors by J.G. Bed-
norz and K.A. Miiller: the High-critital temperature superconductors [9]. They have a
quite complex structure whose unit cell is a combination of perovskite elementary cells.
YBayCus07_s was one of the first to be discovered. HTS are characterized by a very
short coherence length, £ ~ 1nm. The origin of high-temperature superconductivity is
not yet understood, but it has been established that the order parameter of HTS has
an unconventional type of symmetry and is mainly d-wave [10,11]. The variation of the
energy gap A in k-space for a d-wave symmetry is also depicted in figure 1.2, and is



given by
A = Ay cos(kza) — cos(kya)] (1.3)

For certain angles the superconducting gap becomes zero. The elementary excitations
in superconductors are quite different from electrons in a normal metal. They are a
combination of electron-like and hole-like excitations (quasi-particles). A comparison of
the density of states for quasi particles in LTS and HTS is given in figure 1.3.

LTS : HTS :
NEA N(E) }
NO NO I/
A % A %

Figure 1.3: The quasi particle density of states for LTS and HTS at zero temperature. LTS have
no quasi-particle excitations below A, but HTS do have quasi-particles at low energies due to
A =0 in certain directions. [12]

1.2 The Josephson effect

1.2.1 The Josephson relations

Let us consider two superconductors separated by a thin insulating barrier, as shown
in figure 1.4. A weak link is formed between the superconducting slabs when their
order parameters overlap. This type of structure is called a superconducting tunnel
junction or Josephson junction. It can be realized with a metal-insulator-metal stack,
grain boundaries, very narrow constrictions or damaged regions.

12|

——— |1'I'rl |lI'2 p—

Figure 1.4: A superconducting tunnel junction consisting of a superconductor-insulator-
superconductor stack. The order parameters ¥; and ¥4 overlap in the insulating region, allowing
for tunneling of Cooper pairs through the junction.



In 1962 B.D. Josephson predicted that Cooper pairs could flow through the junction
without applying any voltage [13]. This effect was observed two years later by Anderson
and Roswell [14]. The behavior of the Josephson junction is given by the following
equations

I =1.sinp (1.4)
dp(t)  2e
T XV(t) (1.5)

@ = 03 — 0 is the phase difference of the order parameter in the left and right electrodes
of the Josephson junction, and I is the critical current of the junction which depends on
the coupling strength and the Cooper pair densities. The energy gain due to the weak
coupling is obtained by integrating the current-voltage product

t
h
E(t) = I sinp——dt = ——(1 — 1.
(0= [ Tosingge GPdr = ~5E(1 —cos ) (1.6)

The prefactor E; = (h/2e)l. is called Josephson energy. Using the Josephson equations,
one can easily see that the Josephson junction acts as a nonlinear inductor that has the
expression

h

Ly=——
J 2el. cosp

(1.7)
This strong non-linearity is fundamental for many applications of the Josephson effect.
From a circuital point of view a Josephson junction can be seen as a non-linear induc-
tor connected in parallel with a capacitor and a resistor. This is the resistively and
capacitively shunted junction (RCSJ model), shown in figure 1.5. The resistive branch

@Ib §R =C I.singp

Figure 1.5: Equivalent circuit for the Josephson junction in the RCSJ model

originates from the dissipation due to quasi-particles in the superconductor. The ca-
pacitance comes from the dielectric nature of the barrier, and the charging energy is
Ec = €%/C;. Using Kirchoff’s law one obtains

_h o dy hC d?¢

_ D Y g 1.8
VT SeRdt T 2e a2 T eSm¥ (1.8)
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1.2.2 The washboard potential

Equation (1.8) can be understood through the mechanical analogue of a particle moving
in the potential

Rl
U(p) =—Ejcosp — 2—;)90. (1.9)

U(¢p) is a cosine potential that is tilted by the bias current I,. Therefore it is often called
tilted washboard potential (shown in figure 1.6). The phase of the junction ¢ maps to
the position of the particle. When I, < I. the particle is trapped in a local minimum,
enable to escape. The junction is in the superconducting state and the voltage over the
junction is V' = 0. When I, > I. the phase particle escapes from the minimum. The
junction is said to be in the running or voltage state.

If the capacitance C' is neglected, the junction is only shunted by the resistor R.
This is known as the RSJ model, and the voltage over the junction can be analytically

calculated:
0 for Iy < I,

V= (1.10)

I. R\/(Ip/1.)? — 1 for Iy > I,

The I-V-curve is shown in figure 1.6.b. The friction of the particle is so high that
the inertia can be neglected and the trajectory of the particle is that of the washboard
potential. When the bias current is reduced below I., the phase particle will be trapped
in a new potential well and the superconductive state is recovered.

A

Ulp) I, =0 I

I

Iy > 1. -

Y

Figure 1.6: a) The Josephson junction can be seen as a phase particle in a tilted washboard
potential. When I, > I, the junction is in the running state. b) The I-V curve of the Josephson
junction in the RSJ model. For high bias currents I, > I. the transport in the junction is
dictated by Ohm’s law V = R I,

If the capacitance is too large to be neglected, equation (1.8) cannot be solved analyt-
ically. However one can understand the behavior of the junction through the mechanical
analogue. When the bias current is increased to I, > I, the phase particle escapes the
minimum and switches abruptly to the running state. When the bias current is decreased
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again below I., the inertia of the particle will prevent it from returning immediately to
a local minimum. It will only return to the superconductive state if I, is decreased so
that the particle hits the top of the following well (figure 1.7). The value of this bias
current is the retrapping current I,., which can be significantly lower than I..

A A

Ul(p)

7 ’ V

»
>

Figure 1.7: The superconducting state is only recovered if the phase particle hits the top of a
potential bump. Therefore a significantly lower I, must be applied and the I-V curve is hysteretic.

1.2.3 The Josephson junction in a magnetic field

Similarly to superconductors, a Josephson junction screens external and self-induced
magnetic fields from it’s interior by inducing supercurrents. The field decays with a
characteristic length Ay from the surface of the junction. \; is the Josephson penetration

[ P
Aj =4 —. 1.11
/ 27TM0deFch ( )

®y = h/2e is the flux quantum. deg = d + 2\, is the effective thickness of the junction.
Ay determines the magnetic length of the junction. If W < A, the field penetrates the
junction in a uniform way. The junction is said to be magnetically short. If W > \;,
the penetration will be non-uniform and the junction is magnetically long.

Consider the case where a Josephson junction is placed in an externally applied
magnetic field H, oriented as in figure 1.8. The penetration of the field will lead to a
variation of the phase difference ¢(x) along the z-direction according to the relation

depth and is given by

Vo = %‘fdeﬁ(n x B). (1.12)

For a magnetically short, rectangular junction with a uniform current density J.(z,y) =
Je, one can easily obtain [15] that the critical current can be expressed as a function of
the magnetic flux ® = B degL:

sin(w®/®g)

I.(B) = 1.(0) B/,

(1.13)

12
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Figure 1.8: When the junction is placed in an external magnetic field, the phase difference ¢ is
dependent on the position =

Here 1.(0) = AJ. is the critical current without any applied field and A is the cross-
section of the junction. The variation of the critical current is shown in figure 1.9
and resembles the diffraction pattern through a narrow slit. For this reason it is often
referred to as a Fraunhofer pattern. A measurement of this pattern can be a useful

Ie

+
o 1 2 3 4 5 @

Figure 1.9: The Fraunhofer pattern shows the variation of I, with the applied flux.

way to determine the uniformity of the critical current in the junction. HTS Josephson
junctions often result in a distorted Fraunhofer pattern due to the non-uniformity of the
barrier. This is further discussed in chapter 3.
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1.3 The transmon design

1.3.1 Superconducting qubits

In order to gain a better understanding in the mechanisms leading to high-temperature
superconductivity, it is important to study the intrinsic properties of HT'S Josephson
junctions. Quite recently, Koch et al. have considered a Josephson junction in a coplanar
waveguide [16], the transmon. With their design one can extract information about
the intrinsic source of dissipation in a Josephson junction since the system is strongly
decoupled from the environment. In what follows we shall briefly review the working
principle of Koch’s design which also represents one of the most promising two-level
quantum systems (qubits).

Superconducting qubits are solid state artificial two-level systems based on the Joseph-
son effect. The energy levels of the circuit potential are quantized, and only the two
lowest levels |0) and |1) are selected for the operation of the qubit. The transition to
higher energy levels is prevented by the non-linearity of the Josephson junction. This
makes the circuit potential anharmonic and different energies are needed for the transi-
tion to other levels Ey_1 # E1_9 # E5_,3.... This is shown in figure 1.10.

3
N—T—

Nt/

Eo1

0)

Figure 1.10: The operation can be restricted to the levels |0) and |1) because the circuit potential
is anharmonic. The transition energies to higher levels are all different.

The qubit operation must be performed in a timespan shorter than the coherence
time: the amount of time before the qubit coherence is lost. This can be either because
of random switching between the energy levels (relaxation) or by a randomization of
the qubit phase (dephasing). Maintaining the qubit in a coherent state is not an easy
task; the circuit must be decoupled from the environment to prevent unwanted state
transitions, but at the same time a certain level of coupling is required to perform read
and write operations. Due to this delicate balance the coherence time of superconducting
qubits is on the order of a few s, but a lot of progress is being made in the field [17].

Superconducting qubits are divided into 3 main classes, according to their relevant
degree of freedom (figure 1.11): the phase qubit [18], the flux qubit [19] and the charge
qubit [20-22]. Tt should be noted that the qubits are not described using microscopic
degrees of freedom, but rather using collective electrodynamical modes of macroscopical
electrical elements [17]. The main difference between the qubits is the ratio of Josephson

14



energy and charging energy of the Josephson junction, F;/Ec.

mﬂﬂ
L
a) b) c)

Figure 1.11: The basic types of superconducting qubits: a) the charge qubit, b) the flux qubit
and ¢) the phase qubit [17]

The phase qubit has the largest F;/FE¢ ratio and operates in the phase regime. It
is a current biased Josephson junction, and the circuit potential is the tilted washboard
potential. The first and second states of the anharmonic circuit potential are used as
qubit states, and the energy splitting between the two states Ep; = hw, is tuned with
the bias current.

The flux qubit uses the orientation of the flux through the loop as qubit states. It is
tuned by coupling the circuit to an external flux ®gu.

The charge qubit consists of a superconducting island which is capacitively coupled
to a gate. The states are defined by the tunneling of a single Cooper pair to this
island. Therefore it is called a Single Cooper pair box. For a more in-depth review on
superconducting qubits, we suggest the following reviews: [17,23].

1.3.2 Types of noise in qubits

Superconducting qubits are affected by 3 types of noise: charge noise, flux noise and
critical current noise. A high amount of noise will destroy the coherence of the qubit,
through either energy relaxation or dephasing. The main problem of the charge qubit
is the high sensitivity to low-frequency 1/f charge noise. This leads to a short phase
coherence time.

The short phase coherence can be improved in 2 ways: The first approach is to
reduce the noise itself through careful selection of the right materials [24], thinking from
a material science point of view. The second approach is to improve the design of the
qubit and decrease the sensitivity to noise.

1.3.3 The transmon qubit

The transmon qubit was introduced by Jens Koch in 2007 [16]. The basic structure
is based on a Josephson junction embedded in a co-planar waveguide. The Josephson
junction operates in the regime where the ratio of Josephson energy and charging energy
is Ey/Ec ~ 50. This gives an exponential suppression of the sensitivity to 1/f charge

15



noise. The charge dispersion is virtually eliminated, and as a result the dephasing times
are dramatically improved.

The circuit implementation of the transmon is depicted in 1.12. The Josephson
junction has no DC connections to the rest of the circuit and it is biased with zero
current. It can be replaced by a loop of two Josephson junctions (de-SQUID setup)
to allow the tuning of the Josephson energy E; = Ejpqz|cos(m®/Pg)| by changing
the applied magnetic flux ® through the loop. The regime E;/Ec ~ 50 is reached
by shunting the Josephson junctions by a large capacitor C's. The charging energy is
FEo = 62/202 with Cx. =C;+Cpg + Cg.

(a)

|
|
Cin C

Figure 1.12: a) The equivalent circuit of the transmon qubit. b) The transmon consists of a
SQUID placed in a coplanar waveguide. The ratio E;/E¢ is obtained with the large shunting
capacitor Cp. [16]

The energy levels of the transmon are calculated by visualizing it as a single Cooper
pair box where the gate offset charge is ny. The effective qubit Hamiltonian is found by
solving the stationary Schrodinger equation! in the phase basis ¢:

H = 4Ec(n —ny)* — Ej cos(9). (1.14)

The lowest three eigenenergies F1,E> and FEs are plotted in figure 1.13 as a function
of the gate charge offset ny. Omne can see that an increase in E; > F¢ results in an
exponential decrease in charge dispersion 0Fp;/0ng. At a ratio around E;/Ec ~ 50
the qubit becomes virtually insensitive to 1/f charge noise. The energy splitting Eo;
is equal to the plasma frequency of the Josephson junction with zero current bias. On
the other hand, large values of E; > FE¢ also decrease the level of anharmonicity
(E21 — Ep1)/Ep1. This makes qubit operations more difficult, as a sufficiently large
anharmonicity is needed to prevent excitations to higher energy levels in the system.
However is has been shown [16] that this decrease in anharmonicity is algebraic, but
the decrease in charge dispersion is exponential (with parameter \/8F;/E¢). With this
setup the dephasing time is increased [26] to values up to 3us. This makes the transmon
qubit a very viable superconducting qubit.

The transmon design is interesting because the Josephson junction is embedded in
a co-planar waveguide (CPW) resonator?. The resonance frequency of the resonator

!The full derivation with circuit quantization is available in [16,25]
2The CPW resonator is discussed in more detail in chapter 4

16
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Figure 1.13: The first three eigenenergies of the transmon as a function of the gate offset n,
for different ratios E;/Ec. The energies are normalized to the transition energy FEp; at the
degeneracy point ny = 1/2. When E;/E¢ ~ 50 the qubit is insensitive the charge noise [26]

is shifted depending on the state of qubit. This makes the readout of the qubit state
possible. Write operations are performed by injecting photons with microwave frequency
in the resonator. When the energy of the photon is equal to the level splitting (the plasma
frequency of the Josephson junction) they can trigger a state transition.

The resonator shields the Josephson junction from the environment by only allowing
certain microwave frequencies in the cavity. This is the reason why we want to use the
transmon qubit design. The measurement of the dephasing time allows us to probe the
intrinsic properties of the YBCO Josephson junction by isolating it from other noise
sources.

This thesis is not about the realization of a complete YBCO transmon qubit. Instead
we focus on tackling a few specific problems. First YBCO Josephson junctions need to
be realized which meet the required ratio of E;/Ec ~ 50 (chapter 2). Once they can
be fabricated in a reproducible way, the main source of decoherence [27] is investigated,
which is the critical current noise of the junction (chapter 3). Another source of decoher-
ence is the quasi-particle dissipation in the large YBCO electrodes of the capacitor Cp.
Therefore, the microwave dissipation properties are investigated by fabricating YBCO
resonators and measuring their quality factor (chapter 4).
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Chapter 2

Towards nanosized YBCO
biepitaxial Josephson junctions

2.1 The crystal structure and superconducting properties
of YBCO

The superconductivity of YBayCus07_s5 (YBCO) was established by Wu et al. in 1987
[28]. This discovery was revolutionary, since the critical temperature of the superconduc-
tor was well above liquid nitrogen temperature (T, = 93K). Like other high-temperature
superconductors, YBCO is characterized by a perovskite crystal structure. It is com-
posed of CuO» layers separated by Barium and Copper atoms. The crystal structure of
is shown in figure 2.1.

f}___._ﬂf
et

O

{O—a

®
Yé —0 c
BCL | -

TS LA b
Cu e —C a
[0Xe)

Figure 2.1: YBCO has a perovskite crystal structure. It consists of Cu-O planes separated by
alternating Yttrium and Barium atoms. adapted from [29]

Like other HTS, YBCO is characterized by a range of interesting properties which
make them much more complex than low-temperature superconductors. The source
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of superconductivity is believed to be the presence of mobile charge carriers in the
CuOg-planes. This is also the reason why the properties of YBCO are so anisotropic.
The superconductive properties in the é-axis direction are much weaker than in the
(ab)-planes, giving rise to a very anisotropic length scales. For instance in the (ab)-
plane, Ay is around 130nm, but in the é-axis direction A, can reach a few um. These
numbers are highly dependent on the oxygen doping of the crystal. The phase diagram
is shown in figure 2.2. In addition, the Cooper pair coherence length is extremely short
in comparison with LTS: {ypco is on the order of 1.5nm in the (ab)-plane. This makes
it very sensitive to variations in impurity concentration and grain boundaries. Although
these properties pose a challenge for the reproducible fabrication of YBCO circuits, it is
the most extensively studied high-temperature superconductor.
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Figure 2.2: YBCO is superconducting for a certain range of oxygen doping. [30]

2.2 Biepitaxial Josephson junctions

Conventionally, LTS Josephson junctions are made using the so-called trilayer configura-
tion: a stack of superconductor-insulator-superconductor (SIS) material is subsequently
deposited. Cooper pairs must then tunnel through the insulator material, giving rise to
the Josephson effect. Since LTS have a long coherence length (€4; ~ 1600nm), they are
quite insensitive to small defects and variations in the microstructure of the junction.
It is difficult to implement the SIS structure for HTS Josephson junctions. Since they
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have an extremely short coherence length both in the (ab)-plane and in the é-axis di-
rection, the properties of the junctions are be very sensitive to random changes in the
microstructure.

It turns out that a grain boundary in the HTS thin film can be effectively used to
make a Josephson junction. The region between grains with a different crystallographic
orientation can have a weakened superconductivity, leading to the Josephson effect in
certain conditions [31].

There are a number of ways to make an artificial grain boundary in a superconducting
thin film, among them there are the bicrystal [32] and the biepitaxial [33] techniques.
The bicrystal technique makes use of two monocrystals of different orientation which
are glued together. This usually gives high-quality junctions, but it is impossible to
place the junctions at arbitrary positions on the chip. The biepitaxial method solves
this problem by inducing different growth orientations with a seed layer. The HTS thin
film will have grain boundaries that follow the pattern of the seed layer. The seed layer
must be thin enough, because the patterning will create a step directly underneath the
biepitaxial junction. The epitaxial growth on this step is much more complicated and
makes the junctions less reproducible.

Depending on the angle of the seed layer edge, the grains will meet at different
orientations and the properties of the junction will be different. This can be used to
tune the properties of the junction.

2.3 Epitaxial growth of YBCO thin films

All samples were fabricated in the MC2 Nanofabrication laboratory! of the Chalmers
University of Technology. The growth modes of YBCO have been investigated with
X-Ray diffractometry (XRD), Scanning electron microscopy (SEM) and Atomic force
microscopy (AFM). Those techniques are introduced in appendix A.

2.3.1 Substrate and seed layer selection

The biepitaxial technique allows us to grow various grain boundaries, depending on the
substrate and the seed layer used. The substrates where the thin films are deposited
need to have a good match with the crystal lattice of the YBCO. In the group, previous
research has been conducted to MgO and CeOg seed layers on (110) SrTiOg substrates
[5]. In this thesis, 5x5mm (110) MgO substrates are used instead, as they have a dielectric
constant € = 9.65 instead of ¢ = 277 for SrTiOs [34]. The very high e of SrTiO3
substrates induces an additional stray capacitance in parallel with the grain boundary,
which affects the properties of the junctions. Moreover, Sr'TiOg3 is not suitable for high
frequency measurements. The substrates have a 6° vicinal cut in the [110] in-plane
direction. The vicinal cut will be further discussed in section 2.3.5. SrTiO3 was chosen
as a seed layer material to induce a different orientation of YBCO with respect to the
MgO substrate.

"http://www.chalmers.se/mc2/EN/laboratories /nanofabrication
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2.3.2 Pulsed laser deposition of YBCO thin films

PLD has proven to be a very effective method for depositing YBCO films [35]. Be-
cause all the elements are ablated simultaneously, the stoichiometry is conserved. More
conventional techniques like physical vapor deposition (sputtering) or evaporation have
been less successful.

The SrTiO3 and YBCO films are deposited on the substrates with the Pulsed Laser
Deposition (PDL) TWIN system. The machine is custom built at Chalmers and capable
of depositing multiple materials without breaking vacuum, and also of in situ ion beam
milling. A picture of the chamber and the setup of the machine are shown in figure 2.3.

Cooling water

Tl Gas inlet (0,)

Ton-gun for dry
l etching

target laser beam

Cooling shield

Target rotator

glued sample

Figure 2.3: The PLD TWIN system from the MC2 clean room

A high-energy laser pulse is fired on the rotating target. This causes an explosive
non-equilibrium evaporation of the target material in a narrow plume. This happens in
a low-pressure oxygen environment. The material is deposited on the sample which is
glued on a heater. The time between the pulses must be high enough to allow the atoms
to rearrange for the epitaxial growth.

During the pulsed laser deposition, several parameters need to be carefully tuned to
obtain smooth epitaxial films. The full recipe is given found in appendix D.

Energy of the laser pulse When the laser pulse hits the target, the material explodes
very locally and is directed towards the sample in a plume of plasma. The stoichiometry
of the plume is only conserved if the delivered energy is correct. Moreover, the energy
density over the area of the laser pulse must be uniform. This is done by cutting off the
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edges of the pulse with an aperture. The energy density was calibrated to 1.8 J/cm? for
one pulse, and the pulse frequency is 1Hz for STO and 10Hz for YBCO.

The substrate temperature and frequency of the laser pulses The substrate
temperature needs to be high enough to allow the atoms to position themselves correctly
during the epitaxial growth. Moreover the frequency of the pulses should be low enough
to give the atoms enough time to diffuse to the right position. SrTiO3 was deposited at
720°and YBCO was deposited at various temperatures ranging from 770°C to 820°C.

The O, pressure in the deposition chamber The presence of oxygen in the cham-
ber is necessary to dope the YBCO thin film with a sufficient amount of oxygen atoms.
Moreover, the shape of this plume is controlled by the pressure in the chamber. The
oxygen content was typically 0.2 mbar during the STO deposition and 0.4 to 0.6 mbar
during the YBCO deposition

2.3.3 Growth of YBCO on MgO substrates

YBCO grows in the [001]-orientation on the (110) MgO substrate.The ¢é-axis is aligned
normal to the crystal structure of the MgO. Samples have been fabricated by pulsed laser
deposition under different conditions. The parameters for the different samples are given
in appendix D.1. The crystal structure of these samples was analyzed with a 20-w XRD
scan?, and the result is shown in figure 2.4. There is constructive interference on the
(00n) planes of the YBCO, and the orientation is indeed (001). The in-plane rotation of
several films has been measured by a ®-scan. Figure 2.4.b shows a film without rotation
(the red curve has very sharp peaks only for the ® = nm/2 angles) and a film with mixed
rotation (the green curve has peaks at ® = n /2 and ® = n /2 + 7/4). These results
are not reproducible and it is not yet understood what influences the in-plane rotation
of (001) YBCO.

2.3.4 Growth of SrTiOj; seed layers on MgO substrates

30nm SrTiOg3 seed layers have been deposited by pulsed laser deposition. The films grow
with a (110) orientation on (110) MgO. This was inspected by XRD, and the results are
shown in figure 2.5. There is a very large peak for the MgO substrate at 62.3° and a
peak for the thin (110)-oriented STO layer at 32.4°.

2.3.5 Growth of YBCO on SrTiOj; seed layers

When YBCO is deposited on the SrTiOs seed layer, it can grow either in a [103] ori-
entation or a [103] orientation, (see figure 2.6). This is due the 180°in-plane symmetry
of the SrTiO3 (110) seed layer. When the grains of different orientation meet, intrinsic
tilt grain boundaries are formed in the thin film. A solution to this problem is to use
a substrate with a vicinal cut. The grains where the ¢é-axis is closer to the normal will

2XRD is discussed in appendix A.
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Figure 2.4: a)26-w scan of (001) YBCO film. b)®-scan of (001) YBCO films with in-situ ion beam
milling. The parameters of the films with green and red signals are 7., = 790°and pge, = 0.6
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Figure 2.5: 20-w scan of a [110]-oriented STO seed layer on an MgO substrate. The deposition
parameters for SrTiO3 are Tyep = 700°C and pgep = 0.2 mbar

grow faster. Therefore all the grains are forced in the [103]-orientation (figure 2.7).
The film has a granular structure due to the different growth speed in the (ab)-plane
and the ¢-axis direction. It has been found that lower substrate temperatures lead to a
merging of the grains, which decreases the surface resistance R, of the thin film. Picture
2.8 shows how the (103) grains are merged when the YBCO is deposited at 770° C.
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(103) YBCO (103) YBCO

(110) STO

Figure 2.6: (103) YBCO can grow in two different orientations on the SrTiO3 . adapted from [36]

Figure 2.7: If substrates with a 6° vicinal cut are used, the (103) YBCO grains are forced in the
same orientation. adapted from [36]

-

1 3mm

Figure 2.8: The granular structure of (103) YBCO is merged. The deposition parameters for
this film are Tyep = 770°C and pgep = 0.6 mbar

In this thesis the fabrication of a pure (103) film has proven to be the most difficult
part. This is because the competition between the (001) and (103) growth modes is
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very sensitive to the morphology of the seed layer. In total, sixteen samples have been
fabricated in order to obtain a pure (103)YBCO film. Unfortunately, most of them
were a combination of (001)and (103)YBCO. A SEM image of one of those samples is
shown in figure 2.9a., and the darker regions are (001) YBCO. Figure 2.9.b shows the
XRD mapping of the same sample. The left peak at 32.8° shows that the film is mainly

» ' %

38
2ThetafOmega

Figure 2.9: a) parameters: Tgep, = 790°C and pge,=0.6 mbar. The darker, merged spots are
regions of (001) YBCO. b) This is confirmed by a U-mapping.

(103) orientated, but the right peak at 38.8° indicates a strong presence of (001) YBCO.
Moreover, the peak is stretched out in the ¥ direction, meaning the (001) grains are
spread over different ¥ orientations, and the film is polycrystalline.

However, we managed to grow a fully (103)-orientated film. The ®-mapping of
this film shows there is only a very low percentage of (001) YBCO (figure 2.10.b). The
microstructure was investigated by AFM (figure 2.10.a), and the image shows the typical
granular structure. The dissipative properties of these films were analyzed by patterning
them in co-planar waveguide resonator geometry. This is discussed in chapter 4.
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Figure 2.10: a) The AFM picture shows the granular structure of the (103) film. The deposition
parameters are Tgep, = 800°C and pgep, = 0.6 mbar. (AFM picture taken with scan rate = 0.2
Hz, tapping mode, 256x256 samples) b) The W-mapping of this sample shows there is only a
very low concentration of (001) YBCO.

2.4 YBCO Biepitaxial Josephson Junctions

YBCO biepitaxial junctions are obtained with the following procedure
e Pulsed laser deposition of SrTiO3 seed layer on the MgO substrate
e Patterning of the seed layer with e-beam and ion-beam milling
e Pulsed laser deposition of YBCO on the seed layer and the bare substrate
e Patterning of the YBCO junction with ion beam milling

As the orientation of the seed layer edge is changed, different grain boundaries are
defined (2.11). The grain boundary is a result of a crystal rotation along different crystal
axes. Between points C-D the grain boundary is of the type [100]-45° tilt + [001]-45°
tilt. We define this orientation as the 0° angle. Between points A-B the grain boundary
is [100]-45° twist + [001]-45° tilt. We define this orientation as the 90° angle. At
intermediary angles the grain boundary is a mix of these two rotations. The transport
properties along the different grain boundaries are quite different, since the lobes of
the d-wave order parameter overlap in different ways. For 0° junctions the transport is
partly in the é-axis direction, but in 90° junctions the transport happens fully in the
(ab)-planes of the YBCO. The patterning of the seed layer thus allows us to realize
Josephson junctions with a whole range of different transport properties.
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Figure 2.11: The overlap of the d-wave order parameter is different as the angle of the seed layer
is changed. By patterning the seed layer in different ways, junctions with different transport
properties are realized

2.5 A new approach to nanosized YBCO Josephson junc-
tions with green phase

A transmon qubit requires a ratio of Josephson energy over charging energy of E;/E¢c ~
50. Ej = I1.9¢/27 is defined by the critical current of the junction, and experiments in
chapter 3 show that YBCO biepitaxial junctions have a critical current density on the
order of J. = 30uA/um?. The charging energy is Ec = ¢?/2C; with C; the capacitance
of the junction. Previous studies have shown that the capacitance per unit area is around
C;/A = 260fF/um? [37]. If the fim thickness is around 120nm, the transmon regime
is reached for a junction width W ~ 100nm. It is very hard to reach these junction
widths by conventional Ar-ion beam milling since the edges of the YBCO junction are
heavily damaged. This destroys the superconductivity of YBCO. In nanosized junctions,
the damaged portion is quite significant, and junctions smaller than 100nm cannot be
fabricated in this way [38].

When a YBCO film grows epitaxially, a number of secondary phases with differ-
ent stoichiometry are formed, depending on the deposition conditions. In case of (001)
YBCO on (110) MgO substrates, precipitates of YoBaCuOjs (Y211) form when the de-
position temperature is lowered to 750°C. This so-called green phase is insulating. A
SEM picture of this green phase is shown in figure 2.12. The dissipation properties of
films with a high amount of green phase are also a subject of investigation in chapter 4.

Nanometer size junctions can be created by combining the self-assembly of green
phase with conventional fabrication techniques. According to Scotti di Uccio et al.,
the green phase nucleates preferentially at grain boundaries [39]. After the growth of
the biepitaxial junction, the interface is analyzed with SEM and AFM to find small
connections enclosed by insulating green phase (figure 2.13). The Josephson junction is
defined by this single connection, which is then isolated with Focused ion beam (FIB).
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Figure 2.12: (001) YBCO with a high concentration of green phase. Tgep = 790°C and pgep = 0.6

The YBCO is milled at a distance of 300-400nm away from the junction, which prevents
the junction from being damaged by ion-implantation. With this technique it is possible
to obtain junction sizes of less than 100nm.

YBCO(103) YBCO (001)

Ll NN,
i,

STO (110)

Figure 2.13: The junction is constricted by the green phase on the grain boundary. After the
connection is located with AFM and SEM, the red parts are milled away with FIB. adapted
from [3]
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Chapter 3

Noise measurements on YBCO
biepitaxial Josephson junctions

3.1 Types of noise in biepitaxial grain boundaries

In this chapter, we report on the noise properties of biepitaxial YBCO Josephson junc-
tions. Noise measurements are a helpful tool to study the transport mechanisms across
the grain boundary: the critical current noise S; = |61./I.|?> and normal resistance noise
Sk = |6RN/RyN|? give information about the cooper pair and quasi-particle transport
respectively. Fluctuations in critical current are the main source of dephasing in the
transmon qubit; The Josephson energy is directly dependent on the critical current
Ej; = (h/2e)l., and these variations lead to a changing qubit level splitting during the
measurement and hence to dephasing of the qubit [27].

The low-frequency critical current noise Sy and resistive noise Si are due to charge
trapping states in the barrier. These are metastable states that can momentarily trap
quasi-particles [24,40,41]. This trapping causes a decrease in the effective area of the
junction due to Coulomb repulsion (lower transparency). The lower effective area de-
creases the critical current and increases the normal resistance. One individual charge
trap causes a random telegraph switching of I. and Ry with a Lorentzian spectrum.
When the grain boundary contains many charge traps the spectra are convoluted to a
1/ f noise spectrum [42].

The amount of relative fluctuations in critical current noise and normal resistance
noise give information about the uniformity of the junction. This ratio g is defined by

S
SR

q (3.1)
When the transport in the junction is homogenous (both in the z-direction along the
grain boundary and in the current transport direction), one can assume that the product
of I, and Ry is constant: I.Ry ~ A with A the energy gap of the superconducting
material [8]. Therefore, ¢ = 1 for a homogenous barrier and the fluctuations of critical
current and normal resistance are anti-correllated 61./I. = =Ry /Rn.
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HTS Josephson junctions usually follow the Intrinsic Shunted Junction model (ISJ)
where the barrier assumed to be inhomogeneous [43]. It contains a high number of
localized states, where the quasi-particle transport is higher due to resonant tunneling.
In this case, the product I.Ry is not constant. Instead it depends on the critical current
density accorging to I.Ry ~ (j.)P. Under these conditions it can be shown that

St 1
=—=— 3.2
1=5. =15 (3.2)
The fluctuations in critical current are larger than the fluctuations in normal resistance
and one typically obtains a ratio of g ~ 4.
Miklich et al. [44] proposed a model for the total voltage noise in HTS Josephson
junctions. The voltage noise can be modeled according to the following equation

2
5.0 = (M) = 0V = RalPSi(0) + VASR() OV~ Bal)VSiaf) (33

V' is the voltage over the junction written as V' = ICRNU(I—IC), I is the current through
the junction, Ry = dV//0I is the differential resistance, S; = |§1./I.|%, Sk = |§Rn /RN /|?,
and Srg = |01./1.||0RN/Rn|. The correlation k=-2 for perfect antiphase correlation,
k=0 for perfect uncorrelation between S; and Sg. If the I'V-curve has a shape like in
the RSJ model, one can see from equation (3.3) that S; dominates at small bias currents
where the differential resistance is high. Sp dominates at high bias currents when the
junction is in the resistive regime and S;r only has an influence in the intermediary
regime. When the voltage noise is measured at different bias currents, we can used
expression (3.3) to extract values for S; and Sg.

In our group, DAVID GUSTAFSSON measured this ratio for YBCO biepitaxial junc-
tions fabricated with the green phase technique. It was shown that the transport was
tunnel-like and and ¢ = 1 in certain conditions. These junctions could not be modeled
by the ISJ model!. The aim of this chapter is to further investigate whether YBCO
biepitaxial junctions can show LTS-like properties by measuring the ratio q.

3.2 Fabrication of YBCO biepitaxial junctions

Due to the difficulties encountered in growing high-quality (103) YBCO grown on a MgO
substrate with a Sr'TiOj3 seed layer, it was not possible to make green phase biepitaxial
junctions with this configuration. Instead, the noise was measured on YBCO junctions
fabricated on a SrTiOgs substrate with a patterned CeOs seed layer. Here the situation
is reversed: YBCO grows [103]-orientated on the SrTiO3 substrate and [001]-orientated
on the seed layer. The microstructure of the grain boundaries with different orientations
does not differ much from those fabricated with MgO as substrate and SrTiO3 as seed
layer.

!These results have not yet been published, and are therefore not further discussed here.
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The fabrication of the sample was done by KARIN CEDERGREN and LuCA GALLETTI.
The thickness of the YBCO thin film was much lower than for the films fabricated in
chapter 2. For 0°junctions, the epitaxial growth is in such a way that the (ab)-planes
of (001) YBCO meets only one (ab)-plane of (103) YBCO and a basal plane grain
boundary is obtained (figure 3.1). After a certain thickness some waviness appears in
the grain boundary. By reducing the thickness of the YBCO to 50nm, a purely basal
plane junction can be obtained when the grain boundary angle is low ([100]-45° tilt +
[001]-45° tilt grain boundary). The CeO2 seed layer and the junctions are patterned

basal plane grain boundary

(001)YBCO (103)YBCO

(110)SrTiO3

Figure 3.1: The grain boundary grows in a basal plane configuration up to a certain height.
Afterwards the (ab)-planes meet in a random way. We have chosen to grow thin YBCO films to
obtain only one type of grain boundary with a very regular microstructure. adapted from [5].

with a hard carbon mask and Ar*-ion beam milling. Junctions with different transport
properties are obtained by patterning the seed layer as discussed in section 2.4. The
sample contains junctions with seventeen different grain boundary angles. For each
angle there are four junctions: two junctions with a width of 4.2um two of 2.2um. In
total, the chip contains 68 junctions. Figure 3.2 shows an optical picture of the junctions
ranging from 0° to 25°.

3.3 Measurement setup

The different junctions are connected to a sample holder with gold wire bonds, with two
connections per pad to allow a four-point probe measurement. The sample is cooled using
a Heliox VL Cryostat from Oxford Instruments. The working principle of the HelioxVL
is explained in appendix A.4. A superconducting coil (with a field to current ratio
L = 100mT/A) is placed around the sample to measure the response of the junctions
under a magnetic field. The active junction is chosen by connecting it to a the measuring
equipment with a switching board. It is current biased by a Agylent 33220A 20MHz
waveform generator, and the voltage is extracted by the four-point probe measurement.
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(001) YBCO center conductor

Figure 3.2: An optical picture of the low-angle junctions. The junction is located in the constric-
tion, where (001) YBCO (black) and (103) YBCO (grey) meet. For each angle there are four
junctions: two with a width of 4.2 ym and two with a width of 2.2 um.

The voltage signal is amplified with a SR560 and measured with a Dynamic Signal
analyzer SR785 from Stanford Research. The data is then fed to the workstation with
a GPIB connection.

We measured the magnetic pattern of the junctions. A magnetic pattern is given
by the conductance as a function of bias current and magnetic field. This allows us
to visualize the change in critical current with the magnetic flux. A magnetic pattern
reveals information about the uniformity of the grain boundary (j.(z)). A homogenous
grain boundary has a Fraunhofer pattern. More complicated patterns arise when the
grain boundary is interrupted by holes or islands of insulating phase.

Despite the fact that the sample is protected by the magnetic shield of the liquid
helium dewar, and the whole setup is placed in a shielded room (faraday cage), a lot
of measurement problems originated from Abrikosov vortex trapping. The vortices can
only be removed by heating the sample above the critical temperature of YBCO (~
90K). When a vortex is trapped near the grain boundary, the critical current is changed
due to the magnetic field lines crossing the junction.

3.4 Magnetic patterns and AFM measurements

In general, the patterns showed that the junctions were generally quite non-uniform.
From the 38 junctions that were measured, none had a conventional Fraunhofer pattern.
Instead most junctions showed m-SQUID-like [5] patterns or more complicated patterns
due to more than two superconducting channels. Figure 3.3.a shows the pattern of a
junction with 70°rientation and 4.2 pum width. The pattern is quite complicated with
different superposed modulations, indicating multiple superconducting channels. Figure
3.3.b is a junction with 5°rientation and 2.2 um width. It is a good example of a
m-SQUID, formed by two superconducting channels with opposite current orientations.

34



When there is no applied magnetic field the critical current approaches zero.
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Figure 3.3: The pattern is the junction conductance (greyscale) as function of bias current and
magnetic field. a) junction with 70° orientation and 4.2 ym width: it shows a complicated pattern
with multiple modulations. b) junction with 5° orientation and 2.2 pum width: 7-SQUID-like
pattern

In order to obtain absolute values for the critical current density j. and the nor-
mal resistance Ry, the superconducting cross-section of the junction must be known.
When the magnetic patterns are Fraunhofer-like, the effective width of a channel can
be calculated from the period of the modulations [45]. In our case the patterns were
too complicated to make this estimation, so atomic force microscopy (AFM) was used
instead. Figure 3.4 shows the 3D plots for the two junctions discussed above. These
measurements clearly show the presence of holes at the grain boundary. These holes are
responsible for the interference-like magnetic patterns. Possibly the holes are due to the
very thin YBCO films (50nm) used in the experiment. Moreover, the seed layer thick-
ness (24nm) is comparable to the YBCO film thickness, inducing a significant step at the
grain boundary. In certain situations, where the nucleation centers are far away from
the seed layer, the step could prevent the grains from making contact with each-other
(figure 3.5). A hole is then created in the grain boundary.

3.5 Noise measurements

We observed from the IV-curves that the junctions had a large amount of hysteresis.
This is due to the very high dielectric constant of the Sr'TiO3 substrate, which causes a
large stray capacitance over the grain boundary?. Since the junction must be biased at

2When the capacitance cannot be neglected (RCSJ model), the retrapping current is much lower than
the critical current and the junction is hysteretic.

35



b) 5° junction, 2.2um

a) 70° junction, 4.2um

Figure 3.4: a) 70°%junction with 4.2 pm width. b) 5°with 2.2 gym width. The junctions show a
number of holes at the grain boundary. The data scale of the image (highest to lowest point) is
500nm

(001)YBCO hole at grain boundary

e\

(110)SrTiO;

Figure 3.5: It is possible that the grains cannot make a connection when the nucleation center
is far away from the grain boundary. The nucleation centers are indicated by yellow stars.

a very specific point of the IV-curve, the noise was measured at temperatures around
40K where the hysteresis was supressed. Furthermore, the magnetic field was chosen
so that the junction had the highest critical current, or 9I./0® = 0. This minimizes
the flux noise, where random changes in magnetic field 6@ lead to variations in critical
current 0/,.

The noise was measured on the two junctions mentioned above, and a junction with
5° orientation and 4.2 pm width. The data points were fitted with equation (3.3). The
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results are shown in figure 3.6.

Voltage Noise S,, (V*/Hz)

70 degrees — 4.2um -
O  5degrees — 4.2um E
O  5degrees - 2.2um

10
Current bias Ib (A)

Figure 3.6: The noise Sy as a function of bias current /5. The noise from the blue pattern was
taken at 49K to minimize hysteresis. The red curve was taken at 24K and the black curve at
15K.

The sharp noise peak observed for all three junctions is due to the high differential
resistance when the junction switches to the resistive state. The noise is lower for inter-
mediate values and goes up again due to normal resistance noise. The values obtained
during the fitting procedure are given in table 3.1.

‘ Sr (Hz™1) Sk (Hz 1) k q
junction 70°- 4.2um 1078 1.3-1077 0 7.7
junction 5°- 4.2um 1.5-1077 4-1079 -1.5 37.5
junction 5°- 2.2um 2.1078 4-107° 0 5

Table 3.1: The fitted parameters for the noise measurements. Sy = [01./1.|*, Sgp = |[§Rn/Rn|?,
k is the correlation parameter and g = S;/Sg

The junction with 5° orientation and 4.2um width had a very high amount of relative
critical current noise. This could be due to regions of normal conductivity in the grain
boundary, where there is no cooper pair transport but only quasi-particle transport.
This effectively reduces the grain boundary area where supercurrents can flow, and the
critical current noise is increased since St ~ 1/A with A the superconductive junction
area [41].

The value of ¢ = 1 for grain boundaries with lower angles could not be confirmed
with these experiments. In future work, the width of low-angle junctions will be reduced
with focused ion beam to keep only a single superconducting channel. The insulating
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and normal conducting parts are then removed. An example of this procedure is shown
in figure 3.7. This way, the critical current noise is reduced and lower values of ¢ might
be observed again.

FIB

pm

Figure 3.7: The width of the junction is reduced with focused ion beam (red area), so only one
superconducting channel remains.
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Chapter 4

High-frequency dissipation
properties of YBCO

In this chapter, the high-frequency dissipation properties of YBasCug07_s thin-films on
MgO substrates are investigated. The large electrodes of the Josephson junctions consist
of (103) YBCO and (001) YBCO. Therefore the dissipation properties of both thin films
is investigated. This is realized by fabricating YBCO quarter wavelength resonators,
and measure their so-called intrinsic quality factor Q;n:. MUDASSAR MUMTAZ VRIK
measured Q;n; for Niobium resonators on MgO substrates [4]. It was established that
the dielectric losses due to MgO substrates give a quality factor of Q;n: = 8000. If Q;pnt
of the YBCO resonators is around the same value, one can conclude that the dissipation
is mainly due to the dielectric losses in the MgO substrate. These experiments will also
give information about the temperature dependence of the London penetration depth,
and the surface resistance R, of the thin films.

In addition, the quality factor was also measured in the low-power regime. The
thin film always contains a certain number of two-level fluctuators. These are defects,
impurities and other irregularities that typically lie on surfaces and interfaces. They
can be excited by absorbing a photon. When the number of photons injected in the
resonator is close to the amount of two-level fluctuators in the superconducting material,
a degradation in the quality factor should be observed.

Three different resonators have been fabricated:

e Resonator 1: a (001) YBCO resonator with a higher green phase concentration.
It is fabricated by using a YBCO target with a 5% higher Yttrium concentration
than the standard YBayCuz07_s stoichiometry. The (Y211) insulating green phase
should give rise to a higher surface resistance.

e Resonator 2: a (001) YBCO resonator with a lower green phase concentration. It
is fabricated with a target with a 5% lower Yttrium concentration to reduce the
nucleation of green phase.

e Resonator 3: a (103) YBCO resonator. The different growth orientation is obtained
with a SrTiOgz seed layer.
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4.1 The co-planar waveguide resonator

An electromagnetic resonator consists of an inductor L and a capacitor C, either in
series or in parallel. It can store energy in the magnetic field of the inductor and the
electric field of the capacitor, and the energy oscillates between the two elements. The
oscillation frequency is the resonance frequency w,! and is given by
1
Wy Jic (4.1)
When the resonator circuit is driven by a signal with frequency w;, the energy of the
probing signal is absorbed only if w; is near the resonance frequency of the resonator w;.
The resonance peak is obtained by measuring the reflection on the resonator I' at various
frequencies w;. The quality of the resonator is determined by the amount of dissipation,
and is given by the quality factor @ defined by

Energy stored (4.2)

- Energy dissipated per radian

Only a very narrow range of frequencies is absorbed when the dissipation is low. Under
certain conditions, the quality factor can be determined from a reflection measurement

with the formula
Wr

©= FwaM
The Full-Width Half-Maximum of the peak (FWHM) is as defined in figure 4.1. The
derivation of this relation is given in appendix B.

(4.3)

Figure 4.1: @ can be calculated by taking the full-width half-maximum of the resonance peak.

So far, the exact implementation of the resonator has been left open. In this thesis a
quarter-wavelength co-planar waveguide is used. A co-planar waveguide (CPW) consists
of a center conductor placed on a dielectric substrate. Ground planes are located at
each side of the center conductor (figure 4.2). This setup allows for electromagnetic
waves (photons) to travel along the CPW. The co-planar waveguide becomes a quarter

'A different notation for the frequency is f. = w/2m. The angular frequency w is used instead
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Figure 4.2: a) top view of the quarter wavelength co-planar waveguide resonator. The first
three resonance modes are shown. b) Cross section of the YBCO co-planar waveguide on MgO
substrate

wavelength resonator when one end is connected to ground (shorted) and the other end
is left open. These boundary conditions only allow the electromagnetic modes with a
wavelength A = 41/(2m + 1), with [ the resonator length and m an integer. These
standing waves are depicted on figure 4.2.a. The resonator is driven through a coupling
capacitance C.. The photons will resonate inside the trench for an average time 1/
before being absorbed. The decay rate of the photons k can be defined by

Wy

" 2@

The use of a co-planar waveguide to probe the properties of the material has several
advantages.

(4.4)

e The fabrication is easy and does not require any deposition of insulators. Only
one mask is needed.

e The design of the co-planar waveguide can be chosen to have a characteristic
impedance of 50§2 and match other elements in the circuit.

According to formula (4.2), the quality factor @ is determined by dissipation of
energy in the resonator. The quality factor is inversely proportional to the losses, which
can be internal and external. The internal losses are due to the intrinsic properties of the
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conductor material and the dielectric losses in the substrate and the conductor-dielectric
interface. The external losses are due to the coupling of the resonator with the outside
world through the coupling capacitance C.. Since the losses are additive, the quality
factor can be split into the external quality factor Qe+ and the internal quality factor

Qint-

L B
Q Qint Qext

When Q;nt > Qert the losses in the resonator are mainly due to the coupling with the
outside world, and the resonator is said to be overcoupled. On the other hand, when
Qint < Qezr the losses are mainly internal, and the resonator is undercoupled. When
Qint = Qezt the resonator is critically coupled.

Close to the resonance frequency the quarter-wavelength CPW resonator can be
represented by the lumped element circuit on figure 4.3, the values for ;s and Q.,; are

Wr RinCr[(wrCeRy)? + 1+ C/Cy]

(4.5)

Qint (wrCeRy)?2 +1 (4.6)

[1+ (wCRy)*Cr + Ce
ext — 4.7
Q t (.UTCCZRQ ( )

Typically one can make the assumption w,C.R; < 1, and the equations reduce to
Qint =~ W’/‘Rin(Cr + Cc) (48)
Cr+Ce
ex =~ 4.

Qeat w,C2R, (4.9)

Furthermore, if one uses the lumped element circuit from figure 4.3, the CPW capac-

Figure 4.3: Lumped element resonance circuit. The resonator is connected to the power source
through the coupling capacitance C.,.

itance C}., inductance L and resistance R;, can written for the lowest resonance mode
as [6]
C'l
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8L/l

L — (4.11)
7
R;, = E? (4.12)

with C” and L' the capacitance and inductance per unit length, Zy the characteristic
impedance of the CPW and « the loss per unit length. The total resonance frequency

is then w, = 1/\/L(C, + C.).

The inductance per unit length is given by L' = ngeo + Lj;,- The first term is the
normal, geometric inductance and depends only on the geometry of the waveguide. The
second term is the kinetic inductance and is due to the kinetic energy of the charge

carriers. In HTS, the kinetic inductance is significant and has to be accounted for.

4.2 Design parameters

The conduction properties of (001) and (103) YBCO are very different. Lg;, of the (103)
resonator is much larger due to the larger London penetration depth in the transport
direction (this is discussed in section 4.6.2). Therefore, two separate resonator designs
are created: one for resonator 1-2 and one for resonator 3.

Several requirements have to be met: the correct value must be chosen for the char-
acteristic impedance of the CPW, the resonance frequency of the resonator, and the
coupling capacitance. These values are determined by the geometry and the dimensions
of the resonators (figure 4.2).

4.2.1 The characteristic impedance

When the CPW is connected to the source, the characteristic impedance Zy of the
different elements need to be matched to prevent unwanted reflections of electromagnetic
waves. The standard value for all coaxial lines is Zg = 502, so the CPW must be designed
in such a way to achieve the same value. The height of the conductor ¢ and the substrate
h (figure 4.2.b) are taken fixed with values of respectively 120 nm and 500 pm. The gap
width g and the conductor width 2s must be larger than 10 um to allow easy fabrication
with photolithography.

If losses are neglected, the characteristic impedance Zj is calculated using both the
capacitance C’ and the inductance L' per unit length with

L/
Zo=\/ G (4.13)

C’ and L' are calculated with conformal mapping [46,47]. The matlab code is given
in appendix C. The inductance L’ depends on the London penetration depth of the
conductor material. For resonator 1-2, A\;;(0) was taken 150 nm. Using parameters
g = 16um and 2s = 37,6um, the characteristic impedance Zy becomes 48,672, which
is close enough to 50€). The resonator dimensions are listed in table 4.1. For the case
of (103) YBCO A103(0) is taken 1000nm. If the parameters are set to g = 10um and
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s = 32um, the characteristic impedance Zy meets the required value of 50€2. Figure 4.4
shows the dependence of Zy on Aj.

‘ t h g 2s l

Resonator 1-2 | 120nm  500um 16pum 37,6pum 4,8mm
Resonator 3 120nm  500pm 10um  48um  4,8mm

Table 4.1: dimensions of the resonators with ¢ the conductor thickness, h the height of the
dielectric substrate, g the gap width, 2s the conductor width and [ the resonator length as
defined in figure 4.2.a.

@
o
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characteristic impedance Z0 (Q)
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0 0.5 1 1.5 2

London penetration depth (um)

Figure 4.4: The characteristic impedance varies with the London penetration depth. In this
calculation the dimensions are those of the 103 resonator.

4.2.2 The length of the resonator

The wavelength of the standing waves in the resonator is determined by the resonator
length, but the resonance frequency w, is determined by the total capacitance and in-
ductance of the CPW through equation (4.1). w, must be higher than the frequency
of thermal photons created by thermal excitations so the thermal population of the
resonator is < 1.

By choosing w, so that hw, >> kpT', the thermal photons will not be able to resonate
in the cavity. Filling in Plank constant h and Boltzmann constant kg, a temperature
of 50 mK would create photons of approximately 1GHz. Since the lowest measuring
temperature will be around 300 mK, the resonance frequency should be larger than 6
GHz. Furthermore, the frequency should be lower than 8 GHz to use standard microwave
equipment. A resonance frequency of w, = 6.4GH z is chosen.

With w, set, the length of the resonator can be calculated. The wave propagation
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velocity in a transmission line can be written in two ways:

c 1

UV, =

P Ve VIO
L’ and C’ are the inductance and capacitance per unit length, ¢ the speed of light in
vacuum and e the effective dielectric constant of the CPW calculated in appendix C.
A value of e, = 6.05 was obtained for both resonator designs, but Lg;, was neglected

in this calculation.
The length of the resonator is determined with the relations (4.10) and (4.11):

(4.14)

eV LC

==
2 V/ €eff

(4.15)

Using equation (4.1) this becomes

e

l=—— 4.16
2wy \/ €Eeff ( )
Since e is identical for both resonator designs, this gives a length of 4.8mm. The results
will show that Lg;, could not be neglected, since resonator 3 has a lower resonance
frequency than resonator 1 and 2.

4.2.3 Coupling capacitance

Microwave photons are injected in the resonator structure through the coupling capacitor
C.. The photons resonate in the cavity for an average amount of time 1/x before they
are absorbed by the conductor or the dielectric (internal losses), or they leak back out
through the coupling capacitor (external losses). The value of C. is calculated to obtain
the external quality factor by equation (4.7).

An interdigital capacitor with two fingers is used to achieve a good coupling to the
CPW resonator while keeping the feature size above 10um. The layout of the interdigital
capacitor is depicted in figure 4.5. The dimensions are given in table 4.2.

finger length finger width finger spacing

Resonator 1-2 37.4um 15um 7.6um
Resonator 3 16pum 21.5um 4.9um

Table 4.2: dimensions of interdigitating coupling capacitors of the two resonator designs.

C. was calculated using two different methods. The first one is a built-in model from
Microwave office. The second method was developed by Spartak et al. and makes use
of conformal mapping [48]. Furthermore, the coupling capacitance was calculated from
from the measurement results in section 4.6.1. The results in table 4.3 show that the
two models differ quite a lot, but from the measurements we see that the calculation of
C. is quite accurate with conformal mapping.
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Figure 4.5: Top view of the interdigitating coupling capacitor with two fingers.

Microwave office  conformal mapping results section 4.6.1

Resonator 1-2 4.15fF 8fF 7T.8fF
Resonator 3 22fF 4.2fF /

Table 4.3: Calculations of the coupling capacitance

4.2.4 Shape of the resonator structure

The tables 4.1 and 4.2 summarize the differences between the designs for resonator 1-2
and resonator 3. There is however one more important difference due to the anisotropy
of the YBCO crystal.

The (001) YBCO thin film is isotropic in the plane of the film, so the conduction
properties are isotropic in the plane of the resonator. Subsequently there are no limita-
tions on the shape of the CPW path. The (103) YBCO thin film is anisotropic in the
plane of the resonator, and since the transport properties along the c-axis are investi-
gated, conduction along the (ab)-planes should be avoided as much as possible. This
implies that meandering should be avoided for the (103) YBCO resonator. The final
resonator shapes are depicted on figure 4.6.

4.3 Fabrication of co-planar waveguide resonators

A short overview of the fabrication process is given below. The specific parameters for
the recipe are given in appendix D.
4.3.1 Pulsed laser deposition

The parameters for the pulsed laser deposition of the three resonators are as follows:

e Resonator 1: YBCO is deposited directly on the MgO substrate to obtain a (001)
orientation. A target with 5% higher Yttrium concentration is used to obtain a
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Figure 4.6: The bx5mm MgO substrates are too small to fit the resonators when they are straight,
so some meandering is required. For the (103) YBCO resonator meandering should be avoided
due to the in-plane anisotropy of (103) YBCO.

higher green phase concentration.

e Resonator 2: YBCO is deposited directly on the MgO. A target with 5% lower
Yttrium concentration is used to obtain a lower green phase concentration.

e Resonator 3: A 30 nm-seed layer of SrTiO3 is deposited on the MgO substrate.
YBCO is then deposited on the seed layer to obtain a (103) growth orientation.

4.3.2 Patterning of the resonator with photolithography and ion beam
milling

A 150nm-thick gold layer is sputtered on the YBCO thin film with a FHR MS150 sputter
tool. This is to prevent the out-diffusion of oxygen from the YBCO during the fabrication
process. Furthermore, YBCO loses it’s superconductive properties when it is brought in
contact with solvents or resists.

The resonator structures shown in figure 4.6 are patterned with photolithography.
A layer of photosensitive polymer (S1813 positive photoresist) is spun on the samples.
The parts which must be removed are then exposed to UV light using a mask aligner.
The exposed polymer molecules break due to the UV light, and are removed with a
developer (MF-319). The minimum feature size of the resonators is 10um, and this can
easily be achieved with photolithography. Smaller features are obtained using electron
beam lithography.
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The trenches are etched away with a CAIBE ion beam milling system from Oxford.
The photoresist is removed using oxygen plasma etching (ashing). It may not be removed
with acetone, since this would degrade the exposed YBCO. Furthermore the ion beam
milling makes the resist very hard to dissolve.

Finally the protective gold layer is etched away using ion beam milling. Leftover
gold would severely degrade the conduction properties of the resonator, since most of
the AC current travels through the outer layers of the material due to the skin effect.

4.3.3 Wire bonding of the sample

Since it is difficult to attach gold wire bonds directly to the YBCO connection pads, an
outer ring of gold is kept using an extra photolithography step. The wire bonding is
necessary to make a good connection from the sample to the coaxial cable on the sample
holder. A picture of one of the finished resonators is shown in figure 4.7.

connection to
center conductor

connection to
ground plane

resonator path

Figure 4.7: Picture of resonator 3 after the measurements were completed.

4.4 Cryogenics and microwave setup

The HelioxVL cryostat is used again to cool the samples down to millikelvin tempera-
tures. It is connected to the vector network analyzer using a microwave coaxial cable.
The working principle of the HelioxVL is explained in appendix A.4.

The microwave setup is depicted in figure 4.8. The microwave reflections are mea-
sured using a vector network analyzer. A directional coupler separates the input from
the output, allowing for a strong attenuation at the input. To analyze ) in the low
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power limit, an attenuator is placed between the power source and the sample, with at-
tenuations from 0 up to -50dB. The directional coupler gives an additional attenuation

of 30dB to the input signal, but no attenuation to the output, so an amplifier of 30dB
boosts the signal back to it’s original value.

Amp
Variable —
Attenuator

Directional
Coupler

and pass filter
4-8GHz

1dB

Resermid

Figure 4.8: Schematic of the microwave setup, VNA I and VNA II are input and output of vector
network analyzer.

4.5 The three coupling regimes

The properties of the thin film are determined by measuring the quality factor of the
resonator at various temperatures between 300mK and 60K. As already mentioned in
section 4.1, @) has two contributions: the external quality factor Q..+ and the internal
quality factor Q;,:. When the temperature is increased, the London penetration depth

Az of the superconductor rises, and subsequently the kinetic inductance Ly;, also rises.
This has two effects:

1. The higher inductance L shifts the resonance frequency of the resonator to lower
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values according to
1

\/(Lgeo + Lkzn(T))C

In resonators 1-2, Ly, (0)/Lgeo = 0.03 and this effect will not be noticable. In
resonator 3, Ly, (0)/Lgeo = 0.53 and the frequency shift is significant.

Wy =

(4.17)

2. Qint is lower: Current flows within a distance Ay from the edges, and the surface
resistance is proportional to )\%. As it rises with the temperature the internal losses
are higher.

Qeat is temperature-independent. Therefore at higher temperatures Qi < Qeuxt,
and the resonator is undercoupled. At lower temperatures the losses due to the coupling
with the outside world dominate, and the resonator is overcoupled. This implies that
at a certain temperature Q;nt = Qeszt, and the resonator is critically coupled. At this
point Qezr = 2Q) can be measured, and with this value ;,,; is calculated for all the other
temperatures. Table 4.4 gives an overview of the coupling regimes.

When the resonator goes from the undercoupled to the overcoupled regime, the
complex reflection undergoes a phase change of 27. This is represented on the polar plot
on figure 4.9. For each frequency the amplitude and phase of the complex reflection signal
are plotted, and this trace gives rise to a circle. When the resonator is undercoupled
the curve does not encircle the origin, leading to a small phase change at w,. When the
resonator is overcoupled the phase change around w, is 27, because the curve encircles
the origin. When the resonator is critically coupled, the curve crosses the origin at the
resonance frequency, leading a reflected signal with zero amplitude and a phase change
of 2.

coupling regime | temperature range dominating losses phase shift in reflection

overcoupling low T Qint > Qext 21
critical coupling Qint = Qext
undercoupling high T Qint < Qext <27

Table 4.4: Summary of the coupling regimes

4.6 Measurement results and discussion

4.6.1 The internal quality factor

The critical coupling regime was reached at 48K for resonator 1 (the (001) YBCO res-
onator with higher Yttrium concentration). At this point the external quality factor
could be calculated and a value of Q..+ = 3265 was obtained. The amplitude and the
phase of the reflection signal are shown in figure 4.10 for several temperatures.
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Figure 4.9: Polar plot of the reflection for undercoupled (red), overcoupled (blue) and critically
coupled regime(green)
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Figure 4.10: Amplitude and phase vs frequency of the reflected microwave signal for resonator
1. At 48K the reflection signal has 0 amplitude and a 27 phase shift at the resonance frequency,
which means the resonator is critically coupled. w, shifts to smaller values when the temperature
is higher.

The other two resonators were undercoupled for all temperatures. Resonator 2 had
a problem during the photolithography: the mask did not make perfect contact with
the sample, and the spacing of the capacitor was a bit larger leading to a lower cou-
pling capacitance. Figure 4.11 shows the difference between interdigitating capacitors
of resonator 1 and 2. However, resonator 2 is very close to critical coupling at very low
temperatures, and a value of Q¢+ = 7000 can be estimated. The coupling capacitance of
the (103) resonator was designed too small, and the internal losses completely dominate
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Figure 4.11: The coupling capacitance is smaller for resonator 2 (right) than for resonator 1
(left), giving a higher external quality factor.

the external losses. From microwave office and the conformal mapping technique a value
around @zt ~ 30000 is estimated, and the external losses can be neglected.

The internal quality factor of the three resonators is shown in figure 4.12 for different
temperatures. Values up to 5500 are obtained for resonator 1 and 2. Previous work

6000 T T T T T T :

—©— resonator 1
—%*— resonator 2
—<&— resonator 3

5000

4000
S

G- 3000

2000

o 1 1 1 1
0 10 20 30 40 50 60 70 80
Temperature (K)

Figure 4.12: The internal quality factor of the three resonators

showed that high-quality resonators on MgO substrates have a similar Q;,; [4]. From
this we can conclude that the dissipation is mainly due to the MgO substrates, and (001)
YBCO shows good conductive properties. Q;y; is only slightly lower in resonator 1. This
means the higher concentration of green phase does not have a significant influence on
the dissipation. The quality factor of resonator 3 was much lower. This has several
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causes:

1. The surface resistance is highly dependent on the London penetration depth (Rg ~
A3 [12]), which is much larger for resonator 3 in the transport direction.

2. There are many inclusions on the surface of (103) YBCO due to it’s granular
structure. This rough surface leads to a higher surface resistance.

All results for the quality factors are summarized in table 4.5.

‘ maximum Qint Qewt
Resonator 1 5460 3265
Resonator 2 5650 7000
Resonator 3 882 30000

Table 4.5: Overview of the results for the quality factor

4.6.2 London penetration depth

The shift to smaller resonance frequencies can be used to extract the temperature depen-
dence of the London penetration depth in the direction of the transport. This is quite
interesting, since the temperature dependence is directly correlated to the order param-
eter of the superconductor. For resonator 1-2 the transport is fully in the (ab)-plane,
and Ay is extracted. In resonator 3 the transport happens both in the c-axis direction
and in the (ab)-planes. In general, the effective London penetration depth is given [49]
by

1
Mg = A2, cos? 0 + 5()\3 + A2,)sin® 0 (4.18)

In resonator 3 the direction of the current is = 90° (figure 4.13), giving

1
A3 = 5()\3 +A%) (4.19)

The temperature-dependence of Ay, and A, is given by the Gorter- Casimir two fluid
approximation with an arbitrary exponent n:

AL(0)

Vi-@/Tr

The parameter A7,(0) depends strongly on the oxygen doping of the thin film, which
can be determined with a T.-measurement. Resonator 1 and 2 both reached T, at 87K,
giving a A\g(0) = 158nm [50]. Resonator 3 has T, = 89K, but A.(0) is more difficult to
determine from the literature. It was obtained from fitting the resonance frequency in
the model at very low temperatures, and a value of A\.(0) = 1.6 & 0.1um was obtained.

AL(T) = (4.20)
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Figure 4.13: Aeg depends on the direction of the current through the [103]-oriented film

The exponent n is obtained by fitting the variation in resonance frequency with the
temperature using the equation:

fr(T) [ Lgeo + Lgin(0)
fr(0) \/Lgeo + Liin(T) (4.21)

The fitting is shown in figure 4.14, and the results are

Ny =1.9401 A = 158 + 10nm (4.22)

Ne=244+01 A =16+0.1um (4.23)

The temperature dependence of A. is much stronger than for A\,. These results are
consistent with previous research in the group [49].
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Figure 4.14: The curve fit of the normalized resonance frequency for the three resonators
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4.6.3 Surface resistance

The surface resistance of superconductive co-planar waveguide is calculated using the
quality factor and the London penetration depth [47,51]. In the thick-film limit (¢ > Ar),
the surface resistance is given by

powr L'\,
= 4.24
" Quil, 424
But in the thin film limit (¢ < Ar), the following equation should be used:
L'2p A
R, = HowWr L AL (425)

B thLGn t

The kinetic inductance per unit length L}, is then calculated with

;AN O+ G
kin_.uot 2s
o2 1 T (2 ) ko (t9- M
01—[K(k0)]2 1—/<§[H41n<Al 1) 4ln< FESY )]
o2 ko Ly (2tg) gy Ly (2st9=M
C_[K(ko)]2 1_k3[1+41< AL +1) 4koln( g+ AL ﬂ

with ko = s/(s + g), K(ko) the complete elliptic integral of the first kind, and the edge
London penetration depth A\ = 2)\2 (T')/t.

At low temperatures, resonator 1 has a surface resistance of Rs(0) = 39uf2, and
resonator 2 has Rs(0) = 45uf). The slightly higher value of the latter one can be
explained by the presence of insulating green phase in the YBCO thin film. Resonator
3 shows a much higher value of R4(0) = 661uf2. Figure 4.15 shows that R, rises with
the temperature.

4.6.4 Low power regime

Depending on the quality of the YBCO thin film, there is a certain amount of unwanted
two-level fluctuators in the resonator [24]. The exact nature of these fluctuators is still
unknown, but they can be excited by absorbing a photon in the resonator (photon
traps). In the high-photon or high-power limit, the two-level fluctuators will be equally
distributed between the ground state and excited state, and extra photon losses due to
these traps will not be present. A qubit however is operated at very low power, where
almost all fluctuators are in the ground state. This means the absorption of photons by
the two-level fluctuators is significant. Therefore it is important to know the amount of
two-level fluctuators, and the quality factor will be measured in the low-photon limit.
The internal quality factor was measured at 300mK. The power was further reduced
with a variable attenuator (from 0 to -50dB). The results are depicted in figure 4.16.
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Figure 4.15: Surface resistance of the three resonators
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Figure 4.16: Q;n: as a function of the injected power for the three resonators (with 0dBm=1mW).

For none of the resonators a significant drop in Q;,; was observed at low powers. This
could be due to different reasons:

To achieve the low-photon limit in the range of 6.4GHz, the temperature should be
much lower than 320mK. If the temperature is higher than this value, thermal pho-
tons with frequencies around the resonance frequency are generated due to blackbody
radiation, inducing thermal noise. The number of thermal photons is given by

hw

(ne) = (e*sT — 1) (4.26)

For kgT < hw the number of thermal photons inside the resonator is smaller than 1.
Ideally, the temperature should be reduced further, e.g. with a dilution fridge.
Secondly, the effect will only be noticeable if the amount of 2-level fluctuators is
comparable to the number of photons in the resonator. The injected power is -20dBm
(= 0,01mW), and the signal is further attenuated by the directional coupler (—30dB),
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the wirings (—10dB) and the variable attenuator (—50dB). This gives a total —110dB
or 1-10~"mW. The average number of photons is then calculated as follows:

B Energy stored _(n)hw, (4.27)
~ Energy dissipated per radian P /w, ’
QP 4000110714 A
) = 7 = T1050- 2r 64109 = 10 (428)

The power should be further reduced untill (n) ~ 1 to clearly see the effects of the
two-level fluctuators. In the current experiment, the input signal could not be further
attenuated due to the low signal to noise ratio (S/N) at the output. A solution would
be to use a cryogenic amplifier. Moreover, the experiments would take a very long time
due to the many averages needed to measure the reflection signal.
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Appendix A

Different tools for the study of
YBCO thin films

A.1 X-Ray diffractometry

X-ray diffractometry (XRD) is used to verify the crystal structure of the deposited
YBCO thin film. X-rays are emitted from a source, they interact with the sample and
are reflected towards a detector. The interaction with the sample is described by Braggs
law:

n-A=2d-sinf n=1,2,3,... (A.1)

A is the wavelength of the X-rays, 6 is the angle of the incoming X-rays and d is the
distance between the atomic planes. For certain angles the reflected X-rays interfere
constructively, and this is registered with the detector(figure A.1). By sweeping over
different angles the crystal structure of the material is determined.

source

detector

Figure A.1: Illustration of the XRD setup

Several scanning modes are possible are possible with XRD:
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20-w scan In this mode (also called Bragg-Bentano), the source sweeps over all the
angles to find the Bragg planes of the crystal. The detector is kept at the same angle as
the source (f=w). This one-dimensional scan reveals the different crystal orientations.

® scan Here the sample is rotated along the ®-axis. @ is the angle between the a-
and b-axes of the YBCO and the [010] direction of MgO. This scan reveals the in-plane
alignment of a film with respect to the sample.

U-20-w scan This two-dimensional scan (also called mapping) is a collection of 26-w
scans while the sample is rotated along the W-axis. It reveals information about the
crystallinity of the material. If sharp peaks are obtained only for a narrow range of
W-values, the film is mono-crystalline.

A.2 Scanning electron microscopy

In a scanner electron microscope a focused beam of high-energy electrons scans over the
surface of the sample. The electrons interact with the upper layers of the sample and
secondary electrons are ejected out of the sample. The primary and secondary electrons
give information about chemical composition, surface topography and crystallography.
The analysis with SEM is very fast but it cannot be used for the analysis of small
features, since the bombardment of high-energy electrons can easily destroy them.

A.3 Atomic force microscopy (AFM)

In atomic force microscopy a sharp probe scans over the surface of the sample and
measures surface properties and the elevation profile of the sample. The probe has a
radius of curvature on the order of nanometers, allowing analysis with atomic resolution.
It is attached to a cantilever beam, and the deflection of this beam is registered with a
laser as in figure ?77. The movement of the tip is regulated by piezoelectric actuators.
When the AFM is operated in tapping mode the tip oscillates over the surface. The
amplitude and the frequency of the oscillations are determined by the structure of the
surface. This allows for high-resolution imaging of the surface with only minimal damage.

A.4 Working principle of the HelioxVL

There are 3 different phases to reach the base temperature.

In the first phase a temperature of 4.2K is obtained by inserting the cryostat in
a liquid *He dewar. “He exchange gas inside the inner vacuum can (IVC) is used to
conduct the heat away to the liquid *He.

In the second phase a sample temperature of approximately 1.6K is reached. The
exchange gas is pumped out and a vacuum is applied to the 1K pot. Liquid *He is
pumped from the dewar through a capillary to the 1K pot by opening the needle valve.
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The liquid *He starts to evaporate, extracting the necessary heat from the 1K pot. 3He
vapor then condenses on the 1K pot and is collected in 3He pot. The sample, which is
mounted directly underneath it, is cooled further by the *He. Phase 2 and 3 are depicted
in figure A.2.

charcoal sorb
1K-pot
3He-pot

superconducting coil sample

microwave line

Figure A.2: The HelioxVL cryogenic system

In the third phase, a temperature of 300mK is achieved by an internal cooling mech-
anism that makes use of a charcoal sorb. When the sorb is cooled down it absorbs the
3He vapor, thus lowering the vapor pressure of the liquid *He. The evaporation from
the 3He-pot lowers the sample temperature until 300mK. It can be kept cool for several
hours, until all of the liquid 3He is evaporated.
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Appendix B

Determining the quality factor
from the reflection signal

In this appendix, the equations are derived which are used to extract the quality factor
Q@ from the reflection signal. The complex reflection on the resonator is defined by the
characteristic impedance of the resonator (Z1) and the characteristic impedance of the
feeding line (typically Zy = 5092)

 Zp— 2

- Z L+ 2o
If one considers the lumped element representation from figure B.1, equation (B.1) can
be rewritten [52] as

(B.1)

Figure B.1: lumped element resonance circuit

1 - w?L [cr T ZO/R)} +iw[L/R — CoZo(1 — w?LC,)]

I'(w) = (B.2)
1 - w2 [Cr F O+ ZO/R)} +iw[L/R + CoZo(1 — w2LCy)]
Assuming R > Zy = 5042, this becomes
1— 2244z -1 _ 1-kz?® -1
F(SC) _ [ant 1-k Qemt] (B3)

- . -1 1—kx2 H—1
1- ZL‘2 +ur [Qint + 17i Qewt]
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with x = w/wp and k = C/(C, 4+ C;). Under the assumption wyC.Zy < 1 the resonance
frequency is wg = /L(C, + C’C_l and the internal and external quality factors are defined
by
Qint = WORin(Cr + Cc)
C,+ C.
Qe:pt — WOZOCCQ

Assuming Q = (Ql_n%f + Qe_xlt)*l > 1 around x=1, equation (B.3) becomes

_ 1—a? +ix[Qiy — Qent]
1— a2 +ix[Qp + Q)

T(z) (B.4)

In the critical coupling regime (Qint = Qext), Q can be extracted from the resonance
peak (figure B.2):

Tl+ =)~ — (B.5)

Far away from the critical coupling regime (Qint > Qext and Qint < Qext), @ is
determined by

1—|T(1+ 55)] B 1—|T(1+ 55)] N

-0~ 1-Qlenk — @il

Therefore, equation (4.3) is only valid away from the critical coupling regime.

(B.6)

DN | =

|I1|“

1/v2

Figure B.2: In the critical coupling regime @ can be determined as shown. Equation (4.3) is no
longer valid.
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Appendix C

Matlab calculation of the
characteristic impedance %

According to Spartak et al. [46], the capacitance per unit length for an unshielded mono-
layered coplanar waveguide (CPW) is calculated using the following matlab code

k0 = 8/(s + g);

kOinv = sqrt(1 - k072);

k1 = sinh(pi*s/(2%h1))/sinh(pi*(s+g)/(2xh));

klinv = sqrt(l - k172);

KO = ellipke(kO);

KOinv = ellipke(kOinv);

K1 = ellipke(kl);

Klinv = ellipke(klinv);

eps_eff = 1 + (eps_r - 1)/2 * K1/Klinv * KOinv/KO Ctot = ...
. 4*epsO x eps_eff * KO/KOinv;

The function ellipke is the complete elliptical integral of first kind, eps_r is the relative
dielectric constant of the substrate ¢,, eps0 is the dielectric constant of free space ¢y and
the parameters s, g and h are as defined in figure 4.2. The numerical values used are
given in table 4.1.

According to Rauch et al. [47], the inductance per unit length is calculated by taking
the sum of the external inductance L., and the kinetic inductance Ly;,, due to the inertia
of the Cooper pairs. It is calculated with the following Matlab code

A = -t/pi + 0.5 * sqrt((2xt/pi)~2 + (2*s)"2);

B = (2%s)72/(4%A);

C =B - t/pi + sqrt((t/pi)~2 + 0.25 * (2%g)~2);
D = 2xt/pi + C;

lambda_L = lambda_L_0/sqrt(1-(T/TC)"~1.75);
Lex = mu0/4 * KO0inv/XO;
Lkin = muO*lambda_L*C/(4*xA*D*K0O) * (1.7/sinh(t/(2xlambda_L)) + ...
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. 0.4/sqrt(((B/A)"2 - 1)*(1- (B/D)"2)));
Ltot = Lex + Lkin;

lambda_L_0 is the London penetration depth at 0 Kelvin Az, (0), lambda_L is the tempera-
ture dependent London penetration depth and is approximated [49] by Ar(0)/+/1 — (T /Tc)™
with n between 1.5 and 2, TC is the superconductor critical temperature 7, and mu0 is
the magnetic permeability of free space pyg.

66



Appendix D

Recipes

D.1 Pulsed laser deposition and ion beam milling

The substrates used are 5xbmm MgO substrates with a 6° vicinal cut. To ensure a high
quality MgO surface, they are cleaned in acetone and residual particles are removed with
a cotton swab and ultrasound vibrations. The substrate is then glued to the heater of
the TWIN system for pulsed laser deposition. MgO substrates are very hydrophobic
and easily absorb water from the ambient air. Therefore a few nanometers of the surface
are etched away with ion beam milling function of the TWIN system. The standard
recipe for ion beam milling involves four steps:

Gas Beam Voltage Beam current Etch time Acc. Voltage
1| Ar 300V 15mA 240s 380V
2 | Ar+ 09 300V 15mA 120s 380V
3| 09 300V 15mA 120s 380V
4 | Oy 100V 10mA 240s 320V

Table D.1: TWIN system ion beam milling parameters (standard recipe)

After ion beam milling, the substrate is heated to deposition temperature Ty, and
the oxygen pressure in the chamber is brought to pgep. SrTiO3 and YBCO are deposited
with the following parameters:

Material | Tuep [°C]  paep [mbar] € [J/em®]  vpuse [Hz] cooldown rate [°C/h]

SrTiOs | 720 0.2 1.89 1 900
YBCO 770-840 0.6 1.89 10 600

Table D.2: TWIN system deposition parameters: deposition temperature, deposition pressure,
laser pulse energy density, laser pulse frequency and cooldown rate. For the deposition of YBCO
targets of different compositions have been used.

The films are cooled slowly under 800mbar oxygen pressure to meet the required
oxygen doping. A YBCO film with thickness 130nm is achieved with 1120 pulses, and
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an SrTiOgz film of 30nm is achieved with 400 pulses. The thickness of SrTiOj3 is reduced
to 15nm with in-situ ion beam milling. This etching steps promotes the growth of pure
(103) YBCO. Moreover, the microstructure of the grain boundary is more reproducible
with a thinner seed layer.

D.2 Patterning of the resonator structure

After pulsed laser deposition of YBCO, the following recipe is followed to pattern the
resonator structure:

1. Sputtering of 150nm gold film: 150 seconds at 5 - 1072 mbar with FHR MS150
sputter tool

2. Deep UV photolithography

e Spinning of photoresist S1813 at 7000 rpm for 90 seconds
Pre-baking at 90° for 300 seconds

Deep UV exposure for 40 seconds

Development with MF-319 for 20 seconds

3. Ton beam milling of resonator trenches with CAIBE Ozfor Ionfab. Etching at 300V
beam voltage, 7mA beam current, and 2.3 - 10~ mbar. The etch angle is 5°and
the sample rotation is on.

e Gold4+YBCO trench etching: 138 minutes

e Gold rim etching: 26.5 minutes

4. Resist removal with Plasma Therm BatchTop oxygen plasma etching: 20 minutes
at 50W
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